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“Well, the stripes are easy. But what about the horse part?”

Alan Turing on the zebra, quoted by Francis Crick (1972)
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Nature has a range of distinct mechanisms that cause initially heterogeneous systems to
break their symmetry and form patterns. The study of pattern formation and the behaviour
of non-linear systems have interested scientists across many disciplines from physics, chem-
istry, biology, and economics to geosciences. In study, a new mechano-chemical process that
leads to the formation of complex periodic wave- or stripe-like zebra patterns in rocks will
be presented. The genesis of periodically banded dolostones, which host lead-zinc miner-
alization, has been studied for several years, because an evolutionary relationship between
the banded dolomites and mineralized areas is highly likely. To date, a complete generic
model has not been formulated for the formation of these zebra rocks and there is an on-
going debate on the exact processes leading to the genesis of the pattern. In the first part of
this work, new analytical findings obtained from zebra dolomites from Peru and Germany
will be presented. The zebra dolomites from Germany have never been described before
and represent the first known zebra dolomite deposit in Germany. Based on the analytical
finding, a numerical and an analytical model were developed in the second part of this thesis.
The combination of the numerical and the analytical model yields a new approach to the ze-
bra pattern formation based on one of nature’s fundamental processes for wave-like pattern
formation in geological systems. This approach also includes a new inversion routine based
on the spacing of the respective pattern.
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Chapter 1

Introduction
Patterning is common in nature and can be defined as a dynamic process during which a
system evolves from an initially disordered or uniform state towards an ordered one. In
general, a pattern is defined as a regular structure, usually consisting of an array of objects or
structures which are somehow repeated in space or time. The repetition not necessarily has
to be perfectly to recognize a certain structures as a pattern. It has to be noted that the word
“pattern” not only applies to shapes but can also be synonym for animal or human behaviour.
In this work I refer to a pattern as a regular texture which exhibits a somehow rhythmically
repetition of a geometric structure (bands or layers).
The patterns produced by nature are manifold and appear in living organism as well as in
inanimate matter. We observe them in the stripes of a zebra, in the dots of leopards, in
seashells and even in sedimentary successions or mountain ranges. The patterns can be as
complex as ice crystals of snowflakes or simpler as in sand ripples. The underlying processes
of how these different structures are formed may be completely different but it seems that
pattern formation is a frequent process in nature. Common examples of pattern in geological
systems are Fe-oxides in sedimentary rocks, Agate, the Banded Iron Formations, Stylolite
networks, differentiated layering in metamorphic or intrusive rocks or Skarns. All of these
geological patterns are thought to involve self-patterning (self-organizational) mechanisms
during their formation (Merino, 1984). Such mechanisms can generate a pattern out of ini-
tially heterogeneous rocks without the necessity of pre-existing anisotropies such as bedding.
Laboratory experiments which can produce self-patterning processes are hard to conduct due
to the strong non-linearity of such systems. Therefore appropriate tools to tackle these prob-
lems are analytic or numerical models.
One of the fundamental works on pattern formation in natural systems was written by Turing,
1952, titled “The chemical basis of morphogenesis”. His work was motivated by the question
of how a spherical embryo evolved into a full organism and he could show that a coupled
reaction-diffusion process might be responsible for spontaneous pattern formation in living
organism (see Appendix B.1). Today, such a mechanism is found to be applicable to a wide
range of scientific problems in biology, chemistry, ecology, sociology and has also been
proposed to be applicable to astrophysics (Ball, 2015).
If we investigate hydrogeological systems we might realize that the process proposed by
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Turing, 1952 could also be applicable to structures formed in these systems. Typical ex-
amples are the formation of Liesegang rings (see Appendix B.2) in weathered rocks (Krug
et al., 1996; McBride, 2003) or the genesis of carbonate structures in karst systems (Meakin
et al., 2010). One of the main problems during the study of pattern formation in geologi-
cal systems is that we often can only observe the final pattern and have to speculate which
processes might be responsible for the genesis of the structure. Laboratory experiments are
often impossible due to the geologic timescale during which a respective reaction took place
or due to the seemingly gigantic spatial scale of the systems.
This thesis investigates the pattern formation(s) occurring in ore deposits of the Mississippi
Valley-Type. To tackle this problem natural samples will be analysed and from the findings
conclusions will be drawn on how a system can numerically be modelled which produces
such patterns. In the following sections the basic terminology will be introduced to the
reader. I will begin with a brief general summary of pattern formation, I will then continue
to point out the main characteristics of the hydrothermal lead-zinc deposits of the Mississippi
Valley-Type, and will present two patterns which are frequently found to be associated with
this type of ore deposit. This section then concludes with formulating the overall research
problem of (self-) patterning in geological systems, and shows how this work is structured
in order to address this problem.

1.1 Pattern Formation in Natural Systems

The fundamental work by Alan Turing in 1952 investigated first order pattern formations
in biological systems. Turing postulated that so-called morphogenes are responsible for the
development of a cell or tissue along certain pathways. The main focus of Turing’s paper
was to formulate a mathematical concept to describe the evolution of biological systems by
means of diffusion-reaction processes involving morphogenes. The patterning in Turing’s
system is caused by different concentrations of the reactants and therefore his mathematical
expression describes the development of concentration waves, which he thought are the main
driving force of pattern formation. These waves, which evolve due to an interplay of reaction
and diffusion can in general terms be named chemical waves (Ball, 2015). Two cases can
be distinguished, either stationary waves or traveling waves. Stationary waves are similar
to standing acoustic waves and their main characteristic is that the wave peaks that consist
of high concentrations of reactants are fixed in space. In contrast to that, traveling waves
are oscillatory waves of concentration that are not fixed in space but do not change their
shape during propagation (Ball, 2015). In fact many different forms of waves may occur
based on the system proposed by Turing. The general reaction-diffusion system proposed
by Turing caught the interest of different scientific fields and it turned out that this general
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process is applicable across many disciplines from physics, chemistry, biology, and eco-
nomics to geosciences. The concept is applicable to purely chemical systems of which the
chloride-iodite-malonic acid (CIMA) is a common example (see appendix B.1). The main
characteristic of this reaction-diffusion system is that, depending on the concentration, either
stripes or spots may form during the reaction. An important aspect of the reaction is that
the involved compounds obey an activator-inhibitor scheme. That means the concentration
of one reactant enhances the reaction whereas another involved compound reduces the reac-
tivity of the system. This interaction can lead to a feedback-mechanism during the reaction
and can also lead to a self-organization. The feedback existed during the autocatalytic pro-
duction of one compound (activator) which also enhances the activity of a second chemical
specimen (inhibitor). The inhibitor in turn disrupts the autocatalysis and both substances
diffuse through the system at different rates (Ball, 2001). The main characteristic of self-
organisation is that the respective system develops without the need of external forces solely
due to its internal dynamics (Ortoleva et al., 1987). A general example of such a mecha-
nism, which was already known before Turing’s work, is the concept of autocatalysis where
a reactant will produce more of its own during the reaction and will therefore speed-up the
entire reaction (Ball, 2015). This general concept of autocatalytic reaction was proposed to
be also applicable to predator-prey schemes in nature. The consumed reactants are the prey
and both prey and predator have the ability to produce more of their kind which will lead to
fluctuations in both populations (Lotka, 1909). Initially, Turing’s main focus was to describe
how animal markings develop either as spots or stripes by means of the activator-inhibitor
scheme in reaction-diffusion systems. However, this concept might as well be valid for inan-
imate matter like ripples in sand. This was proposed by Meinhardt, 2009 who suggested that
equidistantly spaced sand ripples, which are formed by the aeolian deposition of sand grains,
obey a kind of activator-inhibitor mechanism. If a single ripple grows sand is removed by the
wind and the ridge grows. But during the continuous deposition of sand grains onto the re-
spective mound, the development of additional ripples in the vicinity of the respective ridge
is abolished as sedimentation will be favoured along the existing one (Meinhardt, 2009). The
idea of pattern formation due to reaction and diffusion was also proposed for the patterning
in completely different systems such as the development of crime hot-spots. The general
mechanism observed in chemical systems can also be assigned to economical problems. Ac-
cording to Short et al., 2010 the accumulation of crime in certain areas can be modelled as
a diffusion of prey (victims) and predators (criminals). The reaction is the actual criminal
offence and the inhibitor can be introduced into this system by the police which prevent the
reaction (Short et al., 2010).
Apparently, if a general concept of patterning is determined in a single system, regardless of
the respective system it is found in, the general mechanism might be applicable to different



Chapter 1. Introduction 4

scientific fields. Identifying one of these general processes of pattern formation is one aim
of this study. The system investigated in this thesis is the hydrogeological environment of
Mississippi Valley-Type deposits, whose general characteristics will be introduced in the
following section.

1.2 Mississippi Valley-Type Lead and Zinc Deposits

Sulfidic lead (Pb) and zinc (Zn) mineralization of the Mississippi Valley-Type (MVT) are of
hydrothermal origin and are found throughout the globe (figure 1.1. This type of ore deposits
represents one of the two most important sedimentary hosted Pb-Zn mineralization (Leach
et al., 2010). The other significant type of deposit is the sedimentary exhalative (SEDEX)
mineralization, which, like the MVT, is primarily found in sedimentary basins. SEDEX
mineralization accounts for about 50% of the world’s Pb-Zn reserves (Emsbo, 2009 and ref-
erences within). The exact differentiation between the two deposit types is rather difficult in
practice. Traditionally, SEDEX deposits are thought to have formed synsedimentary whereas
the MVT mineralization is epigenetic. The most significant difference between the two is
the depositional environment, related to the respective tectonic setting. The different envi-
ronments also cause the fundamental differences in host-rock lithology, deposit morphology
and ore textures between MVT and SEDEX (Leach et al., 2010). SEDEX mineralization
often comprises of finely laminated or bedded ore bodies that are thought to have formed by
brines derived from sea water. The ore emplacement occurred during the exhalation of these
brines onto the seafloor. Therefore the ores in SEDEX deposits are interpreted as chemi-
cal sediments (Emsbo, 2009). In contrast to that the MVT ores, which are also sometimes
thought to have formed by hydrothermal brines derived from seawater, precipitated in the
respective strata after lithification (epigenetic) (Leach et al., 2010).
MVT mineralization was first described by Bastin, 1939 and is named after its locus typicus,
the drainage basin of the Mississippi. 24% of the global Pb-Zn resources are hosted in
deposits of the MVT (Leach et al., 2010). The Pb and Zn are bound to the sulfide minerals
Galena (PbS) and Sphalerite (ZnS). The common by-product commodities are Ag, Cu, and
In whereas their emplacement depends on fluid composition, pH and temperature (Leach
et al., 2010). In some districts the mineralization is also accompanied by Barite (BaSO4)
and Fluorite (CaF2) (Misra et al., 1989) but usually these are not of economic interest. This
is different for some trace elements like Ga, Ge and Cd; which occur in economic levels in
some mines Misra, 2000; Leach et al., 2010. The resources of the MVT can be subdivided
into metallogenic districts and provinces (figure 1.1). This classification is based on the
size of the respective ore deposit. Some districts cover several hundred km2 whereas the
individual deposits occur in clusters with a total ore amount of up to 500 mt (Misra, 2000).
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Fig. 1.1: Worldwide distribution of Mississippi Valley-Type mineralization. Based on their size the
deposits are categorized either as deposit or district. The MVT reserves are also subdivided into
older (Proterozoic and older) and younger (Cambrian and younger) mineralization (from Leach et
al., 2010).

Characteristics

A general feature of MVT deposits is the fact that the mineralization is of hydrothermal
origin, and that there is usually no relationship with igneous activity. The lithologies that
host MVT deposits are often similar, because the ore bearing formations are usually lo-
cated in platform carbonates at shallow depth. The host rocks of MVT mineralization are
nearly exclusively limestones with a strong tendency towards dolomites. The general min-
eralogy of MVT deposits can be regarded as being rather simple, characterised mainly by
Galena, Sphalerite, Fe-sulfites, dolomite and calcite (Misra, 2000; Leach et al., 2010). In
the respective carbonate formations the ore bodies occur as epigenetic mineralization that is
usually bound to a specific lithologic unit (stratabound). The ore is often found in the form
of solution-collapse breccia where the mineralization occurs as cements around breccia frag-
ments indicating that brecciation predates or occurs simultaneously with ore precipitation
(Misra, 2000). The typical geotectonic environments of the mineralization are sedimentary
basins (Anderson et al., 1982).

Structural Setting

Even though most of the MVT mineralizations are hosted in platform carbonates of sedi-
mentary basins (Anderson et al., 1982), it is difficult to define the exact conditions necessary
to form the deposit. It has already been pointed out by Leach et al., 2001 that it is unlikely
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that there is a single generic model for MVT mineralization. In general there seems to be a
relationship with orogenic forelands, as most of the ore bodies are found in flanks of sedi-
mentary foreland basins (Leach et al., 2001). The type of foreland seems not to be critical
for the genesis. Deposits are found in Andean, collisional or transgression forelands (Leach
et al., 2001; Bradley et al., 2003) and can therefore be regarded as being independent of the
respective tectonic regime. The ore precipitation may occur at any time during the evolution
of the sedimentary basins (Muchez et al., 2005). Mineralization is found in extensional and
in compressional settings (figure 1.2). The tectonic component cannot be the main driving
force for the deposition of the ore minerals (Bradley et al., 2003), but it is important.

Fig. 1.2: Spatial relation between different margins and the emplacement of MVT mineralization.
The top most image shows the theoretical location of MVT ores during the collision of two oceanic
plates, the sketch in the middle displays the expected occurance in an andean type subduction
of oceanic lithosphere under continental crust, and the last image represents the predicted MVT
mineralization during the collision of two continental plates. In every of these general examples
the ore emplacement occurs close to the respective basin formed during the collision of the plates
(from Bradley et al., 2003).

That tectonic activity plays a vital role during the formation becomes obvious when one
looks at the time of deposition of worldwide MVT mineralization. Nearly 80% of all known
MVT deposits have formed during the Phanerozoic and only 20% are of Precambrian age
(Leach et al., 2010). The most important period of ore formation during the Phanerozoic
is the Devonian to Permian time during the consolidation of Pangaea and another period is
during Cretaceous-Tertiary time where numerous microplates assimilated Leach et al., 2001.
Leach et al., 2010 proposed that the temporal correlation between large scale tectonic activity
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and MVT mineralization could be caused by two main processes. First, the increasing recy-
cling rate of carbonates in passive margins and second the considerable change in the general
properties of platform carbonates, such as permeability, during the tectonically highly active
era. Considering the tectonic regime it seems that it is more likely that economic mineral-
ization of the MVT are produced in compressional, rather than in extensional settings Leach
et al., 2001. Even though, large MVT ore bodies are known to have evolved in both regimes.
In contrast to Leach et al., 2001, who proposed compressional tectonics to be the main set-
ting for the development of MVT mineralization, Muchez et al., 2005 states that most of
the deposits in Europe show indicators for an extensional regime. Until today it is not clear
which role the tectonic regime plays and whether one is favoured for mineralization of the
MVT. What is clear is that, in addition to the large scale tectonic component, also regional
tectonic processes form an ore-controlling mechanism, because of the relation of faults to
ore bodies. Although, the faults are usually not mineralized they are likely to have provided
fluid pathways (Leach et al., 2010).

Model of MVT Mineralization

The generic models of MVT mineralization can be divided into two main groups: (1) prox-
imal models where the mineralizing fluids are produced near the developing ore body, and
(2) distal models where the fluids percolate throughout the whole basin (L´Heureux et al.,
1999). The distal model is more often applied then the proximal model. This might be due
to the fact that more indicators point towards this model. The source and the character of the
mineralizing fluid is also often debated. There are two main models: (1) the mixing model
where the base metal ions are bound to Cl and percolate into carbonate formations where
these fluids are mixed with H2S-rich fluids, leading to the precipitation of the sulfides; (2)
non-mixing model where an acidic fluid carries the metal ions and the reduced sulphur to the
site of mineralization. The sulfide precipitation is then caused by a change in pH, cooling or
dilution of the fluid (L´Heureux et al., 1999).
Due to the many uncertainties, the generic process of ore formation in MVT deposits can be
simplified only to some extent. Some key features are common in nearly all deposits of this
type. For instance, the deposition of the ores shows a spatial correlation with orogens and
basins. In the following paragraph MVT ore emplacement based on a distal mixing-model
will be introduced as a general example of how such ore deposits might form.
In this model, meteoric water infiltrated in stratigraphically higher regions and percolated
through the basin until it reached a layer of low permeability, usually in 3–4 km depth. Here
the water could heat up to about 80 - 120◦C and due to the infiltration through evaporates
(limestone) became a highly saline brine at an elevated temperature. Such a solution can
dissolve and carry base metal ions such as Pb and Zn from formations within the basin
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(basement). At higher temperatures such brines could have dissolved Cu from rocks which
may explain the occurrence of some economic Cu mineralization in MVT deposits. Due to
the constant influx of meteoric water from the orogenic heights driven by gravity the fluid
pressure of brine situated inside the basin will have constantly risen. The metal bearing fluids
will have become artesian confined and, after percolating though the higher permeable layers
of the basin, will have migrated upwards along faults. If there was a supply of H2S, which
might be formed during the reduction of sulphates in the fluid saturated zone or by a reaction
with H2CO3, galena and sphalerite were precipitated. During this reaction the fluid became
acidic whereas the H+-ions were neutralized by the dissolution of the carbonates where the
ore minerals precipitated. This reaction-dissolution process would have produced porosity
in the carbonate formation which will then be filled with additional sulphides. The duration
of the actual mineralizing event is thought to be relatively short compared to the evolution of
the associated orogeny and linked basin formation. For instance, the mineralization process
lasted for 200-250 kyr in the Upper Mississippi Valley-districts and lasted for only about 50
kyr in the Upper Silesian district in Poland (Leach et al., 2010). It has been problematic
to exactly pinpoint the time of mineralization in MVT deposits for a long time. The main
reason is the scarcity of appropriate isotopic systems for dating (Leach et al., 2001). Even
today there is an ongoing debate on the reliability of Rb−Sr and paleomagnetism dating in
MVT ores (Kesler et al., 2004; Bradley et al., 2004). Therefore the interpretations, which
are to some extend based on these methods (Leach et al., 2001; Leach et al., 2010) have to
be carefully reviewed.
Because the MVT mineralization is found in different tectonic environments and a single
generic model is unlikely to exist, research on the ore-forming processes is not solely of
academic but also of economic interest. Exploration of new deposits of this type remains
problematic and further understanding of the evolution of the mineralization is likely to have
an economic impact if the study can help to narrow down the prospective area for exploration
and therefore can save time and money during the operation.

1.3 Banding as a Type of Pattern Formation in Mississippi
Valley-Type Deposits

Banding is a common pattern in MVT deposits. It can be observed in the host rock of the
mineralization in the form of so-called zebra dolomites, as layered sulfides and even on a
microscale inside of sphalerite crystals. Here I will briefly introduce two banded patterns:
Zebra dolomites and banded ores.
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Zebra Dolomites

In many locations the dolomitic host rock of MVT mineralization shows a rhythmical band-
ing. The so-called zebra texture can be observed on nearly every continent and is often
associated with MVT deposits (figure 1.3).

Fig. 1.3: Compendium of zebra dolomite deposits based on literature. Note that not all of the
reported zebra dolomite occurrences are directly associated with MVT mineralization.
1: Pine Point (Warren, 2000) 2: Rob Lake (Nelson et al., 1998) 3: Monarch-Kicking-Horse (Swennen et al.,
2003) 4: Great Basin (Diehl et al., 2010) 5: San Vicente (Badoux et al., 2001; Fontboté et al., 1990; Fontboté,
1993; Merino et al., 2006; Merino et al., 2011) 6: Greenland (Wallace et al., 1994) 7: Irish Midlands 8: Spain
(López-Horgue et al., 2010; López-Horgue et al., 2009; Swennen et al., 2012) 9: Alpine district (Zeeh, 1995)
10: Falkenberg Tunnel (this thesis) 11: Brabant-Wales Massif (Nielsen et al., 1998) 12: Turkey (Aydal et al.,
2008) 13: Sichuan (Liu et al., 2014) 14: Canning Basin (Copp, 2008) (map modified after Leach et al.,
2001).

The pattern consists of equidistantly spaced dark and light layers. Beside the colour dif-
ference of the layers there is also a contrast in grain size observable between the dark and
the light regions. The crystals in the light layers are sometimes several orders of magnitude
larger than those in the dark layers. In addition to the contrast in color and grain size, the
shape of the grains also differs significantly. The coarser grained minerals in the light layers
tend to be elongated towards the central part giving these layers a vein-like shape (figure
1.4).
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Fig. 1.4: a hand specimen of a weakly mineralized zebra dolomite sample from the San Vicente
mine, Peru. (courtsey Rüdiger Kilian).
b Typical micrograph of zebra dolomite from the San Vicente mine,Peru. The initial sedimentary
structures (ooids) are still observable in the form of so-called “ooid-ghosts” even after dolomitiza-
tion. The layering is is clearly visible whereas the light layer is the inclusion-free, coarse grained
band in the central part of the image.
c Scan of zebra dolomite thin section from the San Vicente mine, Peru. The elongation of the larger
crystals in the central layer leads to a vein-like appearance of the texture.
d Schematic sketch of a coarse grained zebra dolomite layer confined by fine grained crystals. The
texture resemble so-called syntaxial veins.

The overall appearance of the light bands is comparable to the one of tectonic syn-taxial
veins where crystals grow from the wall rock of opening fractures towards a central line. Al-
though the texture of tectonic veins and the one of the zebra dolomites seems quite similar;
the formation process is thought to be different. Considering the rhythmically and periodic
spacing of the zebra textures, a fracturing process is highly unlikely to produce such a struc-
ture. By observation of cross-cutting relationships it can be clearly distinguished that the
genesis of the zebra pattern pre-dates the ore precipitation event. Galena crystals are often
observable in the central part of the light bands and in some areas the initial zebra texture of
the host dolomite has been completely replaced by sphalerite mineralization. Until today it
is not clear what the link between the development of zebra dolomites and economic miner-
alization of the MVT is. However, it is most likely that the tectonic and hydrogeochemical
processes, which form the zebra pattern are similar or even the same as those leading to the
precipitation of the ores.
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Banded Sulfide Ores

Fig. 1.5: a Scan of a polished sample of banded sulphide from the Pomorzany mine, Poland. The
different mineralization pulses are clearly distinguishable. The top and the bottom of the sample
consist of pyrite or marcasite (FeS2), the central part is built up by galena (PbS) which overgrew
the yellow layers of sphalerite which resembles wurzite ((Zn,Fe)S).
b Micrograph of a internally banded sphalerite crystal from the Pomorzany miner, Poland

Banding of the ore minerals is even more common in MVT deposits than the abundance
of the zebra textures. This banding is mainly produced by successive mineralization pulses
that provide fluids with changing chemical characters. Even on a microscale compositional
layering can be observed within single crystals (fig. 1.5). In addition to the macroscopically
and microscopically visible layering of the ore minerals a structure can be observed in some
MVT districts that resembles the zebra texture in dolomites. This structure is, similar to
the zebra dolomites, built up by equidistantly spaced layers and consists of sphalerite that
sometimes is replaced by galena. The internal structure of the bands has a similar vein
shape as the zebra bands in dolomites. A median line is observable which either consists of
voids or is filled by late precipitates. Because both structures, the zebra dolomites and the
rhythmically banded ores, are found in the same environment and display textural similarities
the underlying processes during genesis might be analogues.

1.4 Aim of this Study

Due to the lack of a generic model for MVT mineralization, the exploration for this type
of ore deposit is still a challenge. To increase the knowledge on MVT deposits in general
I choose the zebra texture as an indicative sample for the processes occurring during the
course of the mineralization. The development of the structure is not fully understood and
can therefore be regarded as the main research problem of this study. Due due to its spatial
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correlation with Pb−Zn mineralization of the MVT a full understanding of the zebra pat-
tern formation might provide insight into the fundamental processes that build up large ore
deposits all over the world.
My study will begin by introducing the locations of the samples analysed in this study. I
will then present a comparison of these locations by pointing out the differences and sim-
ilarities between the respective areas. Subsequently I will progress to the revision of the
existing theories of zebra pattern- and rhythmically banded ore formation. This section is
followed by the description of the analytical and numerical methods applied in this study. In
the following section I will present the results of the structural and chemical investigation
of zebra dolomite samples collected by Kilian, 2005 at the San Vicente mine, Central Peru
and from the Falkenberg tunnel, Germany. The latter were provided by Joachim Lorenz who
collected these samples during the construction of a railway tunnel. The samples from the
Falkenberg tunnel collected by Joachim Lorenz are the first and only ones described from
the Spessart region in Germany. It is unlikely that there will be any additional samples from
this specific location as the tunnel was lined with shotcrete during the construction. In ad-
dition to that, the material contains amounts of arsenic, which lead to the deposition of the
rocks onto a special dumb, making access to the zebra dolomites impossible. From the mi-
crostructural and microchemical analysis of the respective samples, I will draw conclusions
on the generic processes that might have been involved during the pattern formation. Labo-
ratory experiments are practically impossible to perform since until today it has hardly been
possible to produce replacive dolomite under appropriate conditions in the laboratory. I will
therefore focus on numerical simulations of the process. The aim is to produce a simple 2D
model that can produce structures similar to the ones observable in thin section by simulating
appropriate physical and chemical mechanisms. In addition to the simple 2D simulations,
this thesis aims to develop a general explanation of the pattern formation based on funda-
mental physico-chemical mechanisms, which might as well be applicable to a whole range
of scientific issues.
The ore precipitation process should also be investigated on small scale structures and be
compared with existing theories. The samples used for this second part of the study were
collected at the Pomorzany mine, Poland during field work in 2015. Samples of rhythmically
banded ores were not available during this study. I will therefore focus on presenting macro-
scopically and microscopically banded ore aggregates and a reaction front in samples from
the Pomorzany mine. The reaction front comprises of two processes a secondary dolomi-
tization and the beginning of the sphalerite emplacement. From these samples I will draw
conclusions of the mineralization mechanism occurring in MVT deposits.
The main focus of this study is the determination of the generic patterning mechanism oc-
curring in hydrothermal ore-deposits of the MVT. The basis of the work is the analytical
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investigation of the samples from the San Vicente mine, the Falkenberg tunnel and the Po-
morzany mine. The results obtained by the respective method will help to draw conclusions
on the process that altered the rocks. The numerical and analytical models are kept simple in
order to ensure transferability of the mechanism to other regions of hydrothermal alteration.
If the generic physico-chemical processes are determined this could lead to the formulation
of a new theory on pattern formation in hydrothermal systems.
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Chapter 2

Geological Overview
2.1 Peruvian Andes

The Andes are a present example of a mountain belt built up by the subduction of oceanic
crust under an active continental margin. The subduction of the oceanic plate under the
continental plate of South America probably began already in Triassic times (251 Myrs),
and is definitely active since Lower Jurassic (Mégard, 1987). However, the orogenesis only
began at the end of the Mesozoic at the beginning of the Cenozoic era (65.5 Myr). Why
there is this delay between the beginning subduction and genesis of the orogenic belt is not
fully understood. The geometry of the subduction, the angle between the oceanic and the
overriding continental crust and/or the thickness of the respective plate, has a striking effect
on the type and nature of the orogeny (Sempere et al., 2002; Capitanio et al., 2011). This
leads to the subdivision of the Andes into Northern-, Central and Southern Andes.
The current structural appearance of the Andes is related to the on-going subduction of the
pacific oceanic plate beneath the South American continental lithosphere. Over most of its
length the Andean Orogen displays the typical structural features of a convergent margin,
such as the trench in the east, followed by a magmatic belt related to the main cordillera
and an E-vergent fold and thrust belt with associated basins east of the mountain range Mé-
gard, 1987. Even though these similar features can be observed throughout the orogen, the
Andean cordillera cannot be regarded as a homogeneous geotectonic unit. There are con-
siderable differences between the Northern Andes including parts of Venezuela, Columbia
and Ecuador, the Central Andes extending from Peru to Bolivia, and the adjacent Southern
Andes, which are also termed North Patagonian Andes. In the following paragraph the dif-
ferences between the Northern- and Central Andes are discussed. The significant geologic
differences between the North Andean block and the Central Andes are found in the under-
lying basement and continental margin. The age of the lithological units, the evolution of
stress field regimes and the age of subduction differs substantially between the Northern and
the Central Andes (Cediel et al., 2003).
According to (Mégard, 1987) the North Andean block is characterized by oceanic crust along
the western margin of Ecuador and Colombia, whereas such accreted terranes are not observ-
able along the western trench of the Central Andes. The central part can rather be regarded
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as a typical example of an Andean-Type orogeny, characterized by normal subduction and
an associated active volcanic arc.
The non-uniform subduction of the oceanic plate along the Eastern edge of the Central Andes
is the main driving force of tectonic deformation. The varying geometries of the subducting
plate cause different mechanisms of uplift and variations in the characteristics of the Wadati-
Benioff zone (Ramos, 1999). This zone of mid- to high depth Earthquakes is thought to be
related to the subduction of cold oceanic crust into the warmer mantle. A variation in the
subduction angle then causes differences in the geometry of this zone whereas the locali-
sation of epicentres along the Wadati-Benioff zone allows predictions on the geometry of
subduction.
In Peru, the variation in the geometry caused a widening of the volcanic arc (Neogene) ac-
companied by higher thermal gradients. This lead to softening of the lower crust which then
favoured crustal thickening and thermally induced uplift in the Eastern part of the Peruvian
Andes (Ramos, 1999). As part of the Central Andes, the Peruvian Andes show evidence
for at least four major tectonic cycles from Precambrian to present time. The rocks of the
Precambrian tectonic cycle crop out mainly in two regions, along the coast in the so-called
“Cordillera de la cost” and further to the east in the “Cordillera Oriental”. The Lithology of
the Precambrian basement of Peru consists of rocks formed during two temporally separated
cycles (Caldas, 1983). The oldest ones consist of granulitic gneisses that were dated with
U/Pb to have an age of up to 2 billion years Dalmayrac et al., 1977; Mégard, 1987. The sec-
ond type of Precambrian rocks were metamorphosed under Amphibolite to Greenschist with
an age of about 540 Ma (Caldas, 1983). The trend of these two major exposures of Precam-
brian rocks is SW-NE. The only evidence of Caledonian deformation in Peru is represented
by Silurian-Ordovician age Gneisses at the southern coast. The subsequent major tectonic
cycle is the Variscian (Hercynian) one. The thick sediment successions of this era show two
distinct deformations. The first one (Eohercynic) is characterized by folding on dm-scale
oriented N30W, accompanied by a well-developed schistosity. The structures are also cross-
cut nearly at right angle by a second generation of folds trend N60W. The metamorphosis
accompanying the deformation is low-grade Greenschist facies. The folding was followed a
block-tectonic dominated brittle phase that provided structures for the later basin formation
in Mesozoic time (Caldas, 1983). In the central part of Peru the Late Hercynian phase de-
veloped uplift and block-faulting striking NW-SE which prepared sedimentary basins. The
second deformation is not homogeneous along Peru. The southern part had been subjected to
compressions that lead to the formation of SW-trending folds. In contrast to that, the central
part of Peru responded by a general uplift to the second major tectonic deformation during
the Hercynian cycle.
The youngest tectonic phase is the Andean cycle that starting in the Mesozoic and is still
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active today. In Peru two bands of rock formations formed during phase: A volcanoclastic
sequence in the east and a clastic sequence to the west (Caldas, 1983). The current structure
of the Andes mostly developed during the on-going Andean orogeny. The Andean tectonic
cycle is characterized by the development of an active margin and the subsequent Andean-
type orogeny, which is mainly controlled by subduction. During the Andean cycle extensive
crustal shortening and resulting crustal thickening are the main principles for the develop-
ment of one of the world’s longest Mountain range with a thickness of the crust of up to
70km. During Permo-Triassic time rift systems developed in Peru and Bolivia, which show
a similar structure to today’s red-sea rift. In Peru, the main lithological units that formed
during this time are the Mitu and the Pucará group. The Mitu group consists of clastic
and volcanic rocks that were deposited along the eastern flanks of the Andes in a subsiding
graben during the Permo-Triassic rifting. The carbonate controlled post-rift Pucará forma-
tion was deposited in a thermal sage (Sempere et al., 2002). Following the rift phase a
considerable fold related uplift of up to 1000 m affected the Peruvian Andes in the Creta-
ceous (Mégard, 1987). This late uplift phase is referred to as the “Peruvian phase” of the
Andean cycle during which molassic sediments were deposited. In the following “Incaic”
phase in the Upper Eocene to Lower Oligocene deformation is characterized by one of the
most prominent folding events in the Andes. Deformation included rocks of the Precam-
brian basement that were affected by the folding causing inverse faulting and imbrication of
overlying Mesozoic rocks (Caldas, 1983). The strong compression also caused effusive and
plutonic volcanism. The third phase during the Andean cycle is the “Quechua phase” that
can be subdivided into a first and second one. This is evident in two generations of folds
developed during Miocene-Pliocene. (Caldas, 1983). After the Pliocene the Andes were
uplifted by an additional 3000 m accompanied by a Pliocene-Quaternary Volcanism Caldas,
1983. During their tectonic history the Andes were affected by a crustal shortening of about
24-27% corresponding to a W-drift of the South American plate of 3 to 4.7 mm/a during
Neogene time.
Based on the present morphology the Peruvian Andes can be divided in segments follow-
ing the strike direction of the Cordillera parallel to the pacific coast (Pfiffner et al., 2013).
From east to west these segments are the Coastal Zone, the Eastern Cordillera, the Cen-
tral Highlands, the Western Cordillera and the Subandean zone (figure C.1a). The isolines
shown in the overview map of figure C.1a are derived from gravimetric data provided by the
INGEMMET. The measurements were processes into Bouger anomalies, topographically
corrected and interpolated into isolines with a spacing of 25 mGla. The segments can be
distinguished based on this data to some extend because the sections are classified accord-
ing to their elevation and therefore relative to the thickness of the lithosphere underneath.
Along the Western Cordillera, crystalline basement (Manon Complex) crops out in several
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places. To the North of Peru these rocks are Neoproterozoic orthogneiss in which a Gran-
itoid intruded during the Ordovician. Formations of a similar age (Ordovician to Silurian)
are found on top of crystalline basement in the Subandean zone. Permo-Triassic Batholiths
intruded along the eastern flanks of the Cordillera indicating the existence of a magmatic arc
during this time (Pfiffner et al., 2013). Morphologically the Subandean zone is characterized
by basin structures that are part of a foreland basin belt extending from the Northern to the
Southern Andes.
The location of the structures analysed in this study are found in the Pucará basin, which
is located at the border of the Eastern Cordillera and the Subandean zone. In this basin,
the metamorphic basement is overlain by sedimentary formations of Devonian-Permian and
Triassic-Jurassic age. These sequences can also be found to the West in the Central High-
lands.

2.1.1 Pucará Basin

The Pucará basin is a NNW striking Late Triassic-Early Jurassic sedimentary basin located
in the fold-and thrust belt of the Eastern Cordillera and the Subandean zone east of the main
Andean Cordillera. It is about 1000 km long and has a width of up to 300 km with the
eastern margin correlating with the Brazilian shield (Moritz et al., 1996). The strike direc-
tion of the basin is parallel to the main tectonic segments of Peru (see figure C.1). The SW
and NE margins of the basin are fault-bound, whereas the western margin represents a base-
ment high (Devisoria Arch). The basin infill consists of Mesozoic platform-carbonates, fine
grained clastics and evaporites (Pucará group), which were deposited along a craton margin.
These sediments represent the first marine transgression during the Andean cycle. Some
authors (i.e. Mégard, 1978) suggested that the basin only opened to the ocean in the NW,
however Rosas et al., 2007 argue that the marine fauna (i.e. ammonites) indicates normal
marine salinities and no abnormal tidal ranges. Therefore, Rosas et al., 2007 suggest that the
western margin of the basin was not completely separated from the ocean and periodically
flooding occurred along structurally controlled pathways. The formation of the Pucarará
basin is closely related to the Permo-Triassic rifts developing during the beginning of the
Andean tectonic cycle.
The lithology which provides the basis on which the Pucará succession was deposited, is
represented by the red beds of the Mitu group. Initially different terrigenous deposition cen-
ters of the Mitu group existed consisting of molasses sediments showing a high variation
of thickness and facies, even on a local scale. The structural element controlling the sedi-
mentation was a NW striking sinistral shear zone and it is concluded that sedimentation was
a response to strike-slip along this shear zone (Rosas et al., 2007). In some areas alkaline
volcanism can be observed within the Mitu group. The whole formation was then deformed
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within the Cenozoic fold-and-thrust belt. Due to subsidence controlled by faults the varia-
tions of the Mitu-depocenters vanished. The result was a more or less uniform deposition
of sediments which now form the basis of the overlying Pucará sediments. The principal
structural framework active during the deposition of the Mitu sediments can be traced with
a reduced intensity also within the Pucará succession. According to (Levin, 1974) there
is no well-defined stratigraphic marker between the Mitu and the Pucará group as there is
no observable discordance between the red sandstones and the overlying carbonates. How-
ever, (Rosas et al., 2007) found that the transition between the Mitu and the overlying Pucará
sediments is abrupt. For instance, at the San Vicente region the transition between the two
strata is indicated by the occurrence of gypsum and redbeds, which are interbedded with
the lower carbonates of the Pucará group (Rosas et al., 2007). Similar strata series are also
described by (Levin, 1974) but contrary he argues that the alternating layering of carbonates,
red sandstones and slate makes it difficult to exactly define the transition. Levin, 1974 sets
the stratigraphic boundary at a silificated carbonate horizon that shows alternating layers of
light and dark sediments. Below this horizon Levin, 1974 observed ventifacts and cross-
bedding. He argues that the rhythmically layered carbonates are the first clear indication of
a facies change from terragenous toward marine deposition.
Considering the complete stratigraphy within the Pucarará basin it can be noted that there
are only little recognizable differences in the lithology of the western and eastern parts of the
basin. After the Late Permian Juruá orogeny there is a complete stratigraphic record from
the Early Triassic to the Early Jurassic starting with the rift-associated Early Triassic Mitu
group consisting of Molasse sediments, namely red Sandstones, conglomerates and locally
volcanic components. The transition to the overlying Pucará group is indicated by a thrust-
fault with a bedding parallel slip. This fault had no significant influence on the orientation of
the stratigraphic sequences. In general the Pucará group can be subdivided into three main
sequences. Prinz, 1985 recognized that the trichometry of this unit, which was introduced
by Mégard, 1968, is the most sustainable way of segmentation. According to Prinz, 1985
there is an increasing dolomite content from the oldest to the youngest units which also
contain tuffitic and sandy horizons of several meters thickness. The three stratigraphic units
of the Pucará group starting from the Middle Triassic are:

• Condorsigna: limestones and evaporites [upper Sinemurian - Toarcian]
• Aramachay: black shales and limestones [upper Rhaetian - lower Sinemurian]
• Chambará: limestones and dolomites [Norian - lower Rhaetian]

The Chambara formation was deposited during the post-rift subsidence of the Early Triassic
Mitu rift and overlies the molasse sediment of the Mitu group. The contact between the
Chambara and the Mitu group usually includes a disconformity but can also show an angular
discontinuity were structural inversion prior to the deposition of the Chambara sediments



Chapter 2. Geological Overview 19

appeared (Rosas et al., 2007). The thickness of this stratigraphic unit is highly variable in
the Pucará basin and differs between 25m to up to 1180m at the San Vicente mine. The abso-
lute age of the formation (Norian–lower Rhaetian) can be determined with appropriate index
fossils, for instance the brachiopod Spondylospira sp. (Mégard, 1968) and the bivalve Mono-

tis subcircularis (Prinz, 1985). The lithology comprises mainly of limestone and dolomites
with up to 4 % detrital components present in rocks near the basin margins, with less de-
trital content in the central parts. This might indicate enhanced erosion along the structural
height associated with the marginal faults and periodic flooding. Therefore the sedimenta-
tion took place in a basin that was sealed but encountered flooding that was sufficient enough
to maintain its marine circulation (Rosas et al., 2007).
On top of the Chambara formation the Aramachay succession was deposited during Rhaetian
to Sinemurian times as deep water sediments. The sedimentation rates were much lower
than in the other two units, which lead to the formation of an under filled basin during the
Aramachay depositional cycle. In general the thickness of the Aramachay formation varies
between 100 and 200 m and is therefore much more uniform then the thickness of the under-
lying sediments of the Chambara formation. The deep sea conditions during sedimentation
are indicated by a fine grain size, a relatively high amount of total organic carbon (TOC:
0.28-4.01 wt.% (Spangenberg et al., 1999)) and phosphate (1 wt.% of P2O5 at San Vicente
(Rosas et al., 2007)). The values of TOC and phosphate imply that the conditions present
during sedimentation were a reducing environment such as is found in sea-floor sediments
(Rosas et al., 2007). The time of deposition as well as the environmental conditions during
sedimentation are indicated by the diagnostic ammonites Arnioceras, Eparietites, Plesechio-

ceras (Prinz, 1985) and the molluscs Aucella and Cucullaea (Mégard, 1968). Lithologically,
organic rich dark laminated limestones dominate that locally contain shaley and silty layers
(Rosas et al., 2007). In addition to that, numerous crinoidal banks and biommicrites are
found in the Aramachay formation indicating open marine shelf conditions. The lack of
turbidities or slope breccias points towards a rather flat sedimentation environment without
steep topographic gradients.
The top most formation of the Pucará group is built up by platform carbonates of the Con-
dorsigna formation. Due to the presence of numerous gypsum lenses in the Condorsigna suc-
cession Rosas et al., 2007 interpret the sediments as deposited in a shoal-water and largely
overfilled basin environment. However, the Condosigna formation is not present everywhere
in the Pucará basin as it has been eroded in some parts. Therefore an exact estimation of
the initial thickness is difficult. Rosas et al., 2007 measured a thickness varying between 300
and 350 m. The age of at least the upper part of the formation is well constrained due to
the presence of the ammonites Phymatoceras and Esericeras (Mégard, 1968). Limestones
dominate in the formation but near the boundary to the underlying Aramachay formation
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dolomite horizons can be observed locally (Rosas et al., 2007).
The main structural controls of the basin formation are the steep shear zones along the mar-
gins of the basin. The faults were active during the formation of the Mitu-rift and were
reactivated during the formation of the Pucará group. The close relation to fault activity of
the basin formation explains the high variability of the upper and lower part of the Pucará
sediments, which can then be related to differences in the subsidence rates along the basin.
The volcanic rocks found within the Pucará group represent the final phase of fault activity.
These faults are also thought to have played a major role during the mineralization of the
MVT formed in the Pucará basin. In general, the basin is part of the Peruvian mineral belt
which provides a large extend of Peru’s economic base metal resources. A general cross-
section of the carbonate formation of the Pucará basin with the overlying plutonic rocks
(Tamara Granodiorit) and the underlying sand stones (Mitu group), basement (Excelsior
group) and plutonites (San Ramon granite) is shown in figure 2.1a. This cross section should
only be regarded as a general overview of the geological situation.

Fig. 2.1: Cross-section showing the geological situation in the W-flank of the Pucará basin (from
Badoux et al., 2001). The ore-hosting carbonate sequence (Pucará group is embedded between the
underlying Mitu group and the Tarma Granodiorite which overthrusted the platform carbonate from
W to E along the Utcuyatu overthrust. On top of the Tarma Granodiorite precambrian basement
had also been affected by the overthrust. The lower most formations of the Excelsior group and
the San Ramon Granite are of Devonian and Permo-Triasic age respectively. According to Badoux
et al., 2001, the sediments of the Pucará group underwent shear-deformation along a plane with an
average dip of 25–30◦ to the W.

2.1.2 Mineralization in the Pucará Basin

Peru is one of the world’s leading mineral producers. In 2012 Peru was the 3rd largest
producer in Ag and Zn, and the 5th in Pb (Peru’s mining & metals investment guide 2014).
A considerable amount of these resources is hosted in the carbonate sequence of the Pucará
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group, which is situated in the Peruvian mineral belt. The mineralizations occurring in the
area are mainly polymetallic, base metal vein and replacement deposits.
The marine sediments of the Pucará group discordantly overly the Permo-Triassic continen-
tal sediments of the Mitu group. The Permo-Triassic sedimentation was dominated by con-
tinental sedimentation environments with horst-graben tectonics and alkaline/peralkalkaline
volcanism (Fontboté et al., 1990). The marine transgression, which lead to the deposition
of the Pucará succession was a response to extensional tectonics at the W-margin of the
Brazilian shield.
In general there are two types of Pucará outcrops within the basin, the Altiplano in central and
W Peru and the Subandean in the Easter Pucará basin. In addition to that, two main stages of
mineralization can be distinguished; the first one occurring in Triassic to Liassic times that
is not related to magmatic-arcs, and the second one from Liassic to Lower Cretaceous time,
which seems to be related to arc-back-arc volcanism.
I will focus on the first stage of stratabound mineralization in the subandean region of the
Pucará basin. Within this first generation of ore deposition three generic types based on
lithology and position within the stratigraphic column can be distinguished (Fontboté et al.,
1990). At the base of the Pucará carbonate platform Zn−Pb mineralization containing some
amounts of Ag and Cu can be observed. These mineralizations, which also comprise of
considerable amounts of Mn and Fe, show a relationship with the interbedded volcanic or
volcanoclasic rocks. The two other generic types of mineralization are both of the MVT.
The first of these mineralizations also occurs at the bottom of the carbonate sequence (lower
MVT), whereas the other one is found within the carbonate sequence (upper MVT) as is the
case for the ore bodies of the San Vicente mine (Fontboté et al., 1990).
The lower MVT stratiform ore-bodies (Shalipayo ore district) are found in peritidal shallow-
water dolomites of the lower Chambara formation. The first ore-bearing horizon occurs at
the boundary to the underlying Permian Mitu group. This contact is developed as volcan-
oclastic conglomerate. The lower MVT mineralization of the Pucará basin can be traced
along a 20 km long N-S striking corridor (Fontboté et al., 1990). The dominant ore min-
erals are Sphalerite, Galena and minor Pyrite. Pb-isotope studies indicate that the sources
of the metals are Permian volcanic rocks from which hydrothermal fluids leached out these
elements.
The upper MVT mineralization (mainly Tambo Maria Formation) occurs within the Pucará
succession and exhibits in general a larger grain size then the ore minerals of the lower
MVT. Several thick dolomite layers are found above the transition of detrital-evaporites at
the Brazilian shield and neritic open-marine carbonates at the central Oucara basin. The
ore-bodies are hosted within these dolomitic layers mainly in the form of large replace-
ment bodies (Mantos) or dissolution-collapse-breccias. The mineralogy is simple within the
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dolomite succession, mainly consisting of galena and sphalerite.
At the San Vicente mine ore minerals of the upper MVT mineralization are mined. San Vi-
cente is one of the largest deposit of Pb- and Zn-mineralization within the Pucará basin and
is Peru’s primary Zn producer. Due to the poor accessibility of the area around the mine ex-
ploration is difficult and the region is still poorly investigated. Fontboté et al., 1990 suggested
that the San Vicente mine only represents a part of an extensive MVT mineralization, which
is yet not fully explored. In figure 2.2b a simplified cross section through the Pucará basin
and the occurrence of ore horizons in the San Vicente mine is displayed. The most important
information derived from previous studies on the San Vicente mine will be presented in the
following paragraph.
At the San Vicente mine ore minerals of the upper MVT mineralization are mined. San Vi-
cente is one of the largest deposit of Pb- and Zn mineralization within the Pucará basin and is
Peru’s primary Zn producer. Due to the poor accessibility of the area around the mine explo-
ration is difficult and the region is still poorly investigated. Fontboté et al., 1990 suggested
that the San Vicente mine only represents a part of an extensive MVT mineralization, which
is yet not fully explored. In figure 2.2b a general cross section through the Pucará basin and
the occurrence of ore horizons in the San Vicente mine is displayed. The most important
information derived from previous studies on the San Vicente mine will be presented in the
following paragraph.

Fig. 2.2: a Principal cross section of the Pucará basin including the stratigraphic column at the San
Vicente mine (from Moritz et al., 1996)
b Simplified cross section of the Pucará basin showing the location of the major faults and the
occurrence of MVT mineralization (from Rosas et al., 2007)

San Vicente Mine, Junin Region

The San Vicente mine is located in the Subandean zone (Badoux et al., 2001) 300 km east
of Lima. The stratabound mineralization at San Vicente is hosted in platform carbonates
(Pucará group) at the eastern flank of the Pucará basin at the margin of the Brazilian shield.
The San Vicente mine is one of Peru’s main Zn- and Pb-producer with the total reserves and
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production is about 20 million metric tonnes with an average ore grade of 10 wt.% Zn and
0.8 wt.% of Pb (Spangenberg et al., 1995b). The mineralization is located within the Pucará
formation, which has an average thickness of 1300 m and is built up of rocks from Norian to
Hettangian age (Spangenberg et al., 1995a).

Fig. 2.3: a Structural map of the area around the San Vicente mine, Peru. The strike direction of
the overthrusts is NW-SE which resembles the strike of the major tectonic section as well as the
dominant strike direction of folds in the region. Small overview map in the lower right shows the
location of a in Peru. The box indicates the location of the geological overview map (map basis:
basemap from SRTM data (Jarvis et al., 2008), fault-lines from Miguel, 1996; Learos, 1996.
b Geological situation around the San Vicente mine. The Pucará sediments follow the strike di-
rection of the overthrusts. To the W the carbonate sequence is overthrusted by an older intrusive
succession. A larger geological map of the area which shows a large extend of the Pucará basin can
be found in figure C.1 (map basis: Miguel, 1996)

In the area of the San Vicente mine the Pucará sediments and the underlying Mitu red-beds
are overthrusted by Granitoids (Tamara Granodiorit) and Permian metamorphic basement
(Badoux et al., 2001) (fig. 2.1). The displacement occurred along the Utcuyato overthrust
from west to east (fig. 2.1). Below the sediments of the Mitu Group occurs another granitic
formation (San Ramon Granite) which crops out to the east of the Pucará basin (figure C.1).
The ore-bodies at the San Vicente mine are hosted within the upper-middle carbonate se-
quence of the Pucará group. It is a stratabound ore-deposit evolved in a burial diagenetic
environment with temperatures around 75◦–95◦ C corresponding to a maximum burial depth
of∼2-3 km (Fontboté et al., 1990). The main mineralization is found in three dolomite hori-
zons, the San Judas dolomite, the San Vicente dolomite and the Alfonso dolomite. However,
most of the ore is being hosted in the San Vicente dolomite (Spangenberg et al., 1995a). In
general the ore occurs as lens shape bodies (Mantos) concordant with bedding, but in deeper
parts of the stratigraphic column the mineralization seems to be parallel to thrust planes.
Facies analysis of the dolomite formation at San Vicente revealed that the mineralization
predominantly formed in sediments deposited in the peritidal zone. The main ore horizons
are found in oolitic grainstones, which are laterally limited by dolomitized lagoonal facies
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and upwards by fine grained sediments deposited under anoxic conditions (Badoux et al.,
2001).
Within the ore hosting formations layers of dolomitized organic-rich mudstones and evapor-
itic sulfatic pseudomorphs can be found (Spangenberg et al., 1998). In the San Vicente mine
the Mantos are parallel to bedding planes that strike roughly N-S with a dip of ∼25◦ –30◦

W (Spangenberg et al., 1995a). These ore horizons can have a longitudinal extend of up to
1.3 km with a width of 200–300 m and a thickness of several m (Spangenberg et al., 1999).
The zebra texture in dolomites, which is a frequent feature of MVT mineralization (Leach
et al., 2010) are highly abundant in the area of the San Vicente mine. In some areas the zebra
texture in the dolomites is replaced by sphalerite mineralization forming zebra ores.

Fig. 2.4: 3D map of the area around the San Vicente mine, Peru. The pin indicates the location
of mine which is situated at the flank of the Pucará basin. (map basis: base heights from SRTM
data (Jarvis et al., 2008), geological notations from Miguel, 1996)

One of the main ore forming mechanisms is replacement of dolomite during the percola-
tion of metal bearing hydrothermal fluids. This process can lead to certain textural features
of the ores mined at San Vicente such as for instance zebra ores showing rhythmical band-
ing (Fontboté, 1993). Occasionally, the mineralization is also found in the form of cements
within breccia pipes or veinlets (Spangenberg et al., 1999). Both the mineralogy of the
ore minerals and the host rock is rather simple with Sphalerite and Galena being nearly the
only minerals building up the mineralization and the host-rock consisting solely of dolomite.
However, within the gangue several dolomite generations occur, and can be distinguished by
their textural appearance. The first replacement dolomite has a fine grain size and is dark in
colour. Hydrothermal alteration caused grain coarsening of this dolomite phase leading to
three sub-generations distinguishable by their grain size. According to Spangenberg et al.,
1996 the three sub-generations are dolomite crystals with a grain size between 15 and 60 µm,
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a coarser group with a grain size of 40 to 100 µm and a medium-grained dolomite genera-
tion with crystal size of 100 to 400 µm. The finest grain size is the best approximation to the
original grain size that was present in the initial limestone. Numerous inclusions of organic
matter are present in this first generation of dolomite and frequently sedimentary structures
such as ooid ghosts are preserved even after dolomitization. In some areas this first genera-
tion of dolomite is completely replaced by sphalerite or galena whereas the latter is found to
happen less frequently. In total, the dark fine-grained dolomite can have a combined amount
of sulfur and organic matter between 2.1 wt.%. and 5.2 wt.% (Spangenberg et al., 1995a).
The first dolomite generation is followed by the ore-stage dolomite with a larger grain size,
a light colour and subhedral crystals often showing growth zonation (Spangenberg et al.,
1995a). The second generation of dolomite is often referred to as white-sparry dolomite,
which can also occur in the form of saddle dolomite (Fontboté et al., 1990). Coarse grained
dolomite represents the main ore-stage carbonate (Spangenberg et al., 1998). This second
generation of dolomite can occur as void-filling cements or as bands between the first dark
colored dolomite leading to the zebra texture that is frequently observed at the San Vicente
mine (Spangenberg et al., 1995a). In contrast to the first generation the amount of sulfur
and organic matter in the white coarse-grained dolomite crystals is remarkably low, with
only up to 0.08 wt.% of sulfur and 0.09 wt.% of organic matter (TOC) (Spangenberg et al.,
1995a). Based on fluid inclusion data this carbonate phase has precipitated from brines with
a temperature of 115–162◦C and a salinity of 9.5–26 wt.% NaCl (Moritz et al., 1996). The
genesis of this dolomite generation is often interpreted as a late diagenetic event, which was
accompanied by sphalerite mineralization (Spangenberg et al., 1995a). The last generation
of dolomite observable in the area of the San Vicente mine is a void-filling coarse grained
aggregate, which formed after the ore emplacement(Fontboté et al., 1990; Spangenberg et
al., 1995a; Spangenberg et al., 1999). This late stage dolomite is often observed in voids
and vuggy porosity present in the second dolomite generation. In some areas of the mine
the last-stage, void-filling phase consists of calcite, galena or bitumen (Spangenberg et al.,
1995a).
Structurally the gangue structures show a general relationship to bedding and thrust orienta-
tion at the San Vicente mine. Veins filled with white sparry crystals of the second dolomite
generation occur in two sets. One is oriented parallel to bedding striking N to NNW with a
dip of ∼25◦–30◦ W. The other set of veins is orientated subperpendicular to bedding having
roughly the same strike direction as the first set but with a dip of ∼70◦ E. The ore-bearing
breccia bodies also occur with these two distinct orientations whereas breccia lenses are
formed with an orientation of the first structural set and breccia pipes generally show the
orientation of the second set (Badoux et al., 2001). Zebra textures also show a general re-
lationship with bedding, most of them are bedding parallel with some generations of zebra



Chapter 2. Geological Overview 26

dolomites that are orientated subperpendicular to bedding. Badoux et al., 2001 describes a
layer of zebra dolomite whose bands’ orientation changes within a single layer. The zebra
bands close to the margin of the layer are parallel with bedding whereas inside the layer or
vein the zebra structures are oriented at an angle of 20–40 to bedding. The existence of only
two main structural orientations in the San Vicente region points towards a strong structural
control during the development of the different features. (Badoux et al., 2001) discuss that
the structures that formed perpendicular to bedding are a result of tensional stresses related
to the activity of a dextral shear zone. The structures occurring parallel to bedding are the
result of fracturing and opening along layers of weakness such as bedding planes (Badoux
et al., 2001). In situ laser microprobe analysis on zebra dolomite samples from the San Vi-
cente mine revealed only small variations of the δ 13C and δ 18O systems of the respective
carbonate phase. The values differ between 0.1–0.4 o/oo for δ 13C and between 0.2–0.7 o/oo for
the δ 18O. This suggests uniform conditions during the formation of the respective dolomite
phase (Spangenberg et al., 1995a). However, there exists an observable variation between the
different dolomite generations. The heaviest end-member in terms of δ 13C and δ 18O ratios
is the fine-grained dolomite of the first generation. The three sub-generations of this phase
show a systematic depletion in the two stable isotope systems of up to 2 o/oo for δ 13C and up
to 3 o/oo for δ 18O. The isotopic shift from the medium grained crystals to the coarser grained
white dolomite is 0.5–1 o/oo for the δ 13C and up to 4 o/oo for the δ 18O. A similar shift is
also observable between the white sparry dolomite and the last-stage void filling carbonates.
Because this trend towards lighter isotopic composition is not local and can be observed on
the ore-district scale, it can be noted that a general tendency towards lighter isotopic signa-
tures exists. Such a trend had also been observed in other MVT districts (Spangenberg et al.,
1996). The isotopic compositions of the finest grained dolomite of the first generation are
likely to be relatively close to the ratio which was present in the initial limestone. According
to Spangenberg et al., 1996 such a shift from heavier to lighter isotopes could be explained
by mixing of fluid with different isotopic compositions or for the case of the last-stage void
filling carbonates even mixing of deep fluids with fresh meteoric water. Therefore it can be
noted that different fluids were involved in the genesis of the carbonates as well as in the
ore-formation at the San Vicente mine. The general paragenesis of carbonates (San Judas
Dolomite, San Vicente Dolomite and Alfonso Dolomite) and ore minerals at the San Vicente
mine based on Spangenberg et al., 1996 is shown in figure 2.5. There is a wide range for the
spahelerite and a more localised range for galena mineralization. The main sphalerite ores
are located within the white sparry dolomite of the second generation whereas galena mainly
precipitated within the last-stage void filling carbonate sequence.
Based on the findings during the study of the isotopic compositions a generic geochemical
model for the carbonate- and ore precipitation can be formulated (Spangenberg et al., 1996).
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Fig. 2.5: Paregnetic sequence of carbonates and ore minerals at the San Vicente mine. DRD:
Dark replacment dolomite [Iv f very fine-grained, I f fine-grained, Im medium-grained], WSD: White
sparry dolomite, LFD: Late void-filling dolomite, LFC: Late void-filling calcite; EPC: Dolomite
replacing evaporitic sulfate (figure from Spangenberg et al., 1996).

This is possible because there exists no variation on the district scale implying that the con-
ditions during the precipitation of the respective carbonate and ore minerals were uniform
in the area of San Vicente. The model is primarily based on the mixing of fluids and sub-
sequent changes in pH associated with dissolution/precipitation reactions. It is important to
note that the isotopic content of carbonates is a function of the precipitation rate with phases
forming at a high precipitation rate having an isotopic composition close to the one of the
fluid, and mineral phases generated by a slow precipitation rate having an isotopic content
close to the equilibrium composition at the respective temperature. It is also important to
consider that the solubility of carbonates decreases with increasing temperature and that in
general the solubility of carbonates is a function of the fluid’s pH, CO2 partial pressure and
salinity. Based on Spangenberg et al., 1996, a geochemical model can be formulated by
means of simple chemical reactions as follows: Considering a system where the percolat-
ing fluid is not buffered by the carbonate wall rock, therefore in systems with a relatively
high fluid/rock ratio the reduction of sulphate might produce H+. The general precipitation
reaction involving bivalent metals (M) can be written as (Spangenberg et al., 1996):

M2++H2S→ 2H++MS (2.1)

The reaction 2.1 describes sulfide precipitation where M2+ indicates the metal ion (i.e. Zn2+)
and H2S is a result of sulfate reduction. However, even without any metal present in the
solution H+ might also be liberated by oxidation if an O2-rich ground water is involved.

H2S+2O2→ 2H++SO2−
4 (2.2)
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The pH of the fluid will be lowered by both reactions, which leads to enhanced dissolution
of the carbonate host rock. This exothermic reaction will lower the solubility of carbonate in
the fluid phase. Therefore, the subsequent precipitation of the carbonates is unlikely to be the
result of simple cooling of the solution. The first reaction is valid during the mineralization
whereas the second reaction might occur during up-channelling of the fluid. During the
dissolution of the carbonate CO2 will be released in both scenarios.

CaMg(CO3)2 +4H+→Ca2++Mg2++2CO2 +H2O (2.3)

Reaction 2.3 will produce CO2 which will consequently increase the activity of the H2CO3

species and therefore further lowers the pH of the fluid. This will enhance carbonate disso-
lution until chemical equilibrium is reached between wall rock and the acidic fluid. At this
stage calcite and/or dolomite will precipitate from the fluid saturated with respect to dolomite
and/or calcite. Such a reaction could have produced the white sparry dolomite generation and
also the late stage void-filling carbonates. That a reaction similar to the ones stated above
occurred at the San Vicente mine might be indicated by the presence of numerous dissolution
breccias in the vicinity of the main ore bodies. These breccias will develop eventually when
one of the sulfide components is no longer available. Then the fluid will dissolve the car-
bonate until it reaches equilibrium with the host rock. In fact ore-forming fluids producing
MVT mineralization are found to have low pH values in the range of 4.5 to 5.0 (Leach et al.,
2001). The presence of organic matter in the fine grained dark dolomite combined with the
enrichment observed in the late stage precipitates (bitumen) also indicates that an interaction
between the organic compounds and the fluids is taking place. The enrichment of 13C in the
last precipitates can be a result of the breakdown of organic components by redox reactions,
such as:

CaSO4 +CH4→CaCO3 +H2S+H2O (2.4)

In this reaction sulfate and a light hydrocarbon (Methane) react and form calcite together
with hydrogen sulfide. If such a reaction takes place in an environment where a sufficient
amount of Mg2+ is present, the reaction changes to:

2CaSO4 +2CH4 +Mg2+→CaMg(CO3)2 +2H2S+Ca2++H2O (2.5)

This means that in the presence of Mg2+ the reaction of sulfate with light hydrocarbon will
precipitate dolomite. Such a reaction might have occurred during the last stage at San Vi-
cente. A similar geochemical interaction was suggested for different MVT mineralizations
where isotopically light sparry carbonates are encountered (i.e. Powell et al., 1984; Anderson
et al., 1982; Machel, 1987).
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The validity of the above reaction is backed-up by the isotopic shift in 13C and 18O towards
lighter ratios from the dark replacement dolomite towards the late-stage void-filling carbon-
ates.
The geochemical model interprets the paragenesis of carbonates and ore minerals at San
Vicente as a result of fluid mixing. This accounts for the evolution of the mineralizing fluid,
water-rock interactions resulting in the encountered isotopic shifts and also produces CO2

degasing, which in turn can explain the covariations of the coarse grained dolomites of the
second generation and the last-stage carbonates (Spangenberg et al., 1996).
According to the described geochemical model the different carbonate generations and as-
sociated mineralizations, are a result of metasomatic reactions between fluids and the host
rock. The increasing grain size in the first dark dolomite generation and the first sphalerite
phase could be a result of fluid-rock interaction. If this fluid-rock interaction continues and
CO2 degassing is limited, the second dolomite generation will precipitate in the porosity
produced during carbonate dissolution. Finally, the late-stage carbonate phases precipitated
during CO2 degassing. In general the conditions were similar in the whole San Vicente area
during each stage of carbonate/ore formation explaining the homogeneous isotopic ratios on
the district scale. The mineralization was mainly controlled by porosity, either primary or
secondary, and the reduction of the organic components present in the host rock played an
important role during the ore mineral formation.
Even though the San Vicente mine is located in the complex geotectonic framework of the
Pucará basin as a part of the Peruvian Andes (Rosas et al., 2007), the generic temporal de-
velopment of the paragenesis at the San Vicente mine is relatively well constrained (Badoux
et al., 2001; Spangenberg et al., 1995a; Spangenberg et al., 1996). In addition, the general
geochemical processes that were responsible for the formation of the respective carbonate or
ore phase were well elaborated by Spangenberg et al., 1995a; Spangenberg et al., 1996.
What remains unclear is the exact evolution of the carbonates at San Vicente that lead to
their textural appearance. Numerous zebra dolomites (see section 1.3) can be observed all
over the mine (see figure 2.6). The samples that were available for the microstructural and
microchemical analysis in this study (see 5) where collected by Rüdigger Kilian in the frame-
work of a diploma thesis (Kilian, 2005). In this work, the own analytical findings will be
compared to the pre-existing models of formation 3. It will either be possible to approve
the existing theories, or if the analysis gives contradictory results, a new hypothesis will be
developed. Based on this, a numerical model (see 6.3) of the zebra dolomite formation will
be developed. The remaining question is how did this structure develop and to what extend
is the genesis of the zebra texture linked to mineralization?
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Fig. 2.6: Zebra dolomite observed in and around the San Vicente mine, Peru (courtesy Rüdiger
Kilian) a Outcrop of ≈50 cm thick layer of zebra dolomite. Note that the layer displays variable
spacing and a thickness of the zebra bands and is confined by dark dolomite.
b Zebra dolomite outcrop showing variable spacing and thickness of the zebra bands. The structure
is affected by younger faults which displaced the textures in brittle deformation.
c Patchy zebra dolomite outcrop inside the San Vicente mine. In the central part a fault is visible
which seems to be associated with only minor displacement.
d Zebra dolomite from the San Vicente mine which displays the high variability of the textural
appearance even on a very local scale. Note that on the upper margin of the structure the transition
from the dark host-rock to the zebra texture which appears very abrupt whereas the initial dark
dolomite seems to interlock with the zebra dolomite.

2.2 Spessart, Germany

The Spessart is a German upland with clear boundaries to the surrounding mountain belts.
The boarders of the Spessart are the mountain ranges of the Vogelsberg in the north, the
Rhoen in the east, the Odenwald in the south and the Wetterau to the west. In general,
the Spessart can be subdivided into the Vorspessart consisting of crystalline basement and
the Mittel- and Hochspessart both built up by extensive successions of terrestrial Triassic
sediments of the Bunter.
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In the framework of the European Variscian orogeny the Spessart is situated in the Central-
German Crystalline Rise whose northern boundary is the Northern Phyllite zone and the
Rhenoherzynian zone (low grade metasomatic and volcanic rocks). The southern border is
represented by the suture to the Saxothuringian realm (low to medium grade metamorphites)
(Will et al., 2015) (figure 2.7). The most common interpretation of the German Crystalline
rise is that it formed by southward subduction of the Rheic Ocean, which was formed by
the separation of Gondwana and Avalonia during Ordovician time. The zone represented an
active margin during the Varisican orogeneses, which lead to compressive stresses along the
arc from Devonian times onwards. The German Crystalline Rise was an active margin at
least until final closure of the Rheic ocean in the Lower Carboniferous (Siebel et al., 2012).
That the zone was in fact part of a subduction zone is backed up by present studies on the
crystalline rocks which give isotope signatures of N-MORB or back-arc basin basalts (Will
et al., 2015).
The Variscan belt of Europe is a result of the collision of the supercontinents Laurussian and
Gondwana including also several microplates in Devonian to Carboniferous times (Franke,
1989). The German Crystalline rise is a NE-SW striking belt of several km length. It de-
veloped as part of much longer suture zone (extending from Mexico to Turkey) during the
closure of the Rheic ocean which separated Laurussia and Gondwana (Will et al., 2015).
Today, the German Crystalline rise extends from the Saar region to the Lasatia area and is
documented by several uplift blocks of crystalline rock formation. The crystalline of the
Vorspessart is one of these blocks (Nasir et al., 1991). The crystalline basement of the Spes-
sart is interpreted as a NE-SW striking asymmetric antiform with a width of up to 25km
Weber, 1995. The metamorphosis of the crystalline rocks of the Spessart reached up to am-
phibolite facies conditions with peak metamorphosis at 600–670◦C and 8-10 kbar during the
Carboniferous, however the exact timing of the peak metamorphosis is unknown Will et al.,
2015. The lithology consists of Devonian and Carboniferous Plutons and metamorphosed
Paleozoic sediments, which probably overly even older basement (Franke, 1989).
Already at the beginning of the Permian period the Variscian mountain belt had been sub-
jected to extensive erosion leading to a more or less homogeneous basis for sedimentation.
In the Wetterau to the west sediments of the Permo-Carboniferous Rotliegend are deposited
above crystalline basement of the Vorspessart and to the east the Spessart Crystalline is cov-
ered by extensive successions of the Triassic Bunter. Outcrops of the marine sediments of
the Permian Zechstein are rare in the Spessart due to the thick cover of the terrestrial Triassic
sediment.
Zechstein sediments outcrop only sporadically whereas the overall stratigraphic border of
the Zechstein and the Triassic Bunter is still a point of discussion. This boundary is asso-
ciated with the greatest mass extensions in geologic history and caused 90% of all species
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to become extinct in a period of 61.000 ± 48.000 years (Scholze et al., 2016). Both, the
Zechstein and the Bunter, were deposited in the Central European Basin. During the time of
deposition (Permian–Early Triassic) the Central European Basin was situated in the northern
hemisphere (15◦–20◦N) in tropical marine and arid continental facies (Stampfli et al., 2002).
During the formation of the Zechstein sediments, in early Permian times, the basin was
connected to the Arctic Ocean and Zechstein deposits formed mainly as a result of marine
transgression followed by evaporation in arid to semi-arid climate conditions. The nature of
deposition resulted in at least seven well defined evaporitic cycles in the Zechstein sediments,
which are used as a stratigraphic subdivision for the whole Zechstein series (Scholze et al.,
2016). These conditions changed during the deposition of the Bunter starting in the early
Triassic. The climate shifted from tropical marine towards arid to semi-arid conditions. In
the Central European Basin, the Bunter mainly consists of sandstones with a highly variable
grain size even on a local scale. This is caused by the various depositional processes of this
period. Sediments were deposited in aeolian, fluvial and playa-lake facies. In the Lower
Bunter, limestone horizons are interbedded within the formation (Scholze et al., 2016).
The area of interest of this study is located close to the boarder of the crystalline Vorspessart
and the Middle Spessart with its extensive Bunter formations. Sediments of the Zechstein
group only crop out locally but were encountered during the tunnel driving of the Falkenberg
railway tunnel.

2.2.1 Falkenberg Tunnel, Heigenbrücken

The work on the Falkenberg railway tunnel started in 2014 and is not yet completed. The
tunnel has a total length of 2623 m and drives through the metamorphic formation of the
Spessart crystalline as well as sediments of the Zechstein and Triassic Bunter. The construc-
tion area is located at the SE boarder of the geological map GK25-Frammersbach (Cramer et
al., 1978b). In this location parts of the crystalline basement crop out whereas the remaining
part of the geological map consists only of Bunter (figure 2.7). The tunnel is therefore a great
study site for the transition of metamorphic Proterozoic basement into the Triassic sediments
of the Spessart. Permian Zechstein crops out locally in the area of the tunnel, whereas on the
surface this formation is mostly covered by the Bunter, and was not extensively accessible
prior to the construction of the tunnel.
The best description of the local geology around the Falkenberg tunnel is the detailed expla-
nation of the GK25-Flammersbach (Cramer et al., 1978a). The following remarks concern-
ing the geotectonic situation around the tunnel are mainly based on these explanations.
The map GK25-Frammersbach includes the transition between Vorspessart and the adjusting
Middle Spessart. The latter represents the Permo-Triassic platform above the metamorphic
crystalline basement. The boundary between the two is indicated by the Broeckelschiefer
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Fig. 2.7: Geological situation around the Falkenberg tunnel in the Spessart, Germany. The small
overview map indicates the location of the Spessart in the Variscina orogen. The Falkenberg tun-
nel dives trough pre-variscina crystalline basement in the W into Triassic sediment of the Bunter.
During the construction marine carbonates of Permian Zechstein were encountered which exhibit
zebra texture. On the surface only limited outcrops of the Zechstein are present as indicated by the
small profile line in the lower right. Two major faults striking NW-SE are displayed in the map and
a large Barite vein follows the strike direction of the fault in the NE. A larger geological map of
the area which is also showing the location of this overview map is displayed in figure C.2 (map
basis: Cramer et al., 1978b)

of early Triassic age. This horizon, if present, can be used as a marker horizon for the
boundary to the lower Bunter. However, in some areas Zechstein sediments are deposited
directly on top of the crystalline. The protolithes of the Spessart basement complex are
of Cambrian or Proterozoic age. Initially, the formation consisted of a variety of different
lithologies including sandstone, quartzite, arkoses, greywacke, claystones, dolomitic marl
and limestone. The sediment series is locally interbedded with volcanic products uch as
diabas, tuffitic successions and quartz-rich trachyte. The whole formation was subjected to
Precambrian folding and potentially a first metamorphism. At the end of Devonian times a
second folding-event occurred, which was associated with a regional metamorphism. The
sedimentary series were transformed into Pearl-gneiss, Garnet-gneiss, Biotit-Plagioclase-
schist and Qz-Fsp-layered gneiss. These formations can be observed in the SW-part of the
area and represent part of the crystalline Vorspessart. The Diorit-complex, which also crops



Chapter 2. Geological Overview 34

out in the SW of the area was formed in situ (Okrusch, 1963) and was associated with a late-
Variscian intrusion. Subsequently to the emplacement of the Diorite the area was subjected
to a compressive tectonic stress in a NNW-SSE direction. Before the end of the Palaeozoic
the Varisican structures were overprinted by newly developing structures. This is important
as the whole area was subjected to erosion from the lower Carboniferous until the lower
Permian, which is indicated by sediments of the Zechstein and the lower Buntsandstein that
are deposited directly above the crystalline basement. Permo-Carboniferous sediments of
the Rotliegend are omitted in the stratigraphy of the map area. That erosion was active at
least until the lower Triassic can be justified by the fact that the index horizon of the lower
Bunter (Broeckelschiefer) is also missing in some areas.
The continuous erosion produced a landscape with only limited relief. This promoted the
flooding of the area by the Zechstein ocean that infiltrated the area from the north. The de-
position of the Zechstein above the crystalline basement, in the map area namely the Diorite,
is accompanied by the formation of a distinctive horizon; a breccia that includes fragments
of the crystalline (Grundgebirgsbreckzie). This layer can be used as an index horizon for the
lower boundary of the Zechstein and can be temporally correlated with the Zechsteincon-
glomerate, present in the central parts of the former Zechstein Ocean. It is important to note
that the Zechstein around the Falkenberg tunnel can be regarded as a marginal facies of the
Zechstein sea. On top of the first indicator of the Zechstein transgression, the Grundgebirgs-
breckzie, a 30–40 cm thick layer of finely laminated, locally carbonatic clays was deposited.
This layer is thought to be equivalent to the Kupferletten, which in general indicates the
transition of terrestrial deposition to the marine facies of the Zechstein in the upper Permian.
On top of the clays Zechstein dolomites were deposited with fragments of the basement and
koaolinized feldspars. The topmost layer of the Zechstein is an up to 1 m thick layer of finely
laminated Zechstein clays, which is not displayed on the map. Above the Zechstein layers
the Bröckelschiefer indicates the transition from marine to terrestrial sedimentation. This
layer is the lower most horizon of the lower Bunter and is directly followed by sandstone
formations of the Heigenbrueckener Sandstein. This sandstone formation is then covered by
detritic sandstones, the Ecksche Geröllsandstein. The succession of the lower Bunter con-
tinues above the Ecksche Geröllsandstein by sandstones of the Salmünster series. The latter
is the last formation in the area of the map that is ascribed to the lower Bunter. The border
between lower- and middle Bunter is indicated by a significant change in grain size from
fine-middle grained in the lower- to middle-coarse grained sandstones in the middle-Bunter.
In the area of interest (figure 2.7 the Volpriesen series represents sediments of the middle
Bunter.
It can be concluded that the area around the Falkenberg tunnel is situated at the boarder of
the NE-trending crystalline basement and sediments of Permian to Triassic age. The area is
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characterized by abundant faults that display considerable offset (figure 2.8b). During the
construction of the railway tunnel the whole rock succession from crystalline basement, over
Zechstein sediments, to Triassic Bunter were encountered (figure 2.8a). The basis of the crys-
talline diorit complex is directly followed by dolomitized sediments of the Zechstein. The
boundary is not flat and often shows a wavy appearance caused by the extensive faulting and
also by erosion, which affected the basement formation. At about tunnelmeter 1100 m, zebra
dolomites were found by Joachim Lorenz in the Zechstein dolomites. This zebra dolomite
deposit is the only one described so far for the Zechstein formation in Germany. The ze-
bra textures in the Falkenberg tunnel (figure 2.8d) shows a similar appearance in outcrop and
hand-specimen to the ones of the San Vicente mine (figure 2.6), but cannot directly be related
to mineralization. However, the occurrence of numerous barite veins (figure 2.8c) indicates
extensive hydrothermal activity, which theoretically could as well produce base metal precip-
itations if appropriate conditions exist. The barite veins are linked to faults along which the
hydrothermal Ba-bearing fluid migrated upwards. The dominant orientation of joints in the
basement is linked to the two deformation cycles that caused the folding. These orientations
changed due to post-orogenetic deformation that generated steep-dipping faults striking SE-
NW. The younger faults also extend into the crystalline basement. This is indicated by the
occurrence of mylonites, breccia, fault gouge and even pseudotachylites in the diorite- and
paragneiss-series. The age of the faults and the Barite veins is relatively well constrained.
The faults have to be younger than the Zechstein sediments as these faults also affected the
Bunter. Therefore the faults are at least younger then Middle-Triassic. One of these faults
can be seen in the map NE of the Falkenberg tunnel. Numerous Barite mineralizations are
associated with this fault (fig. 2.7). The faults have a general strike direction of 125–135◦.
The Barite veins are seen to belong to the so-called Hain-Eichenberger Gangschar, which is a
series of veins with the same orientation. All the faults on the map GK25-Frammersbach can
be regarded as being related to the Hercynian deformation zone extending from Wuerzburg
to Karlstein. This zone is dominated by fault block tectonics and can reach a width of up
to 30 km. The area around the Falkenberg tunnel includes the NE-part of this faults sys-
tem. The tectonic situation of the map can be interpreted as an approximately 8 km wide
graben-structure following the Hercynian trend.
The younger faults in the area are often accompanied by Barite mineralization but are barren
in base metal mineralization. However, faults of the same system with a similar strike-
direction are found to have been economically mineralized approximately 7 km to the NE in
the area of Bieber, where Co−Ni−Bi mineralizations are found in the Zechstein sediments.
In addition to that, 15 km to the NW, in Grosskahl, stratabound Cu−Pb−Zn mineralizations
are hosted in dolomites of the Zechstein (Wagner et al., 2010). This deposit was mined in
the Hilfe Gottes Mine from 1703 until 1835.
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Fig. 2.8: a Lithological succession encountered during the construction of the Falkenberg Tunnel.
The crystalline basement is represented by Diorit-like rocks at the bottom which is discordantly
followed by marine Zechstein (≈5m). The upper-most formation consists of the Broeckelschiefer
(≈1.5m), an index horizon for border between Permian Zechstein and Triassic Bunter. The whole
succession dips ≈10◦N, at tunnel meter 968.
b Fault encountered during the construction of the Falkenberg Tunnel at tunnel meter 2029.
c Set of Barite veins encountered in the area of the Falkenberg tunel during the construction. The
strike direction is similar to the large Barite vein in the map of figure 2.4 NW-SE.
d Hand-specimen of zebra dolomite found in the Permian Zechstein formation in the Falkenberg
tunnel at tunnel meter 1100. Width of view is ≈11cm. (all images courtesy Joachim Lorenz)

One question addressed in this thesis is whether the genesis of the zebra textures encountered
in the Falkenberg tunnel can be related to the Cu-Pb-Zn mineralization found in the area of
Grosskahl. The second question to answer is whether it is possible to distinguish similarities
in the textural appearance and environmental condition during the formation of the zebra
dolomites at the San Vicente mine and the Falkenberg tunnel. At least in hand specimen the
zebra dolomites from the Spessart (figure 2.9) exhibit a striking similar texture compared to
the samples from the San Vicente mine. The combined results of the analysis on the zebra
dolomites of San Vicente and the Falkenberg tunnel (see chapter 5) will be used to challenge
the existing theories (see chapter 3) and will influence the development of the numerical
(chapter 6) and the analytical (chapter 7) model of the pattern formation.
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Fig. 2.9: a Zebra dolomite hand specimen found showing strong variation in zebra layer spacing
and thickness comparable to figure 2.6 a.
b Zebra dolomite sample from the Falkenberg tunnel found at tunnel m 1145. Also the internal
structure of the zebra dolomites in hand specimen is nearly identical to samples observed at the San
Vicente mine, Peru. (both images courtesy Joachim Lorenz)

2.3 Upper Silesian Basin

The Upper Silesian basin is situated in Southern Poland between major structural elements:
the Caledonian Cracow-Myszkow zone, the Carpathian fore-deep and the Variscian upper
Silesian Coal Basin Sutley et al., 1999. The latter derived its name from an up to 8 km thick
horizon of Carboniferous coal-bearing molasses, which overlay Visean flysch-like shale,
Middle Devonian and Cambrian sandstone and Precambrian crystalline basement. In most
of the Upper Silesian region these flat-lying Upper-Carboniferous coal bearing sediments
can be observed below the Triassic cover (Sass-Gustkiewicz et al., 1998). The Southern
margin of the upper-Silesian basin is indicated by the Carpathian foredeep, which is the re-
sult of the Alpine orogeny during Cretaceous to Tertiary times (Leach et al., 1992). Apart
from this large scale structural element, there are other important tectonic features present
in upper Silesia, which form the perimeter of the basin. One of these is the WNW-ESE-
trending Cracow-Myszkowow zone, which represents a large scale crustal boundary (Leach
et al., 1992) and forms the transition between the Upper Silesian Massif in the SW and the
Malopolska Massif in the NE. These two massifs are interpreted as being different tectonos-
tratigraphic units that amalgamated during the Palaeozoic. The WNW-ESE strike direction
of the Cracow-Myszkow structural zone turns into a W-N trending direction to the west of
the city of Myszkow where this lineament joins into the Krakow-Lubliniec fracture zone.
This fracture zone is of Variscan age but also includes Caledonian relicts (Sass-Gustkiewicz
et al., 1998).
Recent geochronological and tectonostratigraphic research has distinguished five different
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tectonic terranes between the Bohemian Massif in the S and the Tesseyre-Tornquist fault
zone in the N. Based on these findings, the Cracow-Myszkow zone is part of the Wienlun-
Lubliniec-Zawiercie terrane (Heijlen et al., 2003). In the Palaeozoic intense periodic mag-
matic activities occurred in the Cracow-Myszkow zone. The present positive relief the area
is caused by polyphase tectonic deformation during the Caledonian, Variscian and by a reac-
tivation of the pre-existing tectonic structures during the Alpine orogeny whereas the latter
deformation phase is indicated by extensive block faulting.
The Uppers-Silesian basin mainly formed during the Variscian Orogeny, whereas the west-
ern part of the basin was subjected to intense deformation during this period. This resulted
in intense folding and thrusting. In contrast to that, the eastern part the basin was only
moderately deformed (Heijlen et al., 2003). The western part was cut by NNW-striking
thrust faults whereas WNW-striking normal faults were formed in the eastern part (Leach
et al., 1992). In the early to Mid-Carboniferous detritic and biogenic carbonates were de-
posited, which is typical for most areas of the European Rhenohercynian system. In the
Permian and Mesozoic period the area of the ore district was strongly influenced by exten-
sional wrenching and destabilization of the western and central European crust, which was
related to the breakup of Pangaea. The general dip direction of the Mesozoic sediments is
NNE and is interpreted to reflect the vertical crust mobility during this period (Heijlen et
al., 2003). The area of the upper Silesian basin represents the southern part of the Central
European basin during the middle Triassic. The circulation with the Tethys, situated to the
west of the basin, was controlled by tectonic graben structures (Morycowa et al., 2010). The
Triassic rocks in the area reflect mainly shallow marine to fluviatile sedimentation (Heijlen
et al., 2003). The climate was arid to hot because the area was located at the margin of
the tropical zone (22-24◦N) (Nawrocki et al., 2000) leading to the deposition of carbonates
and evaporates (Morycowa et al., 2010). The evolution of the Central European basin and
therefore also of the upper Silesian basin during the Triassic time was strongly influenced
by the Tethys rifting and shows similarities to the southern Alps (Szulc, 2000). According
to Morycowa et al., 2010 crustal motion of the Tethys rift migrated northwards causing the
reactivation of Hercynian faults, which influenced both, the southern Alpine basin and the
Silesian area.
The Triassic lithological sequence starts with the deposition of the Bunter, followed by the
sedimentation of the carbonates of the Muschelkalk and concludes with continental Keuper
evaporates and clastics. The Triassic sequence is separated from the underlying Palaeozoic
and covering Jurassic formations by major unconformities. Based on bio- and magnetostrati-
graphical data, Morycowa et al., 2010 set the boundary between Bunter and the overlying
Muschelkalk in the Silesian basin at the lower Mid-Triassic (Anisian). The thickness of the
non-marine sediments of the Bunter is about 20 m in most of upper Silesia but increases
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to up 1500 m in the SE (Sass-Gustkiewicz et al., 1998). The main transgressional phase
of the Triassic took place not long after the first deposition of the Muschelkalk (Pelsonian)
(Szulc, 2000). At this time the body of the Tethys extended all the way north to the Silesian
basin. Here, a tectonically controlled barrier separated the open ocean of the Tethys from the
Muschelkalk Sea. This structure (Silesian threshold) formed favoured condition for sponge-
coral reef development. The reef structures in the Silesian basin are the oldest known after
the large Permian/Triassic mass extinction (Morycowa et al., 2010). The overall thickness
of the Muschelkalk sequence varies between 300 and 400 m and is covered with a slight
unconformity by clay-rich Keuper sediments (Sass-Gustkiewicz et al., 1998).
The formations of interest for this work are the ones hosting the economic mineralization
of the MVT in the Upper Silesian basin. The ores occur in Devonian to Jurassic rocks, but
about 95% of the base metals are hosted in the Jurassic Muschelkalk sequence (Heijlen et al.,
2003).

2.3.1 Mineralization in the Upper Silesian Basin

The Upper Silesian basin hosts several base-metal mineralization of the MVT, making it
not only a single deposit but a district. The ores have been mined since the 12th century
and today’s reserves are still ≈200 Mt. The ore grade is about 3.8% Zn and approximately
1.6% Pb (Sass-Gustkiewicz et al., 1999). The present and historic mining sites in the Upper
Silesian region are shown in figure 2.10d. The aerial photograph in figure 2.10 shows the
location of the mining sites in the Olkusz area, which is the area of interest in this study. The
false colour image in figure 2.10c can be applied in order to assess the outcrop situation in
the area. In general there are only limited outcrops around the Okusz area and they are often
limited to quarries.
At least three mineralization epochs can be distinguished in the Upper Silesian basin which
seem to be associated to the Krakow-Myskow structural elevation. The first mineralization
occurred during Carboniferous to Permian times and formed polymetallic vein-type miner-
alization. This ore-precipitation event was directly linked to tectonic and associated igneous
activity. The second mineralization event is strata-bound and occurs in the Triassic sedi-
mentary sequence of the Muschelkalk. This is the economic relevant mineralization of the
MVT. The ores found in this succession are mainly galena, sphalerite and F-sulfides. The
last and economically unimportant mineralization is found in the Jurassic rocks covering the
Triassic formations. This last ore stage consist of Fe-sulfides, galena and only to a small
extend of sphalerite (Sass-Gustkiewicz et al., 1998). The main focus of this brief outline of
the mineralization within the Upper Silesian basin will be set on the second stage of miner-
alization of the MVT. This phase of ore formation is confined to a specific lithology of the
Middle-Triassic to Muschelkalk sequence, the so-called ore bearing dolomite. Even though



Chapter 2. Geological Overview 40

Fig. 2.10: a RGB Image of Landsat 7 data (July-12-2014) with underlying ASTER DEM of the area
around the Pomorzany mine. In the south the border of the Carpathian Orogen is indicated by the
dotted line and the red circles indicate the locations of the mines in the Olkusz area (Landsat 7 and
ASTER GDEM are products of METI and NASA. The data was retrieved from the online Data Pool,
courtesy of the NASA Land Processes Distributed Active Archive Center (LP DAAC), USGS/Earth
Resources Observation and Science (EROS) Center, Sioux Falls, South Dakota, lpdaac.usgs.gov).
b Principal geological map with the same extend as a. The mining sites are located at the margin
of marine carbonate sequence which strikes NW-SE. For description of geological notations and
reference see figure C.3.
c False color image showing a PCA (Principal Component Analysis) of Landsat 7 data (bands 4-
3-2). This false color image can be applied in order to distinguish vegetation, water bodies and
uncovered soil in order to locate areas where outcrops can be expected.
d Generalized map displaying the recent and past mining activity in the area around the Pomorzany
mine. Note that the extend of this map is indicated by the white rectangle in a.[Graphical and
technical computer elaboration: R. Boṅda, D. Siekiera]

Pb− Zn-mineralization was found in Devonian, Triassic and Jurassic strata, the only eco-
nomic ore horizon is constrained to the rocks of the ore bearing dolomite within the Middle
Triassic Muschelkalk (Sutley et al., 1999).
Horizontally the ore bearing dolomite covers an area of about 50 by 30 km. In the NE

https://lpdaac.usgs.gov/data_access/data_pool
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the dolomite terminates at the Krakow-Lubliniec fault zone. The western boundary of the
host-rock of the mineralization is represented by a N-S trending disconformity near Bla-
chowka and the southern edge is caused by post-Triassic erosion. In the vertical direction
the dolomite formation can have a thickness of up to 35 m and overlies clay-rich, imper-
meable limestones of the Gogolin beds. In contrast to this clear stratigraphic boundary the
exact upward extend of the ore bearing dolomite cannot be clearly defined. The ore-bearing
dolomite occurs as extensive replacements of limestone and early diagenetic dolostone of the
lower Muschelkalk formation, where sedimentary structures of m- or up to km scale (in the
case of large reef structures) are preserved within the dolomite succession (Matysik, 2014).
However, the contact between the ore-bearing dolomite and the surrounding rocks is often
sharp and discordant. Most of the ores in the Cracow-Silesian district are located near the
transition of lime- and dolostone. The formation of the ore bearing dolomite took place after
the deposition of the Muschelkalk but before the beginning of the Jurassic sedimentation.
During the early Jurassic the sequence was exposed to weathering and karstifcation. There
is evidence that the ore-bearing dolomite formed prior to the ore precipitation and thus its
formation is not directly related to mineralisation (Leach et al., 1992). In the area of the
Pomorzany mine the ore is distributed irregularly throughout the ore-bearing dolomite. Most
of the ore horizons form extended breccia bodies, which are mainly hosted in the Gogolin
and Gorazdze beds of the lower Muschelkalk. Ores that form tabular horizontal replacement
bodies occur in the Pomorzany and in the Boleslaw mines (Sutley et al., 1999).
That the ore precipitation postdates the formation of the ore-bearing dolomite can be shown
based on different evidence:

• I: The sulfide-rich zones as well as the disseminated sulfides replace the ore-bearing
dolomite

• II: The ore-bearing dolomite is displaced by faults that localized ore in some deposits
(ore-controlling faults and the ore-bearing dolomite are cut by the ore bodies)

• III: Although ore-bearing dolomite occurs in a wide area, the sulfide minerals are not
generally associated with it

• IV: Sulfide precipitation occurred over a wide stratigraphic range and even undolomi-
tised rocks contain ores

In most areas the ore-bearing dolomite consists of fine to medium grained crystals but
in some parts of the Upper Silesian district it appears as coarse grained (≈1 mm) sparry
dolomite. Because of its higher transmissivity compared to the surrounding limestone the
ore-bearing dolomite may represent a favourable host rock for the MVT mineralisation.
Furthermore, the ore-bearing dolomite contains more fractures than the other units of the
Muschelkalk formation, which may increase its overall permeability. This could have been
caused by the higher susceptibility of dolomite to brittle fractures (Leach et al., 1992). Two
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generations of ore-bearing dolomite can be distinguished. The first and oldest one (dolomite
I) is poor in Fe and base metals whereas the second one (dolomite II) occurs as halos around
the ore mineralisation and is rich in Fe and commonly in Zn. In thin section the ore-bearing
dolomite commonly displays coarse-grained, planar-S to non-planar crystals with cloudy
centres and clear rims. The Fe-poor dolomite I is found in the cloudy centres of the dolomite
crystals, whereas the Fe-rich dolomite II is represented by the clear rims of the coarse grained
crystals as well as by non-planar dolomite cement (saddle dolomite) (Heijlen et al., 2003).
However, Sass-Gustkiewicz et al., 1998 further categorized the ore bearing dolomite into
three dolomite generation in the district of the Upper Silesia. The first generation of Sass-
Gustkiewicz et al., 1998 is a dark fine grained dolomite with dispersed Fe-oxides, this one is
followed by a coarse grained Fe-rich dolomite generation. Finally, the last-stage of dolomi-
tization occurs as gangue dolomite inside veins. These distinct dolomite generations can be
correlated throughout the entire district. Towards the mineralisation the development of the
dolomite II and the emerging recrystallization of dolomite I increases. In some parts the
early sulfide mineralization is overgrown by saddle dolomite (Heijlen et al., 2003). There is
evidence that the formation of the ore bearing dolomite is genetically linked to the ore em-
placement. One of these evidences is that outside the area of mineralization the Triassic strata
lacks any ore bearing dolomite (Sass-Gustkiewicz et al., 1998). In contrast to that Leach et
al., 1992 states that there is evidence that the ore bearing dolomite was formed before the
mineralization occurred and is most likely not related to the sulfide precipitation. Leach et
al., 1992 argues that the mineralization in upper Silesia is younger than Jurassic and possibly
even as young as Tertiary. The ore-bearing dolomite however was formed prior to that period
pointing towards non-coeval formation of the ore-bearing dolomite and the sulfides. This is
backed-up by the fact that sulfides sometimes replace the ore-bearing dolomite. However,
there is a spatial relationship between the mineralization and the ore-bearing dolomite. In
more detail, the economic mineralization is often encountered close to the transition of the
unaltered limestone and the dolomite. This link between limestone to dolostone transition
and the emplacement of the ore bodies is also observed in some of the large MVT districts
of North America (Leach et al., 1992).
The actual ore-bodies occur in different position within the stratigraphic column. However,
the mineralization seems to be favoured in three distinctive horizons of which the lower-
most is located near the lower boundary of the dolomite and the limestone. The sulfides
appear in the form of replacement ores, breccia (hydrothermal or karst) and as void filling
material (Sass-Gustkiewicz et al., 1998; Leach et al., 1992). The textures of the ore vary
throughout the district but often the original rock fabric is still perceived even after miner-
alisation. The ore and gange minerals appear as euhedral crystals, which give evidence for
open space fillings. The sulfide replacement is well developed, and occurs in many parts of
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the Upper Silesian district. According to (Leach et al., 1992), the general succession of the
mineralisation in the district is:

hydrothermal dolomite→ pyrite/marcasite→ sphalerite→ galena→ pyrite/marcasite→

calcite and barite

Heijlen et al., 2003 divided the main mineralization into three main stages. The first stage
consists of granular Sphalerite of dark brown colour followed by a second generation of
Sphalerite, which sometimes shows a light yellow-brown colour. This second colloform
Sphalerite generation sometimes resembles wurzite but XRD analysis conducted by Heijlen
et al., 2003 did not reveal any wurzite. The last stage of mineralization is indicated by
dark, colloform sphalerite, which is found in the form of cements of breccia fragments and
sometimes overgrows sphalerite of the second generation. All three sphalerite formations
are accompanied by galena precipitation, whereas the precipitation of the galena crystals
took place after the respective sphalerite generation had been formed. galena allocated to
the first generation of sphalerite is less abundant and the third stage of mineralization is, like
the first one, accompanied by Fe-sulfide formation (Heijlen et al., 2003). In contrast to other
deposits of the MVT silica is lacking in upper Silesia. Fluid inclusion studies by Kozlowski,
1991 indicated that vertical cooling of the ore forming fluid occurred. This should have
theoretically led to the precipitation of quartz. That silification is not very common in the
district indicates that mixing could have taken place with cooler silica-undersaturated fluids.
This process also could account for the coliform ore textures, which often indicate rapid
cooling of the ore-bearing brines caused for instance by fluid mixing (Leach et al., 1992).
Koztowski, 2001 found five different fluid inclusion generations in samples from the Up-
per Silesian district that can be related to the succession of mineralization or to different
pulsed ore forming brines. The fluid inclusion study further backed up the hypothesis that
the ore genesis was not directly linked to the dolomitization, as the fluid inclusions found
in the dolomite differ from the ones observed in the ores. This indicates different fluids
during both processes (Koztowski, 2001). However, the overall source of the fluids is not
well constrained. It has been suggested that the fluid flow was artesian or that the ore-fluids
were recharged with soluble metal ions during the uplift of the pre-Carpathians. Other au-
thors put forward a model of episodic fluid release caused by diagenetic compaction of the
Carboniferous coal-bearing sediment. In addition, seismic pumping along active basement
faults was suggested (see Leach et al., 1992 and references within). However, the temper-
ature range of the fluids is within the typical field of MVT forming solutions between 80◦

and 220◦ (Sass-Gustkiewicz et al., 1998). In general, the processes, which lead to the for-
mation of the host-rock (ore-bearing dolomite) and the mineralization are similar throughout
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the entire district (Heijlen et al., 2003).
Because of its similarity, findings from one deposit in the upper Silesian basin might well be
representative for the whole district. One of the economically most important ore deposits in
the area is the Pomorzany mine near the city of Olkusz (figure 2.10). The ore minerals mined
in this mine form a variety of textures in the area that indicate rhythmic and rapid deposition
from supersaturated fluids. Most of the ores are banded in hand specimen as well as under
the microscope.

Pomorzany Mine, Olkusz

The Pomorzany mine in the Olkusz area exploits the largest ore deposit in Upper Sile-
sia (Sass-Gustkiewicz, 1997). The mining activity in the area goes back to Neolithic times (Mo-
tyka et al., 2013).
The mineralization at Olkusz occurs as nested and tabular ore bodies within the ore bearing
dolomite of the lower Muschelkalk (figure 2.10b). As is typical for the whole district, this
formation shows a disconformity with the underlying Precambrian basement and is discor-
dantly covered by Jurassic rocks. However, like in most parts of the upper Silesian basin
the ore-bearing strata are flat-lying and do not include major disconformities. The succes-
sion was not affected by deformation at least until the lower Jurassic where slight uplift
occurred and created less-developed unconformities within the Muschelkalk. Considerable
tectonic activities only appeared later in the Tertiary and Miocene. This deformation pe-
riod created numerous faults and lead to the final appearance of upper Silesia as a classical
horst-graben system (Sass-Gustkiewicz et al., 1998). One important ore-controlling mech-
anism at Pomorzany is brecciation. Either the mineralization occurred in pre-existing karst
breccia or breccia were formed later by dissolution and fracturing during the percolation of
the hydrothermal mineralizing fluids (Leach et al., 1992). Separated by karstic brecciation,
five different stages of ore emplacement can be distinguished at the Pomorzany mine (Sass-
Gustkiewicz et al., 1998). In a general sense, the processes related to the ore-formation are
the genesis of the ore-bearing dolomite, which includes recrystallization of early dolomite
followed by the precipitation of ankerite. The ore then either replaced the host-rock or pre-
cipitated into open voids. The complex succession of mineralization was classified into five
stages by Sass-Gustkiewicz, 1997 as follows:

• 1st stage of mineralization (two sub-stages)
a) Consists of the oldest Fe-sulfides (pyrite/marcasite) occurring in the ore-bearing

dolomite. Crystals of this stage can be found in the entire ore-bearing dolomite.
The first crystalline sphalerite generation precipitated in the form of fine grained
idiomorphic crystals with a grain size comparable to the hosting dolomite. The
next pulse of Fe-oxide deposition is found in the form of accumulations, which
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coat the inside of voids or caverns in the ore-bearing dolomite. This sub-stage
of the first mineralization cycle concludes with the emplacement of crystalline
sphalerite, which occurs as aggregates. The mechanism of emplacement is the
replacement of the dolomite indicated by single dolomite rhombs often observ-
able in the centre of the sphalerite aggregates. There is a smooth transition to the
coliform sphalerite of the next sub-stage.

b) The first mineralization of the second sub-stage is colloform and crystalline spha-
lerite. This ore-phase is the main mineralization in the metasomatic deposits.
Both Sphalerite types form banded and cavernous structures. There are three
types ZnS, which are from old to young: reddish-brown→ dark-brown→ light
yellow. Fine grained galena precipitated synchronously with the colloform Zns,
usually in the reddish-brown variety. In addition to that, galena also occurs as
replacement of the colloform sphalerite. The last stage of the first mineralization
cycle, and with it the metasomatic mineralization within proto-karsts in Upper
Silesia, concludes with the precipitation of crystalline sphalerite. This ZnS phase
is found as a continuation of the banded first sphalerite or as encrustations of
voids, which have not yet been filled with ore. Fe-oxides were formed during
the second sub-stage and replace all varieties of the first coliform ZnS or they are
found as open-space fillings after the precipitation of the older sphalerite.

• 2nd stage of mineralization
The second stage of the mineralization cycle is represented by the emplacement
of colloform ZnS cements. Theses encrustations occur around dolomite fragments,
which had already been covered by colloform sphalerite during the second sub-stage
of the first mineralization stage. Contemporaneously with the colloform sphalerite an
intergrowing galena phase can be observed in the cements. This stage of ore forma-
tion completes with the replacement of the sphalerite by a second galena phase and
marcasite.

• 3rd stage of mineralization
The colloform sphalerite of the third mineralization cycle builds up most of the eco-
nomic deposits in the karst. The ores of this emplacement usually formed as several
dm thick botryoids. Mineralization occurred in open spaces that were a result of brec-
ciation. The third galena generation formed either as idiomorphic crystals within the
third sphalerite phase, or as replacement of this sphalerite generation. Galena of the
third cycle can also be observed as idiomorphic, cubic or octahedral crystals, which
nucleated onto the banded ZnS. The third sulfide generation is concordantly followed
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by the last and youngest ZnS mineralization laminae, which in some areas show char-
acteristic intergrowth structures with the third Galena phase. The third mineraliza-
tion pulse concluded with the precipitation of marcasite in the open space around the
laminated sphalerite/galena ores. However, in some places the third Fe-oxide gener-
ation replaces the first ZnS of the third ore-forming cycle. This replacement is very
common and intensive leading to pseuodmophs of bands and laminae of colloform
sphalerite.

• 4th stage of mineralization
This stage is dominated by colloform barite. The Barite is deposited inside veins or
as cements around fragments of the ore-bearing dolomite and the previous sulfide
ores. A fourth galena generation shows intergrowth textures with the barite.

• 5th stage of mineralization
The last ore formation pulse is characterised by late-stage void filling calcite that
is only sporadically covered by Fe-oxides. The void-filling carbonate phase acts as
cements in breccias consisting of fragments of the previous mineralization phases or
just filled the open space that is still left after the preceding ore-emplacements.

Apart from the above mentioned sulfide phases, an unusual form of sphalerite can be found
in the Pomorzany mine, which is termed “brunchite mud” and consists of unconsolidated
micron size sphalerite in ore cavities (Leach et al., 1992).
From a genetic point of view, two different types of ore deposits occur in the Pormorzany
mine, encrusted ZnS and metasomatic banded-spotted Zn-ore. The latter is thought to have
formed syngenetically with the dolomitization (Fontboté et al., 1982) but is also interpreted
as being not directly related to the dolomitization (Sass-Gustkiewicz et al., 1998). By ex-
amining the metasomatic Zn-ores Osman et al., 1989 found that there are two different
types of replacement observable. Some samples included dolomite fragments surrounded
by sphalerite whereas in other specimen the Zn-ore was found in the centre of the dolomite
rhomb. This indicates that replacement in the latter case started inside the crystals while
the dolomite fragments contained in sphalerite point towards replacement beginning from
outside the grains (Osman et al., 1989).
The main focuses of this work are patterns that emerge in the ores of the Upper Silesian basin
(chapter 3.2). The textures that can be observed in the area are sulfide aggregates, which
show a complex macroscopic visible layering caused by the different mineralization pulses.
The crystals of these ore aggregates also show a layering on the microscale. For instance,
banded Sphalerite occurs as radial masses of crystals with highly developed microbanding,
whereas it is found that organic matter is commonly concentrated along most microbands
(Leach et al., 1992).
At the Pomorzany mine three types of a banding pattern can be observed. The first one is
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the macroscopic layering of the ore minerals, which might be explained by the different ore-
forming pulses. The second pattern can only be observed on a microscale and comprises of
microbanding inside single crystals. The last pattern is the zebra texture, whereas samples
of the latter structure were not accessible during this study as they had not been encountered
during the field trip. However, (Bogacz et al., 1973) reported layered dolomites from Upper
Silesia and also described layered sphalerite ores, which resemble remarkably well the zebra
texture. These latter structures have been described as sphalerite rhythmites (Fontboté et al.,
1982; Sass-Gustkiewicz et al., 1994). The exact genesis of this pattern is, similar to the zebra
textures, still not fully understood and contrasting hypotheses are found in the literature.
In this thesis the generic processes which causes the pattern formation in the MVT miner-
alization at the Upper Silesian basin will be addressed. The samples that are analysed are
macroscopically layered ore aggregates and microbanding in sphalerite crystals. Apart from
that, samples of a reaction front will be examined in order to further understand the mecha-
nism during recrystallization and ore emplacement that occurred in the Pomorzany area. The
main focus of the microstructural and chemical analysis (see chapter 5) will be to examine
the microbanding in sphalerite and the reaction front. The results will help to understand the
mechanism that led to the evolution of the ore-bearing dolomite and the ore-emplacement.

2.4 Lithological and Structural Comparison

Zebra dolomites can be encountered in all of the presented regions and all three locations
seem to be somehow related to strata-bound mineralization. Whereas the relation is obvious
for the San Vicente and the Pomorzany mine, both are situated in a large economic Pb-Zn
deposit of the MVT, the connection between mineralization and the zebra textures in the
Falkenberg tunnel is not so obvious. The area around the Falkenberg tunnel has generally
not been attributed to ore-deposition. However, the proximity to the strata-bound Cu-Pb-Zn

deposit of the Kupferschiefer at the Hilfe Gottes mine leads to the question whether there
might be a connection. The main questions that will be assessed in this section are: Is
it possible to work out structural and environmental similarities between the San Vicente
mine, the Falkenberg tunnel and the Pomorzany mine? Are there structural or even genetic
connections between the zebra dolomites in the Falkenberg tunnel and the Kupferschiefer
mineralization at Grosskahl? And finally, is it possible to find a structural control that is
shared by all three locations and can account for the pattern formation?
At first it can be noted that the structures (zebra dolomites and banded ores) are all hosted in
dolomitized limestones, which were deposited in basins during marine transgressions. The
dolomite formations of the San Vicente mine are part of the Pucará basin, the Zechstein
dolomite of the Falkenberg tunnel was deposited in the Zechstein ocean and the ore-bearing
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dolomite at the Pomorzany mine is located in the Upper Silesian basin. The age of initial
limestone deposition ranges from Permian (Falkenberg tunnel), over Triassic (Pomorzany
mine) to Triassic and Jurassic (San Vicente mine). Even though all lithologies were de-
posited under similar facies conditions (marine/lagoonal) there are significant differences
concerning the stratification. In the area of the Pomorzany mine and the Falkenberg tunnel
the strata is flat lying and shows only minor indications of deformation. In contrast to that,
the dolomite succession at the San Vicente mine is folded and in some areas extensively de-
formed as a result of the on-going Andean orogeny. What is common to all three locations is
that the dolomite horizons are covered by impermeable clay-rich sediments. The underlying
strata shows similarities for the San Vicente mine and the Pomorzany mine. Underneath the
dolomite horizons hosting the mineralization a basal carbonate unit exists at both locations.
At the San Vicente mine this lower Triassic unit consists of limestone and dolomite horizons
with a high amount of clastic and dendritic components. At the Pomorzany mine a Lower
Triassic (Raetian) carbonate rich unit, which is part of the Bunter facies can be observed un-
derneath the ore-hosting dolostone. At both mines silicate formations subordinate the basal
units. At the San Vicente mine this unit is the Mitu group, which contains andesitic and rhy-
olitic volcanic components but is mainly built up of red silty sandstones and conglomerates
(Fontboté et al., 1990). At the Pomorzany mine sandstones of the Bunter a found below the
Raetina. The situation is different at the Falkenberg tunnel. Here the dolomite formation is
deposited directly on the crystalline basement, which is probably Proterozoic in age.
By looking at the tectonic framework around the respective strata, it becomes obvious that
there are always major tectonic unconformities in the proximity (figure 2.11). For the San
Vicente mine this unconformity is represented by the Utciyato overthrust west of the mine.
In the area of the Upper Silesian basin around the Pomorzany mine the major tectonic lin-
eament is represented by the Krawow-Lubliniec fracture zone. In the region of the Falken-
berg tunnel the suture zone between the Michelbach fault north of the Spessart. On a more
local scale the area around the Falkenberg tunnel is characterized by well-developed block-
faulting tectonics. The major strike direction of the faults is NW-SE, which the same trend
as the “Bieberer Hauptsprung”. Along this major tectonic disconformity mineralization of
several types occurred.
For all three regions it is reasonable to assume gigantic hydrothermal systems, which were
responsible for the dolomitization or in the case of the San Vicente and the Pomorzany mine
also for the MVT mineralization. Such large hydrothermal systems are common the MVT
mineralization (Leach et al., 2010). While the spatial extend of the hydrothermal systems in
Peru and Poland are likely to have the seize of the Pucará-or the upper n basin respectively
the situation is not as clear in the Spessart region. Here large hydrothermal systems were
active at different times which is proven by the occurrence of several sets of barite-veins
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Fig. 2.11: Comparison between the three different tectonic frameworks.
a Principle structural map of the Pucará basin (map from Rosas et al., 2007).
b Structural map of the Upper Silesian basin [1: Cretaceous; 2: Jurassic; 3: Triassic; 4: Permian;
5: Carboniferous; 6: Devonian; 7: Carpathians Cretaceous-Tertiary; 8: Zn−Pb-mineralization; 9;
Fracture zones and major faults; 10 Carpathian nappes] (map from Sass-Gustkiewicz et al., 1998).
c Overview map of the region around the Falkenberg tunnel at Heigenbrüken (map from Wagner
et al., 2010)

with similar chemical compositions. A direct spatial correlation with stratabound Pb-Zn

mineralization was not observed for the samples from the Falkenberg tunnel. But if a large
hydrothermal system with an extend of several km2 is assumed, the situation changes. The
Hilfe Gottes mine approximately 10 km to the NW of the tunnel was a major producer of
Cu-Pb-Zn-mineralization of the Kupferschiefer-deposit type. These deposits show similar
characteristics to the MVT mineralization but often comprise of economic amounts of Cu.
The deposit is named after a certain formation (Kupferschiefer) that is a marine claystone of
the Upper Perm. In the Hilfe Gottes mine the mineralization does not occur in this formation
but in the same dolomite horizon that hosts the zebra dolomites in the Falkenberg tunnel in
proximity to the Kupferschiefer. In general, the deposit of the Hilfe Gotten mine comprises
of several characteristics that are usually attributed to mineralization of the MVT. It is strata-
bound deposit hosted in dolostones, its origin is related to the migration of hydrothermal
fluids along fault zones and the ore minerals are galena, sphalerite, pyrite accompanied by
Cu-minerals. In fact in some MVT deposits considerable amounts of Cu exist. The ability to
deposit Cu is governed by the chemistry and temperature of the ore-forming fluids and the
underlying rocks. If the fluid is capable of dissolving a sufficient amount of Cu that has to
be present in the rocks the fluids migrates through, Cu-minerals can also precipitate in MVT
deposits. It seems that the Zebra texture is not only related to mineralization of the MVT,
but more general to hydrothermal systems that are capable of forming strata-bound mineral-
ization of a certain type. That the Zechstein dolomites encountered in the Falkenberg tunnel
were affected by the same or a similar hydrothermal system that lead to the formation of the
Pb-Zn-mineralization is indicated by the occurrence of barite-veins in the close proximity
of the tunnel (figure 2.8c). These veins follow the general Variscian strike direction in the
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area and the fluids that migrated upwards along these faults are likely to be fed by the same
hydrothermal system that affected the whole area.
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Chapter 3

State of the Art
3.1 Models of Zebra Dolomite Formation

The zebra texture in dolomites can be observed worldwide in strata of different ages and a
variety of tectonic settings (see table3.1). The actual pattern formation always post-dates
the first extensive dolomitization in the respective area and is found to pre-date ore emplace-
ment. Due to the close spatial relationship of the pattern to hydrothermal systems, there
is little doubt that the processes that lead to the genesis of zebra dolomites are connected
to hydrothermal activities. A general mechanism of textural development can be assumed
that develops in rocks that are located in large hydrothermal systems. Zebra patterns are
not restricted to a certain geological era and have been described for strata as old as Sil-
urian (Vandeginste et al., 2005) and as young as Mid-Cretaceous (Zeeh, 1995). However,
the time of pattern development often coincides with tectonic activity. A generic model of
zebra dolomite formation has to include the chemical reactions that take place in hydrother-
mal systems, such as recrystallization, dissolution, transport and precipitation, and also has
to account for mechanical stresses applied to the strata by compaction or deformation related
to faulting.
Zebra pattern formation has been studies for decades and numerous models of formation
have been published. A clear consensus has not yet been found and the postulated hypothe-
ses sometimes contradict each other. In general, the models presented in the literature can
be divided in three major groups: (1) Models that assume fracturing as the main mecha-
nism of pattern formation, (2) models relating the zebra banding to dissolution focused on
heterogeneities initially present in the rocks, and (3) models considering self-organizational
concepts as being the main driving force of the pattern formation.
This section is intended to briefly present examples of each group of models and point out
the strength and weaknesses of the existing theories.

Fracture Related Models

According to (Wallace et al., 1994) the formation of the zebra texture in dolostones is a result
of enhanced dissolution in fracture networks (sheet cavity). In their study Wallace et al., 1994
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Fig. 3.1: Detailed view of Zebra dolomites found at the San Vicente mine, Peru. a Zebra dolomite
outcrop in which the zebra layers are confined by dark dolomite above and below the structure
(courtseyKilian, 2005)
b Scan of a polished section. The dark layers inside the zebra texture appear darker than the
surrounding host-rock. This is caused by higher densities of impurities in the dark zebra bands
compared to the host-dolomite.
c Scan of a polished section. Note that the median line in the light dolomite layers is clearly visible
in this image (indicated by dotted black line)
d Scan of a thin section showing the accumulation of dark impurities in the fine grained layers of
the zebra texture.
e Thin section of zebra dolomite in cross-polarized light. The “vein-like” shape of the coarse
grained layer is clearly observable.

compared zebra dolomite samples from Bredehorn, Greenland with similar banded rock fab-
rics such as banded fluorite, sphalerite and smithonite. The study concludes with a model of
zebra rock formation caused by the development of a sheet-like cavity network followed by
dissolution along fracture walls and the recrystallization of the light coloured dolomite in the
fractures. The exact processes that would lead to the development of a fracture network with
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numerous parallel cavities that are often oriented parallel to bedding is not fully explained by
(Wallace et al., 1994). However, it is concluded that the zebra dolomites are formed in a deep
burial environment. The dark fine-grained layers are referred to as starting-sheet and the light
coarse dolomite generation is interpreted as cavity-filling cements. This cementation phase
can be followed by a final mineral precipitation, which will clog the remaining porosity after
the fracture cementation. The finding that lead Wallace et al., 1994 to this theory of zebra
dolomite genesis are that often margins of the dark fine crystalline phase on both sides of a
central light coarse grained layer show matching boundaries. Where this is not observable,
the authors suggest post-fracture dissolution along the fracture margins. In addition to that,
the petrographic appearance of the fine grained material suggests replacive origin whereas
growth pattern zonation observable in the crystals of the coarse grained phase point towards
growth in open-space.
In line with Wallace et al., 1994 Liu et al., 2014 also attributes the formation of the zebra
dolomites from the eastern Sicuan basin in China to the development of network of sheet-like
cavities. Liu et al., 2014 further argues that the development of sheet-like cavity networks
can either be mechanically controlled by fracturing or more chemically controlled by pre-
dominate dissolution. The zebra textures can be generated in both regimes but are most likely
to form in a mixed-mode (Liu et al., 2014).
However, Nielsen et al., 1998 state that in their samples from the Brabant-Wales Massif in
Belgium no dissolution features can be observed. Nielsen et al., 1998 also relate the genesis
if the zebra dolomites to fracturing occurring during the late Variscian orogeny. The main
focus during the work of Nielsen et al., 1998 was set on how the actual fracture network
could develop and which process might explain how fractures oriented nearly horizontally
could remain open even in a deep burial environment. According to Nielsen et al., 1998, the
mechanism that initiates the zebra dolomite formation is the development of complex frac-
ture networks. The near-horizontal orientation of the fractures or microcracks is explained
by the compressive deformation that could have occurred during a period of reverse fault-
development at the end of the Variscian phase. In such a compressive stress regime with
the largest principal stress being horizontal, semi-horizontal microcracks can remain open
whereas microfractures at a high angle to the compression will become closed. Fluids will
be expelled from the closing fractures and will be pushed into the extensional microcracks.
In order for these microcracks to remain open, the fluid pressure has to be sufficiently high.
Therefore, Nielsen et al., 1998 assumes a compressive stress regime in which extensional,
subhorizontal microcracks remain open due to suprahydrostatic fluid pressures. The coarse
grained light layers of the zebra dolomite cemented in the open fractures. Vein-like struc-
tures growing in such a regime typically show growth zonations that correspond to different
phases of fracture opening (Nielsen et al., 1998 and references within).
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Based on the investigation of zebra dolomite samples from SW Sardinia in Italy, Boni et
al., 2000 claims that the zebra texture is the result of fracturing in two phase rock/fluid
systems. In line with the previously mentioned theories, Boni et al., 2000 assumes a dolomite
precipitation in fractures in a compressional tectonic regime in which a fluid pressure higher
than the lithostatic pressure prevailed. Such high fluid pressures are not only subjected to
classical diagenetic loading but can also occur during lateral compression, caused in a similar
way by disequilibrium compaction (Boni et al., 2000 and references within). However, Boni
et al., 2000 admits that the mechanism that causes the parallel and horizontal orientations of
the light zebra layers remains unclear.
In samples from the Cathedral formation in Canada the dark fine grained layers are inter-
preted as being the host-rock that is formed during the replacement of the initial limestone
by dolomite (Swennen et al., 2003). The light coarse grained zones are subdivided by Swen-
nen et al., 2003 into a first and a second phase distinguishable by their petrographic appear-
ance. The first phase consists of non-planar coarse grained dolomite crystals and is showing
a mottled cathodoluminescence pattern. The second phase is made up by saddle-dolomite
that does not display a mottled luminescence pattern but instead shows zonations caused by
crystal growth. The origin of the first phase remains unclear (Swennen et al., 2003) but the
saddle dolomite is interpreted as void filling cements. The generic model proposed by Swen-
nen et al., 2003 starts with a fracture network formed by hydrofracturing along pre-existing
cleavage planes. According to Swennen et al., 2003, an over-pressurized dolomitizing fluid
penetrated the compacted dolomite successions along the pre-existing planes of weakness
(cleavage) and precipitated the coarse grained dolomite phases. In their follow-up study Van-
deginste et al., 2005 further analysed samples from the Canadian Rocky-Mountain fold and
thrust belt. The basic idea of hydrofracturing along planes of weaknesses is maintained in
the study of Vandeginste et al., 2005 but is extended to the origin of the non-planar crystals
of the coarse grained layers. The crystals of this dolomite generation were initially formed
by replacement but were then subjected to aggradational crystallization. This interpretation
is based on the petrographic appearance of the crystals in combination with similar K and
Ir concentrations and a clear trend in the ∆18O system measured in the coarse grained areas
(Vandeginste et al., 2005).
Zebra dolomites from the San Martin beach in NW Spain were analysed by López-Horgue et
al., 2009. Their petrological findings appear to be consistent with the analyses of the previous
authors. The hypothesis on the genesis of the zebra texture proposed by López-Horgue et al.,
2009 does not differ significantly from the previously mentioned ones. The dark fine-grained
dolomite is thought to be the result of a regional replacement of limestone by dolostone. The
migration of the dolomitizing fluids is assumed to be related to bimodal fracturing occurring
primary in the limestone and secondary in the already dolomitizised formation. The second
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fracturing process generated en-echelon joints in a transtensional regime. The coarse grained
light dolomite precipitated from a secondary dolomitizing fluid along planar porosity zones
related to the pre-existing equidistantly spaced fractures (López-Horgue et al., 2009). The
model of López-Horgue et al., 2009 is based on a multiphase dolomitization event in com-
bination with en-echelon fracturing. This theory was also applied to zebra dolomite samples
from the Basque-Canaribian basin in NW Spain by López-Horgue et al., 2010. Also for this
area López-Horgue et al., 2010 propose a multiphase dolomitization accompanied by frac-
turing in the already dolomitized host rock. Samples from the same location were examined
by Swennen et al., 2012. The genesis of the zebra dolomites is explained in accordance with
their previous work (Swennen et al., 2003; Vandeginste et al., 2005) as a result of fracturing
in a suprahydrostatic regime. The fluid pressure was built up during the episodic tectoni-
cally induced expulsion of fluids along a major fault system (Pazalagua fault-system). The
high-pressure fluids penetrated the low permeability dolostone succession along pre-exiting
microfractures. The fracturing was followed by dissolution and precipitation whereas the
latter formed the zebra layers along the fluid-penetrated microcracks (Swennen et al., 2012).
It can be noted that the theory of fracture related origin of the zebra dolomites is mainly based
on petrographic and geochemical data that points towards a system in which a fluid pressure
arises that exceeds lithostatic pressure. The petrographic analyses invariably conclude that
the dark fine-grained dolomite is of replacive origin. A consensus on the formation of the
coarse grained dolomite phase can be found to some extent. Most authors agree that this
light coloured dolomite, which often resembles saddle-dolomite, is produced by precipitation
and/or crystal growth into voids.

Dissolution Related Models

The Canadian zebra dolomites were also investigated by Morrow, 2014, who suggested a
different model for the formation of the structure. Swennen et al., 2003; Vandeginste et al.,
2005 state that the zebra dolomite layers were formed along pre-existing planes such as
cleavage or fracture networks and the main mechanism of pattern formation is dolomite pre-
cipitation in expanding fractures. Nielsen et al., 1998 suggested that zebra textures may also
form during a replacement of coral fragments and in their work Nielsen et al., 1998 showed a
striking example of zebra dolomites that is apparently a result of replacement of an initially
present sedimentary structure. However, all the models proposed by Nielsen et al., 1998;
Swennen et al., 2003; Vandeginste et al., 2005 assume that fracturing is the most important
mechanism during pattern formation. In contrast to that, Morrow, 2014 presented a different
approach, he suggests that the zebra dolomites are a result of focused dissolution occurring
along initially present sedimentary structures. If a limestone displays a distinct sedimentary
layering, macropores can remain along the initial bedding planes after dolomitization. The
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sedimentary layering could either comprise of wavy, planar or even cross-bedded sedimen-
tary parting, which will lead to different geometries of the zebra dolomites. These geometries
can either be the classical zebra dolomites in the case of planar and/or wavy sedimentary lay-
ering or can comprise of so-called box-work fabrics containing zebra layering in the case of
cross-bedding (Morrow, 2014). The main argument for his hypotheses is his field data. If
the zebra layers are developing into dilatational fractures some evidence of displacement is
observable at least on top of successions that show multiple zebra layers. This could not be
observed in the study area in Canada. In addition to that, the zebra textures in the Manetoe
and the Presqu´ile dolomites display vugs preferably in the light coarse grained dolomite
layers. These vugs occur preferably in the regions were the light layers are thickest. This is
thought to indicate that the zebra layers grow as open-space filling rather than in confined
opening-fractures Morrow, 2014. According to Morrow, 2014 the zebra dolomites form dur-
ing a sequence of dolomitization events when the initial dolomitization left a vuggy porosity
along sedimentary parting. The light coarse grained layers represent dolomite that precipi-
tated into the open-spaces that are a result of dissolution along initial sedimentary structures.
The zebra dolomites are therefore interpreted as simply mimicking the initial layering or
lamination of the limestone.

Self-Organizational Concepts

The most striking structural feature of the zebra dolomites is the rhythmic, nearly equidis-
tant layering of the light zebra bands. Such symmetrical patterns are found to emerge
even without any external driving force and are created by the internal dynamics of the
system. Processes that can create regular patterns without any external agent are termed
self-organizational. The reactions usually appear in systems that are out of equilibrium and
include feedback mechanisms between the involved chemical reactions (see Appendix B.4).
That such self-organizational concepts could also be applied to the pattern formation of the
zebra dolomites was suggested by Fontboté, 1993. According to Fontboté, 1993 the forma-
tion of the zebra bands involves dissolution and subsequent precipitation of dolomite along
the light coarse grained layers. In contrast to Swennen et al., 2003; Vandeginste et al., 2005;
Morrow, 2014, Fontboté, 1993 states pre-existing heterogeneities, such as sedimentary lay-
ering or cleavage planes, may influence the textural evolution of the zebra dolomites but
are not the main parameter during the pattern formation. In line with other authors Font-
boté, 1993 states that there are two regimes observable in the zebra dolomite formation, a
dissolution- and a fracture-dominated one. However, he is the first author that suggests an
internal, self-organizational process during the pattern formation.
The idea that the zebra texture is a result of self-organized processes that occur after the
dolomitization of the limestone was revised by Merino et al., 2006; Merino et al., 2011. In
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their work Merino et al., 2006 introduce the mechanism of displacive vein-growth as being
the main mechanism during pattern formation. The main concept of the displacive vein-
growth is that growing crystals can deform and displace the surrounding host-rock. Accord-
ing to Merino et al., 2006 the problem of the previous models is that they always interpreted
the light coarse grained layers as either cements or replacive dolomites. None of the previous
authors regarded the possibility that dolomite crystals can also grow as displacive crystals.
Similar concepts exist for instance in metamorphic petrology where porphyroblastic crystals
high in the crystaloblastic series can grow idiomorphically against surrounding crystals that
are lower in the crystalloblastic series. Two important observations lead Merino et al., 2006
to the formulation of their hypothesis. First, the upper and lower margin of light zebra layers
often match (also observed by Wallace et al., 1994) and second, the transition between the
dark, fine grained dolomite crystals and the light, saddle-dolomite-like crystals in the light
layers is not sharp but gradational. Both of these observations are not consistent with the
dissolution- or fracture-based model of zebra dolomite formation but can be explained by
the model of displacive vein growth (Merino et al., 2006). The crucial driving force during
the formation of displacive veins is the induced crystallization stress. According to Merino
et al., 2006, this induced stress differs from the crystallization force of the respective min-
eral and mainly depends on the mechanical constraint of the host rock in which the crystal
growths. The induced stress as described by Merino et al., 2006 will lead to pressure solution
of the host rock which will amplify the growth rate of the growing crustal. The host rock
will be affected by three main mechanisms during displacive vein growth: pressure-solution,
displacement and fracturing. In addition, the rhythmicity of the light veins of the zebra tex-
ture can be explained by the concept of displacive vein growth. Every growing vein will
induce a stress field around it, new veins cannot originate within this stress field leading to
the equidistant distribution of the light layers, and veins in the realm of the stress fields will
be dissolved (Merino et al., 2006). Where two of the stress fields intersect a high-pressure
zone is generated within the host rock. As a consequence of the displacement of the host
rock by the growing veins, stylolites are predicted by Merino et al., 2006 within the high-
pressure zone of intersecting stress fields or in general around the growing zebra veins. In
their samples Merino et al., 2006 describe stylolites that are oriented parallel to the light
layers and therefore these stylolites are presented as evidence for the validity of their theory.
The concept of displacive vein growth was re-evaluated by Merino et al., 2011. In this work
the hypothesis of displacive vein growth is integrated into a new conceptual model of burial
dolomitization. The presented model is based on two assumptions; the dolomitizing fluid
is a Mg-rich brine and the actual dolomitization is a replacement process that is induced
by guest-growth-driven pressure solution instead of the usual dissolution-precipitation. The
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new model predicts a complex, self-organized dolomitization process that displays a non-
linear behaviour (Merino et al., 2011). The argument for a brine that is only rich in Mg but
not supersaturated with respect to dolomite is the following: if such a brine is responsible
for the dolomitization, every rock would theoretically be dolomitized. That only limestone
can become dolomite is a result of the initial dissolution of the host-limestone by a slightly
acidic brine. The dissolved carbonate specimen will affect the saturation index of dolomite in
the solution. If enough carbonates have been dissolved, the dolomites saturation index will
increase leading to the precipitation of dolomite. According to Merino et al., 2011 this is
the reason why only limestone or silicate rocks with carbonate cements can be dolomitized.
That burial dolostones always comprise of a considerable porosity is caused by the initially
fast dissolution of the host-rock. The crucial part of the new theory of Merino et al., 2011
is that a feedback mechanism arises during the dolomitization. If dolomite has precipitated
the crystals will grow and induce stress on the host-rock. This will in turn accelerate the
dissolution of the limestone leading to a self-accelerated process (Merino et al., 2011). In
addition the reason why dolomitization might happen in pulses is explained by the model.
The replacement and with it the growth rate of dolomite increases exponentially over time,
at some point the advection rate of Mg+ is lower than the precipitation or growth rate of
dolomite. At this point all the available Mg+ is abruptly consumed by the replacement that
will shut down the reaction. The interval length of such a dolomitizing pulse (L) can be
expresses as L = vT , where v is the fluid velocity and T is the time it takes for the dolomi-
tization to become fast enough to instantaneously consume all the available Mg+. During
each time T only a fraction of the limestone can be dolomitized and therefore N pulses are
needed to completely replace the respective increment. The time for the complete dolomiti-
zation of an increment (L) is less than 20.000a meaning the product of the number of pulses
N and the time in which all the available Mg+ is consumed during each pulse is less than
20.000 a (NT < 20.000a). If one slice (L) is completely dolomitized the reaction front will
jump to the next limestone section (L) and the dolomitization process starts again. At the
end of each pulse (N) a complex, non-linear behaviour of the involved reactions is predicted
by Merino et al., 2011. The stress induced by the self-accelerating replacement accompanied
by the enhanced growth rate of the dolomite will affect the overall rheology of the host-rock
within the respective slice (L) at the end of each pulse N. According to Merino et al., 2011
this change in rheological response is caused by the non-Newtonian behaviour of carbonates
that exhibit a strain-rate softening behaviour. This means that the viscosity of the material
decreases with increasing strain rate. This mechanism was determined experimentally for
carbonates between 500–800◦C (Heard et al., 1972) and is assumed to be also valid in the
temperature regime 100–300◦C (Merino et al., 2011). At the end of the dolomitization event
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of a single slice (L) especially during the last pulses, the enhanced growth rate of the crys-
tals will exert a high enough induced stress onto the host rock so that the bulk viscosity is
sufficiently lowered. At this point the replacive nature of the dolomitization switches con-
tinuously to a displacive nature. This mechanism explains why there is a seamless transition
from the fine grained dolomite crystals to coarse grained saddle-dolomite in the zebra tex-
ture (Merino et al., 2011). In addition to that, the growing crystals in the light layers will
exert a displacement force onto crystals located on the other side of the vein. This will lead
to the syntaxial shape of the light bands of the zebra dolomites.

Fig. 3.2: Comparison of the three main hypothesis of zebra dolomite formation.
a Generic phases of zebra layers.a,b and c indicate the different dolomite generations that are
formed by recrystallization (R) or aggragational recrystallization (AR). C indicate the locations of
CL zonations that can vary in position (from Vandeginste et al., 2005)
b Sketch showing the formation of zebra dolomites by dissolution focuses along sedimentary part-
ings during diagenesis. The dissolution is accompanied by in situ dolomitization (from Morrow,
2014).
c Schematic view of the zebra dolomite formation based on the displacive vein growth theory.
Left: Genesis of stylolites between developing zebra layers. b represents the zone of induced
stress around the vein with length 2c. The radius of the induced stress-ellipsoid is thought to
be proportional to c/r3 (from Merino et al., 2006). Right: Transition from replaceive to displacive
grain growth in a zebra-vein. Stylolites (S) form close to the margins of the structure. (from Merino
et al., 2011).

The existing hypotheses described in this section often contradict each other, and it becomes
obvious that a consensus about the formation of zebra dolomites has not yet been found.
In some works, i.e. Morrow, 2014, other existing theories (Merino et al., 2006; Merino
et al., 2011) are refuted. Nonetheless, some consistency about the condition under which
the zebra dolomites form are found in the works of Nielsen et al., 1998; Boni et al., 2000;
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Swennen et al., 2003; Vandeginste et al., 2005; López-Horgue et al., 2009; López-Horgue
et al., 2010. They all assume a regime with high fluid pressures, sometimes exceeding the
hydrostatic regime. In addition the temperature regimes described in the different works
coincide within a range of 80–200◦. However, a single theory that can explain all the features
that are observable in the zebra dolomites does not exist until now. The key features of the
structure and whether this observation can sufficiently be justified by the respective model
(figure 3.2) is displayed in table 3.2.

Table 3.2: Textural features in zebra dolomites explained by existing theories (o: not explained, x:
explained)

Author Periodicity Vein shape Vuggy Porosity Impurities
Merino et al., 2011 x x x o
Nielsen et al., 1998 x x x o

Boni et al., 2000 o x x o
Liu et al., 2014 o x x o
Morrow, 2014 x x x o

Nader et al., 2012 o x x o
Swennen et al., 2012 o x x o

Fontboté, 1993 x o o o
Vandeginste et al., 2005 o x x o

López-Horgue et al., 2010 o x x o

3.2 Genesis of Banded Ores in MVT Deposits

Another pattern that can be observed in connection with ore deposits of the MVT are banded
ores. These structures can be observed macroscopically in hand specimen (figure 3.3) and
on a microscale in thin section (fig.3.3). The mechanisms during the genesis the macro-
scopically banded and the microbanding are different and probably not as complex as the
mechanisms that lead to the genesis of zebra textures. Macroscopically banded ores are
likely to be a result of sequential mineralization. Each mineralization pulse precipitated ore
minerals of a different composition which finally form a layered aggregate. The microband-
ing within ore minerals is a more complex mechanism that is not fully understood. However,
theories exist that explain the microbanding by means of compositional contrasts and grain
coarsening during precipitation (Katsev et al., 2001a; Katsev et al., 2001b; Feeney et al.,
1983). In addition to banded ores, zebra ores can be observed in some of the MVT deposits,
whereas the formation of these structures is as controversial as for the zebra dolomites.
In this section the macroscopically and microscopically banding of MVT ores will be briefly
introduced and existing models for the genesis of the respective structure will be presented.
I will then describe the zebra ores and present existing theories on their formation.
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The banded structure in figure 3.3 consists of galena (PbS), sphalerite ZnS), pyrite/Marcasite
(FeS2) and dolomite. The sphalerite crystals can contain variable amounts of Fe that can
result in different colours of the respective minerals. The layering of the hand specimen in
figure 3.3 might at first order be the consequence of the different ore precipitation pulses de-
scribed by Sass-Gustkiewicz, 1997. The genesis of such banded ores is a process which can
also contain replacement reactions that can further increase the complexity of the formation.

Fig. 3.3: a Banded ore from The Pomorzany mine. Note that the layering of the different ores
occurs around dolomite fragments giving evidence that this aggregate was formed after brecciation.
(width of view ≈15cm)
b Scan of a thin section from the Pomorzany mine showing replacement of dolomite by sphalerite.
In the lower part of the micrograph the sphalerite crystals exhibit microbanding.
(width of view ≈4cm)

On a microscale (fig.3.4), single sphalerite crystals can exhibit banding. In general, the
colour variations between the bands are attributed to different amounts of Fe but in some lo-
calities this cannot be confirmed (Roedder et al., 1968). However, Katsev et al., 2001a found
that in their samples the colour variations in the sphalerite correlates with variable amount of
Fe. In their work they formulated a conceptual model of microbanding in sphalerite crystals
based on the assumption that the colour contrasts are caused by Fe-variations. In the model
of Katsev et al., 2001a the precipitation and growth of the sphalerite crystals are triggered as
soon as an advecting Zn−Fe-rich fluid enters a porous rock that contains H2S. The model
is based on simple chemical reactions:

Fe+++H2S→ FeSaq +2H+ZnCl2 +H2S→ ZnSaq +2H++2Cl− (3.1)

The ZnS and FeS crystals reversibly precipitate according to their respective reaction rate
constant k1/2 to form a solid solution (Katsev et al., 2001a). FeS and ZnS both precipitate
and form an aggregate with a growth- or dissolution-rate governed by the local saturation
state of the respective specimen. The reactants and the products can diffuse in the solution
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in the presence of an advective fluid. The model also accounts for crystal coarsening accord-
ing to Ostwald-ripening. It is important to note that the concept of Katsev et al., 2001a is
a post-nucleation model that does not account for newly evolving crystal nuclei. In a one
dimensional form the mechanism of banding in sphalerite crystals can be described by a
set of partial differential equations. The fluid mixing occurs at the origin of the coordinate
system. The system of equations consists of two transport-reaction equations for the FeS

and ZnS respectively. The molar fraction of FeS that is responsible for the colour contrast
is described by means of the radius of the growing crystal, which is determined by the com-
bined growth rates of FeS and ZnS. Katsev et al., 2001a could show that the patterning in
their system is closely related to the radius of the crystallite. A self-propagating wave of
growth and dissolution arises whose wavelength is determined by the non-linearity of the
system (Katsev et al., 2001a). The frequency of bands increases with increasing distance
from the origin of the coordinate system. The patterning itself is predicted to take thousands
of years whereas the formation of a single band within the crystal aggregate will only take
a few month. According to Katsev et al., 2001a the banding in MVT sphalerite is a self-
organized process, which they call coarsening waves. In the case of banded MVT sphalerite
these waves are predicted to produce compositional layering coinciding with a larger radius
of the crystallite. If the concentration of the injecting fluid is sufficiently high enough a com-
positional layering could also be achieved without the ripening effect (Katsev et al., 2001a).
The mechanism proposed by Katsev et al., 2001a is a good example of a patterning process
that is very similar to the one introduced by Turing.
Apart from the macroscopic layering of ores or the microbanding in sphalerite a structure
can form in MVT deposits whose texture resembles the zebra dolomites. In contrast to the
zebra texture described in chapters sections 1.3 and 3.1, this pattern consists of sphalerite
grains in the coarse grained layers (figure 3.4). As is the case in studies of the zebra texture
in dolomites, different conflicting generic models on the formation of the zebra pattern in
ores have been formulated. One of the first works on this pattern was written by Bogacz
et al., 1973. In their work Bogacz et al., 1973 investigated rhythmically banded ores from
the Trzebionka mine in the Upper Silesian basin. In the region of the Upper Silesian basin
the texture in question is not very common and is predominantly found in the Trzebionka
mine. The host rock of the structures is the ore bearing dolomite that is of epigenetic origin.
The rhythmically banded ores are built up by sphalerite encrustations surrounding a central
void. These structures which could be described as bands are found in the form of rhyth-
mically spaced layers within the dolomite host rock. The sphalerite encrustations display
an irregular contact with the dolomite consisting of replacement rims, which can be miss-
ing in some samples. It is noted by Bogacz et al., 1973 that in the area of the Trzebionka
mine similar structures are observable with the banding consisting of light coloured dolomite
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rhombs, which is similar to zebra dolomites found in other MVT districts. In some areas of
the mine the sphalerite banding is partially or totally replaced by galena. As this is often only
observable in the direct vicinity of large galena bodies, it is evidence for a later replacement
process because galena precipitation post-dates sphalerite emplacement. The genesis of the
ore rhythmites is related to the initial sedimentary layering of the host rock that has been pre-
served after dolomitization. The model of Bogacz et al., 1973 consists of three main stages
that are (1) creation of solution voids along bedding planes, followed by (2) the emplace-
ment of sphalerite inside the created cavities and (3) a metasomatic replacement process at
the transition to the host dolomite. The hypothesis of Bogacz et al., 1973 is solely based on
the investigation of the contact between the dolomite host rock and the banded ore bodies.
These contacts are rather abrupt und the sedimentary layering cannot completely be recog-
nized in the banding of the ore. A reason for that might be that the solution does not occur
along every sedimentary laminae, even though Bogacz et al., 1973 admits that no difference
can be observed between the sedimentary parting. Areas where no continuity between the
initial stratification at the banded ores is observable might be due to deformation of the host
rock and the sulfides during the emplacement process. In short, Bogacz et al., 1973 interprets
the rhythmically banded ores at the Trzebionka mine as a result of coeval processes during
an early-diagenetic alteration of the initial bedding in the host rock. The alteration has to be
related to the interaction of the host rock with the mineralizing fluid as bedding controlled
voids are hardly observable in the unmineralized parts of the ore bearing dolomite. The pre-
sented model is thought to give evidence for the epigenetic origin of the MVT deposit in
Upper Silesia (Bogacz et al., 1973).
An alternative hypothesis on the formation of the rhythmically banded ores found in the
Trzebionka mine was presented by Fontboté et al., 1982. Their model contradicts the hy-
pothesis put forward by Bogacz et al., 1973 and is based on crystallization differentiation
during diagenesis. The banded structure of the ores is attributed to the subsequent pre-
cipitation of different mineral generations. Fontboté et al., 1982 described three different
generation of crystallization. The first generation characterized by Fontboté et al., 1982 is
a medium grained aggregate consisting of sphalerite with dolomite inclusions with a size
of 100–200 µm and also considerable amount of quartz. The second generation comprises
solely of sphalerite whereas two sub-generations consisting of schalenblende and subhedral
sphalerite are observable. The last generation is then represented by the central void or the
voids filled with xenomorphic crystals. The formation of the rhythmically banded ores as
described by Fontboté et al., 1982 takes place exactly in the opposite order as described by
Bogacz et al., 1973. The genesis of the structure is thought to have started with the so-called
“starting-sheet” of the inclusion-rich sphalerite, which according to Bogacz et al., 1973 was
formed during the metasomatic replacement of the host dolomite. The crystallization of
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the “starting-sheet” is followed by the formation of the Schalenblende and the xenomor-
phic sphalerite which corresponds to emplacement of open void precipitation of sphalerite
in Bogacz et al., 1973. According to Fontboté et al., 1982 the formation of the cavities is
the last stage of the pattern formation and not as was proposed in the previous model the
starting condition. As a concluding remark Fontboté et al., 1982 states that the formation of
the rhythmically banded ores in the Trzebionka mine cannot be regarded as evidence for the
epigenetic origin of the Upper Silesian MVT deposit. The structure can rather be regarded
as a general feature of shallow water carbonates subjected to diagenetic alteration (Fontboté
et al., 1982). At this point it is important to note that Fontboté et al., 1982 revised his initial
statement and agreed that the dolomites in Upper Silesia are of epigenetic origin (personal
communication).

Fig. 3.4: a Hand specimen of sphalerite rhytmite from the Trezbionka mine. The texture is very
similar to the one in zebra dolomites.
b Polished section showing the internal structure of the rhythmically banded sphalerite ores. The
numbers indicate the different evolutionary phases described by Fontboté et al., 1982 (images from
Fontboté et al., 1982.

The two previously mentioned contrasting theories were revised by Sass-Gustkiewicz et al.,
1994 and the findings of Bogacz et al., 1973 and Fontboté et al., 1982 were compared to
samples from the Pomorzany mine. The conflicting opinions of the two previous studies are
pointed out by Sass-Gustkiewicz et al., 1994. Even the origin of the dolomite host rock is
interpreted in a different way in both studies but Sass-Gustkiewicz et al., 1994 agrees with
Bogacz et al., 1973 that the ore bearing dolomite is a metasomatic neosom rather than a
product of diagenesis. The contact relation between the ore bodies and the surrounding host
rock is also described differently by Bogacz et al., 1973 and Fontboté et al., 1982. Sass-
Gustkiewicz et al., 1994 states that both, irregular and continuous contacts are observable
even around a single ore body in the Pomorzany mine and that the geometry of the contact
is related to the appearance of the host rock and the size of the ore body. According to
Sass-Gustkiewicz et al., 1994 tabular ore bodies follow the bedding but can rapidly show a
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cross-cutting contact if the ore body’s thickness increases significantly. The appearance of
the host rock is also found to influence the contact in a manner that the contact in laminated
dolostones is relatively sharp but is irregular if the host dolomite has a spotted texture. In the
case that no texture is observable in the dolomite the contact between the ore body and the
surrounding rock is gradational. The origin of the banded ores is explained by a sequence of
metasomatic processes. The main focus in the work of Sass-Gustkiewicz et al., 1994 is set
on finding an explanation for why the layering of the spahlerite seems to follow the bedding
but cannot be directly traced through the contact of the ore bodies and the host dolostone.
According to Sass-Gustkiewicz et al., 1994 the pattern formation begins with the dolomitiza-
tion followed by recrystallization, ankeritization and concludes with the replacement of the
ore bearing dolomite by sphalerite. The rhythmically banded ores in the Upper Silesian basin
are thought to be a result of replacement with accompanying dissolution which creates voids
around bedding planes. The bedding is superimposed by this dissolution and the sphalerite is
then precipitating into cavities around the former sedimentary parting. In most points Sass-
Gustkiewicz et al., 1994 is in line with the theory of Bogacz et al., 1973 but in addition gives
an explanation of the counterintuitive finding that the structures seem to follow the bedding
but cannot be traced across the contact.
Similar to the zebra texture in dolomites, the origin of rhythmically banded ores is also
controversial. While Bogacz et al., 1973 presents a hypothesis similar to Morrow, 2014 for
the zebra texture in dolomites, Fontboté et al., 1982 puts forward a theory that is more similar
to Vandeginste et al., 2005. It can be noted that the generic models are very similar. Like
Morrow, 2014 the works of Bogacz et al., 1973; Sass-Gustkiewicz et al., 1994 relate the
formation of the pattern to pre-existing features in the host rock. Already Bogacz et al., 1973
pointed out that the genesis of zebra dolomites could be caused by the same processes as
the rhythmically layered ores. Because both structures are found in close spatial relationship
inside MVT deposits it is highly likely that at least similar processes are responsible for the
respective patterning. Therefore a model that can explain the formation of zebra dolomites
might also be able to explain the formation of sphalerite rhythmites. The generic model of
zebra dolomite formation presented in this work can to some extend also be applied to the
formation of the ore rhythmites.
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Chapter 4

Methods

4.1 Analytical Methods

The analysis of natural samples in this study forms the basis of the subsequent stages of
research. An extensive investigation of the samples with the different analytical methods
introduced in this chapter will help to identify the physical and chemical processes that are
active during the genesis of the zebra dolomites. Once the processes are identified, the nu-
merical models will be used to simulated these processes in order to investigate whether or
not a pattern like the zebra texture can be generated. The numerical methods and respec-
tive simulation environments applied in this study will be presented in the second part of
this chapter. This chapter will then conclude by introducing the mathematical basis of the
analytical model of the zebra dolomite formation developed during this research project.
The diagnostic findings in this study emerged nearly exclusively from the analysis of thin sec-
tions. Numerous thin sections of zebra dolomites from the San Vicente mine were already
at hand at the beginning of this work. Additional samples from hand specimen collected
by Kilian, 2005 were prepared during the course of research. The samples from the Po-
morzany mine in Poland were collected during a field trip to the mine and thin sections from
meaningful samples were then prepared at the University of Glasgow. The zebra dolomite
samples from the Falkenberg tunnel in Germany were provided by Joachim Lorenz in the
form of seven hand specimens. Appropriate parts in the samples were chosen from which
thin sections were prepared.

4.1.1 Petrographic Microscopy

All the samples analysed in this study consist mainly of dolomite. Small amounts of calcite,
quartz and ore forming minerals are observable in some thin-sections. The primary inves-
tigation of all samples was performed using a Zeiss axioplan microscope. The respective
samples were analysed with transmissive parallel- and cross-polarized light. Especially dur-
ing the investigation of ore minerals the operation of the light source is better switched to
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reflective as the sulfide minerals sphalerite, galena and pyrite are opaque under transmissive
light.
The carbonate minerals calcite and dolomite are often optically not clearly distinguishable
in thin-section. However, calcite often exhibits more pronounced twinning compared to
dolomite. The twining lamella in context with cleavage can be used to distinguish calcite
from dolomite. In addition to that, dolomite crystals have higher refractive indices and are
often cloudy or mottled by Fe-oxides or other inclusion. In contrast, calcite crystals are
usually clear and colourless. The main focus during the petrographic investigation was to
study the grain size and the appearance of the grain boundaries. The latter can be used as
an indicator for the processes that were active during the formation, such as recrystallization
or growth in open voids. Furthermore, the shape of the grain boundaries can change from
straight to more lobate geometries. In general the extinction of minerals, for examples undu-
lose versus sharp extinction, and the shape and occurrence of twinning lamellae can be used
as an indicator for deformation in carbonates.
The investigation of the respective dolomite samples mainly focuses on grain size differ-
ences, the type of extinction, the occurrence of twinning lamellae, the shape of the grain
boundaries and the distribution of inclusions such as organic matter, Fe-oxides and fluid-
inclusions. The results of these findings will dictate the subsequent analytical procedure.
For the case of ore minerals, the shape of the minerals, their internal structure (e.g. zonation)
and their relation to grain boundaries and fractures will be investigated.

Cathodoluminescence Microscopy (CL)

In addition to the traditional petrographic microscopy performed with the Zeiss axioplane,
the CL-stage CLmk4 was used during the analysis of samples. Several minerals exhibit
cathodoluminescenes as a result of electron bombardment. The bombardment of the crystals
with electrons causes an excitement of ions in the crystal lattice. The respective ions will
ascend onto a higher energy state and after a short time delay will emit light in the visible
spectrum when returning to the initial energy state (Boggs et al., 2006). The actual CL in
carbonates is mainly caused by the presence of trace elements and only to a minor extend
by distorted crystal surfaces or cracks (Machel, 1985), whereas the exact causes of CL in
carbonates is not fully understood (Machel, 1991). However, most authors agree that in
carbonates the CL is caused by the distribution of Mn2+ and trivalent REE (e.g. Sm3+ and
Eu3+) as activators, and vice versa is quenched by the occurrence of Fe2+ Fe3+, Co2+ or
Ni2+ as an inhibitors(Boggs et al., 2006). In their work Machel, 1991 identified 26 factors
governing the CL of diagenetic carbonates.
The CL microscopy has the advantage that structures that are not visible in optical mi-
croscopy can be made visible by the electron bombardment (Machel, 1985). In contrast
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to the findings in classical optical microscopy this property of the minerals allows to assess
compositional differences of the respective crystals. Such differences could be caused dur-
ing crystal growth if the environmental condition (pH or redox potential) changes (Machel,
1985). These findings can help to identify areas of interest for the subsequent analysis with
scanning electron microscopy (SEM) and/or Laser-ablation inductively coupled plasma spec-
troscopy (LA-ICP-MS).

4.1.2 Scanning Electron Microscopy (SEM)

The Scanning electron microscope (SEM) analyses in this study were performed at the
ISAAC (Imaging Spectroscopy and Analysis Centre) of the University of Glasgow. The
instruments that were used for this study were the Carl Zeiss Sigma Variable Pressure Ana-

lytical SEM with Oxford Microanalysis for the SEM-EDS analysis (see section 4.1.2), and the
FEI Quanta 200F Environmental SEM for the EBSD (see section 5.49). The electron source
in this instrument is a Schottky thermal field emitter with an accelerating voltage between
0.2 and 30 kV. At 30 kV this SEM can obtain a resolution of 2 nm. The regions of interest
determined during the analysis of the thin-sections with optical- and CL-microscopy were in-
vestigated in greater detail with the SEM. Samples comprising of non- or limited-conductive
material are carbon-coated prior to the analysis in order to increase their conductivity for the
electrons.
In a SEM the samples are bombarded with high-energy electrons inside a vacuum chamber.
The electrons are accelerated by an electrical field generated between the filament (anode)
and a cathode. Before hitting the sample the accelerated electrons are focused into a beam.
The signals detected during SEM are generated by the interaction of the sample surface
and the electron beam. These signals can either be the secondary electrons, which give
information about the shape of surface of the sample, or backscattered-electrons, which give
information about the chemical composition of the respective sample. In addition to that also
diffracted electrons (see section EBSD) or the energy of generated X-rays (see section EDS)
can be used for the analysis. Every signal gives different informations about the sample
surface geometry or chemical composition.
The main focus during the SEM analysis was to study the distribution of impurities, a more
detailed investigation of the grain boundary geometry and the microporosity. The acquisi-
tion of high-resolution images during SEM analysis could shed light on the processes that
occurred during the geologic history of the samples. The exact location of secondary mineral
phases, the distribution of microporosity and the overall chemical composition of the crys-
tals are influenced by the temperature, stress and geochemical conditions (e.g. pH and redox
potential). Therefore, SEM analysis should provide additional information on the diagenetic
evolution of the samples.
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The acquisition of backscattered electron (BSE) images during SEM was applied in order to
distinguish the different phases in the samples. If significant changes in chemical composi-
tion between the coarse- and the fine-grained dolomite crystals exist, these contrasts should
be reflected to some extend in the data of the BSE. The signal in BSE mode is mainly gen-
erated by elastic interactions between the electrons and atomic nuclei of sample material.
The probability that accelerated electrons are deflected by the surface of the samples by an
angle of >90◦ is limited. Multiple deflections with a smaller angle can accumulate, which
causes electrons to leave the surface of the specimen with a higher-angle. The probability
of high-angle deflections increases with higher atomic numbers of the atoms building up
the sampled material. Therefore, the detection of the electrons deflected with a high angle
(backscattered) is related to the atomic composition of the sample (Reed, 2005).
In contrast to the BSE, the signal in secondary electron (SE-mode) is generated by inelastic
interactions between the atomic nuclei and the electrons. The secondary electrons that are
emitted by the atoms of the sample after being hit by the electron beam are distinguishable
from the backscattered electrons through their lower energy Reed, 2005. Due to their much
lower energy, the origin of the secondary electrons can only be within a few nanometres
of the sample surface. Thus the data obtained by detecting the secondary electrons carries
primarily information about the shape of the sample’s surface.
Investigating the geometry of the surface of the different dolomite crystals in SE-mode
should allow to draw conclusions about the genesis of the respective crystal. If for instance
dissolution or replacement processes occurred during or after the formation of the dolomite
crystals, the investigation of the crystals surface could give evidence for or against the re-
spective mechanism.

Energy Dispersive X-Ray Spectroscopy (EDS)

The detection of the X-rays emitted by samples was performed with an EDAX silicon-drift
detector attached to the SEM.
In addition to the signals generated by the backscattered or secondary electron, x-rays are
generated if a solid sample is bombarded with a focused electron beam. Two x-ray spectra
are emitted during the electron bombardment, a smooth spectrum is generated by the in-
teraction between the electron beam and the atomic nuclei of the sample’s atoms and the
so-called characteristic spectrum. The latter is used during energy dispersive X-ray spec-
troscopy (EDS). By analysing the characteristic spectrum of the emitted X-rays, conclusions
on the chemical composition can be drawn. If the sample is hit by the electron beam, elec-
trons are ejected from atoms on the surface of the sample. These vacancies are filled by
electrons of a higher energy state. This re-fill of the atomic shells is accompanied by the
emission of characteristic x-rays spectra, which compensates the energy difference between
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the ejected and the re-filling electrons. The energy of the emitted x-rays is characteristic for
the element it is emitted by (Reed, 2005). Obtaining such data can give detailed informa-
tion on the chemical composition and by measuring the relative abundance of certain x-ray
spectra and the qualitative composition of the sample can be measured.
During the EDS analysis the composition of secondary mineral phases was determined. In
addition to that line measurements were performed in order to detect chemical variations
between fine and coarse grained crystals in the zebra dolomites. The distribution and abun-
dance of secondary mineral phases was also determined by generating maps of selected areas
of the samples.

Electron Microprobe (EMP)

The Electronmicroprobe analysis was performed with a JEOL JXA 8900 at the Institute of
Mineralogy in Muenster, Germany.
Whereas the detection of X-ray energy during EDS only allows a qualitative determination of
chemical variations, the data obtained by the electronmicroprobe (EMP) allows a quantitative
investigation of chemical contrast if appropriate standards are applied (Reed, 2005). This is
possible by applying the wave-length dispersive spectrometry (WDS) instead of the EDS. In
practise, either a map of a small area or profile line measurements are conducted during the
EMP analysis.
The quantitative measurement of element concentrations within the samples can allow fur-
ther interpretation of the processes that occurred during the formation of the respective sam-
ples. In addition to that, structures which are not visible in optical- or scanning electron
microscopy might become visible during EMP mapping if these structures only comprise of
a variation in element concentration.

Electron-Backsacattered Diffractrometry (EBSD)

The Electron Backscattered Diffractometry was performed at the ISAAC of the University of
Glasgow using the FEI Quanta 200F Environmental SEM with a detached EBSD detector.
During the elastic scattering some electrons will be reflected along atomic planes of crys-
talline material (Bragg reflection) (Reed, 2005). If these electrons are detected on a phosphor
screen, characteristic diffraction patterns (Kikushi pattern) can be made visible. In practise,
the detector of the pattern is a digital camera whose CCD chip is illuminated by the phosphor
screen that intersects the spherical diffraction pattern (Maitland et al., 2007). The setup of
electron backscattered diffractometry (EBSD) is situated within the chamber of the SEM.
The highly polished sample is tilted at about 20◦ to the focused electron beam. During the
interaction of the electron beam and the crystal lattice of the sample the scattered electrons
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will generate a pattern caused by constructive and destructive interferences. These patterns
can be used to distinguish the crystallographic orientation of the samples crystals. The lines
of the pattern, the so-called Kukichi lines, are analysed and are matched against a data base.
The EBSD analysis reveals the character of grain boundaries, the grain size together with the
orientation of the crystallographic c-axis. This data can be applied to further investigate the
microtexture of the respective sample and determine whether there exists a crystallographic
preferred orientation (CPO) of the crystals within the coarse grained layers of the zebra
dolomites.

4.1.3 XMapTools

The MATLAB based software XMAPTOOLS comprises of a graphical user interface (GUI)
for the treatment of petrological electron probe data. The data that can be treated are X-ray
data acquired with WDS with specific measurement adjustments. XMAPTOOLS is capable
of creating standardized maps of mineral oxides from semi-quantitative X-ray data. The
software is based on a Castaing-like approach during the standardization, applying high pre-
cision spot analysis as internal standard during the processing. The chemical groups that
correspond to the different mineral phases in the sample are separated using a K-means sta-
tistical approach. From the generated maps of oxide composition it is possible to estimate
the local bulk composition. XMAPTOOLS is also capable of calculating composition, struc-
tural formulae and phase equilibrium conditions like pressure and temperature for each pixel
of the respective map (Lanari et al., 2014).
During this study XMAPTOOLS was used to create quantitative compositional maps from
EMP data. This procedure helps to investigate microstructures that are only visible due to
their chemical contrast relative to the surrounding areas. Assessing such data will allow
gathering of additional information about the generic processes of pattern formation.

4.1.4 Laser Ablation Inductively Coupled Plasma Mass Spectroscopy
(LA-ICP-MS)

The Inductively coupled Plasma Mass Spectroscopy (ICP-MS) was performed at the Insti-
tute of Mineralogy of the University of Muenster in Germany. The instrument used was a
Thermo Fischer Element 2 ICP-MS connected with a 193 nm laser ablation (LA) system. As
reference material the synthetic glass BIR-1G or the synthetic carbonate pellet MACS-3 was
used. The latter was found to be an appropriate standard for the analysis of carbonates with
LA-ICP-MS (Chen et al., 2011; Jochum et al., 2012). The actual concentrations of trace
elements were calculated using the Glitter 4.4.4 software.
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During LA-ICP-MS the respective sample is hit by a focused laser beam that creates fine
particles, this process is called laser ablation. The ablated material is transported in an ar-
gon carrier gas stream to the ICP were it is decomposed, atomized and ionized (creation of
plasma) before onward transportation to the mass spectrometer. The analysis of trace el-
ement and isotope concentration in geological samples by LA-ICP-MS provides a method
during which data with high spatial resolution in combination with low-detection limits can
be obtained. In contrast to the major element composition, the trace element concentrations
in geological samples are often subjected to more pronounced variations. Geochemical trace
element data of carbonates can be applied in order to gain further insights in the environ-
mental conditions such as paleohydrology and the characteristics of the water involved in
the genesis of the respective formation (Vincent et al., 2006). A major challenge in interpret-
ing such data is that the geochemical signal might be overprinted during diagenesis or by the
interaction of the rock with different fluids.
In this study the zebra dolomite samples were investigated with La-ICP-MS across and along
coarse grained zebra layers. The data should yield additional information on the processes
that are active during the formation of the pattern.

4.1.5 Computed X-Ray Microtomography (µCT)

The X-RayMicrotomoraphy data was collected using the Nikon XT H 225/320 LC at the
University of Strathclyde. The final treatment of the data was performed using the AVIZO
software.
Today most conventional X-ray Microtomographs comprise of a rotating stage were the sam-
ple is placed while subjected to a x-ray beam. An image is acquired by a detector that reg-
isters the x-rays after interaction with the respective sample (Landis et al., 2010). During
the rotation of the stage a 2D projection for different angular increments is measured. The
resulting 2D projections are stacked together, which results in the creation of a 3D projec-
tion consisting of numerous 2D cross-section. The image resolution is directly related to the
angular increment for which the 2D projections are obtained, with increasing accuracy for
smaller increments (Krakowska et al., 2016). Therefore the respective sample site directly
influences the achievable resolution. The underlying physics of the method is the absorption
of the x-rays by the material that provides data to characterize different phases. The absorp-
tion is a function of the travel length of the beam and the absorbity of the respective material,
whereas the latter depends on the density and type of atoms along the travelling path of the
beam. In general atoms with lower Z-values (fewer electrons) have a lower absorbity than
atoms with higher Z-values. For each element a characteristic absorbity can be define. In
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general the absorbity (τ) obeys the logarithmic rule:

τ = ln
I0

I
(4.1)

Where I0 is the intensity of the incident X-ray and I is the measured intensity. The intensity
of an x-ray at a specific point (x) in the material is then given by:

I(x) = I0(x)e−τ (4.2)

These are the general physics’ principles during the acquisition of x-ray imaged during CT
(Landis et al., 2010). A geological application of µCT is the characterization of rocks and
their porosity network (Machado et al., 2015). This last step involves complex mathematical
approaches and was performed using the AVIZO software.
In this work a µCT measurement was performed in order to characterize the porosity distri-
bution of a zebra dolomite sample. The measurement as well as the data treatment using the
AVIZO software was performed by Dr. Nicolas Beaudoin at the University of Glasgow.

4.2 Numerical Methods

The findings achieved during the microstructural and microchemical analysis forms the basis
of the numerical simulations. The investigation of the microstructures in the zebra texture
will help to assess the physico-chemical processes that are active during the pattern forma-
tion. Two numerical simulation platforms were used during the development of the numer-
ical models. One of these is the ELLE microdynamic simulation software and the other one
is the hydrogeochemical modelling environment PHREEQC. The numerical code of ELLE is
written in C/C++ and the PHREEQC environment provides a class for linking codes written
in these languages with the library of PHREEQC.
Numerical simulations are the appropriate tool for the study of pattern formation in MVT de-
posits in contrast to physical experiments, because the spatial scale of the systems is gigantic
and in addition to that the reactions occurring during the pattern formation are active dur-
ing thousands of years. In addition the boundary conditions of the natural processes would
be hard to reproduce on a laboratory scale. Whereas pressure and temperature are usually
moderate in systems of MVT mineralization, the fluid flux though the volume is large so that
reproducing such conditions in the laboratory is very hard.
In this chapter I will introduce the two modeling environments utilized during the simulations
that are presented in this study together with the basic concepts and methods of the different
software. I will also briefly point out for which processes the respective methods can be
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applied. All the numerical simulations performed in this study are in 2D at the scale of a
thin-section.

4.2.1 The Microdynamic Simulation Environment ELLE

The ELLE software is an open-source microdynamic simulation environment. The software
was developed with the aim of providing a numerical modelling environment for geological
problems at the scale of a thin-section. The focus was set to produce a platform that can
be adapted to multiple processes that affect rock microstructures during metamorphosis and
deformation. The ELLE environment represents a generalized framework for simulations of
physico-chemical processes that affect rock microstructures. The platform comprises of four
components. (1) the data structure, (2) the base libraries, (3) precompiled ELLE binaries and
(4) text files that store the microstructural information.
The data structure of ELLE is based on a 2D discretisation of a thin-section and of three
major elements: the boundary nodes (bnodes), grains (flynns) that are defined by the position
of the bnodes and unconnected nodes (undoes) that represent material points. The bnodes
represent the margins of respective phases such as different minerals whereas the undoes
are used to save material properties such as concentration or fluid pressure. The bnodes can
move through the simulation volumes as a result of a driving force, for instance differences
in surface energies of the flynns built up by the bnodes. In contrast to that, the movement of
the unodes is limited and their movement is in most cases a response to deformation. The
processes simulated in ELLE either modify the position of the bnodes/unodes or changes the
values assigned to the nodes or flynns. The highest hierarchy in the ELLE data structure are
the flynns that are build up by the bnodes and the lowest hierarchy are the unodes in the
background of the model. The whole data structure can be described as a boundary model
(see section 4.2.1) which is mapped onto a hexagonal lattice-particle model (see section
4.2.1). The advantage of mapping two different models onto each other is the possibility to
introduce interactions between the two. For instance, it is possible to simulate a reaction front
in the particle-lattice that influences the movement of the bnodes in the boundary model. By
this procedure the impact of physico-chemical alterations produced by the reaction front
(e.g. porosity change, change in temperature or pressure) on processes like grain boundary
migration can be simulated. Both model types will be briefly introduced in the following
paragraphs.
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Fig. 4.1: Data structure of the ELLE microdynamic simulation environment. The setup is 2D,
situated on a quadratic plane whereas every data element has an x and y-coordinate assigned to it.
The general elements are the unodes (unconnected) and the bnodes (boundary nodes). The unodes
built up the lattice-particle grid in the background and the bnodes are the main elements of the
superimposed boundary model. The bnodes are further divided into double- and triple nodes de-
pending on whether the respective node is connected to two ore three other bnodes. The bnodes
are connected by straight boundary segments which then enclose the flynns which represent the
actual grains. Physical properties can be assigned to the unodes, bnodes ore flynns respectively. A
communication between all the elements can be performed as the boundary model and the lattice
of the underlying particle model are connected via their x-y positions.

Boundary Model

In systems where surfaces of different phases are important, for instance simulating grain
boundary migration driven by surface energy differences, a boundary model is the appro-
priate tool. The final structure which will be achieved by grain growth driven by surface
energy reduction is a so-called foam structure. In general, a foam is a good general example
for a structure whose most important geometric elements are the surfaces or boundaries of
bubbles. The bubbles in foam are filled with gas and have to strength themselves and the
structural evolution of the foam is mainly determined by the surface tensions acting on the
walls of the bubbles. The differences in surface tension between small (high energy) and
large (low energy) bubbles cause variable pressures in the gas filled bubbles, which leads to
different diffusivities between the bubbles. As a consequence some bubbles, with favourable
surface tension, tend to grow whereas others will disappear and the pattern coarsens overall.
The final structure will theoretically comprise of a uniform bubble size (Bons et al., 2000).
The evolution of the grain size in crystalline aggregates exhibits a similar trend. Grains with
a favourable surface energy tend to grow at the expense of smaller grains with an adverse
surface energy configuration. Therefore the equilibrium structure of crystalline material is
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often referred to as a foam structure. During such processes of grain coarsening, the sur-
faces between the different grains or bubbles are the first order control of the microstructural
evolution. Such mechanisms are best simulated using a boundary model.
In a boundary model the movement of the surfaces is the main process to be simulated; this
can be achieved by describing the phase boundaries (different mineral grains) in the model
by nodes that are connected by segments. All the nodes are mapped onto the same coordi-
nate system with an initially defined origin. The position of the respective boundary in x and
y can then be modified by changing the positions of the nodes. The change in position of
every node is usually calculated for a small time increment during each step of the simula-
tion. In ELLE the boundary model consists of more or less equidistantly spaced nodes that
connect straight segments that are building up the flynns. A maximum of three segments can
meet at a single bnode (triple node) and straight segments are made up by connecting two
segments at a bnode (double node). This geometry is in good agreement with the general
2D-microstructure of crystalline materials where triple junctions represent an energetically
stable interface on grain boundaries. Points on which more than three grains intersect are not
observable in nature. In undeformed crystalline aggregates close to equilibrium the angles
of the three grain boundaries usually meet at angles of about 120◦, which is more easily
achieved if the grains all have the same size. The geometrical configuration has to be main-
tained during the simulation of grain growth in a boundary model. In the ELLE library a
routine for static grain growth is already implemented. The major challenge of simulating
grain boundary migration with a boundary model is the topology of the boundary model.
The whole structure has to be updated during each time step and a subroutine has to assure
that the general geometry of the model is not violated. This means that the angles at the triple
junction have to be investigated during each time steps. ELLE has built in routines for topol-
ogy checks that are called during each time step. Because the distribution of boundary nodes
has to be equidistant in order to maintain the resolution of the model, the distance between
the nodes is checked during each step of the simulation as well. If the distance is less that the
initially defined separation distance the node is removed and vice versa if the distance is too
large an additional node is inserted. By this procedure the mean distance between the nodes
in the model is kept constant. Crucial to maintaining appropriate topology during the simu-
lation is how to deal with events such as crossings or splitting. It can happen eventually that
the movement distance of a single node will lead to its migration over a boundary segment
that belongs to a different flynn than the considered node. If such an event occurs ELLE will
rearrange the local topology (figure).
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Fig. 4.2: Topographical checks performed by the ELLE environment to ensure a consistent ge-
ometry of the boundary model. The three basic routines are from bottom to top: triple-switch,
flynn-split, and crossing-check.
TRIPLE-SWITCH: During every time step the distances between the bnodes are checked. If the
scenario occurs that the distance between two neighbouring triple-nodes is less the the minimum
distance a routine is performed which switches the locations of the two triple-nodes and adjusted
their positions in order to maintain the appropriate geometry.
FLYNN-SPLIT: In this scenario a flynn (B) is surrounding flynn C. If a triple-switch would be
performed this would cause the boundary 1-2 to become an internal boundary of B. To prevent this,
flynn B is split into two flynns with the same attributes (physical or mineralogical parameters).
CROSSING-CHECK: This routine checks whether a bnode crosses a boundary segment which could
for instance happen during the simulation of grain boundary migration. The geometric modification
performed in such a scenario for the example of a double node (5) crossing the boundary segment
(1-2). During this routine flynn B is split into flynns B and D and bnode 5 is transformed into two
new bnodes (7 and 8).

Lattice Particle Model

The background of the ELLE simulations is built up by a hexagonal particle lattice. These
particles can be visualized using the unodes of the ELLE data structure. In general the parti-
cles lattice allows a higher resolution then the overlying boundary model and can be applied
for the simulation of the local change in chemical and/or physical properties such as concen-
tration of reactants, porosity, temperature or pressure.
In the ELLE environment, particle positions in x and y together with chemical and physical
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attributes is saved. The number of undoes in the background gives the highest resolution of
the model whereas increasing particle numbers will lead to additional computation time. In
this study the fine resolution lattice of ELLE was used to simulate the densities of second-
phase material and for the simulation of reactive transport (see chapter 6.2). Especially for
the latter process appropriate boundary conditions have to be chosen prior to the simulation.
In order to model transport in a porous medium such as rocks, the finite difference scheme
was applied in this study.

Finite-Difference-Scheme

The finite difference method (FDM) is used in a wide range of numerical simulations, typi-
cally for heat or matter diffusion in processes that are described by partial differential equa-
tions. A popular application of this method is the modelling of fluid flow though porous
media or the cooling of a dyke intruding into a cooler host-rock, a process that is driven by
heat diffusion. During simulations which apply the FDM the geometry of the model does
not change in space but the variables that are assigned to the elements of the underlying grid
change over time. In the case of the ELLE environment changing variables are assigned to
the nodes of the particle-lattice. Transport can then be simulated by changing the values of
concentration in the nodes over time. The principle idea of the FDM is that the solution of
a complex function can be approximated to some extend by a linear function if this linear
function is solved for small increments in space and time (dt and dx/dy). If for instance a
concentration change is simulated, the change in the concentration (c) can be modelled on a
grid consisting of nodes with fixed x,y-coordinates. The main assumption of the FDM is that
the concentration change between two nodes is linear if calculated for small time increments
dt. The result of the simulation best fits the respective natural system if the spacing between
the nodes is sufficiently small enough. How good the approximation of the complex function
is therefore depends to a first order on dt and the spacing of the grid point dx. Best results
are given for dt approaching 0 and a large number of elements mapped on the grid. How-
ever, decreasing dt and increasing the number of elements in the grid both lead to additional
computation time and often a compromise has to be chosen.
In order to explain the FDM three principle ways of approximating a respective function
have to be introduced. If a function of the form

F(x+∆x) = f(x)+
d f
dx

∆x (4.3)

is assumed, this expression can be approximated by forward approximation

d f
dx
≈

f(x+∆x) f(x)
∆x

(4.4)
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or backward approximation

d f
dx
≈

f(x) f(x−∆x)

∆x
(4.5)

if both approximations are combined the so-called central approximation is obtained as:

d f
dx
≈

f(x+∆x) f(x−∆x)

2∆x
(4.6)

These are only general principles of the FDM. The method is better explained by applying
FDM to the diffusion part of the general transport equation. The change in c in space (x)
over time (t) as a result of diffusion (D f ) can be written as:

∂c
∂ t

= D f
∂ 2c
∂x2 (4.7)

We are interested in the second derivative of equation 4.7 which can be approximated by
combining two Taylor expansions of the function f (x). A forward approximation is given
by:

F(xn +∆x) = f (xn)+ f ′∆x+
f ′′(xn)

2
(∆x)2 +

f ′′′(xn)

6
(∆x)3 + (4.8)

In a backward sense the Taylor expansion is:

F(xn−∆x) = f (xn)− f ′∆x+
f ′′(xn)

2
(∆x)2− f ′′′(xn)

6
(∆x)3 + (4.9)

If equations 4.8 and 4.9 are combined, the finite difference approximation of the second
derivative of equation 4.7 can be derived as:

f (xn +∆x)2 f (xn)+ f (xn−∆x)
(∆x)2 = f ′′(xn)+O(∆x)2 (4.10)

This approximation is termed central difference equation as it is derived by combining a
backward and forward approximation. O(∆x)2is the truncation error term, which in the case
of diffusion is in the order of the grid spacing. Because in the Taylor expansions f (x) is equal
to the concentration c in space or time, the equation 4.7 can be approximated by writing:

∂ 2c
∂x2 = f ′′(x)t1 =

ct1
x−12ct1

x + ct1
x+1

(∆x)2 (4.11)

The approximations achieved by forward, backward and central difference approximation
are displayed in figure. Note that the solution obtained by the central difference method
is closest to the true gradient in point x. The FDM is the appropriate numerical tool to
solve complex differential equations and is the basis for the solution of partial differential
equations. In practice there are three schemes for applying the FDM. The major difference
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between the three methods is whether only the values of variables of the current time step are
applied during the approximation. The different approximations of the FDM are explained
based on solving the heat diffusion equation. Solving this equation can simulate for instance
the cooling of a magmatic dyke. The general equation is similar to equation 4.7 and can be
written as:

∂T
∂ t

= κ
∂ 2T
∂x2 (4.12)

In this expression T is the temperature, t is the time and κ is the heat conductivity which is
assumed to be constant. The simplest way of numerically solving this equation is the explicit
method that only takes into account grid points of the actual time increment. The heat change
at a grid point after the time increment dt can be approximated as:

T t+∆t ≈ T t
i +

κ∆t
(∆x)2 (T

t
i+12T t

i +T t
i−1) (4.13)

In contrast to this approximation the implicit method applies the temperature value in the
respective grid point at the actual time step and the values in the neighbouring grid points
after the time increment dt. An implicit approximation of the heat transfer can be written as:

T t+∆t ≈ T t
i +

κ∆t
(∆x)2 (T

t+∆t
i+1 2T t+∆t

i +T t+∆t
i−1 (4.14)

The problem is that the implicit method also takes into account the values in grid points after
the time increment. A way to overcome this issue is to solve the equations for all nodes at
the same time. If the systems we want so solve comprises of N nodes equation 4.14 has to
be written N times. In a simple 1D scenario only the value of the first and the last node are
unknown and appropriate boundary conditions have to be defined for both nodes. The most
appropriate scheme for solving finite difference problems is the so-called Crank-Nicholson
method that represents a combination of the explicit and implicit method (figure). The values
of grid points of the current and the subsequent time stage are used during the approximation
that can be written as:

T t+∆t ≈ T t
i +

κ∆t
(∆x)2

(T t+∆t
i+1 2T t+∆t

i +T t+∆t
i−1 )+(T t

i+12T t
i +T t

i−1)

2
(4.15)

The Crank-Nicholson scheme is the best FDM approximation of the analytical solution of
an equation and it is stable for any given dt. In contrast to this the two previous methods can
become unstable for larger time increments. Usually a small error is introduced during every
time step, which means the numerical solution differs to a small amount from the analytical
solution. This mechanism is represented by the error term in equation 4.10. After a given
number of time steps, the error introduced during each time step accumulates to a significant
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difference between the analytical solution and the numerical approximation. This difference
might not be too significant for simulations that deal with only diffusion but can become
quite large if the whole transport equation is approximated. The Crank-Nicholson scheme
provides a way of approximating the solution with only little deviation from the analytical
solution but applying this method is usually very costly concerning computational time.
Therefore either the implicit or explicit method can be used in order to find a compromise
between accuracy and computational time. The numerical error caused for instance by nu-
merical diffusion can be minimized by applying fundamental rules for the ratio of grid spac-
ing, time increment and maximum advective velocity. In general these three values should
satisfy the so-called Courand condition:

∆t ≤ ∆x
v

(4.16)

If this rule is satisfied the accuracy of the approximation should be increased and the effects
of numerical dispersion are minimized. The latter occurs as a result of time discretization
which does not satisfy the Courant conditions and can lead to a blurred shape of a simulated
reaction front that would be sharp in reality. It becomes obvious by investigation expression
4.16 that an appropriate simulation of transport is best performed on a high-resolution grid
by approximating the transport equation over preferably small time increments.
The simulation of reactive transport in this work was performed by applying the FDM for the
nodes of the particle-lattice. How the simulations where conducted is described in chapter 6.

Fig. 4.3: The local gradient at a point (x) can be determined either by applying the differnece with
the next point (x+∆x) or the difference to the previous pint (x−∆x) which are the forward and
backward method respectively. The best fit to real gradient at point (x) is optained by applying the
central difference method which utilizes the previous and the next point (Bons et al., 2008).

4.2.2 The Hydrological Simulation Environment PHREEQC

The PHREEQC environment is a hydrogeochemical simulation software written in C/C++.
It has a wide range of applications and can be used to calculate mineral reactions in aque-
ous solutions, the mixing of different fluids and to calculate the saturation state of different
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Fig. 4.4: a Schematic view displaying which nodes contribute to the computation of the current
state of a node at location xi at time t( j + 1) by the explicit-, implicit- and Crank-Nicholson-
method (Bons et al., 2008).
b Theoretical comparison of the three finite difference methods. The value of a function at the
point t +∆t is predicted different by the three methods. The explicit method applies the gradient
(gt) at time t whereas the implicit method used the gradient at time t +∆t. The predicted solutions
are either lower or higher than the real solution respectively. As the Crank-Nicholson scheme
combines the two previous methods this usually yield the best approximation (Bons et al., 2008).

mineral phases in the aqueous phase.
In this work PHREEQC was combined with ELLE in order to visualize the outcome of the
PHREEQC calculations in 2D. The combination of the two platforms is relatively easy as
both are written in the same programming language. How the linking between the two was
performed in detail is explained in chapter 6.
In this section the general PHREEQC simulations and the fundamental hydrogeochemical
principles which were applied in this study will be introduced.

The PHREEQC Database

All calculations performed in PHREEQC are based on a database file that has to be chosen
for the respective process. The basic database is phreeqc.dat that contains definitions of
chemical species, complexes and mineral solubility (Appelo et al., 2013). One limitation of
aqueous models in PHREEQC is that the databases only contain a limited number of elements.
If an element is not defined in the database it has to be added by the user. The databases
represent compendia of logarithms of equilibrium constants and enthalpies of reactions that
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were taken from various literature sources. There has never been a systematic approach in
building up the databases. Therefore the database files provided with PHREEQC should be
regarded as preliminary Parkhurst et al., 2013. In addition to that, carbonate equilibrium
calculations should only be regarded to be accurate at temperatures below 100◦C (Morrow,
2014). Bearing these inadequacies in mind, PHREEQC can be applied for numerous aqueous
reactions and for the calculation of the saturation state of carbonate minerals.
In the present work PHREEQC was linked to ELLE but only a limited number of calculations
were performed using the PHREEQC environment. This is mainly to the exponential increase
in computation time. With advancing time steps the calculations applying PHREEQC have to
be executed for an ever increasing number of grid points in the ELLE particle-lattice. There-
fore the application of PHREEQC during the simulations was limited to a few fundamental
calculations that are likely to significantly influence the behaviour of the modelled system.
PHREEQC was only used during the simulation of reactive transport for the calculation of the
dolomite saturation index, the mixing of pore and infiltrating fluid, the dissolution of calcite
and for updating the fluid composition after dolomite precipitation. In the next paragraphs
these fundamental calculations will be introduced by means of the PHREEQC keywords.

Saturation State of Minerals

The basis of the description of any equilibrium reaction in aqueous solution is the law of
mass actions. For the general reaction aA+ bB↔ cD+ dD the distribution of equilibrium
on both sides of the reaction is given by:

K =
[C]c[D]d

[A]a[B]b
(4.17)

In this expression K donates the equilibrium constant, the exponents are the molar amounts of
the respective compounds and the capitals letters are their equilibrium molar concentrations.
By means of thermodynamics this can be applied in the equation ∆G =−RT lnK where ∆G

is the change in Gibbs free energy of the reaction. If ∆G > 0 the reaction will proceed to
the left and for ∆G > 0 to the right. In the case that ∆G = 0 the respective reaction is at
equilibrium.
The equation 4.17 can be applied in order to determine whether a substance in an aqueous
solution will dissolve or precipitate. This will now be explained based on the reaction for
gypsum in aqueous solution. The general reaction can be written as:

CaSO4(s)↔Ca2++SO2−
4 (4.18)
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If this reaction is described with equation 4.17 this is termed the solubility product meaning
the equilibrium constant K will become the so-called solubility product that can be written
as:

K =
aCa2+aSO2−

4

aCaSO4(s)
(4.19)

In this expression a represents the effective concentration (activity) of the chemical specimen
in the solution. This value is given by the product of the activity coefficient (γ) and the
molar/molar concentration of the compounds (M). The activities are therefore dependent on
the concentration of the specimen in the solution and the proportionality factor (γ) relates
this concentration to parameters such as temperature, pressure and total composition. With
this in mind it is possible to determine the saturation state or the solubility of a chemical
compound in solution by formulating the ion activity product. For the examples of gypsum
in aqueous solution this yields:

IAP = (aCa2+)(aSO2−
4
) (4.20)

Here a represents the actually measured concentration in the solution. The saturation state
of minerals in aqueous solution is then given by the ratio of the ionic activity product (IAP)
and the solubility product K of the respective mineral phase:

Ω =
IAP
K

(4.21)

For Ω = 1 the solution is in equilibrium, Ω > 1 indicates supersaturation and Ω < 1 repre-
sents subsaturation. If the respective solution is far from equilibrium the saturation state is
usually given in a logarithmic scale and is called the saturation index (SI):

SI = log
IAP
K

(4.22)

For SI = 0 there is equilibrium, for SI < 0 the system is undersaturated with respect to the
chemical specimen and SI > 0 reflects supersaturation Appelo et al., 2013. PHREEQC deter-
mines the SI of minerals in solution by default and writes it into the output. For examples
if the composition of seawater is given as an initial composition of the aqueous solution
PHREEQC will automatically determine the SI of all the mineral specimen in that solution
without the need of an additional keyword (see tab). The calculation of the SI can be used
during numerical modelling to determine whether a certain mineral, for examples dolomite
or calcite, will precipitate at the current state of the simulation. In this work the saturation in-
dex of dolomite was determined during the simulations with combined ELLE and PHREEQC

for every grid point of the particle-lattice if this node was affected by the percolating fluid.
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In the following the three important PHREEQC keywords used during the simulations are
briefly presented.

MIX

This keyword is used to calculate the composition and hydrogeochemical parameters of the
solution (i.e. pH, temperature and SI) if two or more fluids are mixed. The application of
this keyword is best explained based on an example data block:

Line 1: MIX 1 Mixing solutions 1 and 2

Line 2: 1 0.4

Line 3: 2 0.6

The first line includes the keyword MIX [nmb][description]. The keyword is followed by a
positive number to designate the following mixing parameters and an optional description
of the mixture. In line 2 and 3 the first number identifies the respective solution followed
by the mixing factor. If for instance solution 1 would represent ground water and solution 2
seawater the example data block would generate a mixture formed by 40% groundwater and
60% seawater. The mass of both solutions is multiplied with its mixing factor. That means
if both solutions have a mass of 1kg the resulting mixture will also have a total mass of
1kg. It has to be noted that the calculation of the mixing is only an approximation especially
when it comes to temperature. The mixing is only performed by combining fractions of
the respective initial solutions and reactions which generate heat, as they would occur for
instance if a strong acid is mixed with a strong base, are not taken into account (Parkhurst et
al., 2013). Apart from this limitation the keyword MIX represents a simple and fast solution
for mixing fluids generated by advective transport through a porous medium.

KINETICS

For many hydrogeochemical reactions the first approach to describe the respective system
should be based on the equilibrium concept as many geochemical problems can be satisfac-
torily described by this concept (Appelo et al., 2013). The equilibrium concept is for instance
applied during the determination of equilibrium constants like the one in equation 4.17.
A system is considered to be in equilibrium if no macroscopically change is observable,
meaning it does not change measurably with time. A system is considered to be in an equi-
librium state even if microscopic changes do occur, for instance if the rates of the forward
and reverse reaction are balanced. This can be considered as the definition of the equilibrium
state from a kinetic point of view (White, 2013). However, some reactions that take place
in fluid saturated rocks cannot be described by equilibrium concepts. This might be caused
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by tectonic activity that transports material to regions of elevated temperature and pressure
and as a consequence the material leaves the environment where it was formed and where it
was stable. Another process that causes the equilibrium concept to be inapplicable is related
to unstable organic matter produced by photosynthesis. The decomposition of these organic
compounds will change the redox milieu and will therefore affect the equilibrium state of
redox sensitive elements. In addition to that biological activity like biomineralization may
also strongly affect carbonate equilibrium caused by the production or consumption of CO2

which strongly influences the equilibrium in the carbonic acid-carbonate equilibrium system
(Appelo et al., 2013). Even though none of the above mentioned processes are applicable to
the simulations carried out in this study, a rate law based on reaction kinetics was applied
during the modelling of the interaction of limestone and fluid. This is reasonable considering
that the simulations are based on the discretisation of thin-sections and therefore take place
on a microscale. In addition to that, especially the first time increments of mineral dissolu-
tion are dominated by the kinetics. This is visualized in figure for a dissolution experiment
of halite crystals. In general, reaction kinetics is less understood than equilibrium chemistry.
There exists no unifying theory and different notations are used even for describing the same
problem. A rate law is often determined based on laboratory or field experiments where the
rate data is quantitatively measured. From this data conclusions will be drawn on the general
mechanism of the respective reaction and a rate law can be formulated (Appelo et al., 2013).
A generic rate law of the simple reaction A→ B described the concentration change over
time and has the form:

r =−dcA

dt
(4.23)

The PHREEQC platform includes predefined kinetic reactions in the database. The predefined
mathematical expressions for the reactions are accessible using the RATES keyword. The
respective reaction is called using the KINETICS keyword. It is possible to define specific
reaction parameters that are then applied to the rate expression which is either predefined
in the PHREEQC database or user defined using RATES. The following data block is an
example of how the predefined kinetic reaction for calcite dissolution can be accesses and
which parameters can be defined by the user.

Line 1: KINETICS 1 calcite dissolution

Line 2: CALCITE

Line 3: -m

Line 4: -m0

Line 5: -parms

Line 6: -tol
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Line 7: -steps

Line 8: -step_divide

Line 9: -runge_kutta

The first line calls the KINETICS keyword followed by the number that identifies the re-
spective reaction. An optional description can be added by the user in order to specify the
reaction. In line two the predefined rate reaction, CALICTE is called from the database
phreeqc.dat whereas the calulation of the reaction rate is based on Plummer et al., 1978.
Lines 3 and 4 define the current moles and the initial moles of the reactant, respectively.
The definition of −m0 is especially useful if the reaction is dependent on grain size. The
formulation of such reaction often includes the ratio of initial to currently present moles of
the reactant in the solution. At the beginning of the reaction the initial moles are equal to the
current moles but change during progressing reaction. In line 5 parameters that are used in
the respective rate expression can be defined by the user. Which parameters may be defined
here can be evaluated by accessing the rate expression in phreeqc.dat. The tolerance of the
numerical solution can be defined in using −tol in line 6. The lines 7 to 9 are not used by
the rate expression defined in line 2. These lines affect how the rate expression is solved
numerically. The maximum number of time steps in seconds can be defined in line 7 and the
time increment can be defined in line 8. The keyword runge_kutta in line 9 can be followed
by a number that defines the subintervals of the numerical integration of the reaction rate.
The allowed values are 1,2,3 or 6. A value of 6 defines that a 5th order embedded Runge-
Kutta method is applied during every integration. This would require 6 intermediate rate
evaluations (Parisch, 2013). The Runge-Kutta method is a method of numerically integrat-
ing ordinary differential equation such as kinetic rate laws (see equation 4.23. This method
is applied at the central point of an interval in order to increase the accuracy of the numerical
integration (see Abramowitz et al., 1964).
In the model developed for this study the keyword KINTETICS is used with the predefined
rate expression CALCITE in order to simulate the dissolution of limestone during the infil-
tration of a dolomitizing fluid. The chemical composition and the porosity of the grid point
of the particle-lattice are updated according to the amount of dissolving calcite during every
time step.

REACTION

This keyword can be used to simulate irreversible reactions. By using this keyword it is
possible to add and remove chemical compounds or a specific amount of a mineral phase
from the solution. The application of this keyword is straightforward. An example is given
in the following example data block:
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Fig. 4.5: The realms of kinetics and equilibrium, illustrated in a dissolution experiment with halite.
Until t2 the Na+ concentration displays a logarithmic increase. After the point T2 no macroscopical
changes are observable in the reaction. The reaction rates of dissolution and precipitation cancel
each other out and the reaction is said to be in equilibrium (after( Appelo et al., 2013).

Line 1: REACTION 1 add calcite to solution

Line 2: Calcite 1.0

Line 3: 1.0 moles in 4 steps

In line 1 the keyword REACTION is called followed by the numeric specifier of this reaction
and an optional description. Line 2 defines the phase name and its stoichiometry relative to
other reactants. In line 3 the amount of moles added or remove from the solution is defined
followed by the number of steps used. It is important to note that the reactions specified by
the REACTION keyword are performed regardless of equilibrium, time or reaction kinetics.
Therefore simulations applying this keyword can only be regarded as rough estimations of
the actual reactions.
In this study the keyword REACTION was used to update the composition of the solution

4.3 Analytical Modelling

This type of model is purely mathematical and is based on the solution of an equation of
the respective problem. An analytical model has a closed-form solution, which means that
the alterations of the respective system can be described by an analytical function. The
understanding of the analytical model of zebra dolomite formation in dolostones presented in
this study (see chapter 7) requires the definition of a few physical and mathematical concepts.
These approaches are explained in the following paragraphs.

4.3.1 Cnoidal Waves

The Cnoidal waves represent a special solution of the Korteweg-de-Vries (KdV) equation.
This expression is based on the observation of a Scottish ship designer, engineer and physicist
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John Scot Russel. In 1834 he observed a strange water wave created during the abrupt
stopping of a canal boat. The wave he observed had some very particular characteristics, the
wave was approximately 9 m in height and kept a constant velocity over several km. Russel
was able to perform experiments during which he found more specific characteristic of this
special type of waves, which are termed solitary waves. Such waves have a constant velocity
over a long distance; the velocity of the wave is related to its height and the water depth, in
contrast to ordinary waves, the solitary waves never merge. In 1876 the physicists Valentin
Joseph Boussinesq and Lord Rayleigh were able to derive an analytical expression based
on Russel’s findings. Based on this analytical expression the two Dutch mathematicians
Diederik Johannes Korteweg and Gustav de Vries developed a non-linear third order partial
differential equation that describes the phenomenon of solitary waves in shallow waters. This
equation is well known today in shallow water theory but has hardly been applied to solid
material.
As mentioned before, the Cnoidal waves are a solution of the KdV equation, their name is
derived in terms of the Jacobi elliptic function cn that appears in the solution. Their name is
derived from this Jacobian function that yields a cnoidal waveform instead of for example a
sinusoidal waveform. Similar to the solitary water waves observed by Russel, Cnoidal waves
are non-linear and exactly periodic stationary waves. Such waves were observed in the form
of shock waves during high speed impact studies of the Manhattan project where these waves
were described as plastic volumetric shock waves (Clifton, 1983). Veveakis et al., 2015a
were able to demonstrate that these waves can exist in geomaterials as singularities during
homogeneous volumetric deformation of a rate dependent and initially heterogeneous solid.
The occurrence of volumetric localization that can be mathematically described by Cnoidal
waves is predicted during classical compaction mechanisms and even during the deformation
of plastic materials where the development of localized deformation leads to bands (Lüder
lines) (Veveakis et al., 2015a). It is important to note that the localizations do not neces-
sarily have to develop all at the same time but will rather take place as a function of wave
propagation of elasto-plastic p-waves. Therefore the equidistantly distributed instabilities in
geomaterial as described by Veveakis et al., 2015a can adequately be described by a wave
function with a Cnoidal form.
The development of the Cnoidal waves theory in solids is based on Hill, 1962 who showed
that localization phenomena coincide with instabilities appearing as stationary waves of the
eigenvalue problem defined by the elasto-plastic wave equation (Veveakis et al., 2015a).
For the case of geomaterials the Cnoidal waves theory can be regarded as an extension of
the classical compaction bands theory (McKenzie, 1984; McKenzie, 1985) to a non-linear
rheology (Veveakis et al., 2015b). The general form of the equation developed by Veveakis



Chapter 4. Methods 91

et al., 2015a is:

∂ 2σ

∂ z2 + c∗
∂σ

∂ z
−λσ

′m = 0 (4.24)

This equation includes the normalized stress or pressure (σ ), the space (z), the reference
stress (σ ′) and an exponent (m) which is the rate sensitivity coefficient. The identities c∗ and
λ represent a dimensionless velocity and a dimensionless group (see section 4.3.2) respec-
tively. The localization pattern described by equation 4.24 should be obtained at the limit of
the stationary wave of the material velocity. In this case the second term cancels out (c∗ = 0)
and equation 4.24 can be reduced to:

∂ 2σ

∂ z2 −λσ
′m = 0 (4.25)

This represents the fundamental mechanical approach to describe localization phenomena in
solids by means of Cnoidal waves as introduced by Veveakis et al., 2015a. It is important
to note that the expression allows for internal mass transfer by diffusion and is in fact based
on the Cahn-Hillard equation that describes phase separation and accompanying pattern for-
mation in a two-phase systems (Novick-Cohen, 2008). Equations eqs. (4.24) and (4.25) are
therefore based on diffusion equations for two-phase systems. The complete development
of these equations is given in (Veveakis et al., 2015a). The general solution of equation 4.25
is shown in figure 4.6 in comparison to a sinusoidal function. In this study the formation of
equidistantly spaced layers of enhanced porosity and fluid pressure will be presented as the
fundamental mechanism of zebra dolomite formation (see chapter 7).

Fig. 4.6: Sinusoidal compared to Cnoidal wave

4.3.2 Dimensionless Parameters

In complex systems it is often reasonable to develop so-called dimensionless groups or pa-
rameters. This procedure will reduce the complexity of the mathematical expression and can
also help to determine the critical values in the system. In order to generate a dimensionless
group a set of variables is included in one term of the equation. All units in this term should
cancel out leaving a parameter with no units. A common example of a dimensionless group
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is the Reynold number that can be applied in order to investigate whether flow is laminar or
turbulent. The general expression of the Reynold number is:

Re =
ρvD

µ
(4.26)

The expression contains the density of the fluid (g/cm3), the velocity of the fluid (cm/s),
the diameter of for instance a pipe (cm) and the viscosity of the fluid (g/cms). If these units
are inserted in equation 4.26 regardless of the actual values of the respective parameters this
yields:

Re =
g/cm3 · cm/cm · s

g/cm · s
(4.27)

All the units cancel out leaving a dimensionless number whose value has a profound mean-
ing. For Re < 2100 the flow is laminar and above 2100 the flow is turbulent. In this study
different dimensionless groups were derived for the analytical model in chapter 7. Due to
the vast complexity of the derived expression this was necessary in order to determine the
parameters that lead to the genesis of localization instabilities.

4.3.3 Material Derivative

The material derivative is applied during the development of the analytical model (see chap-
ter 7). This procedure is the time-derivation of a physical quantity in relation to a fixed
material point and is common in continuum mechanics (Parisch, 2013). A derivative usually
describes the rate of change in a system that is subjected to a velocity field. In this work a
velocity is assumed for the fluid and for the solid respectively whereas the velocity of the
solid is given by the deformation rate. The expression of the mixed mass balances obeys
mass balance as well as momentum balance and the material derivative is applied to this
mixed formulation. The material derivative can be regarded as a link between the Eulerian
and the Lagrangian description of a system (in Eulerian descriptions the coordinate system
is fixed whereas the Lagrangian description applies a moving coordinate system). In the case
of the mixed mass balance equation in this work the applied material time derivative has the
form:

D(u)

Dz
=

∂

∂ t
+ v(u)k

∂

∂x
(4.28)

This describes the rate of change of the system with time as a function of the velocity of the
respective phase (solid or fluid) in the direction of k. Note that that equation 4.28 describes
the rate change in a system as a function of the rate change with time and the velocity in
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space in one direction. The application of the material derivative is best illustrated based on
the example of temperature change in a fluid. The material derivative for this problem is:

D
Dt

=~v ·∇T (4.29)

If no time dependence is assumed and the temperature in a fluid with velocity v should be
described in two dimensions, equation 4.29 gives:

D
Dt

= vx
∂T
∂x

+ vy
∂T
∂y

(4.30)

If a law of the temperature evolution in x and y direction is given this can now be easily solved
using equation 4.30 for the whole 2D system. The material derivative can be summarized as
a way to describe the change of a physical quantity, or in the case of the analytical model
in this work a rate, in response to a velocity. In this work the material time derivative was
applied in order to simplify the expression of the mixed mass/momentum balance of the
solid/fluid system.

4.3.4 Equation of State

Another important concept which has to be mention is the equation of state applied during
the development of the analytical model. In general, an equation of state is applied in order
to describe the change in properties of a mixed solid/fluid system in relation to certain pa-
rameters such as temperature and pressure. A common example of an equation of state is the
well-known law for ideal gases:

PV = nRT (4.31)

This equation describes the behaviour of an ideal gas and gives a relationship between vol-
ume, pressure and temperature.
Following this general approach an equation of state was applied on the expression for the
mixed mass balance of the analytical model in this work. The connection between pressure
and volumetric change is considered explicitly in the development of the analytical model by
formulating a mixed mass balance equation. This means that the volume change is directly
linked to the change in pressure via the total elastic and plastic volumetric strain of the
solid. This assumption is based on the concept of the equation of state. This expression
describes the instantaneous elastic response of a material during plastic deformation. The
equation of state in this work relates the densities of the fluid and solid to compressibility
(bi), thermal expansion (λ ), fluid pressure (Pf ) and temperature change (dT ). Note that
in the development of the analytical model isothermal conditions (dT = 0) and therefore
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temperature changes do not have to be considered. The general form of the equation of state
applied is:

ρ(s, f ) = ρ(s, f )
(
Pf ,T

)
(4.32)

with

1
ρ(s, f )

dρ(s, f ) = bidPf −λidT (4.33)

By applying the equation of state it was possible to relate the density changes in the system
to certain physical parameters giving the whole expression a profound meaning.
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Chapter 5

Microstructural Analysis

5.1 Barren Zebra Dolomites from the San Vicente Mine,
Peru

The analysis of nine zebra dolomite samples from the San Vicente mine analysed with the
methods described in 4 are presented in this section. The samples were collected by Kilian,
2005 in the framework of a Diploma thesis at the Johannes Gutenberg-University, Mainz.
The aim of the microstructural analysis, whose results are presented in this chapter, was
the identification of diagnostic structures which provide information on the origin of the
zebra textures. The first step was to investigate representative samples with petrographic mi-
croscopy in order to determine the areas of interest for the subsequent analysis. After a gen-
eral examination of the thin sections (figure 5.1), areas for an analysis using CL-microscopy
were found to exist in the central parts of the light coarse grained layers. This method con-
cludes the preliminary analysis by petrographic microscopy.
The areas identified by optical microscopy were investigated in greater detail at the ISAAC
of the University of Glasgow. Here the uncovered highly polished thin sections which were
coated with carbon in order to enhance conduction were analysed using Scanning Electron
Microscopy (SEM) with attached Energy Dispersive X-ray Spectrometer (EDS) and Electron
Backscattered Diffractometry (EBSD). The results of the petrographic- and the SEM analysis
determined the areas of interest for the Electron Microprobe (EMP) maps. The major or
trace element composition of the dark and light regions of the zebra texture was determined
by applying EMP line measurement followed by high resolution Laser-Ablation-Inductively-
Coupled-Mass-Spectrometry (LA-ICP-MS).
Zebra dolomite samples containing galena and sphalerite were analysed with petrographic
microscopy, CL and SEM in order to determine whether a generic relationship between the
ore emplacement and the zebra structure exists. In this chapter the findings achieved by the
different methods will be presented. This is followed by an interpretation of the results by
means of the zebra texture origin. The interpretation will then form the basis of the numerical
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and the analytical model presented in chapters chapters 6 and 7.

5.1.1 Petrographic Microscopy

The zebra texture in the dolomites from the San Vicente mine exhibit highly variable spac-
ing between the dark and light layers. Also the thickness of the respective bands varies in
outcrops as well as on the scale of a thin section (figure 5.1). The focus of the petrographic
analysis was to quantify the geometry of grain boundaries in the different layers and to in-
spect the margins of the light layers as these structures might contain textural indicators of
the underlying growth mechanism.

Fig. 5.1: Scans of unmineralized zebra dolomites from San Vicente analysed in this study. The
samples exhibit variable spacing between the zebra bands.

Figure 5.2 shows a good general example the zebra texture under plane (a) and cross polar-
ized (b) light. The grain size differs by several orders of magnitude between the dark and
light layers. In addition to that, the fine grained regions comprise of a high density of sec-
ondary material (second mineral phase, organic matter or fluid inclusion) whereas the light
layers seem to completely lack any inclusions. The transition between the dark and light
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bands is rather abrupt and coincides with the occurrence of dark secondary material. The
pressure solution seams (stylolites) which can be seen in the right dark layer in the dark
band in the centre of the image 5.2 were found to be highly abundant in all the samples
and can therefore be regarded as a feature that is frequently occurring in zebra textures in
dolomites. What is unusual in the sample displayed in figure 5.2 is the presence of quartz
rich layers as not all analysed samples comprise of such layers. A closer investigation of the
silicate layer under plane polarized light (figure 5.2a) reveals structures that could represent
initial sedimentary features. In fact sedimentary features can often be found in the dark fine
grained layers in the form of peloids (probably ooid ghosts) (figure D.2). Another striking
microstructural feature of the zebra texture is the geometry of the coarse grains in the light
layers. These grains seem to have grown towards a median line giving the light bands the
appearance of vein like structures. Such a texture can be found in a certain type of tec-
tonic veins the so-called syntaxial veins where the crystals grow from the walls of opening
fractures towards the centre.

Fig. 5.2: a Plane-polarized composite micrograph crossing three zebra layers. A correlation be-
tween dark material and the grain size is clearly visible. In addition to that, stylolites and preserved
sedimentary structures are observable.
b Cross-polarized composite micrograph of the area shown in a. Under cross-polarize light the
elongation of the coarse grained crystals in the ligth layers is clearly observable. In the right part
of the image, fine grained quartz crystals are observable that are distinguishable from the carbonate
by their color. (Location of micrographs in sample (d) is shown in figure D.1)

Figure 5.3 shows a detailed micrograph of a fine grained dark layer which is enclosed by
light coarse grained layers above and below. This image displays ooid-like structures, which
can be frequently observed in the dark layers. A more detailed investigation of the dark
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regions (figure 5.3c) shows that grain boundaries in the dark layers appear very dark. This
is probably caused by the accumulation of secondary material (organic matter or second
mineral phase) in these structures. This can be clearly seen in figure 5.3d. This image was
created by transforming figure 5.3c into a grey scale image and converting this image into bit
planes. The resulting image only displays the highest densities of dark material in the picture.
The situation is similar in figure 5.4. Numerous ooid-like structures can be observed in the
dark bands which display high densities of secondary material. Particularly, in figure 5.4a
and b a ooid-ghost is found inside one of the light virtually inclusion free layers. A closer
magnification of this structure (figure 5.4b) reveals that in the vicinity of the ooid, the grain
boundaries show a higher density of secondary material as it is always observable in the dark
bands. In addition to that, the grains around the ooid-ghost are of a smaller grain size then
they usually are in the light layer.

Fig. 5.3: a Plane-polarized micrograph of a dark zebra dolomite layer and its vicinity. The peloids
that are most likely Ooid-ghosts are visible in the central part of the image.
b Cross-polarized micrograph of the area shown in a
c Plane-polarized micrograph of the dark zebra layer with higher magnification. The grain bound-
aries of the fine grained crystals appear very dark which is cause by the accumulation of impurities.
d Central part of the micrograph shown in c. The image had been converted into bit planes in order
to clarify the actual location of the dark material in the sample. (Location of micrographs in sample
(i) is shown in figure D.1)
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Fig. 5.4: a Plane-polarized micrograph of a light zebra dolomite layer that contains an Ooid-ghost.
The dark layers is this sample contain numerous peloids. These Ooid-ghosts are often intersected
by different grains which indicates the replace origin of the dolomite (Merino et al., 2011).
b Ooid-ghost shown in a under higher magnification. The peloid and its vicinity exhibit a high den-
sity of dark impurities. The grain size in the surrounding of the Ooid-relict is smaller compared to
the rest of the light layer which indicates a correlation between impurities and grain size. (Location
of micrograph in sample (e) is shown in figure D.1)
c Plane-polarized micrograph of the margin of a dark zebra layer. The grain boundaries in this
image appear very dark. The abrupt transition between fine grained, impurity rich regions and the
virtually impurity free areas is clearly visible.
d Bit-plane image of the micrograph shown in c. The distribution of the dark materials is nicely
visualized in this image and it becomes clear that the impurities are preferably lined up on grain
boundaries.

In figure 5.4 c and d the general appearance of the dark zebra layers is shown. The image
5.4 d clearly displays high densities of secondary material on grain boundaries. The image
was obtained applying the same processing as in figure 5.3d. The transition between the
fine and the coarse grained layers is visible in figure 5.4 c and d as well. In this image the
sharp contrast in inclusion densities between the two different layers is clearly visible. The
image D.3 also shows a fine grained dark area in which ooid-like structures are observable.
Also in this micrograph the grain boundaries of the small grains appear very dark. In higher
magnification (figure D.3c and d) the correlation between dark secondary material and the
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size of the dolomite crystals is clearly observable. Surprisingly the core of the grain in the
central part of the image contains a round ooid-like object and the grain boundaries of this
single crystal contain high densities of impurities. In addition to that, considering the ooid-
like core as the centre, the distance of the impurity rich grain boundaries from the centre is
equidistant. Below the grain structure a similar structure is observable however; this one is
located inside a larger grain.
The micrograph D.4 shows large stylolites inside a coarse grained layer and along the margin
of a fine grained layer respectively. In the lower part of the image D.4 a the large stylolite
teeth has grown into the fine grained dark layer. A closer look at the stylolite reveals that
stylolites, which represent pressure solution localizations, have captured opaque material
together with quartz in their teeth (figure D.4 b–e). A general feature of the zebra dolomite
from the San Vicente mine seems to be that the impurity content is inversely proportional to
the grain size, whereas the highest densities of dark secondary material is observable on grain
boundaries. This general correlation between small crystal size and dark grain boundaries
can clearly be seen in figure D.5 which shows the edge of a fine grained zebra layer with
the transition into a coarse grained band. Under higher magnification (figure D.5 c and d)
it can also be observed that large grains which are located at the border between fine and
coarse grained regions exhibit dark, impurity rich grain boundaries where these grains meet
the fine grained layers. The dark appearance of grain boundaries quickly diminishes towards
the coarse grained layers.
In summary, it can be emphasized that a correlation between dark secondary material and
crystal size can be observed in all zebra dolomite samples from the San Vicente mine. Sed-
imentary features, or more precisely structures which resemble these, are preserved in the
dark regions. In addition to that, some samples comprise of a considerable amount of quartz
which is either found in layers or inside stylolite teeth. A particular feature is the median line
which is frequently, even though not always, observable in the coarser grained light bands.
This feature seems to be one of the generic textural features of zebra dolomites and the sub-
sequent analysis will set a focus on this structural element as well as on the dark secondary
material whose densities are found to correlate inversely with grain size.

Cathodoluminescence Microscopy

CL-microscopy provides a way of examining structures which are not visible in classical
petrographic microscopy. The focus of the CL investigation was set on the central part of
the light layers which comprise of the highest porosity. Different samples with a varying
thickness of the respective zebra layers were examined. Figure 5.5 shows the features made
visible with CL-microscopy of three samples with different zebra layer spacing and thick-
ness. Growth zonation is clearly visible in all three micrographs whereas vugs are only
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observable in figure 1.2)a and c. Especially in figure 5.5a the CL pattern clearly resembles
the crystal habitus of dolomite. It can be concluded that the median line in the light ze-
bra layers, independently of the thickness of the respective band, comprises of CL a pattern
which often exhibits zonation

Fig. 5.5: a Location of the CL-image in sample (d) is shown in figure D.1. The CL-pattern visible
along the median line exhibits growth zonations along the upper margin of the luminescent struc-
ture. The crystal shape of dolomite is clearly visible. The lower margin has a more “breccia-like”
appearance. In the central part of the CL-pattern large voids are visible.
b Location of the CL-image in sample (a) is shown in figure D.1. Even in samples with a narrow
spacing between the zebra layers luminescent structures are observable along the median line of
the coarse grained zebra layers. Growth zonation and the crystal shape of dolomite is visible in the
CL-pattern. This CL-pattern does not contain vuggy porosity.
c Location of the CL-image in sample (e) is shown in figure D.1. The CL-pattern along the median
line in this sample does not exhibit a clear zonation but several macropores are observable within
the luminescent structure.

5.1.2 Computer Micro-Tomography

An important parameter of limestone and dolomite is the porosity and the associated per-
meability. In order to get an idea of the porosity distribution within the zebra texture a
representative sample was analysed using µCT. The result of this is displayed in figure 5.6
were the porosity shown in red is superimposed onto a scan of the respective scan. It can
be observed that the highest porosity exists along a line in the central part of the light lay-
ers. This was already observable during the microscopic analysis of some thin section were
macropores were observable in the centre of the coarse grained layer. However, under the
petrographic microscope this was most of the time only observable in samples which com-
prise of coarse grained layers with a thickness of about 1 cm. In contrast to that, the samples
used for the µCT imaging was built up by light zebra band of a much lower thickness. Based
on these findings it can be concluded that the highest porosity can be found along the central
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line of the light layers and this can also be considered a general feature of the zebra texture
in dolostones.

Fig. 5.6: a and b show the results of aµCT of the same sample. The processes data is superimposed
onto a scan of the samples whereas a and b show the front and the back of the samples, respectively.
The highest porosity (red) is lined up along the central part of the light layers.
Measurement parameters: 115kV / 45µA (Cu-filter)
Resolution: ≈ 10µm.
(Image and data processing courtesy Dr. Nicolas Beaudoin)

5.1.3 Scanning Electron Microscopy with attached Energy Dispersive
X-Ray Spectrometry

Scanning electron (SE) microscopy was applied in order to investigate the chemical compo-
sition and the distribution of the dark material in the fine grained zebra layers. Figure 5.7
shows a SE image and two EDS analysis of small crystals located in the dark regions. It
turned out that the dark material is found in the form of small crystals which predominantly
exhibit EDS patterns which can be attributed to apatite (figure 5.7), Fe-oxides, pyrite (fig-
ure 5.8) or compositions which could point toward mica (figure 5.8). However, the small
crystals (further referred to as second-phase particles) are never of carbonate composition
which means that they represent secondary mineral phases. Also visible in figure 5.8 is the
fact that dedolomitization, even though not very pronounced, has occurred in some areas.
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The reaction seems to be related to fractures from which the reaction proceeded into the
rock. This feature is not very common but can be observed in some samples.

Fig. 5.7: EDS-analysis on a zebra dolomite samples. The central micrograph is a SE-image that
shows the location of the measurement point. The second-phase particles (white material in SEM-
image) exhibit compositions of apatite[Ca5(PO4)3(X)](left spectrogram) and Fe−Mg−Al-silica.
The peaks of Ca and Mg in the spectrograms are probably influenced by the surrounding dolomite
as the analyses particles are rather small. Not that the EDS-analysis shown in this image had been
performed on a rock fragment and not on a thin section.
(Iamges courtsey Lisa Gordon)

The distribution of the second-phase particles was determined by investigating the layers
and the adjacent light regions in BSE-mode of the SEM. A good general example of the
distribution of the impurities is shown in figure 5.9. The preliminary petrographic analysis
showed that the grain boundaries in the fine-grained zebra layers appear very dark, not sur-
prisingly the second-phase particles are often found on grain boundaries. But in addition to
the findings achieved by petrographic microscopy, the SEM analysis gave a better idea of
the different grain boundaries shapes on the microscale. The margins of the grains in the
dark regions exhibit a lobate geometry whereas the light regions are built-up by crystals with
more straight boundaries (fig 5.9a). What was also found to be a general microstructural
feature observable in SEM are high second-phase particle densities occurring predominantly
on points where the boundaries of three grains meet (triple junctions).
The SEM analysis can be summarised as follows: EDS analysis of the small crystals in
the dark zebra gives chemical compositions of apatite (often F-apatite), Fe-oxides and EDS
patterns which resemble mica, the distribution of the second-phase particles is non-random
(they occur predominantly on grain boundaries and especially triple junctions often exhibit
high densities) and the grain boundary shape differs between the light and dark zebra layers
with straight crystal shapes observable in the light regions whereas the grains in the dark
layers show a more irregular, lobate geometry.
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Fig. 5.8: EDS-analysis of a samples (g)in figure D.1. The location of the measurement spots is
shown in the BSE-image. Light material is observable around the cracks. The EDS-analysis shows
that this light material is high-Mg calcite that formed due to dedolimitzation (topmost spectrogram).
The light particles exhibit a composition of Pyrite [FeS2] (central spectrogram) and are located
predominantly inside the cracks. The matrix consists of dolomite (lowermost spectrogram).
Measurement parameters for BSE-image: HV 20kV ◦

Fig. 5.9: a BSE-image of a dark zebra dolomite layer (sample (b) in figure D.1. The high densities
of second-phase particles (light material) is observable in the dark layer. The patchy accumulations
of light particles are Ooid-ghosts that are also observable in SEM.
b BSE-image of the area indicated in a. The distribution of the light second-phase is not random
within the dark zebra layer. The impurities are found predominantly on grain boundaries.
c BSE-image of the are indicated in b. This micrograph shows a grain boundary under high magni-
fication. It is clearly visible that the largest second-phase particles are located on grain boundaries
and especially in the triple junctions where three grains meet an accumulation of impurities can be
observed. Measurement parameters: HV 20 kV◦
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5.1.4 Electron Bachscattered Diffractometry

In order to gain additional insights into the microstructure of the Peruvian zebra dolomites,
the orientation of the crystallographic c-axis was determined using EBSD. In figure 5.10
two representative EBSD analyses are shown. Both images display the transitions between
fine and coarse grained layers. The orientation of the c-axis are color-codes so that crystals
with the same orientation appear in the same colour. It becomes obvious that no crystallo-
graphic preferred orientation (CPO) is present neither in the dark nor in the light layers. The
orientation of the crystals seems random in both layers.

Fig. 5.10: a EBSD-analysis of a light zebra dolomite layer at the transition to a dark layer. The
left image shows the location of the EBSD-map. The color coding of the grains in the right image
represent the orientation of the crystallographic c-axis. with same colors indicating the same ori-
entation. No preferred orientation is observable. The location of the EBSD-map in sample (b) is
shown in figure D.1. (analysed points: 652568 with a step size of 1 µm).
b EBSD-map of a complete light layer. The location of the map with respect to the light and dark
layers is shown in the right image. As in the EBSD-map above the color-coding indicates the
orientation of the c-axis. Also in this image no preferred orientation is observable. The location of
the EBSD-map in sample (e) is shown in figure D.1. (Image courtesy Lisa Gordon)
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5.1.5 Electron Microprobe

The previously described microstructural analysis was complemented by chemical analysis
of the microstructures using EMP. During the first step of this analysis line measurements
were performed in order to determine whether chemical contrasts exist between the dark
and light layers. Also the existence of variations inside the light and the dark regions was
investigated using EMP line data acquisition. The raw data of the line measurement can be
found in the appendix H.

Line Measurements

Three line measurements were performed on sample (a) in figure D.1. The first measurement
should investigate whether a contrast in the Ca−Mg ratio exists between the dark and light
regions (figure 5.11). The resulting profile showed no significant variation in Ca, Mg, Fe, Sr

or Mn content. Apart from negative peaks in the Ca and Mg and a positive peak in the Sr
content the overall concentration of the respective chemical compounds can be considered
uniform.

Fig. 5.11: EMP-profile measurement line I(location in sample (a) see figure D.1). No variation
in the concentration of Ca and Mg is observable even though the measurement crossed two zebra
layers. Also the content of Sr, Fe and Mn can be regarded as uniform. The profile measurements
was obtained with 15kV and a spot-size of 25 µm. The raw data of the measurement can be found
in table H.1 (SV1 Line1).

The situation is similar for the profile measurement inside the dark regions (figure 5.12 and
also for the line along the central part of a light layer (figure 5.13). The Ca and the Mg

content is always about 30 wt.% CaO and about 21 wt.% MgO, regardless were the profile
line is located in the sample. In in the FeO content local variations are observable in the
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Fig. 5.12: EMP-profile measurement line III(location in sample (a) see figure D.1). No variation
is observable in the Ca and Mg concentrations and the wt.% are the sample as in figure 5.11. In
contrast to that, variations in Sr, Fe and Mn are present in this profile. However, the only clear
and significant compositional changes are observable in the Fe-content. The line measurement was
located in the central part of a light coarse-grained layer and the change in Fe is locates in the
central part of this zebra layer (median line). The profile measurements was obtained with 15kV
and a spot-size of 25µm. The raw data of the measurement can be found in table H.1 (SV1 Line3).

Fig. 5.13: EMP-profile measurement line (location in sample (d) see figure D.1). Also in this
sample no variation in the Ca and Mg content is observable. The wt.% of these two elements is
the same as in the previous two profiles. The profile-measurement crossed a light zebra dolomite
layer and a clear depletion if Fe concentration is visible whereas Sr and Mn show no significant
variations. Similar to the profile in figure 5.12 the abrupt change in Fe-content correlates with
the median line of the light zebra layer. The profile measurements was obtained with 15kV and a
spot-size of 25µm. The raw data of the measurement can be found in table H.1 (SV4 Line1).

dark regions (figure 5.12) and also in the line measurement (figure 5.13) where the reduced
concentration of Fe and Mn coincides with the location of the central line of the light layer.
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The depletion of FeO in the central part of light zebra layers is also observable in the EMP-
profiles acquired on sample (d) (figure D.1). However, apart from the decrease in FeO the
content of Ca and Mg is similar to all the previously mentioned profile lines with a CaO

content of about 30 wt% and MgO content of about 21 wt.%. This concentration of the
carbonate species was also found to be uniform in a sample (g) (figure D.1). Also in this
sample the only variation was detected in the FeO content. The EMP line measurement can
be summarized as follow: The content of CaO and MgO does not vary in the dark and light
regions and can be regarded uniform even when comparing different samples. Only the FeO

content was found to exhibit a decrease correlating with the median line of the light layers.
Concerning the SrO and the MnO content, no clear variation was detectable by EMP line
measurement.

Map Acquisition

The next step of the EMP analysis was the acquisition of maps along the central part of
the light zebra layers where a variable FeO content had been detected by EMP line mea-
surements. The aim of this was to determine whether a pattern can be made visible which
coincides with the FeO variations. The first EMP map was acquired from a region located at
the boarder of a dark layer whereas the map also included the central part of the adjacent light
zebra layer (sample a in figure D.1). The resulting image was processed using XMapTools
whereas part of the line measurement displayed in figure 5.11 was used for standardization.
The processed EMP map is displayed in figure 5.14. A strong variation in chemical compo-
sition is not observable between the dark and the light regions. However, the higher density
of second-phase particles (Fe-Oxides or apatite) in the dark region, which had already been
observed in SEM, was also detectable with EMP. This is visible in the Fe and P content in
figure 5.14 where small particles can be found in the upper part of the image which represents
part of dark fine grained layer. Also in the EMP maps it becomes obvious that the impurities
are located predominantly on grain boundaries. In addition to this, a structure coinciding
with FeO depletion is observable in the lower part of figure 5.14. This FeO pattern occurs
along the median line of the light zebra dolomite layer.
Another EMP map was obtained along the median line of sample d (figure D.1). The data
was again processes using XMapTools whereas a line measurement which exactly crossed
the mapped area was used as standard. The resulting map (figure 5.15) clearly shows FeO

and MnO zonation around the central part of the light layer. However, the MnO variation
was so small that processing of the data into exact wt.% was not possible. The contrast
in FeO was slightly higher and therefore the data was processed into quantitative oxide
content by XMapTools. In total variations in FeO, MnO and also in the CaO content were
observable in the EMP map. The MnO pattern resembles growth zonation similar to the
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Fig. 5.14: This figure shows the EMP-maps obtained at the margin of a dark and a light zebra
dolomite layer. The map includes half of a zebra dolomite layer and includes part of the median
line. The location of the EMP-map in sample (a) is shown in figure D.1. The micrograph shows
the extend of the EMP-map ins a BSE-image. The image to the left of the micrograph represents
a composite of the BSE-image and the processes map of the Fe-content. Note that in this image
blue represents low values and yellow to red color indicates a high concentration in Fe. The maps
show that a Fe-depletion exists along the median line that structurally resembles the crystal shape
of dolomite. The highest densities of second-phase particles (Fe, Al, P and Si maps) are locates
in the dark layer whereas the light regions are virtually impurity-free. Measurement parameters:
250x250 points with a spot-size of 4 µm obtained at 15 keV). Note that the EMP-data had been
processes with XMapTools (see chapter 4.1.3). The color maps of the respective elements represent
relative intensities. The unprocessed maps are shown in figure E.3.

ones already observed for different samples by CL-microscopy. The FeO pattern exhibits a
structure which could be attributed to growth zonation as well but only in the upper part. The
lower part of the FeO map exhibits a breccia-like structure with Fe-rich fragments. The CaO

variation is relatively small but could be made visible with appropriate colourbar settings.
Figure E.5 shows that the central part of the light zebra dolomite layers is depleted in FeO

and slightly enriched in CaO compared to the surrounding dolomite crystals. The margins
of this FeO-depletion and CaO-enrichment correlate with a MnO pattern which resembles
growth zonation.
A third EMP map was acquired for the central part of light zebra layer of sample g (figure
D.1) around a macropore. This map (figure E.7) did not reveal any zonation or pattern
comparable to previously described ones.
The EMP map measurement revealed a patterning in FeO and MnO content in the central
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Fig. 5.15: The fist micrograph shows the location of the CL-micrograph. If the CL-pattern is
compared to the EMP-maps a clear correlation of the luminescent structures and the FeO and MnO
content is observable. The profile line beside the Fe-map displays the compositional variation in
FeO along a line crossing the image at the right side. The growth zonations that are observable in
the CL-image are clearly cause by variable MnO concentrations. The EMP-data had been processed
using XMapTools (see chapter 4.1.3) whereas a EMP-line measurement crossing the displayed
maps had been used for the (raw data in table H.1, SV4 Line 2). The FeO-content is displayed
as qualitative wt.% whereas the detected variation in MnO was rather small and a conversion in
oxide-wt.% was not possible. Therefore the MnO-content is shown as relative intensities. The
unprocessed maps are shown in figure E.4.

part of the light zebra dolomite layers. This pattern is similar to the ones observable with CL-
microscopy. In addition to that, a slight variation in CaO concentration between the central
part of a light layer and its vicinity had also been detected.
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5.1.6 Laser Ablation Inductively Coupled Plasma Mass Spectroscopy

The chemical composition of selected zebra dolomite samples was determined using LA-
ICP-MS. With this method it is possible to detect even small local variation in trace and REE
concentrations. No variation in Ca and Mg concentrations had been determined with EMP
but trace and REE concentration might show variations as these concentrations are much
more susceptible to changes in environmental conditions such as pH, temperature and redox-
potential. Variations in trace element or REE compositions could therefore yield new insights
into the conditions during the zebra dolomite genesis. In order to obtain high quality data
using LA-ICP-MS it is crucial to apply appropriate standards to ensure that machine drift
and measurement accuracy. For the first preliminary measurements the BIR-1G basalt glass
was available for standardization. To obtain data of the highest quality possible the samples
with a known composition were measured before and after every profile measurement and
the BIR-1G standard glass was measured as well after every profile line. It turned out that
thin sections of 30 µm are too thin in order to determine profile measurements with a high
spatial resolution (spot size 25 µm). The ablated material is hardly enough to ensure accurate
determination of the trace and REE concentrations. Keeping these deficiencies in mind the
obtained data can still be used in order to detect eventual contrasts in chemical compositions.
The raw data of the LA-ICP-MS can be found in the appendix H.
The first two line measurements were acquired along the area of the EMP-map displayed in
figure 5.15 (sample d in figure D.1).
All measurement points are displayed in figure 5.16 in a spidergram of the concentration
(top) and concentration normalized to chondrite (bottom). Every line in this diagram rep-
resents a single measurement and variations along the profile line can already be assessed
based on the minimum and maximum of the concentration of the respective element. Of
high interest are especially peaks which show considerable difference between the lowest
and highest detected concentration. By looking at figure 5.16 variations in the Sr and Ba
concentrations can be recognized whereas the Ca peak is that narrow that a considerable
variation along the profile line can be ruled out. The concentration for Zn, Sr, Ba and Pb

is shown in figure 5.17 in a logarithmic scale (left) and a linear scale (right). A general in-
crease of the concentrations towards the central line of the light dolomite layer can already
be guesses from the left image. The highest variation which can definitely be considered to
be significant is found in the Sr concentration which increases towards the central line. A
second profile measurement was obtained for the same region (figure 5.18.) The data shows
similar variations with the strongest differences in Sr and Ba and no significant variations for
Ca content. The variations in Zn, Ba, Sr, and Pb are displayed in figure 5.19 in the form of
a profile. In this image the trend is not as clear as in figure 5.17 but with a linear scale the
highest variation is again observable for the Sr concentration.
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Fig. 5.16: Cumulative elements contend detected by LA-ICP-MS along profile I in sample (d)
(shown in figure D.1). The elements are ordered corresponding to the atomic number. The upper
spidergram represents the MDL-filtered data and the lower graph shows the concentrations normal-
ized to chondrite. The location of the measurement spots is shown in figure D.8 and the raw data
can be accessed in table tables H.2 and H.3 [Spot-size: 25 µm, standard: BIR-1G, data processes
with GLITTER4.4.4.]

A third LA-ICP-MS profile was acquired along a single elongated crystal in the light zebra
band of sample g (figure D.1). The general pattern of the element concentrations (figure F.6)
is similar to the two previous ones but the variations seem to be less pronounced. The profile
plots shown in figure figs. F.7 to F.9 exhibit no clear trend but the Sr concentration seems to
slightly increase if plotted with a linear scale.
In summary the first three LA-ICP-MS measurements, which should be regarded as prelim-
inary, showed that the general pattern if plotted in a spidergram are similar from the two
different zebra dolomite samples. Significant variations only exist in the Sr concentrations
whereas Ba, Pb and Zn might follow the Sr trend to some extent. The profile measurement
showing the REE are displayed in figures figs. F.2, F.5 and F.9 in the appendix 8.2). Even
though the REE concentrations display similar behaviour within the respective profiles a
clear trend in their concentration cannot be observed.
High quality LA-ICP-MS profiles where obtained for two profiles crossing light and dark
zebra layers of sample b (figure D.1). In contrast to the previously presented measurements
sample g has a thickness of about 100 µm which assured that enough material was ablated
to create an appropriate plasma for mass spectroscopy. In addition to that, the MACS-3 syn-
thetic carbonate was used as a standard. This ensured high quality data with a much smaller
analytical error then for the preceding samples. That the data is of much higher quality can
already be assesses by looking at figure 5.20 which displays a much clearer pattern then the
previous spidergrams. Variations can again be assessed based on the minima and maxima of
respective peaks. A variation in Ca and also in two Mg isotopes Mg25 and Mg26 can now
definitely be ruled out. However, in line with the preliminary analysis significant variations
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can be expected along the profile line for Sr, Ba, Pb and Ti concentrations. These variations
are displayed in figure figs. 5.21 and 5.22. The profile had its first measurement spot in the
dark layer, crosses the complete light layer and ends again in a dark zebra dolomite layer.
Based on the trend in figures figs. 5.21 and 5.22 it can be ascertained that at least in sample
g (figure D.1) the dark regions comprise of higher element concentrations then the light re-
gions. The drop in concentration of the displayed elements is sharp and coincides with the
transition from the dark into the light bands and vice versa.

Fig. 5.17: Profile plot of the Zn,Sr,Ba and Pb concentrations along the profile I in sample (d).
The left image has a logarithmic scale of the concentrations whereas the concentrations in the right
image are plotted in linear scale. In semi-logarithmic plot all the concentrations show an increasing
trend towards the central line of the light zebra layer (distribution of measurement spots is shown
in figure D.8). If the data is plotted in a linear scale, the only clear trend is observable in the Sr
concentration.[Error bars indicate the sigma error of the measurement and the dotted line represents
the data smoothed by a simple moving average filter of span 5]

Fig. 5.18: Cumulative elements contend detected by LA-ICP-MS along profile II in sample (d)
(shown in figure D.1). The elements are ordered corresponding to the atomic number. The upper
spidergram represents the MDL-filtered data and the lower graph shows the concentrations normal-
ized to chondrite. The location of the measurement spots is shown in figure D.8 and the raw data
can be accessed in table tables H.4 and H.5 [Spot-size: 25 µm, standard: BIR-1G, data processes
with GLITTER4.4.4.]

An additional LA-ICP-MS line also began in a dark layer, crossed the adjacent light layer
and ended in the dark region in the lower right of sample g (figure D.1). The latter part of
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Fig. 5.19: Profile plot of the Zn,Sr,Ba and Pb concentrations along the profile I in sample (d).
The left image has a logarithmic scale of the concentrations whereas the concentrations in the
right image are plotted in linear scale. In contrast to the previous profile, no clear variation in the
element content is observable in the semi-logarithmic plot. Only in plot with a linear scale a sight
increase in Sr concentration is observable even though this variation is not as pronounced as in
figure 5.17.[Error bars indicate the sigma error of the measurement and the dotted line represents
the data smoothed by a simple moving average filter of span 5]

Fig. 5.20: Cumulative elements contend detected by LA-ICP-MS along profile I in sample (c)
(shown in figure D.1). The elements are ordered corresponding to the atomic number. The upper
spidergram represents the MDL-filtered data, the central polt displays the mean CPS (background
subtracted) and the lower graph shows the concentrations normalized to chondrite. Based on the
appearance of the spidergram it becomes obvious that the data quality had been significantly in-
creased by analysing a sample with a thickness of ≈100µm and standardization with the synthetic
carbonate MACS-3. The raw data can be accessed in table tables H.8 and H.9 [Spot-size: 25 µm,
standard: MACS-3, data processes with GLITTER 4.4.4.]

the sample appears less dark then the fine grained layers enclosed by the light layers of the
zebra texture and could perhaps be considered to be closer to the initial host-rock, in terms
of texture and composition. The line data of the profile is displayed in figure 5.23 which
shows a similar pattern then the previous spidergram. Significant variations can be expected
for Sr, Ba, Pb, Ti and Zn. By examining the profiles of the respective element concentration
(figure 5.24 and figs. F.12 and F.13) it can be noted that the variations are not as pronounced
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Fig. 5.21: La-ICP-MS line along the profile I in sample (c) (figure D.1). The line-measurement
crossed a light zebra dolomite layer whereas start and end point of the profile was located in a dark
zebra layer, respectively. The concentrations of Ba and Pb show a clear variation with an abrupt
decrease of the content correlating with the margin of the dark band. At the transition from the light
layer to the dark layer the concentrations increase again to a values similar to the first measurement
spots. [Error bars indicate the sigma error of the measurement and the dotted line represents the
data smoothed by a simple moving average filter of span 5]

as for the previous profiles. In addition to that, the data exhibits two concentration peaks
which coincide with the margins of the dark regions. A clear difference between the element
content of the darker compared to the lighter regions was not observable. However, depletion
in overall element concentration inside the light layers had also been observed in the data of
this profile.
In summary it can be noted that the LA-ICP-MS analysis showed that variations in element
concentration exist at least for Sr, Ba, Pb, Zn and Ti between the dark and light parts of the
zebra texture. As already indicated by the EMP analysis, variations in Ca and Mg are not
observable in the zebra dolomites.

5.1.7 Conclusion and Interpretation

The microstructural and chemical analysis of the barren zebra dolomite samples from the
San Vicente mine yield several outcomes which can help to identify the processes which
were active during the formation of the zebra texture. First of all, a clear inverse correlation
between maximum grain size and densities of second-phase particles exists without doubt in
all of the samples analysed in this study. The EDS analysis in the SEM gave composition
of F-Apatite, Fe-oxides and Mica-like compositions for the impurities in question. It was
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Fig. 5.22: La-ICP-MS line along the profile I in sample (c) (figure D.1). Similar to the data sown
in figure 5.21, the concentrations of Sr, Ti and Zn display a significant variation between the dark
and the light zebra layers. [Error bars indicate the sigma error of the measurement and the dotted
line represents the data smoothed by a simple moving average filter of span 5]

Fig. 5.23: Cumulative elements contend detected by LA-ICP-MS along profile II in sample (c)
(shown in figure D.1). The elements are ordered corresponding to the atomic number. The upper
spidergram represents the MDL-filtered data, the central plot displays the mean CPS (background
subtracted) and the lower graph shows the concentrations normalized to chondrite. Also the quality
of this data is much better compared to the first three LA-ICP-MS profiles. The raw data can be
accessed in table tables H.10 and H.11 [Spot-size: 25 µm, standard: MACS-3, data processes with
GLITTER 4.4.4.]

also found that the small crystals are predominantly located on grain boundaries giving ev-
idence of a non-random distribution. This is further backed up by the fact that the second
mineral phases seem to accumulate especially on triple junctions. If it is assumed that the
correlation between impurity densities and final grain size in the texture is a feature which
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Fig. 5.24: La-ICP-MS line along the profile II in sample (c) (figure D.1). The profile line had its
start point in a dark region of the sample that exhibits no zebra texture. The line measurement then
crossed a light zebra layer and ended in a dark zebra layer. Compared to the other profiles shown
in figures figs. 5.21 and 5.22 the trend in concentrations seems not as obvious. If the material that
is crossed by the profile is investigated in greater detail, it turns out that spot 5 was located in light
carbonate material which explains the initial downward trend of the data. Based on this profile-
measurement it can be concluded that the light material exhibits an overall lower concentration and
in addition to that it seems as if the dark layer show a higher element contend compared to dark
carbonate without zebra texture. [Error bars indicate the sigma error of the measurement and the
dotted line represents the data smoothed by a simple moving average filter of span 5]

is caused during the genesis of the structure a process called Zener pinning (see chap 6) can
be assumed to be the fundamental process during the genesis of zebra dolomites. In terms of
the relationship between second-phase material and grain size it is important to note that the
grain boundary geometries differ between the dark and light layers. The crystals in the dark
regions show a more irregular shape than the coarser grains in the light layers which exhibit
straight boundaries. It has further been found that the samples comprise nearly exclusively
of dolomite apart from some silica rich layer which can be regarded as exceptional and not
as a general feature of the structure. Stylolites, which are highly abundant in the samples,
occur inside dark layers, along the margins of these and also in the light regions. The sty-
lolites, which represent pressure solution localization features, indicate that the rock volume
underwent significant compaction. However, as the stylolites show cross-cutting relation-
ships with the zebra layers the stylolites have to be interpreted as later features which were
formed after the zebra texture had already been developed.
Another general feature which has been observed during the analysis of the samples is the
existence of a median line in the central part of the light layers. This structure occurs in
the samples independent of the thickness and spacing of the zebra layers. The median line
was detected in several samples by CL-microscopy in the form of a luminescent structure
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surrounded by otherwise non-luminescent material. This line represents a zone of enhanced
porosity and probably also permeability as indicated by µCT analysis. In addition to that,
the EMP map acquisition has shown that the luminescent structure correlates with variable
Fe and Mn concentrations. The zone around the median line comprises of structures that
resemble growth zonation which was observable in CL as well as in the EMP data. This
could point towards crystals growing into open voids or a hydrothermal alteration process
occurring predominantly along the high porosity zones in the central part of the light zebra
layers.
In terms of chemical composition, it can be emphasized that the zebra dolomites are built up
by dolomite crystals with similar Ca-Mg ratios. No variations between the dolomite crystals
in the dark and light regions were detectable, neither by EMP nor by LA-ICP-MS. This indi-
cates that the whole rock volume had been affected by the same dolomitizing fluid. Whether
this indicates that both dolomite generations (dark and light) have been precipitated from the
same fluid or if the whole rock volume has been overprinted by the latest percolating fluid
cannot be distinguished based on the available data. The variation in trace element concen-
trations between the dark and light regions was detected by LA-ICP-MS. A variation like
this could have been caused for instance by variable growth rates of the respective crystals.
Considering the difference in grain size of several orders of magnitude together with the
fact that the Ca and Mg concentrations show no variations this scenario of different crystals
growth rates affecting the dark and light regions is highly likely. However, trace element
concentrations could also have been caused by infiltrating fluids that would react with ma-
terial comprising of different grain sizes at different rates. The surface of the crystals in
the dark regions is much larger which would probably lead to higher reaction rates in those
regions which could explain enrichment with respect to trace element concentration. Some
LA-ICP-MS profiles exhibit an increase in element concentration towards the median line,
a detailed look at the samples in question reveals that in these specimens a light carbonate
phase exists along the central line of the coarse grained layers. This carbonate phase is tra-
ditionally thought to represent a late-stage void filling feature which is independent of the
previous zebra dolomite formation (Spangenberg et al., 1995a; Spangenberg et al., 1996;
Nielsen et al., 1998; Swennen et al., 2012). The enrichment could therefore be attributed
to this phase which was formed from a solution enriched in the respective elements. The
enrichment detected by the preliminary LA-ICP-MS measurement is therefore interpreted
to represent the variation between the dolomites which initially built-up the zebra texture
and not as a general feature of the zebra dolomite. In contrast to that, the two LA-ICP-MS
profiles which were acquired using the MACS-3 standard are interpreted as being represen-
tative for the initial chemical variation present in the zebra dolomites. It can be noted that
the overall concentration of chemical compounds is higher in the dark compared to the light
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regions (figure 5.25).

Fig. 5.25: Cumulative concentrations normalized to chondrite of LA-ICP-MS profile I (sample (c)
in figure D.1). The elements are ordered according to the ratio of charge and ionic radius (see
Goldschmidt diagram in figure F.14). The strongest variations can be observed in Pb and in general
in the precipitating ions (e.g. Ti). From this figure it can be inferred that the overall element content
in the dark regions (red) is higher compared to the light regions (blue) and that the precipitating
ions exhibit the clearest variations. [Spot-size: 25 µm, standard: MACS-3, data processes with
GLITTER 4.4.4.]

Based on the analytical data obtained for this study I propose a generic model of zebra
dolomite formation which can relate the observed non-randomly distributed second-phase
particles to the large contrast in grain size. This will be the main driving force of the pattern
formation. The concept of Zener pinning (see chapter 6.1) gives this relationship a profound
physical meaning. This mechanism describes the inaction of moving grain boundary with
impurities whereas in the presence of impurities the growth rate is reduced. This process
would lead to two different growth rates for the impurity rich and the impurity-free layers
which in turn could as well explain the variations in chemical composition between the two
regions. The median line inside the light regions is likely a feature caused by fracturing
or more precisely by hydrofracturing. Such a fracturing process could be localized in the
central part of the light layers because of the higher porosity along the median line which
was detected using µCT. The yield strength of crystalline material is inversely proportional
to the grain size (Hall, 1951; Petch, 1953) which could give a relationship between the large
grain size and the existence of fracture-like features exactly in these regions. The process of
Zener pinning could therefore explain the formation of two different grain sizes with different
impurity content and also to some extent the variation in chemical concentration between
dark and light regions. The median line could be formed as a consequence of the increasing
grain size and the breaking strength of carbonated which is inversely proportional to the size
of the crystals. That the whole rock volume underwent significant loading (either tectonic or
sedimentary) is indicated by the presence of numerous stylolites. The exact physical basis
of the previously described processes and how they were simulated in the numerical model
is described in detail in chapter 6.
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5.2 Mineralized Zebra Dolomites from the San Vicente Mine,
Peru

In the area of the San Vicente mine mineralized rock formations which display a texture very
similar to the barren zebra dolomites are common and are termed zebra ores. Examples of
these mineralized rocks are shown in figure 5.26. These samples had also been collected
by Kilian, 2005. Two generic types of mineralized zebra dolomites can be distinguished.
The samples a and b in figure 5.26 display mineralization consisting predominantly of galena
with minor amounts of sphalerite. In the two thin sections the ore minerals are found along
the central part of light zebra layers.

Fig. 5.26: Scans of mineralized zebra dolomites from the San Vicente mine analysed for this study.
The two left scans comprise of zebra dolomites that contain galena and minor amounts of sphalerite
predominantly along the central part of coarse grained zebra layer. The two right scans show zebra
ores in which the initial zebra texture is replaced by sphalerite. Note the fracture-like structure in
the right samples that is filled with late-stage carbonate. The yellow and red areas in the scans
represent the locations of the micrographs.

The other type of zebra ore comprised nearly exclusively of sphalerite whereas these miner-
alized rocks exhibit a microstructure comparable to the barren zebra dolomites (figure D.1 c
and d).
In this section the analytics results obtained from the two types of zebra ore found at the
San Vicente mine will be briefly presented. The samples were investigated solely with
petrographic- and CL-microscopy. The main focus of this study was set on the genesis
of zebra dolomites and therefore this part of the work should be regarded as a parenthesis
with the aim to complete the description of the zebra dolomites from the San Vicente mine.
Eventual connections between the initial microstructure of the zebra dolomite and the ore
emplacement will be the principal interest.
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5.2.1 Petrographic Microscopy

Figure 5.27 shows the area marked in yellow in figure D.1b. The galena precipitation is
clearly located along the median line of the light coarse grained layer. Some small crystals
of sphalerite are visible at the edges of the black galena. The margins of the mineralized zone
are sharp and mimic in some parts the crystal habitus of dolomite. The galena mineralization
expands from the main layer of ore emplacements towards the fine grained zebra layers the
left and right hand side in image 5.27. Especially in the central part of the micrograph this is
observable. The pathways for the percolating mineralizing fluid seems to have been provided
by grain boundaries as the mineralizing fingers expanding from the main mineralization
coincide with the locations of grain margins.

Fig. 5.27: a Composite micrograph obtained in plane-polarized light. The image shows coarse
grained zebra layer with galena (black) and minor spahlerite (green) mineralization along the me-
dian line of the layer. Note that the mineralization spread along grain boundaries of the coarse
grains.
b Same area of the thin section shown in a under cross-polarized light. In the vicinity of the
mineralization, the dolomite crystals exhibit textures typical for saddle-dolomite.

Apart from these structures fractures also seem to have been favoured by the infiltrating ore-
forming fluid as the fractures exhibit mineralization in otherwise barren-like areas of the thin
section (upper left-hand side of image 5.27). The investigation of the same area of the thin
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section in cross-polarized light (figure 5.27b) reveals that some dolomite crystals around the
galena body exhibit pronounced twinning. Only larger crystals in the light zebra layer show
these structural features whereas the smaller crystals in the dark zebra layers lack crystals
displaying twinning.
Both thin sections (figure D.1 a and b) show the same general features. The mineralization
which predominantly consists of black galena accompanied by small amounts of green spha-
lerite occurs along the central part of the light zebra dolomite layers. The ore patches display
straight boundaries with the host dolomite whereas the progression of the mineralization is
always bound to grain boundaries.
The other two thin sections shown in figure D.1 c and d are built up nearly exclusively by
sphalerite whereas the microstructural appearance resembles the zebra texture in the bar-
ren dolomites. The darker layers in the mineralized samples contain sphalerite grains of
a much smaller grain size then in the lighter bands. In addition to that, carbonate crystals
are abundant in the finer dark grained regions whereas the layers consisting of coarse grained
sphalerite do not contain a comparable amount of carbonate grains. However, the central part
of coarse grained layers exhibits a fracture-like structure which is filled with carbonates (fig-
ure 5.28). Especially when examining the margins of these carbonate-filled areas the fracture
or breccia like appearance becomes obvious. The upper carbonate layer in figure 5.26 d is a
good example of this.

Fig. 5.28: Composite micrograph of zebra ore layers under plane polarized light. The zebra texture
had been completely replaced by spahlerite that now resemble the initial zebra dolomite texture
with alternating coarse and fine grained layers. The fine grained layers still comprise of small
dolomite crystals a late-stage carbonate phase precipitated in the central part of the coarse grained
layers. Location of micrograph in sample (c) is shown in figure 5.26.

A closer investigation of one of the carbonate filled layers in sample c (figure 5.26) reveals
that in this sample a reaction rim is observable at the transition between the sphalerite and
the void-filling carbonate phase (figure D.6 c and d).
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Cathodoluminescence Microscopy

The difference between sphalerite and galena is sometimes difficult to observe in classical
petrographic microscopy. Cathodoluminescence microscopy (CL) represents a method to
overcome this issue. This can be observed by investigating figure 5.29. The micrograph
shows the right edge of the lower left mineralized region in figure 5.26 b. Whereas the
difference between the green sphalerite crystals and the black galena can be observed in the
scan (figure 5.26b) this difference nearly vanishes in the optical microscope (figure 5.29a).
In order to investigate microstructural features of the sphalerite crystals the sample had been
analysed using CL microscopy. The resulting image is shown in figure 5.29b where the
sphalerite crystals at the edge of the galena mineralization appear in bright yellow colour.

Fig. 5.29: The composite micrograph obtained under cross-polarized light shows the location of
the CL-micrograph (lower right). The mineralization occurs in the central part of the coarse grained
zebra layer and spreads along grain boundaries of the large dolomite crystals. In the CL-image the
sphalerite appears in light yellow whereas galena is still of black color. This figure clarifies that the
galena emplacement was accompanied by the precipitation of minor amounts of sphaleite. From
the micrograph it can also be inferred that the mineralization spread from the central line of the
light zebra layer and then successive replaced the carbonates, probably by a process of dissolution-
precipitation.
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The transition between the two ore minerals is sharp and the internal structures in the spha-
lerite such as fractures and zonation are clearly visible in CL. The transition to host-dolomite
(red) is also sharp but is in some parts more fuzzy compared to the boundary with the galena.

5.2.2 Interpretation

The investigation of the zebra ores (figure 5.26c and d) reveals that the microstructural ap-
pearance of these samples is quite similar to the barren zebra dolomite. In the barren the
darker layers also comprise of smaller crystals than the lighter ones. Dark material together
with carbonate grains represent secondary mineral phases in the darker fine grained spha-
lerite layers. If it is assumed that the sphalerite zebra ores are a result of replacement of
the initially barren zebra dolomites the fracture-like feature in the central part of the coarser
grained sphalerite band can be correlated with the median line in the barren samples. The
fracturing could then be a result of the infiltration of a reactive fluid under high fluid-pressure
whose percolation was focused along the high porosity zone in the central part of the coarse
grained band. The carbonate layer would then represent a feature which post-dates the ore-
emplacement or would have formed at least simultaneously with the mineralization. Reac-
tion rims at the transition between the carbonate and the sphalerite are visible in figure D.6.
An investigation of these features in higher magnification (figure D.6 c and ) shows that the
reaction front seems to have proceeded into the carbonate (fingering along the front into the
carbonate phase). This observation suggests that an aggressive (low pH) mineralizing fluid
was present which successively replaced the carbonate by sphalerite. Such features are not
observable in sample c (figure 5.26). It is possible that the carbonate precipitation occurred
after one pulse of sphalerite precipitation which was then followed by additional sphalerite
formation whereas this did not occur in all locations. What can be emphasised is that the
zebra textures of the dolostones to some extend dictates where ores precipitate (median line)
and is also the main reason for the zebra like appearance of the banded sphalerite ores.
The general ore-forming sequence at San Vicente can be interfered from figure 5.29. The
small sphalerite crystals ore found at the tips or margins of galena mineralization which
occurred along the medina line of light zebra layers. The sphalerite probably represents
the first ore emplacement pulse which was followed by another ore formation event which
precipitated galena. This is thought to be the general succession at San Vicente Fontboté
et al., 1982.
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5.3 Zebra Dolomites from the Falkenberg Tunnel, Germany

The zebra dolomites found in the Falkenberg tunnel at Heigenbrücken in Germany (figure 2.9
appear to be macroscopically similar to the samples from the San Vicente mine. Also in these
samples dark and light layers occur in a rhythmic succession. In thin section the dark bands
also seem to comprise of numerous impurities (figure 5.30) which had been found to be
one general feature of the Peruvian zebra dolomites. The samples b and c are astonishingly
similar to the appearance of zebra dolomites from Peru. In contrast to that the samples a, d
and e already show a slightly different textural appearance.

Fig. 5.30: Scans of the thin section analysed in this study. The hand specimen of zebra dolomite
from the Falkenberg tunnel are very similar to the samples from the San Vicente mine. However,
the appearance of the samples in thin section is quite different. The samples (b) and (c) exhibit
similarities but the other thin section already give an idea of the strong hydrothermal alteration that
affected the zebra dolomites from the Falkenberg tunnel.

The results of analysis of the samples shown in figure 5.30 will be presented in this section.
The particular focus of the analysis was to find out whether microstructural features exist in
the Falkenberg samples which are similar or even identical to the microstructural appearances
of the San Vicente samples.

5.3.1 Petrographic Microscopy

The petrographic analysis of the samples from the Falkenberg tunnel asserted numerous
microstructural differences compared to the samples from the San Vicente mine. In the
optical microscope it is in fact hard to distinguish the light from the dark region as the whole
rock contains numerous inclusions. In general there is a high density of impurities in the
samples but a closer look at the dark regions in the scanned thin sections reveals that also
in the Falkenberg samples the grain boundaries of the dark zebra layers appear darker than
their surroundings. This can be regarded as a first similarity between the samples.
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During the petrographic analysis it turned out that the light zebra layers are hard to detect but
can still be distinguished from the dark regions based on the overall impurity content (fig-
ure 5.31). The left and the lower right part of the composite micrograph shown in figure 5.31
exhibit numerous inclusions. These areas of high impurity densities also comprise of a finer
grain size compared to the central part of the micrograph. In the centre of the lighter layer
a layer of calcite cement is observable which is circumscribed by coarser crystals exhibit-
ing dolomite shape. The shape of the dolomite crystals is only observable at the margin to
carbonate cement whereas the grain boundaries on the other side have fuzzy shapes.

Fig. 5.31: Composite plane-polarized micrograph crossing a light zebra layer in sample (d) (fig-
ure 5.30). The contrast in impurity densities is not as pronounced as in the samples from the San
Vicente mine but the differences in grain size are still observable to some extend. The central part
of the initial light zebra dolomite layers comprises of void-filling carbonate cement. At the margins
of the cement-phase the crystal shape of dolomite is observable. The yellow lines indicate the mar-
gins of the initial fine- and coarse-grained zebra layers. Note that the sample had been subjected to
pronounced hydrothermal alterations that overprinted to initial texture.

The microstructural appearance is similar for the composite micrograph of sample e (fig-
ure 5.30) which is displayed in figure 5.32. The impurity density decreases towards the
carbonate cement and the crystal shape of dolomite is observable only at the contact to the
cement. However, in the left part of the micrograph a stalky barite crystal is visible in the
fine grained region. Larger barite crystals can be observed in figure 5.33 whereas the crys-
tals in this section clearly overprint the layer of carbonate cement in the central part of the
micrograph.
It can be noted that the zebra dolomite samples found in the Falkenberg tunnel have been
affected by extensive hydrothermal alterations which are reflected by the carbonate cements
as well as by the barite emplacements observable in all the samples. Furthermore, the rocks
had been subjected to pronounced mechanical deformation which is indicated on one hand
by the occurrence of numerous fractures and on the other hand by the undulose extinction
and highly abundant twinning of the crystals.
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Fig. 5.32: Composite plane-polarized micrograph crossing a zebra dolomite layer in sample (e)
(figure 5.30). The varying impurity densities are a bit clearer compared to figure 5.31. The fine
grained layers appear much darker compared to the surroundings of the carbonate cement. Also in
this sample the crystal shape of dolomite is clearly visible. A stalky barite crystal is observable in
the right part of the micrograph which indicates that the hydrothermal fluid that altered the texture
also precipitated barite.

Fig. 5.33: In the central part of this composite micrograph obtained under plane-polarized light a
barite rose is observable. The barite overprints the light carbonate cements which indicates that the
barite formation took place after the emplacement of the cement.

5.3.2 Computer Micro-Tomography

Whether an accumulation of secondary mineral phases in the dark regions exists also in the
samples from the Falkenberg tunnel and if this feature is still observable even after the hy-
drothermal overprinting of the samples was examined using µCT. In contrast to the tomog-
raphy conducted for the sample from the San Vicente mine (figure 5.6) the µCT-analysis
focused on the detection of secondary mineral phases and not on the porosity distribution.
In figure 5.34 a scan of the analyses sample superimposed by the processes microtomograph-
ical data (figure 5.34b) is shown. Materials of a different density than carbonate are shown
in black. The highest density of secondary material clearly correlates with the location of the
dark layers. Based on the EDS analysis which was subsequently performed on samples from
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Fig. 5.34: µCT analysis of a zebra dolomite sample from the Falknenberg tunnel. Mineral phases
of a density that differs carbonate are shown in blue. The impurities clearly line up in the dark
layers. The secondary phases detected with µCT are probably Fe-oxides, quartz and barite but
their exact composition had not been determined.
Measurement parameters: 115kV / 45µA (Cu-filter)
Resolution: ≈ 10µm.
(Image and data processing courtesy Dr. Nicolas Beaudoin)

the Falkenberg tunnel, the secondary mineral phases found in the dark layers are probably
barite, quartz and different oxides. Note that the exact composition of the phases shown in
figure 5.34 were not tested and the description in the figure represents an assumption.

5.3.3 Scanning Electron Microscopy with attached Energy Dispersive
X-Ray Spectrometry

Due to strong hydrothermal alterations of the zebra dolomite samples from the Falkenberg
tunnel the appropriate method for microstructural analysis is SEM. With this method the
nature of alteration and possible artefacts of the initial zebra texture might be detectable.
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Figure 5.35 displays a micrograph of a dark region (a) and a light region (b) of sample b
(figure 5.30). A high density of second mineral phases in an otherwise calcitic matrix are
observable in figure 5.35a. In the lower right of the image dolomite artefacts are visible that
are identifiable by the light reaction rims surrounding these crystals. Apart from these crys-
tals which represent artefacts of the initial host dolomite, quartz (black) and barite grains are
observable. Especially the quartz grains exhibit nearly idiomorphic shapes if cut perpendic-
ular to their c-axis. The hexagonal shape of these crystals is clearly visible in the smaller
grains below the two labelled quartz crystals which had been cut parallel to their crystallo-
graphic c-axis. In contrast the barite crystal comprise of rather irregular crystal boundaries
even though the stalky shape is still observable in the labels barite crystal.

Fig. 5.35: a BSE-micrograph of a dark areas in sample (b) (figure 5.30). The dark regions clearly
comprise of a high density of second-phase material. Predominately the EDS-analysis indicated
quartz and barite among other minerals. In the lower part of the image, the dark grains had a
composition of dolomite and the grey matrix had a composition of Fe-Mn-calcite. Based on the
color it is difficult to clearly attribute a certain impurity to a mineral phase.
b BSE-micrograph of a light region in sample (b) (figure 5.30). Compared to the dark layers the
light area has a much lower density of impurities. The overall size of the impurities is also much
smaller than compared to the dark regions. Note that a lot of the black material in this image
actually represent porosity and not a second mineral phase.

If image 5.35a is compared to figure 5.35b it becomes obvious that there is less second-phase
material present in the light regions. And even if present the crystals comprise of a much
smaller grain size then in the dark regions. Note that most of the dark areas in figure 5.35b
actually represent porosity and not quartz crystals.
Apart from the quartz and barite crystals, a more exotic mineral had been detected by EDS
in the dark regions. The analysis of the secondary mineral grains in figure 5.36 gave a
composition that may resemble cobaltite ((Co,Fe,Ni)AsS)) for the small light crystal. This
mineral crystalizes an orthorhombic crystal systems and the grain in figure 5.36 displays an
idiomorphic shape. Apart from this ore-mineral, quartz and a crystal with a composition of
K-feldspar or mica was detectable in the sample. To be more precise the composition of the
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crystal could points toward microcline (KAlSi3O8) which is the low-temperature modifica-
tion of orthoclase.

Fig. 5.36: BSE-image showing the measurements point fro the EDS-analysis displayed below the
micrograph. The matrix is build up by Fe-Mn-calcite indicating an extensive dedolimitsation that
has affected the sample. The small impurities that were analysed with EDS had compositions of
cobaltit(1), quartz (2) and a mineral phase that could represent altered mica or even microcline (3).
Measurement parameters: HV 20 kV

The analysis of the secondary mineral grains in sample a (figure 5.30) revealed no consider-
able differences in the compositions of the those minerals. An example of an analysis of this
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sample is shown in figure 5.37. The most common crystals embedded in the carbonate are
barite and quartz.

Fig. 5.37: The BSE-micrograph (HV: 20 kV) shows the locations of EDS-measurements. The
analysis was performed in the centre of a dark zebra layer of sample (a) (figure 5.30). The EDS-
analysis gave compositions of barite (1), quartz (2) and Fe-Mn-calcite with minor amounts of Mg
for the matrix (3).

After confirming the findings achieved by µCT, that the dark regions comprise of higher
second-phase densities, the focus of the subsequent analysis was set on the chemical com-
position of the samples. These analyses aimed at a better understanding of the hydrothermal
alteration which affected the samples in greater detail. The samples a and e in figure 5.30
seem to have been extensively affected by the hydrothermal alteration. Therefore EDS line
measurements were performed on sample a. The result of one of these line measurements is
shown in figure 5.38. The profile line begins in the impurity rich dark region which without
doubt still consists of the initial dolomite along the margins of the carbonate cement layers.
The Ca and Mg content reflect this clearly. Mg is still present in the dark areas whereas
the concentration clearly ceases below the detection limit in the central part of the profile.
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The Fe and Mn contents clearly follow this trend (lower profile line). The variations can be
observed in more detail if a logarithmic scale for the concentration is chosen for Mg−Ca

and Mn−Fe respectively. In order to quantify the contrast in Mg and Ca concentration
and gain additional insights in the character of hydrothermal alteration a dolomite artefact
at the margin of the carbonate cement was analysed. The analysis was conducted as point
measurements beginning in the dolomite crystal. The resulting spectrograms are shown in
figure 5.39. A clear trend can be observed from high-Mg-calcite, over a Mg-depleted car-
bonate phase towards virtually Mg free calcite in the fracture-like layer. In the micrograph
the reaction rim that surrounds the initial dolomite crystal is clearly visible.
The analysis of sample c in figure 5.30 proofs that the zebra dolomite samples had been
altered by extensive dedolomitization and fracturing. Compared to the previously analysed
samples this specimen is less dedolomitized. The EDS line data reveals a similar trend as
previously observed for sample a (figure 5.30). The fracture-like carbonate layer in the centre
of the initial light zebra dolomite layers consists of nearly pure calcite and the crystal shape
of dolomite is still observable along the margins of the carbonate cement. In contrast to the
previous samples the initial host dolomite is still present. However, the dolomite had been
extensively fractured and hydrothermal carbonated filled these fractures. The result of the
EDS analysis on sample c (figure 5.30 is shown in figure 5.40. The variations between the
host-rock and the void filling carbonates are much more pronounced than in figure 5.39 but
there is a clear correlation between Ca−Mg and Fe−Mn composition. However, not all
void-filling carbonates display an increased Fe−Mn content. A closer investigation shows
why not all of the calcitic crystals show this correlation. At least two different void filling
cements can be identified by EDS, one Fe−Mn-rich and one which is virtually free of Fe

and Mn. In the BSE image these two calcite phases can be distinguished based on their
respective colour. The Fe−Mn rich phase appears lighter than the Fe−Mn free phase.
In figure 5.42 a greyscale BSE map (overlaid image in figure 5.42a) processed into a colour
map indicating the different mineral phases present in the sample (figure 5.30 b). As the BSE
greyscale indicated different materials based on their respective conductivity the transforma-
tion of the data was straight forward. What can be clearly seen in the map is that the margins
of all the calcite cement layers (grey) still comprise of idiomorphic dolomite relicts (red).
What can also clearly be inferred from the map is that the samples had been extensively
dedolomitized. Apart from a dolomite rim around the calcite cements, the whole sample
comprises of calcite (grey). Other non-carbonate minerals are found in the form of quartz
(blue) and barite (white) predominantly at a certain distance to the calcite cement layers. The
overall porosity (black) is low in the sample. Figure 5.42 c is a micrograph of the sample
area shown in the map taken under crossed-polarized light. The carbonate cement bands are
clearly distinguishable in this image and the internal structure displays pronounced twinning
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Fig. 5.38: The BSE-micrograph (HV: 20 kV) shows the location of the profile as well as the
measurement direction. The starting point of the profile is located in a dark areas then crosses
the central part of a light layer and ends in a dark region again. The Ca and Mg variations are
already observable if plotted with a linear scale of the concentration (top-most profile). However, if
a logarithmic scale is applied a depletion in Mg-concentration becomes even clearer visible that
correlates with the location of the carbonate cement (second profile from top). This indicates
that the carbonate cement consists of pure calcite. Several dark fragments were crossed by the
profile line which is indicated by numerous peaks of Mg concentration. These fragments represent
the initial dolomite whereas the high-Mg calcite is probably the result of dedolimitization. The
depletion in ca and increase in Mg always correlates with increased amounts of Fe and Mn (two
lower profiles).
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Fig. 5.39: The left image on top shows the location of the BSE-micrograph (sample (a) in fig-
ure 5.30) The respective measurement-spots are shown in the BSE-image. A clear decrease in Mg
with an companying in Cs, Fe and Mn concentrations can be observed from the measurement point
1–4. This ly shows that the dedolomitization proceeded from the carbonate cement (4) into the
dolomite crystal (1). (BSE-image obtained with 20kV)

and undulose extinction.

5.3.4 Interpretation and Conclusion

Already the preliminary petrographic analysis of the Falkenberg samples revealed consider-
able differences compared to the Peruvian zebra dolomites. The rocks seem to have been
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Fig. 5.40: The left BSE-micrograph shown the central part of a light zebra layer in sample (c)
(figure 5.30). The central part of this light zebra layer is filled with carbonate cement. The BSE-
image to the left displays the location of the BSE-profile in the sample. The profile started in the
carbonate cements and proceeded into the dedolomized rock while crossing several carbonate filled
fractures. The sample (c) in figure 5.30 still exhibits a clear zebra texture and in addition to that
this sample seems to be less affected by dedolomitization compared to the samples (a),(b) and (e).
The EDS-measurement clearly shows that the light material is calcite with only minor amounts of
Mg (upper two profiles). Only some parts of the carbonate filled regions exhibit an increase in
Fe and Mn content (lower two profiles). Based on the color of the light material two phases can
be distinguished within this carbonate. A light grey one and a bright white one that is rich in Fe
and Mn. The small rectangle in the left ogf the two upper micrographs indicate the location of the
BSE-image shown in figure 5.41.

affected by much more distinctive deformation and hydrothermal alteration. The extensive
deformation is indicated by pronounced and curved twinning lamellae in the crystals, as well
as by undulose extinction in cross polarized light. Even though these features were also ob-
servable in some of the samples from San Vicente, they are much more distinctive in the
German zebra dolomites. In addition to that, stylolites are observable in the dolomite from
the Falkenberg tunnel (see for example the lower part of sample e in figure 5.30). Whether
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Fig. 5.41: BSE-micrograph of the area indicated by the black rectangle in the second image of
figure 5.40. Already based on the color two carbonate phases can be distinguished in the void-
filling and dedolomitiozing carbonate phase. Based on the EDS-spectra in can be concluded that
one of these carbonate is rich in Fe-Mn and also comprises of a considerable amount of Mg (1).
The other light grey phase represents pure calcite.

Fig. 5.42: a Scan of sample (a) (figure 5.30 overlaid by an BSE-map of several zebra layers.
b BSE-map processes into a compositional map. The color coding had been performed in AVIZO
based on the grey-scale values. At least five different major phases had been distinguished based
on the previous EDS analysis. It can be clearly seen that that the central part of the light layers had
been completely dedolomitized or filled by calcite (grey) whereas at the margin to this carbonate
phase dolomite is preserved (red). Apart from the carbonate phase quartz (blue), barite (white) and
the porosity (black) can be distinguished int the map.
c Composite cross-polarized micrograph of the same area shown in b.
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the extensive deformation was only a result of compaction, which is unequivocally indi-
cated by the stylolites, or if additional deformation phases have overprinted the samples as
well cannot be ascertained. That apart from the mechanical deformation hydrothermal alter-
ations also occurred is proven by the abundant barite crystals which can be found in the finer
grained regions as well as in the calcite cement. The calcite cement is clearly overprinted by
the barite (figure 5.33) which indicates that the barite emplacement was one of the last events
affecting the microstructure of the samples. A this point it can be noted that the samples are
highly overprinted by deformation on the one hand and by hydrothermal alteration on the
other hand which makes it difficult to clearly distinguish the light from the dark zebra layers
in thin section. Aggravating this situation the impurity densities in the dolomites from the
Falkenberg tunnel are in general much higher than in the Peruvian dolomites. This further
complicates the differentiation between dark and light regions in thin section. However, un-
der the microscope the grain boundaries of crystals which are located in the macroscopically
visible dark zebra layers appear darker than their surrounding giving already one similarity
to the San Vicente samples. That in fact the dark layers in the German zebra dolomites com-
prise of higher second-phase material was successfully proven by µCT analysis (figure 5.34).
Therefore the high density of second-phase material and the accumulation of this matter on
grain boundaries can be considered as a general feature of zebra dolomites. In addition to
this, the layer of calcite cement which is present in the central part of all light layers from
the Falkenberg tunnel could represent the median line which, in contrast to the Peruvian ze-
bra dolomites, has been the origin of hydrothermal alteration that extensively changed the
microstructural appearance of the samples. In fact the microstructure of the calcite cement
layers can be compared to the calcite layers observable in the mineralized zebra dolomites
(figure 5.26c and d) as well as to the galena layers in samples a and b of figure 5.26. In
this scenario a median line existed in the Falkenberg zebra dolomites prior to the infiltration
of the calcite-precipitating hydrothermal fluid. The median line in the San Vicente samples
comprised of an enhanced permeability due to the high porosity in this zone. Therefore it
is conceivable that this zone was the origin of the hydrothermal alteration in the Falkenberg
samples. Considering such a scenario this would explain why the distinction between the
light and dark dolomite layers in the German samples is so challenging. As indicated by the
galena, percolation in the mineralized Peruvian samples focused along the grain boundaries
of the coarse grained dolomites that provide additional fluid pathways. A reaction such as
dedolomitization would therefore quickly progress from the light zebra layers into the rest
of the rock volume leading to a complete overprinting of the initial texture. That the shape
of the dolomite crystals is still observable and that dolomite relicts are found predominantly
in the direct vicinity of the calcite cement layers could be explained by the difference in
surface areas of the fine and coarse grained zebra dolomite layers. Small crystals provide
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much higher cumulative surface areas which in turn could lead to a higher susceptibility for
a reaction such as dedolomitization.

Fig. 5.43: Paragenetic sequence of the Bieber Co-Ni-Bi mineralisation, as determined through
textural observations. The vertical lines indicate brecciation events. (from Wagner et al., 2010).
At least part of this sequence might also be applicable to the zebra dolomites from the Falkenberg
tunnel.

That the location of calcite cement was linked to the dedolomitizing reaction is ascertained
by the EDS analysis shown in figure 5.39. The EDS spectra display a gradual decrease in Mg

concentration towards the calcite cement. The SEM analysis also revealed that a pronounced
fracture network is present in the German zebra dolomites (figure 5.40). A closer investi-
gation of the fracture fillings showed that two different carbonate phases built up the void
filling material. One is a Fe- and Mn-rich high-Mg dolomite and the other one is nearly pure
calcite. This could indicate the infiltration of at least two different carbonate precipitating
fluids. Based on the microstructural analysis it can be emphasized that compaction (stylo-
lites), fracturing, multiphase carbonate precipitation and dedolomitization altered the texture
of the Falkenberg zebra dolomites. The deformation and hydrothermal alteration was con-
cluded by barite emplacement. That the latter represents one of the last events which affected
the rocks can be ascertained based on the overprinting observed in figure 5.33. Concerning
the temporal succession of the other events there are no clear markers which would allow as-
sessing the complete history of the rocks. Concluding the microstructural interpretation the
secondary mineral phases which were found in the dark regions of the zebra dolomites have
to be discussed. The secondary material is predominantly quartz and barite. The origin of the
latter had just been pointed as being a hydrothermal product. The source of the quartz can
be considered to be more dubious. Even though the barite veins which are abundant in the
area are also quartz bearing (see section 2) the idiomorphic shape of the crystals (figure 5.35)
brings up doubt of such an origin. If this finding is combined with the detection of microcline
by EDS (figure 5.36) the source of the mineral could be located in the crystalline basement
to the E of the Falkenberg tunnel. Especially the microcline points towards the basement
formation as a source of the secondary mineral phases. Microcline had been described in
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various places including the Kyffhäuser in eastern Germany. Okrusch, 1995 pointed out that
there are similarities in the mineral assemblage between this location and the Elterhof for-
mation of the Spessart crystalline. It is therefore likely that the diorite or the pegmatites of
the crystalline represent the source of the quartz and the microcline. It is conceivable that
the small quartz and K-feldspar (or mica) crystals, whose source is probably found in one of
the adjacent crystalline formations, played a role during the genesis of the Falkenberg zebra
dolomites which is comparable to the role of Fe-oxides, apatite and organic matter in the
Peruvian zebra dolomites.
Another suspicious mineral phase which had been detected by EDS is the cobaltite (fig-
ure 5.36). If a correlation between ore deposits in the region and the occurrence of the
zebra dolomites should be established this mineral phase could be regarded as a link. As ob-
servable in figure 2.11 c numerous ore-deposits of different mineral paragenesis are present
around the Falkenberg tunnel. One of these deposits is the Cu−Co−Ni−As mineralization
at Sommerkahl to the North of Heigenbrücken. The paragenesis at this ore deposit can be re-
garded as being similar to the one of the Bieber deposit which is located further to the North.
The general succession of the mineralization a the later deposit based on textural observa-
tion is shown in figure 5.43. The first mineralization (Cu-stage) consists of barite, quartz,
chalcopyrite, sphalerite, galena and tennantite. This stage is followed by brecciation and the
second Cu-stage which also provided Co and Ni. Cobaltite is one of the mineral formed
during this second mineralization event. Even though Cu-bearing mineral had not been iden-
tified during the analysis of this study, tennantite and chalcopyrite had been identified by
X-ray diffractometry (XRD) in the zebra dolomites (Joachim Lorenz personal communica-
tion). This indicates that the hydrothermal system which leads to the formation of the zebra
dolomites could at some point been connected to the large hydrothermal system which pro-
vided mineralizing fluids to different locations in the eastern Spessart area. A connection of
the zebra dolomite samples and the MVT-like Kupferschiefer deposit cannot be confirmed
based on the data available for this study. In fact the exact origin of the hydrothermal flu-
ids that lead to the dedolomitization of the zebra dolomite samples cannot be stated with
certainty. It is also possible that the source of the calcite is the same as for the Fe−Mn−As-
mineralizations found in the rhyolite complex at Sailauf located to the west of the tunnel. In
the area of Sailauf base-metal mineralization can be found that appear predominantly as vein
mineralization (Fusswinkel et al., 2013). The source of the fluids that precipitated the veins
within the rhylolite were found to be located in the underlying red beds and the crystalline
basement (Fusswinkel et al., 2014). Based on the strike directions of the faults (figure C.2)
a connection between the hydrothermal system of the Falkenberg tunnel and the one around
Sailauf is more-likely. However, the barite mineralization is found to be uniform over a large
area of the Spessart and a connection to the ore-deposits of Bieber or Sommerkahl cannot be
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excluded as barite is highly abundant in the Falkenberg samples. Based on the above, it can
be emphasized that the zebra textures seem to form in areas which comprise of the structural
requirement for hydrothermal ore deposition.
In conclusion it can be noted that some similarities between the zebra dolomites from the San
Vicente mine and the Falkenberg tunnel have been identified. Apart from the colour and grain
size, the density of second-phase material and its accumulation on grain boundaries is the
most striking one. Another microstructural feature which had probably been present in the
Falkenberg samples is the high-porosity central line in the coarse grained layers. However,
due to extensive tectonic and hydrothermal alterations which affected the Falkenberg samples
this textural feature cannot be clearly identified anymore. The numerical model (chapter 6)
which aims to simulate the genesis of the zebra textures will therefore focus to a first order
on the interplay between second-phase material and grain boundaries as this feature had been
observed in samples from both locations.

5.4 Mineralization Front from the Pomorzany Mine, Poland

The samples from the Pomorzany mine analyses in this study contain mineralized ore-
bearing dolomite (see chapter 2.3.1). The analysed samples comprise of two reaction fronts
observable in a single thin section. The top of the samples shown in figure 5.44 is composed
of a high porosity dolomite. In figure 5.44b the transition of this highly permeable dolomite
to a dolomite with a much lower porosity/permeability is made visible by ink. The lower part
of all the samples consists of mineralized dolomite whereas the ore-phase mainly consists of
pyrite/marcasite and sphalerite with minor amounts of galena. The main focus of the analy-
sis presented in this section was to determine the differences between the two dolomites and
to characterize the transition from the barren to the mineralized dolomite.
Whether the sedimentary layering which is observable in the thin section influenced the fluid
infiltration and the reactions should also be determined. The layers comprising of dark ma-
terial appear in all of the samples and a closer look reveals that some of the bands already
seem to develop into stylolites. Whether the observable layering is completely of sedimen-
tary origin or if the fine, dark layers represent a secondary feature which developed during
the compaction of the rock can therefore not be stated with certainty.

5.4.1 Petrographic Microscopy

The micrograph in figure 5.45 displays the lowest part of the reaction front in sample 5.44b.
Note that the reaction front advanced from bottom to top and therefore the upper part of the
sample represents the unreacted area.
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Fig. 5.44: Scans of the thin sections from the Pomorzany mine analysed in this study. The lower
part of the samples comprises of sphalerite and galena mineralization whereas the upper parts of
the sections are build up by the dolomite host-rock.

Fig. 5.45: a Composite plane-polarized micrograph of the upper reaction front that reduced the
inter-granular porosity of the host-dolomite. The porosity was made visible by soaking the thin
section in ink (sample(b) in figure 5.44).
b Plane-polarized micrograph of the area indicated by the yellow rectangle in a. Under higher
magnification it can clearly be observed the inter-granular porosity is drastically reduced at the
reaction front.

The high porosity present in this part of the sample is clearly intergranular and not intra-
granular. All the grains in the upper part of figure 5.33a are imbedded in the blue ink which
makes the porosity more clearly visible. The hydrothermal reaction which is associated with
the reaction front was a dolomitization which filled all the existing porosity in the rock. This
can be interfered from comparing the shape of the grains below and above the reaction front.
The dolomite crystals above still have a more or less idiomorphic shape whereas the grain
boundaries below the reaction front are less straight and display a more fuzzy geometry. The
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rims of the dolomite grains also appear lighter in colour compared to their centres which is
in good agreement with findings of other works (Heijlen et al., 2003; Narkiewicz, 2013).
The light rims represent a second Fe-poor dolomite generation which had been found to fre-
quently occur in the ore-bearing dolomite. An influence of the sedimentary layering on the
propagation of the reaction front is not observable. However, a small decrease in porosity
at the point of intersection of the reaction front and the sediment layer is visible. As the
main fluid pathways were apparently provided by the intergranular porosity, the influence
of porosity reduction associated with the fine grained dark layers seems to be negligible in
terms of reaction front propagation.
Figure 5.46 displays a sedimentary layer in sample b (figure 5.44) in order to take a closer
look at the layers of fine grained dark materials which built up the bands. The grain bound-
aries within the area of the sedimentary layer appear darker compared to the rest of the thin
section. It also seems that dolomite crystals within the layer display a slightly smaller grain
size. A closer look at the area marked in yellow in figure 5.46a shows that the appearance
of the grain boundaries is comparable to the one observable in figure 5.4 c and d. The lat-
ter micrograph was taken from one of the dark bands of a zebra dolomite sample from San
Vicente.

Fig. 5.46: a Plane-polarized micrograph of the dark layers. The origin of these layers is either
sedimentary of due to dissolution-precipitation during diagenesis (sample (b) in figure 5.44).
b Cross-polarized micrograph showing the dark layers displayed in a.
c Micrograph obtained with a higher magnification of the area indicated by the yellow rectangle in
a.

5.4.2 Scanning Electron Microscopy with attached Energy Dispersive
X-Ray Spectrometry

Subsequent analysis focused on the porosity and ore-mineral distribution in the samples.
In figure 5.47 a BSE-map of a complete thin section is displayed. Black colour indicates
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porosity, grey is dolomite and white material are ore-minerals (pyrite, galena or sphalerite).
The sharp porosity contrast in the upper part of the image is clearly visible and indicated the
transition between the first high-porosity dolomite and the underlying low-porosity dolomite.
As displayed in the porosity profile (blue line) at the location of the reaction front the porosity
decreases from initially up to 32% to a value below 5%. The ore precipitation occurred at
a distance from the dolomitizing reaction front. The first ore minerals precipitated in the
form of small patches in the middle part of the thin section and the amount of ore minerals
successively increases toward the bottom of the sample whereas the dark layers are to some
extend traced by the light mineralization.
A detailed EDS map displaying the paragenesis of a mineralized part of the sample (fig-
ure 5.47 reveals that the dominant sulphide minerals are sphalerite (large, euhedral grains),
galena (small elongated grains) and Pyrite (small grains tracing grain boundaries). A de-
tailed compositional map reveals that apart from the previously mentioned mineral phases
also silica minerals such as quartz and illite can be found in the mineralized areas. The
overall appearance of the area shown in the BSE map of figure 5.47 resembles a breccia
with large pyrite, sphalerite and dolomite grains representing the large breccia fragments
and small crystals of quartz and illite in the crushed regions surrounding these fragments.
Towards the bottom of sample c in figure 5.44 larger aggregates of sphalerite-pyrite mineral-
ization are observable. A compositional map displaying the left of these aggregates is shown
in figure 5.48c. The banded crystal is hosted in a matrix comprising of dolomite replaced
by sphalerite whereas numerous fragments of the initial host-dolomite are still present and
exhibit rhombohedral shapes. Between the matrix and the banded crystal a rim is observ-
able which comprises of pyrite. The only galena crystals in this area of the thin section are
located within the banded aggregate directly at the transition between the sphalerite and the
pyrite. The banding of the sphalerite crystallite is observable under cross-polarized light (fig-
ure 5.48a) and is still visible in the BSE image (figure 5.48b). However, no internal zonation
or banding is observable in the compositional map (figure 5.48c).

5.4.3 Electron-Backscattered-Diffractometry

As the EDS analysis of the sphalerite aggregate in sample c (figure 5.44) did not reveal
any compositional contrast coinciding with the banding an EBSD map had been acquired
in order to determine whether the banding is related to a difference in crystal size or c-axis
orientation. The EBSD map is shown in figure 5.49. It turned out that the banding is in
fact associated with a difference in crystal size and in addition to that the crystals exhibit
a preferred elongation. The banding is visible in cross-polarized light (figure 5.49a) and as
well in the EBSD map (figure 5.49b). However, it can be reconfirmed that this banding does
not coincide with any compositional contrast in Fe, Zn or S.
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Fig. 5.47: BSE-map of transect through a sample of the reaction front. The abrupt change in
porosity (black) associated with the reaction front is clearly visible. At a distance from the reaction
front the successively increasing mineralization (white) is observable. in The plot to the right of the
quantifies the sharp decrease in porosity at reaction front and the gradual increase of mineralization.
SEM image of mineralization. Large, euhedral grains are ZnS, with the small elongsate miner-
als PbS, and the minerals tracing dolomite boundaries FeS2. B- Chemical map of brecciated ore
deposit. Large minerals again represent ZnS, with small, well-formed FeS2 in green. The pink
minerals represent quartz, whilst the blue are illite. (Images courtesy Joanna C. Brims)

Fig. 5.48: a Cross-polarize micrograph of sphalerite crystallite. The aggregate exhibits banding
that is build up by two narrow spaced, bright layers. (sample (c) in figure 5.44).
b BSE-image of the sphalerite aggregate. Inside the crystallite no considerable density-contrast
is observable. The sphalerite is rather homogeneous apart from a slight variation in porosity that
seems to correlate with the banding.
c EDS-map displaying the chemical composition of the crystallite and its surrounding. The banding
that is observable under the optical microscope is clearly not related to any compositional variation.
The surrounding of the aggregate is by framed by a layer of pyrite whereas the matrix is build up
by sphalerite that contains numerous dolomite fragments. At the lower part of the crystallite two
small galena crystals can be observed.
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Fig. 5.49: a Scan of the sphalerite crystallite in sample (c) (figure 5.44). The overlaid SE-image
shows the location of the EBSD-map. While the banding inside the spahlerite aggregate is clearly
visible in the scan the SE-image does not show any structures that correlate with the bands.
b EBSD-map of the area indicated in a. The macroscopically visible banding is related to a variation
id crystal size. The layering actually consists of three layers with a coarser grain size then the rest
of the spahlerite aggregate. The color of the grains indicate the orientation of the crystallographic
c-axis (colour-bars on the right). The three compositional maps prove again that no variations in
chemical compositions are observable in the spahlerite aggregate.

Even though the data quality of the EBSD analysis shown in figure 5.49 was high, many
areas still appear dark in the image. This issue was tried to overcome by additional polish-
ing of the section. This improved the imaging as shown in figure 5.50c. It is possible to
distinguish three different layers in the band which can also be observed in cross polarized
light (figure 5.49a). Without doubt the banding is attributed to a significant local increase in
crystal size.

5.4.4 Interpretation

The analysis of the mineralized samples from the Olkusz MVT deposit in Poland confirms
the findings of previous works on this deposit. Two generations of dolomite are observable
in the samples; one is an inclusion rich (Fe-rich) dolomite phase which exhibits a high-
porosity of up to 33% and the other dolomite generation is represented by inclusion depleted
rims around crystals of the first generation. The precipitation of the second phase caused
a significant reduction of the initial porosity by more than 30%. The layering, whether of
sedimentary origin or caused by compaction, has no significant impact on the propagation
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Fig. 5.50: a Compositional map sphalerite aggerate (sample (c) in figure 5.44). For colour-code
of the mineral phases see figure 5.48). The SE-image indicates the location of the phase- and
EBSD-maps shown in b and c.
b Phase-map showing the distribution of the three phases present in the are indicated by the SE-
image in a.
c EBSD-map obtained after additional polishing of the sample. Compared to figure 5.49 b the
quality of the image had been improved. The three coarser grained layers that build up the band
within the spahlerite crystallite are clearly visible in this EBSD-map.

of the reaction front. However, regions comprising of a high density of dark material ex-
hibit a slightly lower porosity compared to surrounding areas. This can be observed in the
upper part of the BSE-map (figure 5.47) where a layer can be traced in the lower part of
the high-porosity dolomite. Apart from this small variation in porosity no interaction be-
tween layering and the infiltrating fluid can be interfered. Apart from the occurrence of the
two dolomite generations, the analysis of the samples revealed that the dominant mechanism
of mineralization is the replacement of dolomite by sulfide minerals. The mineralization is
found to first occur along grain boundaries of dolomite. From these surfaces the replacement
process advanced towards the centre of the respective crystals. In contrast to the reaction
which occurred at the top of the samples the layering seems to have had an impact on the
ore precipitation. As observable in the BSE-map in figure 5.47 the light sulphide crystals
trace the layers of dark material making these regions the areas of preferred initial mineral-
ization. If this is related to the reduced porosity along these features, which might have acted
as a seal along which ore-emplacement occurred or whether chemical compounds which en-
hance ore-precipitation are located in the dark layers cannot be distinguished based on the
analytical data.
At least in the samples observed in this study a direct connection between the infiltration
of a dolomite precipitating fluid and ore emplacement can be confirmed. Whether this is
the case in all locations of the deposit cannot be confirmed. In addition to this uncertainty,
different mechanism could be responsible for the reaction front(s) observable in the samples.
The structures and paragenesis in the samples could either represent reactions caused by the
infiltration of two fluids with different composition or could as well be caused by a single
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highly reactive fluid.
In the first scenario a dolomitzing fluid infiltrated prior to the precipitation of the ore miner-
als causing a reduction in porosity in the host dolomite. The percolation of the first dolomite
precipitating fluid was then followed by a second fluid which carried the ore mineral com-
pounds. As this scenario would explain the reduction in porosity it is not clear how the
replacement could have occurred by the secondary fluid. Such a fluid would have to com-
prise of an alkalinity high enough to dissolve the host-dolomite and this would eventually
lead to the generation of porosity which is not observable in the areas of the mineralization.
Another mechanism which could lead to microstructures observable in the samples is based
on single fluid infiltration. In this scenario an acidic fluid carrying the metal ions, percolated
trough the host rock which resulted in dissolution of dolomite and subsequent precipitation
of the ore-forming minerals. During the replacement of the initial dolomite by sphalerite
and pyrite the infiltrating fluid would become enriched with carbonate compound which
should soon result in an oversaturation of the fluid with respect to dolomite accompanied by
an increase in pH. The derived fluid would not be able to dissolve carbonate anymore but
instead would precipitate dolomite into the porosity of the host-dolomite. During advective
transport the initially homogenous fluid would split up in regions which comprise of the
alternated fluid (carbonate saturated and higher pH) and areas in which the initial fluid still
replaces the host-rock with sphalerite. The sharp reaction front in the upper part of the
samples could therefore be explained by advective transport of the already reacted fluid.
However, two different reactions can be confirmed in the samples of which one reduced the
porosity by dolomite precipitation and another replaces dolomite by sulfide ores.

5.4.5 Conclusion

The samples from the Pomorzany mine represent an extraordinary example of a reaction
which is associated with sulfide mineralization. The reaction front in the samples displays
an irregular wavy shape which is traditionally thought to be a result of reaction infiltration
instabilities developing during the percolation of a reactive fluid in a porous medium. Coun-
terintuitively, the reaction front in the samples seems rather to be associated with a porosity
reduction instead of an porosity creation. The latter is thought to lead to the generation of the
instabilities which in turn produce the wave-like shape of the respective reaction front. The
samples therefore not only represent an example of how the mineralization in MVT deposits
progresses on a microscale but can also serve as a natural sample for the study of the reactive
infiltration of a natural hydrothermal fluid in general. Apart from this research possibilities,
the analysis of the banded sphalerite aggregate in figure 5.48 revealed that a compositional
contrast cannot be the main reason for banding in MVT sphalerite. Other studies showed
banding in sphalerite is often accompanied by a variable amount of Fe which is built in the
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crystal lattice (Katsev et al., 2001a; Katsev et al., 2001b). However, this is not observable in
the samples from the Pomorzany mine and has also been refuted as a mechanism of band-
ing in other MVT deposits (Roedder et al., 1968). Previous studies tried to correlate the
coloration of sphalerite crystals found in the Pomorzany mine with the amount of organic
matter in the crystallite (Rybicki, 2012). This study showed that there is no correlation with
banding or colour variations in sphalerite with organic matter. It can therefore be concluded
that at least in the banded sphalerite aggregate analysis in this study a compositional varia-
tion can be excluded as the mechanism of banding. The theory introduced by Katsev et al.,
2001a; Katsev et al., 2001b has to be revised based on the findings of this study. According
to Katsev et al., 2001a the banding in MVT-spahlerite can be described in 1D by a set of
differential equations:
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In this system, B and C represent the concentrations of FeS and ZnS, respectively. t is the
time, x is space, r(x, t) is the radius of the crystal aggregate and p(x, t) is the average mo-
lar fraction of FeS at the surface of the crystallite located at x. v is the advective velocity
of the fluid, VB and VC are the growth rates of pyrite and sphalerite respectively. Further-
more, L represents a roughness factor (length scale of crystallites surface fluctuations) and
a is a constant related to host-rock porosity, average molar densities and initial nuclei den-
sity of sphalerite (LâĂŹHeureux, 2000). The model presented by Katsev et al., 2001a is
a post-nucleation model and investigates the development of already nucleated crystals by
means of grain coarsening (Ostwald-ripening). If the steady-state approximation of the set
of equations becomes unstable the model predicts a patterning process represented by a lo-
cal increase in crystallite radius and composition. However, this model does not hold for
the banding observed in sphalerite crystallite from the Pomorzany mine. At least the initial
approach of the model developed by Katsev et al., 2001a; Katsev et al., 2001b should be
valid also for the sphalerite investigated in this study. In can be confirmed that the banding
is in fact attributed to coarsening crystals but the set of equations has to be modified and the
term including FeS has to be cancelled out. According to L’Heureux, 2013 the process of
banding in MVT sphalerite is a Liesegang-like mechanism. However, also L’Heureux, 2013
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attributes the colour variations in banded sphalerite aggregates to different molar fractions of
Fe substituting Zn in the crystal lattice and therefore his model is similar to the one proposed
by Katsev et al., 2001a; Katsev et al., 2001b. At least for the patterning in the sphalerite
crystallite found in the Pomorzany mine the existing models have to be revaluated. The basis
of the formulation presented by Katsev et al., 2001a; Katsev et al., 2001b is the mechanism
of periodic precipitation and coarsening waves introduced by Feeney et al., 1983. It is likely
that by cancelling out the terms attributed to compositional contrast a model for the pattern
formation in MVT sphalerite could solely be a reformulation of this existing theory. If this
is this case, a new model of coarsening waves in MVT sphalerite could be based on the
expressions introduced by Feeney et al., 1983:
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Here C is the local concentration of a monomer, n is the number of precipitate particles, ρ is
the molar density of the solid, R is the local average particle size, K is the rate parameter and
qW/ε is the source term of the monomer. These two equations represent “a self-consistent
model of post nucleation and post local coarsening evolution” (Feeney et al., 1983). The
banding in MVT sphalerite can, based on the analytical analysis of the samples, appear in
a systems which only comprises of ZnS. The presence of FeS is therefore not crucial to
the patterning. This process is thought to represent a mechanism that produces “symmetry
breaking instabilities in a the state of uniform precipitation” (Feinn et al., 1978). Such a
process has been experimentally proven to exist during the precipitation of PbI2 (Feinn et
al., 1978). However, the formulation of a complete analytical model of band formation in
MVT sphalerite by means of coarsening waves is beyond the scope of this work as the main
focus was set on the pattern formation in MVT dolomite.
In the next chapter (chapter 6) of this study, the reaction front observed in the samples from
the Pomorzany mine will be utilized for the scaling of the numerical simulations. The nu-
merical model will focus on simulating reactive transport involving processes such as fluid
mixing, dissolution and precipitation. The research question will be whether it is possible to
generate a simple numerical model that can to some extend explain what kind of mechanism
could be responsible for the generation of an irregular reaction front which is accompanied
by a porosity reduction instead of a porosity production.
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Chapter 6

Numerical Simulations
In this chapter, the physical processes that have been simulated with ELLE and ELLE cou-
pled with PHREEQC are outlined followed by the procedure of the implementation into the
numerical model.

6.1 Grain Growth

Grain growth as well as recrystallization are microstructural transformations that strongly
affect the texture of rocks (Urai et al., 1986). During static grain growth the grain size
increases according to a driving force derived from the curvature of the grain boundary. In
this case the actual driving force is the reduction of the Gibbs free energy (∆G). If this is
the only force acting on a system the grain boundaries tend to take a polygonal shape with
long, straight boundaries. The resulting structure is a so-called foam structure with angles of
∼120◦ at triple junctions (figure 6.1).

Fig. 6.1: a Model of monodipserserd foam in 3D (from Kraynik, 2003).
b Model of grains in ELLE. The 2D-image could represent a section through the 3D-structure
shown in a (from Bons et al., 2008).

In natural systems there can be different types of driving forces for grain boundary migration.
The forces of chemical reaction (e.g. precipitation) tend to have the largest, and boundary
reduction forces the smallest magnitude. However, the driving force related to the free energy
reduction is always present (Urai et al., 1986; Evans et al., 2001).
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Independent of the actual driving force the rate of the boundary mobility is the most im-
portant factor during grain growth. This value depends strongly on temperature, presence
of fluids and the content of impurities within and outside the considered grain (Bons et al.,
2008) . Most values of the material constants of crystalline materials like surface energy,
grain boundary mobility and dissolution rates are poorly known. This is due to the difficul-
ties in setting up appropriate experiments (Urai et al., 2001).
Static grain growth can be divided into normal and abnormal grain growth. During normal
grain growth the coarse grains grow and small grains shrink (Davis et al., 2011). The driving
force for this process is usually derived from the specific surface energy (γ) of the material
and the local radius of curvature (r) of the grain boundary. This driving force is proportional
to the reduction of the Gibbs free energy (∆G) (Evans et al., 2001).
The energy for grain boundary migration derived from the reduction of the Gibbs free energy
is largest for surfaces with a small radius of curvature (equation 6.14). In general the reduc-
tion of the surface free energy of the crystals tends to generate curved boundaries and the
direction of the migration depends on the curvature of the considered crystal. Typically the
grain boundary will migrate towards its centre of curvature (Urai et al., 1986). If the reduc-
tion of the Gibbs free energy is the main driving force and the surface energy of the crystals
is isotropic, the grain boundaries tend to produce a polygonal pattern with straight bound-
aries. Once all the grains have roughly the same size, the resulting structure is a so-called
foam structure with angles of ≈120◦ at triple junctions (Bons et al., 2000).
In contrast to normal grain growth, abnormal grain growth can occur in aggregates where
some large grains exist in an otherwise fine grained matrix. The larger grains will then grow
at the cost of many small grains which will shrink or disappear (Evans et al., 2001).
This work mainly focuses on normal static grain growth, but depending on the distribution
of the developing grain sizes, abnormal grain growth may occur at later stages of the simu-
lations. The shift from normal to abnormal grain growth might be caused by the anisotropic
distribution of surface energies (Hwang, 1998) or by the distribution of impurities.
This study focuses on the simulation of static grain growth in carbonates. The first step
during the development of an appropriate model is to find a suitable rate law describing
the grain boundary migration. In general the average grain size (ḡ) will increase with time
following the expression (Evans et al., 2001):

ḡn− ḡ0
n = Kg · t (6.1)

Here g0 is the average grain size at time t0, n is a constant in the order of 2-5 and Kg is a
temperature dependent rate constant. This rate constant is usually expressed by an Arrhenius
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term of the form:

Kg = K0ge−
Qg
RT (6.2)

K0g is the so-called pre-exponential constant for grain growth, Qg is the activation energy for
grain boundary migration, R and T are the ideal gas constant and temperature respectively.
The equation 6.1 is derived from the response of the grain boundary to the driving force
for grain boundary migration (Evans et al., 2001). The important parameter that determines
whether a grain boundary will move is the grain boundary mobility (m). There exists a
relationship between the grain boundary migration rate (or velocity) v, the driving force and
(σgbm) and the mobility of the boundary (m) which can be expressed as (Bons et al., 2000):

v− d p
dt

= σgbm⇔ σgbm =
v
m

(6.3)

As implied by equations 6.3 it is crucial to determine the actual driving force for grain bound-
ary motion if the rate or velocity of the respective boundary should be determined. The driv-
ing force is related to the reduction of the Gibbs free energy (∆G) per unit motion of a unit
area of grain boundary (Evans et al., 2001). The driving forces are then related to the reduc-
tion in internal energy of the moving boundary and this in turn is linked to the local radius
of curvature on a grain boundary. If the migration rate of a grain boundary is driven by the
reduction of its curvature the total driving force can be expressed as (Evans et al., 2001):

σgbm =−γ
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)
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An important parameter that governs the grain boundary mobility and the associated grain
boundary migration rate is therefore the local radius of curvature of the grain boundary.
In order to minimize its internal energy a grain boundary tends to develop into a straight
segment and this increases the local radius of curvature.
Based on the above, a general rate law governing the grain coarsening in a system of different
grains should account for changes in the radii of curvature and also has to include material
specific parameters such as the respective rate constant for grain growth of the material.
In the following section the development of the rate law applied during the simulation of
dolomite grain growth will be presented.

Zener Pinning

In general fluid films, inclusions, melt, pore size, and the chemical composition of fluids
can all change the grain boundary mobility (Davis et al., 2011; Evans et al., 2001; Freund
et al., 2001). In most cases the overall growth rates will be reduced by these parameters but
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a change in cation composition, which is due to chemical compositions of the involved fluid,
was found to increase the growth rates. This was observed in laboratory experiments on
fine-grained calcite rocks in which a varying content of Mn-impurities was applied (Freund
et al., 2001).
One of the parameters, which has the most striking impact on growth rates is the presence of
a second-phase in an otherwise single-phased system. This second-phase can be for example
fluid filled pores or a second mineral phase (Davis et al., 2011; Evans et al., 2001; Gottstein
et al., 1993; Mas et al., 1996; Olgaard et al., 1986). Even very fine grained second-phases
can have a remarkable effect on the growth rate. This is due to the so-called Zener Pinning,
named after Zener who first came up with the theory that the presence of a second phase can
reduce the growth rate of crystals (Nes et al., 1985). This theory will now be briefly outlined:
If a grain boundary moves over a single second-phase particle, this obstacle initially applies
an attraction force to the grain boundary. In order to move further, the grain boundary has to
increase its area proportionally to the size of the particle and during progressive grain bound-
ary migration the particle will exert an attraction force on the grain boundary (figure 6.2a).
The area increase of the grain boundary and the drag force applied by the particle, both result
in additional energy needed for further grain boundary migration. The effective drag force,
which a single rigid spherical particle can apply to the grain boundary is primarily dependent
of the size of the considered particle (Evans et al., 2001).
In order to calculate the drag force of such a particle the assumption has to be made that the
surface tensions of the particle and the grain boundary are in equilibrium. If this is assumed,
and the grain boundary meets the particle at an angle of 90◦, the two tensions will cancel out
leaving only one surface tension (γ) (Nes et al., 1985). This surface tension is the internal
energy of the matrix/matrix boundary and not of the matrix/particle interface (Evans et al.,
2001). The interplay between the grain boundary and an impurity, which results in reduction
of the driving force for boundary migration, can be quantified by the so-called Zener drag.
Zener formulated equations to calculate the influence of second-phase particles on a moving
grain boundary based on laboratory experiments (Nes et al., 1985). The general equation of
the Zener drag (FZ) is:

Fz = 2πγr · cosΘ · sinΘ (6.5)

Here γ is the resulting surface tension, r is the radius of the particle and Θ is the angle
between the tangent to the pinned matrix boundary at its intersection with the particle and
the tangent to the boundary when no particle is present (figure 6.2b). The maximum pinning
force occurs at Θ = 45◦. In this case the two trigonometric functions equal 1

2 leaving

Fz = πγr, (6.6)
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Fig. 6.2: a Basic concept of the Zener drag applied to a grain boundary by a single coherent,
spherical particle. In the first stage when the grain boundary encounters a particle it will be attracted
by it. In order to move over the particle the grain boundary has to increase its area which is
associated with a higher energy needed for further migration. During progressive grain boundary
migration the particle will exert a drag force on the particle. This force is highest for angles of 45 ◦

between the bend grain boundary and an imaginary undeformed boundary. The area increase and
the applied drag force from particle result in a higher energy needed for grain boundary migration
and therefore slow down or even inhibit further grain boundary migration (after Nes et al., 1985).
b A schematic of the interaction between a pinning particle and a moving grain boundary. r is
radius of the particle, b is the pinned grain boundary, z0 is the distance from the boundary to the
particle, Θ is the boundary bypass angle (modified from Harun et al., 2006).
c Concept of the Zener pressure applied to a grain boundary by multiple spherical, coherent par-
ticles of the same radius. The Zener pressure is the drag force of a distribution of particles which
are present in the particle-boundary interaction-zone (R). The assumption for the validity of this
concept is that the volume fraction of particles equals the area fraction of particles at the grain
boundary (after Nes et al., 1985).
(Image modifed from Kelka et al., 2015)

which is the equation for the maximum Zener-force of a single coherent spherical particle.
This calculation is the same regardless of the shape of the grain boundary but assumes an
equilibrium at the particle interface (Nes et al., 1985).
It is very unlikely that there is just one single particle at a grain boundary in a natural system.
It is more likely that there will be a dispersion of particles with different radii (r). The effec-
tive driving force for grain growth (Fe f f ) will then be reduced by the cumulative attraction
forces of all particles with the radius (ri). This can be written as

∆Fe f f = Fe f f −
m

∑
i=1

niFzi, (6.7)

with ni being the number of particles with a Radius ri, m the maximum number of these
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particles and Fzi the Zener drag of a particle with the considered radius (Gottstein et al.,
1993). It is obvious that the driving force for grain growth equals zero and the boundary
migration stops when the second expression equals Fe f f . It can be inferred that the maximum
drag force and therefore the maximum grain size achieved during grain growth are both a
function of the size and the dispersion of the second-phase (Evans et al., 2001; Olgaard et
al., 1986). In order to quantify this relationship equation 6.8 can be used to estimate the
maximum achievable grain size.

Amax =C
′(m) ·

dp

f
(6.8)

Here Amax is the maximum grain size, dp is the initial grain size, f is the volume fraction
of the second-phase and C(m) is a constant that depends on the model assumptions. The
dispersion of the second-phase particles has a high impact on final grain size whereby the
smallest grain size is reached when the particles are not randomly dispersed and most of
them lie on grain corners (Evans et al., 2001).
In order to find a suitable and simple equation to calculate the drag force resulting from a
distribution of particles, several assumptions have to be made. A zone of interaction between
the particles and the grain boundary (R) has to be defined, this zone is said to equal the radius
of the particles which are assumed to have all the same size (figure 6.2c). Furthermore, only
particles which are not in the movement direction of the boundary will exert a drag force be-
cause the particles in the particle-boundary interaction zone (R) in the front of the boundary
will rather apply an attraction than drag force. Considering a homogeneous distribution of
particles on both sides of the grain boundary, this assumption would lead to a zero drag force
because attraction and drag force would cancel out. But this would only be true, if the grain
boundary keeps its straight shape. In fact, the grain boundary will bend around particles
which then results in a drag force (Nes et al., 1985). Finally, it is assumed that the volume
distribution of particles equals the area distribution ( f ) on the grain boundary. The equation
to calculate the drag force resulting from a volume distribution of second-phase particles is:

Pz =
3
2

f
γ

R
(6.9)

It becomes obvious that the maximum grain size achieved during grain growth based on
equation 6.9 is related to the distribution and the size of the particles in a system (Evans et al.,
2001; Olgaard et al., 1986). That such theoretical relationships exist in natural systems has
been proven in laboratory experiments. That the results achieved during laboratory studies
can approximate the interaction of crystal growth and a dispersion of second-phase particles
in geological systems was shown by (Mas et al., 1996), who achieved a quantitative analysis
of the relationship between second-phases and the grain size in marble. It was found that
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already volume fractions of ≈5 percent will have a significant effect on the grain size in
natural systems and even a very fine grained second-phase can have a remarkable effect on
the growth rate as long as the volume fraction is sufficiently high enough.
It has also been found that the second-phase particles are not stationary during grain growth
(Gottstein et al., 1993). This particle mobility has a strong effect on the behaviour of the
system because the particle mobility is the maximum grain boundary mobility of a particle
loaded boundary. If the driving force is high enough, then the grain boundary will move over
the particle without or with only little influence on the grain boundary velocity. But if the
diameter of the particle is smaller than a critical length and the grain boundary velocity is
under a critical value, then the grain boundary can migrate together with the particle. In this
case the grain boundary mobility is the mobility of the considered particle (Gottstein et al.,
1993).
During progressive grain growth the grain boundary will be loaded with more and more
particles which are smaller than the critical size. As the value of the driving force is crucial
to the loading process, it is also possible that a loaded grain boundary detaches itself from
the particles when the driving force increases. At this point the grain boundary velocity will
have the value of a boundary without any particle. Gottstein et al., 1993 predict a hysteresis
between the two end-members of a particle loaded and a free moving grain boundary.
Note that, these equations are rough estimates of the drag forces acting on grain boundaries
and it is very difficult to say how good they are (Nes et al., 1985).

6.1.1 Implementation in ELLE

In order to find a kinetic rate-law governing the propagation of boundaries a first order rate
law for dissolution-precipitation based on transient state theory Lasaga, 1998 had been cho-
sen. The general form of the applied equation is:

Dr = krVs

[
1− exp

(
CA

Ceq
A

)]
. (6.10)

In this expression Dr is the dissolution rate [m/s], kr is a rate constant [molm−2s−1] at a
given temperature and pH , Vs is the molar volume [m3mol−1], CA is the concentration of the
specimen in the fluid and Ceq

A is the equilibrium concentration of the solute. If the expression
for the equilibrium constant Keq

Ceq
A ≈ Keq = K0exp

∆PnVs

RT
exp

∆Ψ

RT
, (6.11)
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is used, and an equilibrium saturation with no stress acting on the crystal surface is assumed,
an expression for the dissolution or precipitation rate at constant fluid pressure under satu-
rated conditions is derived as (Koehn et al., 2003; Koehn et al., 2007):

Dr = krVs

[
1− exp

(
−∆Ψs

RT

)]
, (6.12)

where R is the universal gas constant and T is the temperature [K]. We then get a temperature
dependent rate law for dissolution/precipitation processes using the Helmholtz free energy
change ∆Ψs. Further details on the derivation can be found in Koehn et al., 2003; Koehn et
al., 2007. If we now substitute ∆Ψs with ∆G we can describe the process by means of Gibbs
free energy reduction. This energy change is closely related to the change of the radius of
curvature (∆r) of the considered grain. If this energy reduction is the main driving force for
grain boundary migration, the velocity of a point on the grain boundary can be calculated
using the surface energy (γ), the grain boundary mobility (m) and the radius of curvature (r)
as:

∆r
∆t
≈
(
−mγ

r

)
↔ v =

∂ r
∂ t

=
−mγ

r
(6.13)

Based on equation 6.13 the velocity of a grain boundary (v) is a function of the reduction
of r over time or the grain boundary mobility (m) and the surface free energy (γ) respec-
tively (Bons et al., 2008). We can simplify this expression and determine the energy of a
point on the grain boundary by:

∆Er =
γ

r
(6.14)

This can be regarded as the apparent activation energy and we substitute the energy change
in equation 6.14 by ∆Er. Hereby it is possible to formulate a general rate law depending on
the reduction of the Gibbs free energy with a temperature dependent Arrhenius term which
is often used to describe grain growth processes. The migration rate of a grain boundary in
the simulation can then be approximated by:

vgb = krVs

[
1− exp

(
− Er

RT

)]
. (6.15)

After defining the rate law for grain boundary migration this needs to be implemented in
theELLE grain growth routine. A general code for the process of grain coarsening already
comes with the ELLE environment but this algorithm had to be modified in order to simulate
grain coarsening in dolomite. The basis of the grain growth routine in ELLE is the reduction
of the surface free energy that is related to the local radius of curvature. The general approach
to the grain boundary migration that is implemented in ELLE is outlined schematically in
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figure 6.3. The existing code considers two different characteristics of a grain boundary.
First, a grain boundary in an aggregate of different grains has a specific surface energy (γ)
which is a function of the local radius of curvature and the length of the respective boundary
segment. During isotropic grain growth the grain boundaries in 2D will develop straight
shapes with equal intersection angles of 120◦.

Fig. 6.3: a Magnification of a moving grain boundary in Elle. The boundary is defined by a series of
boundary nodes. The displacement (p) of a boundary node located at (p) is calculated by examining
the forces on the boundary segments that adjoin that node. Because only one node is moved at a
time, boundary segments pivot around the nodes neighbouring the moving node. The displacement
here is exaggerated for clarity. In reality absolute displacements per time increment should only be
a small fraction of the average distance between nodes (from Bons et al., 2008).
b The energy variation around a grain boundary node. The lines represent a linear approximation
of a hypothetical energy function around the node that define the energy gradient (E-gradient).
Different positions are posible at a distance s from the node. The node will move to the position
with the lowest energy state (from Bons et al., 2008).
c Illustration of the basic elements of the grain boundary migration routine. The black node in the
center will move towards the the center of curvature. v represents the movement vector and R is the
radius of curvature of the grain boundary (from Bons et al., 2008).

Second, the actual energy of a grain boundary is related to the orientation of the c-axis of
two adjacent grains. Therefore, by implementing a uniform surface energyγ , isotropic grain
growth will be simulated and the developing grains will generate a foam structure. In order
to resemble grain boundary migration which generates a more dolomite-like crystal shape
a function for anisotropic grain growth developed by (Bons et al., 2000) had been adopted.
In this routine the surface energy of the grains is a function of the c-axis orientation of the
considered- and the adjacent grain. By relating the surface energy to the angle between
the grain boundary and the c-axis, the problem is reduced to a function of γ over 90◦ (fig-
ure G.10a). The shape of this function determines to a certain extent the geometry of the
developing grains. The energy state of the considered boundary segment is a function of
four angles for any node on a boundary but will be a function of six angles for a node at
a triple junction. The value of the surface energy of a single node is derived by adding up
the energies of the adjacent boundary segments and accounting for the length of every seg-
ment. The energy state of a single segment is the product of its length and the sum of the
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energy values according to the function in figure G.10a. The process developed by (Bons
et al., 2000) also accounts for low energy boundaries related to coincident side lattices. The
term coincident side lattice refers to the crystallographic orientation of the crystal lattice of
adjacent grains. The number of coinciding lattice in two adjacent grains is defined by the pa-
rameter ∑. The number of coinciding lattice points in the unit cell affects the actual energy of
the respective grain boundary. The ELLE routine developed by Bons et al., 2000 accounts for
this phenomenon by simply comparing the c-axis orientation of adjacent grains and altering
the grain boundary energy by a factor derived from the misorientation between the crystal-
lographic axis. The grain boundary energy of the respective boundary is not changed for 0◦

misorientation but is increased if a misorientation exists between the grains. In figure G.10b
the distribution of the calculated surface energy of a simulation consisting of 10.000 time
steps is shown. The distribution of the surface energies shows two distinct peaks at ≈0.2
Jm−2 and ≈0.5 Jm−2. This bimodal distribution is caused by the underlying function of
grain boundary energy distribution (figure G.10a).
After having defined the general grain boundary migration routine the interaction of the mov-
ing grain boundary with obstacles should be simulated. In section 6.1 the general theory of
the interaction between a moving grain boundary and impurities had been introduced. The
process of calculating the impurity-depending drag force was simplified by computing the
volume fraction of impurities in one node of the hexagonal grid and introducing this value
as the area fraction of second-phase particles. The drag force of several particles on a grain
boundary can be approximated by equation 6.9. As stated before, this equation is based on
the assumption that the particles contributing to the drag force all have the same radius, and
a zone of interaction between the particles and the grain boundary (Rgb) exists (figure 6.3c),
that is approximately the diameter of a single particle (2r). Furthermore, only second-phase
particles which are in the interaction zone (Rgb) behind the moving grain boundary will con-
tribute to the drag force because the impurities in the particle-boundary interaction zone (Rgb)
in front of the boundary will produce an attractive force. The derived drag force reduces the
apparent activation energy or driving force for grain boundary migration in equation ref-
SimuRate according to:

Dr = krVs

1− exp

−
[(

γ
1
r

)(3
2 f γ

Rgb

)]
RT

 (6.16)

This is the equation on which the simulation of anisotropic grain growth hindered by a dis-
persed second-phase in this work is based. The final average and the maximum grain size
are both affected by the size and number of impurities present in a volume (Brimhall et al.,
1966; Freund et al., 2001; Gottstein et al., 1993; Harun et al., 2006; Nes et al., 1985; Olgaard
et al., 1986; Shelton et al., 1996; Urai et al., 2001; Weygand et al., 2000).
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In addition to applying a drag force on grain boundaries, second-phase particles are not
stationary during grain growth. A moving grain boundary in the simulation can capture
particles and shift them in its propagation direction if the grain boundary migration rate is
sufficiently low and the diameter of the second-phase particles is small enough. During
continuous grain growth the grain boundary will be loaded with progressively more particles
that are smaller than a critical size (Gottstein et al., 1993). As the value of the grain boundary
velocity derived from the driving force is crucial to the loading process, it is also possible that
a loaded grain boundary detaches itself from the particles when the driving force increases.
At this point the grain boundary velocity will have the value of a boundary without any
particle. Grain boundary migration can therefore take place in two regimes, an impurity
controlled regime, with a slow grain boundary migration and an impurity-free regime with a
fast grain boundary migration (Urai et al., 1986). According to the theory of mobile particles
by (Gottstein et al., 1993) a threshold for the radius of the second-phase and for the velocity
of the migrating boundary had been chosen. The amount of the second-phase particles that
are redistributed by a moving grain boundary is inversely proportional to the particle size
and to the velocity of the grain boundary according to:

mP =C1 · f (r) · f (vgb) S = [0;1] (6.17)

f (r) = 1− tanh(r) rP < rcrit

f (vgb = 1− tanh(vgb) vgb < vcrit

The routine outlined above simulates grain boundary migration in the presence of second-
phase particles by applying the modified rate law 6.16. In addition to that, the mobility of
the impurities is approximated by the step-function 6.17 that relates the redistribution of
second-phase particles to the size of the respective particles (r) and to the velocity of the
grain boundary Vgb).

6.1.2 Numerical Experiments on Grain Growth in the Presence of Mo-
bile Second-Phase Particles in ELLE

Several numerical experiments on grain growth were carried out during this study to first en-
sure that this process was correctly implemented. The complexity of the routine successively
increased if simulated process had been found to be correctly implemented. This finally led
to the formulation of the model of grain growth affected by second-phase particle densities
whose basic physics had been introduced in the first parts of this chapter. In this section the
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numerical experiments will be presented that were conducted during the development of the
final code. The grain coarsening described in this section followed the rate law 6.15 and the
main focus was set on the effect of grain boundary velocity reduction by pinning particles
and the effect of particle-redistribution on the pinning effect. The correct implementation of
the generic rate law for grain boundary migration had been tested by simulating the shrink-
age of a spherical grain within an infinite surrounding grain (figure 6.4). The grain boundary
velocity (vgb) during every time step had been exported (figure 6.4a) and the evolution of this
value had been plotted against the radius of curvature (r) for difference values of surface en-
ergy (γ). Compared to the analytical calculation (figure 6.4b) the data fit is very good. Also
the reduction of the surface area of the spherical grain (A) exhibits the desired evolution of a
linear decrease, whereas the actual shrinking rate depends on the respective surface energy
(figure 6.4c). This suggests that the rate law 6.15 has been correctly implemented.

Fig. 6.4: a Function of the grain boundary velocity and the radius of curvature for surface energies
from 0.2-0.8 Jm−2 derived from the simulation.
b Analytical solution of equation 6.15.
c Shrinking rate of a spherical grain in an infinite grain for different surface energies during 7500
time steps.

The next step was the development of an appropriate algorithm that can simulate Zener pin-
ning. For this purpose, the nodes in the background of the simulation had fixed values of
pinning strength assigned to them. Initially, a random distribution of pinning strength was
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set to the background (primary pin) and this distribution was then altered by the secondary
pin distributed in layers. The primary pin is divided by the secondary pin which can lead
to an increase or decrease of the drag forces depending on the respective values of the two
pins (see figure figs. G.4 to G.7). Note that during the first numerical experiments presented
in this section the actual pinning strength represents a percentage by which the grain bound-
ary velocity has been reduced. The grain boundaries were able to redistribute the pinning
strength, and this redistribution was achieved by a transfer of a given percent of the pinning
strength in the movement direction of the boundary. The pinning value of the respective node
that has been crossed by a moving boundary was reduced and the value of pinning was then
transferred to a node in the movement direction of the boundary.
Figure G.3 shows the difference of two simulations with fixed pinning strength whereas the
pinning particles were distributed in layers prior to the simulation. In one simulation the
particles located on triple nodes applied a drag force on the grain boundary whereas particles
located on double nodes did not. This experiment intended to test the impact of pinning triple
junctions on the final microstructure as it had been observed in the natural samples that the
second-phase particles frequently accumulate in these structures. Figure G.3 shows that even
though the mean pinning strength that appeared during every time step of the simulation did
not significantly differ between the two simulations, coarse grained layers only develop if
the triple nodes have the ability to pin the moving boundaries.
After the general process of grain boundary pinning by second-phase particles had been
implemented the focus of the numerical experiments was set on the effect of redistribution
of the particles by the moving grain boundary. Figure 6.5 displays the outcome of two
simulations. The amount of particle-redistribution differs between the simulations. This
experiment shows that the redistribution of the particles during grain growth can have an
effect on the pinning strength occurring during the simulation. However, the outcome of
the simulations does not differ significantly even though the mean pinning strength during
the simulation with random redistribution coefficients between 30% and 60% is lower and
exhibits much stronger fluctuations. The exponential decrease of grain numbers show no
significant variation between the two simulations and so does the final microstructure.
In figure 6.6 the mean pinning strength during every time step of the simulations is shown
for different redistribution coefficients. This figure shows that the mean pinning strength
only increases if a percentage greater than 20% is utilized during the redistribution. If only
10% of the pinning strength is redistributed during the simulation the drag force exceeded on
the moving boundaries by the particles actually decreases. If 20% if the pinning strength is
redistributed, the drag force is more or less uniform during the simulation, whereas values of
30% or 40% lead to an significant increase of the drag forces and fluctuations occur. Above
40% redistribution, the drag force exhibits logarithmic increase during the simulations.
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Fig. 6.5: a Microstructure of a simulation with a constant redistribution factor of 60%.
b Microstructure of a simulation with a random redistribution factor between 30-60%.

The impact of variable redistribution coefficients on the evolving microstructure can be in-
vestigated in figures figs. G.4 to G.7. The first numerical experiments showed that the redis-
tribution of pinning particles by the moving grain boundaries can strongly affect the values
of the drag force acting on grain boundaries.

Fig. 6.6: Functions of the mean pinning strength that occurred during the simulations for different
redistribution factors. Below a redistribution factor of 20% the mean pinning strength decreased
whereas above 50% a logarithmic increase is observable.

During the next steps the complexity of the numerical experiments was increased by intro-
ducing values for pinning-particle size and mass. The Zener-pressure acting on a moving
grain boundary can be approximated by the size of the second-phase particles and their vol-
ume fraction (see section 6.1). By introducing these values the simulation becomes more
realistic and will allow prediction on the effect of second-phase particle size and number per
area on the grain size development in dolomites.
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The initial setup of the following numerical experiments is similar to the previously described
one and the initial distribution of particles was set in layers prior to the simulation. The
figure G.1 shows the outcome of a simulation which utilized particle size and numbers for
the determination of pinning strength. Note that the particle size follows a random-normal
distribution which was achieved by applying the Box-Mueller-Method (see D.3). Two types
of particles were set in the background of the simulation, small particles which could be
redistributed by moving grain boundaries (mobile particles) and larger particles which were
stationary (immobile particles). This is in good agreement with the general theory of grain
growth affected by second-phase particles as it had been found that the mobility of particles
during grain growth strongly depends on the size of the respective particles (Gottstein et al.,
1993). The particle size and numbers set during the initialization of the simulation are shown
in the lower part of the figure G.1. Note that during this simulation no threshold in particle
mobility was set and the two particle distributions represent the distribution of particles set
to the whole area of the simulation and the random normal distribution of particles set in
layers.
In contrast to this simulation, whose microstructure resembles the zebra texture in dolostones
quite well, the microstructure shown in figure G.2 is not as well developed. The difference
between the two simulations is that in the second simulation a threshold for particle mobility
was set which is indicated by the red line in the plot of the random-normal distributed parti-
cles. Only particles smaller then this threshold were considered mobile. The second image
in figure G.2 shows which grain boundaries were affected by the highest pinning strength.
The numerical experiments again confirmed that the redistribution of particles by the moving
grain boundaries strongly affects the appearance of the final microstructure as the redistribu-
tion changes the values of the maximum pinning strength in the models.
The next step of the numerical experiments was to introduce a step-function for the redis-
tribution of the second-phase particles which is a function of grain boundary velocity and
respective particle size. This step-function is equation 6.17. If a threshold for particle mo-
bility and a step-function for the redistribution is introduced this resembles the mechanism
of grain growth influenced by second-phase particles as it had been described for instance
by Evans et al., 2001; Gottstein et al., 1993; Olgaard et al., 1986. For the same particle
numbers, sizes and mobility thresholds the average grain size achieved during the numerical
experiments on grain coarsening in the presence of a mobile second-phase is a function of
the number of particles assigned to the nodes in the background of the model (figure 6.7).
Note that during the simulations whose grain size evolution is shown in figure 6.7 a process
occurred which resembles abnormal grain growth. This occurred during the simulation with
a maximum of 10 particles assigned to the nodes in the background. Based on the average
grain size it appears that the simulation with 10 particles produced larger grain size compared
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to the simulation with a maximum of 5 particles per node. This can be explained by looking
at the two images in the lower part of figure 6.7. In the simulation with 10 particles per node
one grain grew much larger compared to all other grains in the model. This is probably a
result of redistribution of the particles and the fact that above a certain grain boundary veloc-
ity no drag force can be exerted by the particles on the grain boundary as the movement is
too fast for an interaction between second-phase particles and the boundary (see (Gottstein
et al., 1993)).

Fig. 6.7: Top: Graph showing the evolution of the maximum grain size during simulations of 7500
time steps. Bottom: The maximum grain size for the case of 5 and the case for 10 impurities per
particle. (Image from Kelka et al., 2015)

In addition to the good agreement of the grain growth routine with existing theories, the
redistribution of the second-phase particles in the model led to particle distributions compa-
rable with the ones occurring in the natural samples. This can be clearly seen in figure 6.8
which represents the redistribution of second-phase particles during a simulation of grain
growth with exclusively mobile particles. Every node in the hexagonal grid of the model had
either one or zero particles assigned to it and the distribution of the impurity radii is shown
in figure G.9a. At the end of the simulation the highest particle densities occur on grain
boundaries and especially at triple junctions. In thin sections the grain boundaries in the fine



Chapter 6. Numerical Simulations 166

grained layers of the zebra dolomite appear dark, which implies that the grain boundaries
captured particles. This can be seen in figure 6.8b where an electron-backscattered image
of a fine grained band in between two coarse grained bands is shown. The second-phase
particle distribution appears to be non-random, with highest particle densities in the fine
grained layer and specifically along grain boundaries (figure 6.8c). In accordance with the
simulations the highest particle densities in the real samples occur at the triple junctions.

Fig. 6.8: a Particle redistribution during the simulation of anisotropic grain growth. The left picture
in a shows the initial impurity distribution and the right image shows the second-phase particle
scatter after 10.000 time steps of the simulation.
b Backscattered SEM image showing a fine grained layer in the middle. The highest particle
densities occur in the fine grained part which is indicated by the black line.
c Combined backscattered and second-electron image showing the area indicated by the blue dotted
line in b. Larger second-phase particles are lined up along the grain boundary (black circles) and
the highest density of impurities is visible at the triple junction.

Figure 6.9 schematically displays the grain growth routine developed in this study. The mi-
crostructures achieved by the grain growth algorithm are in good agreement with the existing
theories and the natural findings presented in chapter 5. The grain growth process will form
part of the integrative model of zebra dolomite formation and is in fact the main process of
pattern formation presented in this section of the study. An algorithm of anisotropic grain
growth influenced by second-phase particle densities had been successfully implemented in
the ELLE environment.
To prove this, the evolution of the mean grain size and the total number of grains (No.)
in the model is plotted in figure 6.10 over the time of the simulation (t). Three regimes
can be distinguished based on the data: A regime of isotropic- a regime of anisotropic-,
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Fig. 6.9: Schematic of the simulation routine of grain growth influenced by second-phase particles
in ELLE.

and a regime of impurity-controlled grain growth. The latter two regimes do not differ sig-
nificantly, only a slight variation in the average grain size (Aav) is observable. However,
a significant contrast exists between isotropic grain growth and the other two regimes. If
it is kept in mind that the overall density of impurities is rather small in the simulation of
impurity-controlled grain growth, the difference between final average grain size and number
of grains in the regimes of anisotropic and impurity-controlled grain growth is still signifi-
cant. Isotropic grain growth is simulated with uniform distribution of the surface energy on
the grain boundaries whereas the surface energy distribution is a function of the orientation
of the crystallographic c-axis during anisotropic grain growth (see figure G.10). During the
simulation of impurity-controlled grain boundary migration a node either had one impurity
assigned to it or the node had been impurity-free. The surface energy distribution in the latter
simulation also depend on the c-axis orientation (anisotropic grain growth) but the main con-
trol of grain boundary migration is caused by the reduction of the grain boundary migration
rate by the second-phase particles.

6.2 Reactive Transport

The numerical simulation of reactive transport has become an essential tool during the anal-
ysis of coupled chemico-physical and biological processes (Steefel et al., 2005). The fun-
damental approach is to simulate the transport of fluid with the associated reactions which
might be temperature or concentration depended. In this work the focus of a reactive trans-
port simulation was set to the dolomitization which, in a simple scenario, can be related to
the local concentration of an infiltrating dolomitizing fluid. The fundamental basis is there-
fore the transport equation by which the concentration change is approximated. In a rock this
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Fig. 6.10: Graph showing the number of grains and the average grain size during simulations with
10.000 time steps (100 ka). The exponential decrease of grain numbers (thick solid lines) is visible
in all three simulation. The maximum grain size is archived by isotropic grain growth (uniform
distribution of surface energy on grain boundary) and the smallest maximum grain size is found in
the impurity controlled regime. This area increase in inverse proportional to the number of grains
at the end of the simulation. The dotted lines indicate a moving average filter of order 5.

is transport in a porous medium whereas the total mass flux (~Q) is given by three mechanism:

~Q = ~Qadv + ~Qdi f f + ~Qdisp (6.18)

The components are advection (Qadv), diffusion (Qdi f f ) and dispersion (Qdisp) respectively.
In differential form the concentration change over time (∂c/∂ t) during transport accompa-
nied by a reaction can be expressed as:

∂c
∂ t

=−v
∂c
∂x

+D f
∂ 2c
∂x2 −

∂q
∂ t

(6.19)

Here v is the fluid velocity, D f is the hydrodynamic dispersity (D f = De f f +αv) which
includes the effective diffusivity (De f f ) and the fluid velocity depended dispersity (α). The
parameter q describes the concentration change in the solid phase due to chemical reaction
and has to have the same units as c (Parkhurst et al., 2013). In the following sections the
different elements of the transport-reaction equation 6.19 will be briefly outlined.

6.2.1 Advection

The advection describes how a chemical compound is physically transported by the fluid.
The change in concentration is therefore related to the fluid velocity. Traditionally the fluid
velocity in a fluid saturated rock is calculated using Darcy’s law. Water flows from high
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to low potential and this potential is considered by Darcy’s law in its classical form by the
hydraulic gradient (dh

dx ). Darcy’s law has the form:

vd =−k
dh
dx

(6.20)

Where vd represents the specific discharge or Darcy flux, k is the hydraulic conductivity and
dh
dx is the hydraulic gradient respectively. One fundamental parameter in the formulation of
Darcy’s law (equation 6.20) is the hydraulic gradient.
In order to obtain a more complete expression of the fluid flow in a porous medium the
hydraulic head has to be introduced. This parameter consists of the three fundamental poten-
tials, the pressure-, the elevation- and the kinetic potential. The respective potential has to be
determined for different points whereas the fluid flows from high to low potential. Therefore,
the hydraulic gradient is also called the total potential and can be expressed as:

Φ =
P
ρ f

+gx+
v2

x
(6.21)

The first term in equation 6.21 is the pressure potential which is the work required to raise
the fluid pressure (WP = P

ρ f
). Here P represents the fluid pressure and ρ f is the density

of the fluid. The second term in expression 6.21 is the elevation potential which donated
the work needed to raise the elevation of the fluid (We = gx) where g is the gravitational
constant and x is the elevation of the water column at the respective point. The last term in
equation 6.21 is the so-called kinetic potential which represents the work needed to increase
the fluid velocity (Wk =

v2

2 ). In this term v is the fluid velocity. If all three potential are
included in the expression of the hydraulic head this yields:

h =
Φ

g
=

P
ρ f g

+ x+
v2

2g
(6.22)

For numerical simulations of groundwater flow the kinetic term is negligible which yields
that the volumetric flow rate is mainly a function of pressure and elevation. During sim-
ple numerical simulations the pressure gradient is often applied as the driving force of the
advective fluid flow. A general formulation of the Darcy velocity is (Steefel et al., 2005):

Q = φu =−κ

µ

(
∇P−ρ f g

)
) (6.23)

Here φ is the volume fraction of the solid, u is the fluid velocity, κ is the permeability, P is the
Pressure, ρ f is the density of the fluid and g is the gravitational constant. The Nabla operator
(∇) indicates that the advective transport equation 6.23 is formulated for three dimensions
(x,y,z) whereas due to the anisotropy of a porous medium and the respective potential the
velocity vectors may differ in x,y and z. The equation 6.23 can be regarded as the general
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form of how to express the advective flow in a porous media. Note that the approximation
of the fluid velocity by equation 6.23 is only valid during laminar flow (small Reynolds
numbers) and for incompressible fluids.

6.2.2 Diffusion

The diffusion which is the second term in the transport equation 6.34 can be defined as the
thermally driven random motion of particles in a fluid (Brownian motion). This contribution
to the transport is concentration dependent and usually described by the Fick principle:

J =−D
∂c
∂x

and
∂c
∂ t

=−D
∂ 2c
∂x2 (6.24)

Here J is the diffusion rate, D is the thermally dependent diffusion constant, x is the distance
and t is the time. The first law in equation 6.24 describes the velocity of the diffusion in the
direction of x and has the unit [m−2s−1]. If the amount of diffusing particles or the change
in concentration over time ([molm−2s−1]) should be determined this can be derived from
the first law as written in the second expression in equation 6.24. This second expression is
formulated for constant D and is therefore independent on the actual concentration (c).

6.2.3 Dispersion

The last term in equation 6.34 represents the contribution of dispersion to the change in
particle density or concentration. This process is specific for porous media such as rocks
as it only occurs in such. The dispersion is based on the fact that the fluid velocity in the
centre of a pore is large compared to velocities at the margins of the pore. This process is
sufficiently described by the Navier-Stokes equation. However, at small fluid velocities as
they would occur during fluid infiltration in a porous rock without fractures the quadratic
term cancels out of the Navier-Stokes equation leading to the simpler Stokes equation. The
velocity profile in a single pore or pipe has a parabolic shape as described by the Poiseuille-
law.
In conclusion, dispersion is interplay between fluid particles, the fluid velocity and the pores.
If for instance two fluid particles follow the same trajectory it might occur that one forks into
a pore which allows for a higher velocity. The effect of this mechanism is comparable to
a diffusive process perpendicular to the vector of the fluid flow. Note that in this work the
transport process had been kept simple and the effect of dispersion had been neglected during
the numerical approximation of transport.
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However, during numerical simulations of fluid migration the term dispersion becomes im-
portant as the so-called numerical dispersion can dominate if inappropriate model parame-
ters are chosen. This is best illustrated based on how the advection part equation 6.19 can be
solved numerically. The concentration change due to pure advection is:(

∂c
∂ t

)
x
=−v

(
∂c
∂x

)
t

(6.25)

The spatial derivative (∂c/∂x) in a numerical model can generally be approximated by cal-
culating the weighted average of two neighbouring cells:

∂c
∂x

=
[(1−α)cx +αcx+1]− [(1−α)cx−1 +αcx]

∆x
(6.26)

If the weighting factor (α) is set to 0 this simplifies to:

∂c
∂x

=
cx− cx−1

∆x
(6.27)

If inserted in equation 6.25 this yields:

ct2
x = ct1

x −
v∆t
∆x

(
ct1

x − ct1
x−1
)

(6.28)

It becomes obvious that the concentration (c) at time (t2) becomes negative if v∆t > ∆x. This
yields that during the simulation the time steps (∆t) should be limited according to:

∆t ≤ ∆x
v

(6.29)

The numerical dispersion becomes pronounced for the case that v∆t < ∆x. Intially sharp
contrast of the concentration front are smoothed out leading to gradual transition instead of a
sharp contrast (Parkhurst et al., 2013). The effect of numerical dispersion can be minimized
by decreasing the spacing (∆x) of the cells which in turn leads to smaller time steps (∆t)
in order to fulfil the Courant condition (equation 6.29). This will both lead to additional
computation time and therefore the gridsize and the time steps are critical parameter during
the numerical approximation of advective transport.

6.2.4 Reaction

For the reaction associated with the transport a general chemical reaction can be assumed:

A+B→C (6.30)
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Here A and B represent the reactants and C is the chemical specimen (product) which is
formed during the reaction of A and B. A more general and slightly more complicated
formulation of a chemical reaction can be written as:

xe
1A1 + + xe

nAn→ xp
1A1 + + xp

nA2 (6.31)

In this expression n is the number of chemical specimens involved in the reaction, xe
n are the

educt-concentrations and xp
n are the product-concentrations, respectively. Note that it usually

applies that xe
1, ,x

e
n,x

p
1 , ,x

p
n ∈R+

0 . This is physically reasonable as no negative concentrations
occur in natural systems. As a minimum requirement for the reaction rate (R) of such a
reaction it can be assumed that:

R(c) = 0, if ∃n : xe
n 6= 0∧ cn = 0 (6.32)

R(c)> 0, if ∀n : xe
n = 0∨ cn 6= 0

This means that if the concentration of one of the educts equals 0 the reaction cannot proceed
and in turn, if the concentration of all the educts is greater than 0, the reaction will take place.
If a general mass-balance equation should be obeyed this can be formulated as:

R(c) = k
n

∏
i=1

cxe
n

n with k > 0 (6.33)

Here k represents the rate constant of the respective reaction. If these general principles are
assumed to be valid for the reaction rate occurring during reactive transport this shows that
the rate depend first order on the concentration (c) of the educts. If a simple numerical model
of reactive transport should be developed, it is therefore reasonable to relate the reaction rate
solely to the concentration of the educts or to the concentration change in grid-points during
every time step. This had been applied for the reaction taking place during fluid migration
described in this section.

Implementation in ELLE

The dolomitization in the model is simulated as a replacement of the initial Calcite (CaCO3)
by Dolomite (CaMg(CO3)2) due to a concentration change of Mg2+ in the nodes of the
hexagonal grid. Usually the replacement process in large hydrothermal systems involves
convective fluid flow but because the area of our simulation is comparatively small we as-
sume that on such a scale convection can be neglected and a general transport equation can
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be applied: (
∂c
∂ t

)
x
= vD

(
∂c
∂x

)
t
+D f

(
∂ 2c
∂x2

)
t

(6.34)

This expression describes the change in concentration (c) in the x-direction over time (t) due
to advection (vD) and diffusion (D f ) of a specimen. As a simplification, it is assumed that
the diffusivity is constant and isotropic. If the transport of a specimen in the saturated zone
with non-turbulent flow (Re < 1) is considered, the advection part of equation 6.34 can be
calculated using Darcy’s law:

vD =
κ

φ
·∇P (6.35)

The velocity in this equation is a function of the pressure gradient (∆P) in the respective
environment, the permeability (κ) and the porosity (φ ) of the considered medium. Com-
pared to the advection speed the diffusivity usually contributes only a small amount to the
overall concentration change and therefore the Darcy velocity will be the critical term in
equation 6.34. As a consequence the propagation of the reaction front is mainly governed
by the Darcy velocity. In order to apply equations 6.34 and 6.35 during the simulation, a
constant pressure gradient, a randomly distributed porosity and an initial concentration in
the hexagonal grid are initially introduced to the model. These parameters are then used to
calculate the concentration change in the nodes due to the propagation of a fluid supersat-
urated with Mg2+. The associated concentration change in the nodes is proportional to the
calculated Darcy velocity combined with the constant diffusivity. The Darcy velocity itself
is calculated using the initially defined pressure gradient and the local porosity/permeability.
The transition from initial calcite to dolomite in the model is a function of the concentration
change of the fluid between two time steps and the current concentration of dolomite in the
respective node of the grid. The concentration of the fluid supersaturated with respect to
dolomite in the node is c f and the concentration precipitated dolomite is cs. Basically the
reaction rate is derived as:

r = c f − cs ·dt (6.36)

cs = cs + r (6.37)

The reaction rate is then a function of the change in concentration between two time steps
multiplied by the initially chosen time increment (dt). A threshold is set for r which can be
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expressed as:

lim
r→0.01

r (6.38)

The concentration of precipitated dolomite is iteratively updated until the threshold is reached.
By this procedure the concentration and especially the concentration change occurring be-
tween two time steps is closely linked to the simulated reaction of dolomitization. In general,
the dolomitization reaction can be expressed as:

2CaCO3 +Mg2+ �CaMg(CO3)2 +2Ca2+ (6.39)

In the numerical simulation the concentration of CaCO3 is cs and the concentration of Mg2+

provided by the infiltrating fluid is c f . In order to simplify the simulation the reaction
rate solely depends on the concentrations of the precipitated solid (dolomite) and the Mg-
saturated fluid. Based on expression 6.32 the minimum requirements for reaction rates in
a simple simulation are fulfilled by this procedure. The reaction 6.39 is governed by the
respective concentrations of the involved chemical compounds. In this simulations the time
separation between the infiltration of the dolomitizing fluid and the propagation of the re-
action front (dolomitization) is neglected. Otherwise the computational time would signifi-
cantly increase. Also buffering of the acidic fluid by the carbonate host-rock was not taken
into account.
Note that a threshold for the concentration of Mg2+ was set, above which the node is con-
sidered to be completely dolomitized. In addition the porosity increases by about 13 per-
cent (Machel, 2004) when a node is changed completely to dolomite. This change in poros-
ity will in turn affect the Darcy velocity calculated during the approximation of the transport
equation 6.34. This can lead to the development of instabilities along the reaction front, the
so-called reactive-infiltration instabilities (Ortoleva et al., 1987; Szymczak et al., 2012). This
will affect the shape of the front and can lead to the occurrence of reaction channels within
the front.

6.2.5 Linking ELLE to PHREEQC

The previously described routine is appropriate if the general interaction between a porous
medium and an infiltrating fluid should be investigated.
Only general chemical reactions can be simulated with the described numerical model and
the influence of chemical compound apart from Mg is not been taken into account during the
simulations. However, carbonates interact with metal ions which may therefore influence
reaction rates in the presence of certain chemical compounds (Austen et al., 2005). In order
to include these important aspects PHREEQC was linked to the ELLE environment and been
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applied as an engine for the calculation of reaction rates, saturation states and the fluid com-
positions derived from the mixing of pore-and infiltrating fluids. The linking was performed
between the ELLE library and the PHREEQC-class IPHREEQC. As ELLE is mainly written
in C/C++, including the IPHREEQC-class in the compilation process of ELLE was straight
forward. If the IPHREEQC-class is included during the compilation, it is possible to interact
with the platform in several ways. The thermodynamic databases can be accessed, PHREEQC

input strings can be executed and selected output can be generated as desired (Charlton et al.,
2011).
The actual coupling between ELLE and PHREEQC was performed by creating a new ELLE-
class (hereafter, Phreeqc-ELLE will be used when referring to this class) which included the
IPHREEQC header and could therefore access the PHREEQC commands. Phreeqc-ELLE had
then been linked to the existing classes LATTICE and EXPERIMENT. Within the respective
class an object can be created which can access the functions defined in Phreeqc-ELLE.
Due to increasing computation time needed for the hydrogeochemical calculations by Phreeqc-
ELLE, the calculations were parallelized by utilizing the MPI openMP (see D.3). The number
of parallel threads equals the number available CPU-cores and the memory is shared equally
between the different threads. The computational time had been significantly decreased by
implementing this routine (see figure B.4).
In line with the general setup of ELLE the Phreeqc-ELLE comprises of a header file in which
the public variables and respective function are defined. The functions are written in the
cc-file that also includes the constructer of the Phreeqc-ELLE. In order to minimize compu-
tational time, the EXPERIMENT-data base is loaded into the memory within the construc-
tor of the class. Also the composition of the pore-fluid is calculated in the constructor of
the class. As equilibrium calculation concerning mineral phases and CO2-partial pressure
should be performed with the pore fluids this decreases computational time as the respective
pore-fluid composition has to be determined only once when Phreeqc-ELLE is called.

Setup

This section gives a general overview of the simulation routine utilizing Phreeqc-ELLE. An
object of Phreeqc-ELLE is created within a function of the LATTICE class whereas the actual
code is:

/***********************************************************************

* Phreeqc-Hydrogeochemical Modeling *

**********************************************************************/

//mixing reaction and dissolution of calcite----------------------------

void Lattice::Solution_mod(float porosity_factor)

{

float start, stop; // cpu timer
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double con1, con2, calc ,pH; // variable of particle

PhreeqC phreeqc; //Phreeqc-ELLE object

Particle *runParticle; //pointer to the Particle class

#ifdef _OPENMP

start = omp_get_wtime();

#endif

//start parallel section================================================

#pragma omp parallel private(runParticle, phreeqc,con1, con2, calc, pH)

{

omp_set_num_threads(4); // set number of threads

#pragma omp for schedule (dynamic,10) // schedule clause

for (int i = 0; i < 80200 ; i++) { // loop through particles

if(repBox[i])

{

runParticle = repBox[i];

while(runParticle)

{

//PHREEQC------------------------------------------------------------

if ( (calc < 0.5) &&

(con2 > 0.101) &&

(con2 != con1) ){

runParticle->Fluid_C = phreeqc.MIX();

if (runParticle->Fluid_C.at(1) != 0) {

pH = runParticle->Fluid_C.at(0);

phreeqc.React("calcite");

runParticle->rad_par_fluid =

phreeqc.dissCalcite();

runParticle->SiDolomite = phreeqc.Si();

}

}else;

//----------------------------------------------------------

if (runParticle->next_inBox)

runParticle = runParticle->next_inBox;

else

break;

}

}

}

Every thread has its own pointer to the particle class and an object of Phrreqc-ELLE, whereas
the values assigned to variables of the respective class can be modified. The code presented
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here will generate 4 threads (Omp_set_num_threads(4)) as the simulations were performed
on a 4-core machine. The routine loops through the ELLE-particles with four loops whereas
every loop will take a chunk of 10 particles (#pragma omp for schedule (dynamic,10)) until
the calculations for every particle had been performed. The for-loop is divided dynamically
which means that as soon as a respective thread is finished it will perform the routine for
the next chunk size of size 10. Note that the definition of the chunk size together with the
keyword dynamic can lead to a considerable overhead (see refC3). At this point it can be
emphasized that the computation time will successively increase during the simulations as
with advancing percolating fluid the amount of nodes for which the hydrogechomical calcu-
lations have to be performed increases dynamical caused by the underlying approximation
of transport.
In the following sections the Phreeqc-ELLE routines will be explained in more details. Fig-
ure 6.11 gives a schematic overview of the calculations performed during simulation of re-
active transport in ELLE utilizing the IPHREEQC library.

Transport and Fluid Mixing

The transport equation is approximated in ELLE by the explicit finite difference method
(chapter 4.2.1). The concentration obtained for every node in the model is used as the mixing
factor whereas this parameter can only have values between 0 and 1 (see chapter 4.2.2).
In this study the infiltration of a fluid was approximated by mixing two solutions of differ-
ent compositions based on the concentration change in the respective node. This procedure
simulates the infiltration of a reactive fluid into a rock whose porosity is filled with an ini-
tial solution (pore fluid). During every time step of the simulation the pH, the temperature,
the concentration of Ca and Mg as well as the SI of dolomite was determined for nodes
which had been subjected to a concentration change. Note that the PHREEQC keyword MIX
assumes ideal mixing and the derived solution represents a mixture of the initial solutions
based on the respective mixing factors. Such mixing cannot occur if two solutions would be
considered of which one is pure water and the other is highly saline. In such a case a sharp
front would be expected along which the composition would abruptly change from pure to
highly saline water. The code developed in this work cannot account for such transport
processes and can therefore only be applied for solutions with comparable densities. An-
other simplification of the transport simulated here is that also the temperature is calculated
based on the fluid fractions (mixing factors). Processes like thermal diffusion or temperature
changes due to chemical reactions are hereby neglected.
In the following paragraph the fluid compositions of the pore fluid and the infiltrating so-
lutions that were used for the reactive-transport modelling will be introduced. As only
reactions involving the carbonate species were important for the reactions the initial fluid
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compositions were only defined by temperature, pH, alkalinity (as HCO3), and the concen-
trations of Ca and Mg respectively. In general it would be possible to perform calculations
for various chemical compounds as long as they are defined in the PHREEQC-database. How-
ever, this would cause a significant increase in computational time. The compositions of the
fluid had been defined in text-files which are read during the simulation. The pore fluid had
been assumed to be derived from sea water in equilibrium with calcite, dolomite and a pre-
defined pCO2. These equilibrium calculations change the pH, the alkalinity as well as the
concentrations of Ca and Mg in the solution. This solution is mixed with an infiltrating fluid
of given composition. The initial fluid compositions and the composition of the pore fluid
after equilibration can be found in table H.12.
The initial calculation of pore fluid composition involves an important component for reac-
tions of carbonates and fluids, the partial pressure of CO2 (pCO2). Based on the law of partial
pressures the respective pressure of a single component is given by the molar fraction of the
specimen and the total pressure of the system. Therefore the partial pressure of a specimen
in a system increases with total pressure. However, this is only valid if a system comprising
only of compounds in gas phase is investigated. In ground water or more precisely in an
aquifer the situation is different. Here the partial pressure of a gas phase (CO2) within a
liquid phase is considered. The value of the CO2-partial pressure is rather a function of the
activity of H+ and HCO−3 . This can be expressed as (Coudrain-Ribstein et al., 1998):

pCO2 =
[H+][HCO−3 ]
KCO2[H2O]

(6.40)

Here KCO2 is the equilibrium constant of CO2 and H2O is the activity of water. The equi-
librium constant is dependent on pressure and temperature and it had been found that the
pCO2 is strongly dependent on the temperature of the solution, especially in sedimentary
basins (Coudrain-Ribstein et al., 1998). The partial pressure of CO2 of the pore fluid in this
work had therefore been related to the temperature of 50◦ and set to 10−2.25 bar which is a
values expected for sedimentary basins.

Reaction Kinetics

Two kinetic reactions were considered during the simulation, the dissolution of calcite by the
infiltrating fluid and the precipitation of dolomite from the solution.
Calcite dissolution had been approximating by applying the kinetic rate law available from
the PHREEQC database phreeqc.dat (see 4). The rate model in the database is derived
from (Plummer et al., 1978) and is based on three dissolution reactions and the backward
reaction:
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CaCO3 +H+→Ca2++HCO−3 (6.41)

CaCO3 +H2CO∗3→Ca2++2HCO−3 (6.42)

CaCO3 +H2O→Ca2++HCO−3 +OH− (6.43)

Ca2++HCO−3 →CaCO3 +H+ (6.44)

Which of the three reactions occurs depends on the pH of the solution. The first reaction
takes place if pH<3.5, the second reaction occurs until pH 7 and the third reaction becomes
important at ph>7. The set of equations 6.41 forms the basis of a kinetic rate law that
accounts for calcite dissolution as well as for precipitation. The rate law has the form:

R = k1[H+]+ k2[H2CO3]+ k3[H2O]− k4[Ca2+][HCO−3 ] (6.45)

The sum in equation 6.45 represents the forward reaction of dissolution whereas the subtra-
hend defined the backward reaction of calcite precipitation. The rate constants k1,k2,k3andk4

had been fitted to experimental data as a function of the temperature (Appelo et al., 2013)
and are available from the database phreeqc.dat. For the rate constants it is valid:

logk1 = 0.198−444/T

logk2 = 2.84−2177/T

logk3 =−5.86−317/T for T ≤ 298K

logk4 =−1.1−1737/T for T > 298
(6.46)

The rate (r) calculated by equation 6.45 is given in mmol/cm2/s and could theoretically be
used to scale respective simulations. However, during reactive transport the spatial and tem-
poral scale of the model had already been defined, and this process will directly influence the
calculation of the reaction rate through the mixing factors derived from this approximation.
Therefore, the temporal scale of the model is the same during transport and reaction rate
approximation. Note that this will cause a strong time separation between the infiltration
and the reaction front which is more likely to represent the natural process occurring during
fluid-rock interactions. The amount of ∆ Calcite calculated by expression 6.45 is added up
into a variable. Usually, the amount is so small that dissolving or removing ∆ Calcite from
the solution will not affect the overall composition. However, this is true if a single time step
is considered. Over the course of the simulation the amount of dissolving or precipitating
calcite can affect the local fluid composition. During every time step it is tested whether the
amount of calcite assigned to the variable is sufficed enough to change the pH of the local
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solution. If this is the case, the kinetic reactions of the subsequent time step are performed
with the modified fluid composition and the value of the variable containing the amount of
dissolved or precipitated calcite is set to 0 afterwards. This algorithm represents a simplifi-
cation but is an easy way to account for modified fluid composition due to calcite dissolution
or precipitation. In contrast to the calcite dissolution the dolomite precipitation had not been
directly calculated in PHREEQC. The precipitation reaction had been approximated by an
ELLE function which utilized the SI calculated in PHREEQC. The kinetic rate law applied
for this reaction is the general kinetic rate law for mineral dissolution or precipitation (Ayora
et al., 1998):

R = σk(Φ−1) (6.47)

Here σ is the specific reactive surface, k is the rate constant of the respective mineral and Φ

is the saturation of the solution with respect to the mineral. The saturation is given by:

Φ =

N

∏
i=1

cvi
i γ

vi
i

K
(6.48)

Where K is the equilibrium constant of the dissolution reaction of the respective mineral, vi

is the stoichiometric coefficient of mineral i, N is the number of minerals. Note that the SI
is simply the logarithms of the saturation state and the inverse function of the SI will give
Φ. The rate law for dolomite dissolution or precipitation applied in this work can then be
written as:

R = (A/V )kdolo · e(SI−1) (6.49)

The specific reactive surface is expressed by A/V which is the ratio between the surface of the
fluid phase and the volume of the solid phase in a node of the model. Herby it is assumed that
the reactive surface is represented by the area of the solid which is in contact with the fluid.
It is further assumed that the fluid phase occupies a spherical space whereas the solid phase
is represented by a cube. The area in contact with the fluid is then the surface of a sphere
enclosed in a cube. The rate constant of dolomite is the same as the one applied during the
simulation of grain growth. Note that according to Ayora et al., 1998 the rate calculated by
equation 6.49 is derived in kmol/m−2/s and an appropriate scaling factor has to be utilized in
order to ensure spatial and temporal consistency between the transport and the rate laws. The
porosity is changed if a node is considered to be completely dolomitized. Another threshold
had been set for the maximum porosity that can be generated by calcite dissolution. This
is reasonable as at a certain ratio of solid to fluid the solid skeleton would collapse which
would be appropriate if for instance hydrothermal brecciating should be simulated.
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The routine presented in this section represents a simple numerical simulation of reactive
transport which utilizes PHREEQC as an engine for reaction rates and modification of fluid
composition. The schematic overview of the coupling between ELLE and PHREEQC is shown
in figure 6.11.

Fig. 6.11: Schematic of the interaction between ELLE and PHREEQC.

6.2.6 Numerical Experiments on Reactive Transport in ELLE

The first numerical experiments on reactive transport were carried out without PHREEQC

as the mains focus was set on testing the transport approximation (equation 6.34) and the
associated concentration-depended reaction (equation 6.36). The numerical modelling aimed
to simulate the dolomitization of an initial limestone by an infiltrating reactive fluid which
was assumed to be supersaturated with respect to Mg2+. The physical and chemical basis of
the general simulation routine had been introduced in the previous section. During the initial
setup of each simulation a constant fluid-pressure gradient was introduced. This gradient was
used during the calculation of the Darcy velocities. In addition to that, a random porosity
distribution was set as a background. The maximum porosity as well as the porosity change
associated with the dolomitizing reaction had to be defined prior to every simulation. Apart
from these values the diffusivity of the fluid and the fluid velocity had to be defined during
the setup.
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By changing the ratio between the two latter values it is possible to change the shape of
the reaction front. If the diffusivity is sufficiently high compared to the fluid velocity the
reaction front will exhibit a flat geometry whereas higher fluid velocities will lead to the
development of channels. The impact of a higher fluid velocity on the shape of the front is
shown in figure 6.12. In these greyscale images darker values represent higher values. The
images a and c belong to the same simulation and display dolomite and porosity respectively.
Compared to the simulation shown in the images b and d of figure 6.12 the shape of the
reaction front in a and b is more flat even though pronounced channelling is observable.
The difference between the two simulations is that the fluid velocity was increased by about
50% by an otherwise identical setup. The increasing fluid velocity has a striking impact of
the developing geometry of the reaction front. This outcome of the simulation is in good
agreement with the general theory of reactive transport in porous media and the associated
development of fingering instabilities (see Ortoleva et al., 1987; Szymczak et al., 2012).
As the growth rate of the channelling instabilities is a function of the permeability-porosity
contrast generated by the porosity creating reaction and the advection rate of the fluid, it is
not surprising that the growth rate of the channels increases with higher fluid velocity. In
contrast to that, the main effect of a diffusion process is the compensation of irregularities in
the reaction front. Therefore, it can be concluded that the simple numerical model presented
is sufficient for the simulation of reactive transport in porous media. Note that the simulation
introduced was not used for a detailed hydrogeochemical study of reactive infiltration that
includes in rocks. The model rather represents an additional process applied during the study
of the microstructural development of zebra patterns in dolomites. The full process of the
microstructural development will be presented in section 6.3 which will introduce a model
of zebra pattern formation in dolostones.

6.2.7 Numerical Simulation of Dolomitization with coupled
ELLE-PHREEQC

A more detailed study on the process of dolomitization by an infiltrating fluid had been
carried out with the coupled ELLE-PHREEQC platform. The developed code had first been
tested for the process of dolomitization in a model comprising of large grains. During the
initialization, porosity in the background was first randomly distributed and afterwards the
porosity on grain boundaries had been increased by 5%. Due to the fluid flow that was
governed by Darcy’s law, the grain boundaries will then represent channels of focused fluid
flow which is valid at least in the middle and lower crust (Walther, 2009). As the rate law
for dolomite precipitation (equation 6.49) included the ratio between the surface of the fluid
and the solid, the increased porosity on grain boundaries will also lead to higher reaction
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Fig. 6.12: Comparison of the reaction fronts of two simulations in ELLE. a and b display the
concentration of precipitated dolomite and images c and d show the porosity distribution during the
simulation. The diffusivity was higher in a whereas the fluid velocity was higher in b respectively.

rates along the grain margins. This is in good agreement with the observations on the natural
samples where it has been found that grain boundaries represent pathways and also preferred
localization for precipitation (see chapter 5). The main focus of the simulation was set to the
shape of the infiltration and the reaction front and to the behaviour of the saturation states
of the mixing fluids. The initial fluid compositions, including the equilibrated pore fluid, are
shown in H.12.The result of the simulation after 100.000 time steps is shown in figure 6.13.
During the simulation the change in fluid composition including pH and temperature as well
as porosity, concentration derived from the approximation of the transport and the SI of
dolomite had been exported for a single particle. The temperature, the concentration of Ca,
Mg as well as the alkalinity of the fluid exhibit a logarithmic increase whereas the pH shows
the opposite behaviour (figure 6.14).
This proofs that the fluid mixing follows the concentration change in the nodes approximated
by the explicit finite difference method. Fluid smoothly evolves from the initial composition
of the pore fluid towards that of the infiltrating fluid. This shows that the transport and
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Fig. 6.13: Result of a dolomitization simulation in the coupled ELLE-PHREEQC environment after
100.000 time steps.
a Porosity distribution in the model. A random porosity exists in the background (intracrystalline
porosity) and the highest porosity is situated on grain boundaries.
b Concentration of infiltrating fluid calculated in ELLE. The fluid-flow focused along the grain
boundaries and leads to a wavy shape of the infiltration front.
c Saturation index of dolomite determined in PHREEQC. A zone with an increased saturation state
evolves at distance from the infiltration front.
d Distribution of the precipitated dolomite phase. The highest concentration of dolomite is located
on grain boundaries.

associated mixing of the fluids had been correctly implemented. Looking at the shape of the
infiltrating front it becomes clear that the Darcy flux had also been correctly implemented as
fluid channels evolve at the location of grain boundaries which leads to the wavy appearance
of the front. A reaction front, with a higher dolomitization rate, occurs at a distance from
the fluid front. In a natural system at geological time scales this would represent a transient
feature during the fluid invasion. The highest reaction rates are localized on grain boundaries
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Fig. 6.14: Plots of the different hydrochemical parameters of the simulation shown in figure 6.13.
Note that the particle for which the values had been exported was located at [x:0.435; y:0.054127].
The values were exported when the first concentration change occurred. The plots therefore show
the evolution of the respective parameters from time step 5366. The initial fluid compositions are
shown in figure H.12.

due to their higher surface area in contact with the reactive fluid. During this simulation
the porosity increase due to calcite dissolution is rather small. This is a result of the fluid
compositions as well as the temporal and spatial scaling. By examining the distribution of the
dolomite saturation index in the front a zone of enhanced saturation can be identified. This
horizon represents the location were the mixing of the two fluids creates a fluid composition
comprising of a saturation index larger than in the pore- or infiltrating fluid. This can be
clearly seen in figure 6.15.

Fig. 6.15: Graphs showing the amount of precipitated dolomite and the evolution of the dolomite
saturation during the simulation shown in figure 6.13.

The overall outcome of the simulation is in good agreement with natural observations. The
fluid percolated predominantly along grain boundaries which also represent zones of en-
hanced dolomite precipitation. The fluid mixing and transport had been implemented in the
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simulation and the creating of oversaturated zones within the infiltration front shows that the
hydrogeochemical equilibrium calculations in PHREEQC can now be utilized in ELLE.
The following numerical experiment should validate the suitability of the developed code
to produce instabilities along the infiltration and reaction front. The initial setup of this
simulation is different to the previous one since the porosity distribution was set to random
without any zones of enhanced permeability.

Comparison to the Reaction Front from Olkusz

The reaction front from the Pomorzany mine shown in samples in figure 5.44 has an unusual
porosity contrast associated with it. The reaction front decreased the porosity which indi-
cated that the reaction associated with it had been precipitation and not dissolution. The pre-
cipitating phases were dolomite and the ore forming minerals pyrite, sphalerite and galena.
The reaction front from the Pomorzany mine can be utilized to compare the results of the
numerical experiments to natural samples. Especially as the simulations in this study were
carried out at the scale of a thin section the samples represent a good opportunity to chal-
lenge the numerical simulations. At this state of the model development only the shape of
the reaction front had been utilized for the comparison. In contrast to the natural samples the
simulated reaction only increased the porosity by the dissolution of calcite. The aim of the
experiments was to determine whether instabilities can arise during the simulation that will
lead to shape of the front that is comparable to the geometry of the natural reaction front.
Compared to the numerical simulation of dolomitization the fluid composition of the infil-
trating fluid had been modified. The percolating fluid in the experiments hat a pH, Mg- and
Ca concentration as well as the alkalinity of a basin brine. The composition of such a brine
can be found in Merino et al., 2011 and the values stated in this publication were used dur-
ing the simulation. The transported fluid is highly undersaturated with respect to calcite and
dolomite and therefore no dolomite precipitation is expected to occur in the course of the
simulation. If the upper part of the samples from the Pomorzany mine are examined (see
figure 5.44) the highly porous dolomite located in this area of the section is likely to be a
result of the infiltration of such a calcite and dolomite undersaturated and sightly acidic fluid.
The result of two simulations is shown in figures figs. 6.16 and 6.17. The only difference in
the initial setup of the simulation is that the porosity contrast in figure 6.16a was between
10% and 13% whereas the initial porosity varies between 7·10−6% and 10% in figure 6.17.
Note that no grain boundaries were present in both simulations. The shape of the infiltrating
front is obviously influenced by the initial porosity contrast of the model. At small poros-
ity contrast a straight infiltration front develops whereas at higher porosity variations the
shape becomes irregular. This is in good agreement with the theory of reactive infiltration
instabilities appendix B.3.
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Fig. 6.16: Result of a simulation of fluid infiltration with a random porosity distribution after 44.000
time steps. The initial fluid compositions are shown in figure H.13. a Dimensionless concentration
determined in ELLE

b Saturation index calculated in PHREEQC.
c Porosity distribution. The fluid dissolved calcite according to equation 6.45.
Note that the particle for which the hydrogeochemical parameters had been exported was located at
[x:0.435; y:0.054127] at values were exported when the first concentration change occurred. The
plots therefore show the evolution of the respective parameters from time step 5480. Addition data
can be found in figure G.12.

In contrast to the two previously shown numerical experiments dolomite precipitated during
the simulation shown in figures 6.18. The initial porosity contrast was similar to the sim-
ulation shown in figure 6.17. The dolomite precipitation occurred because the infiltrating
fluid had a different chemical composition (see table H.14). The dissolution of calcite lead
the precipitation in regions of enhanced dissolution. This experiment shows that dolomite
precipitation can occur even though the infiltrating fluid or even the mixing of the infiltrating
and the pore fluid would not lead to saturation states needed for dolomite precipitation. A
similar reaction could have occurred in the reaction front from the Pomorzany mine. The
infiltrating fluid dissolved the initial dolostone (replacement by sphalerite) which would lead
to the formation of a dolomite saturated fluid.
The fourth numerical experiment presented in this section was conducted with a different
composition of the infiltrating fluid. The percolating fluid was undersaturated with calcite
(SI = -2.25) and dolomite (Si = -3.13). The composition of the pore fluid was the same as
in the previous experiments and had been derived by the equilibration of general seawater
with calcite, dolomite and a ρCO2 of -2.25. (see table H.15). This experiment was conducted
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Fig. 6.17: Result of a simulation of fluid infiltration with a random porosity distribution after 44.000
time steps. The initial fluid compositions are shown in figure H.14. a Dimensionless concentration
determined in ELLE

b Porosity distribution. The fluid dissolved calcite according to equation 6.45. Where dolomite
precipitated the porosity is significantly decreased (lower part of the image).
c Saturation index calculated in PHREEQC.
Note that the particle for which the hydrogeochemical parameters had been exported was located at
[x:0.435; y:0.054127] at values were exported when the first concentration change occurred. The
plots therefore show the evolution of the respective parameters from time step 7150. Addition data
can be found in figure G.13.

Fig. 6.18: Numerical experiment on dolomite precipitation in the coupled ELLE-PHREEQC envi-
ronment after 40.000 time steps. The initial fluid composition can be found in.
The initial porosity distribution was the same as during the simulation shown in figure 6.17. The
fluid composition utilized in this experiment lead to the precipitation of dolomite after calcite dis-
solution.
a Dimensionless concentration determined in ELLE

b Saturation index calculated in PHREEQC.
c Porosity distribution. The fluid dissolved calcite according to equation 6.45.
d Distribution of the precipitated dolomite phase.
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in order to test whether calculation of the saturation indexes and the associated reaction
rates are correctly approximated. If the two fluids are mixed the saturation index of calcite
and dolomite are both in the undersaturated regime and without any aditional mechanism
dolomite will not precipitate. In contrast to the previous numerical experiment that focused
on dissolution of calcite, in this experiment dolomite precipitated due to the oversaturation
of the solution caused by calcite dissolution (figure 6.18). The porosity first increase due
to the calcite dissolution cause by the infiltration and decreased in areas of high dolomite
precipitation. This experiment shows that a dolomitizing fluid is not necessarily saturated
with dolomite but can be as well an acidic brine.

6.2.8 Conclusion

In order to simulate the dolomitization reaction in greater geochemical detail, a model for
approximation of reactive transport utilizing PHREEQC during the calculation of reaction
rates (calcite dissolution), the mixing of two fluids and the determination of saturation states
was also developed in this study. The preliminary numerical experiments were successful in
terms of appropriate dolomite precipitation rates, the fluid mixing and the dissolution rates
of calcite.
The experiments showed that by utilizing an appropriate rate law for dolomite precipitation
based on the reactive surface and the saturation state of dolomite the process of dolomitiza-
tion is better approximated compared to the simulation that determined reaction rates solely
through the concentration change (see section 6.2.6). The natural process should exhibit
a time separation between fluid infiltration and the propagation of the reaction front. The
approximation of this process is better visualized by in figure 6.18. However, how good
the simulation mimics the natural process of dolomitization is hard to tell. What can be
concluded is that in the simulation the areas of primary dolomitization are located on grain
boundaries and the actual reaction occurs at a distance from the fluid infiltration front.
The first numerical experiments conducted with the new class Phreeqc-ELLE showed that
the chemical compositions of the pore- and the infiltrating fluid have a high impact on the
developing microstructure. Even though this is not surprising, the numerical simulations
also showed that the mixing of two fluids can lead to solution that has completely different
characteristics (saturation states) compared to the initial fluids. The reaction rates occurring
in multi-solution systems can significantly change in localized zones where the mixing takes
place. The saturation index that develops during mixing is a striking example of how vast
reaction rates can locally change during the infiltration of a solution into a fluid saturated
rock. In addition to dynamic changes of saturation state due to mixing, the reactions them-
selves can change the local fluid composition. Based on the numerical experiments it can
be argued that there are several feedback mechanisms present in systems that comprise of
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different fluids that interact with a solid. The impact of dissolution and changing local fluid
composition had already been proposed as a possible mechanism of hydrothermal dolomiti-
zation by Merino et al., 2011. However, the hypothesis had been solely theoretically whereas
the code developed in this work can visualize the actual feedback-reactions by utilizing ap-
propriate rate laws and approximating the physical processes (e.g. fluid infiltration). The
simulation shown in figure 6.18 had been carried out with a pore fluid equilibrated with
calcite, dolomite and a ρCO2 of -2.25 and an infiltrating fluid that is undersaturated with
calcite and dolomite. It would be expected that no dolomitization can occur with the given
fluid compositions. However, the numerical simulation that includes dissolution and associ-
ated transfer of calcite into the solution shows that dolomitization can occur even at the given
fluid compositions. Because of the transfer of the dissolved calcite phase into the solution the
saturation state is changed proportionally to the amount of dissolved material. This proves
that dolomitzation might occur during the infiltration of acidic brines in limestones whereas
the feedback between the dissolved rock, the changing fluid composition and the resulting
reaction rate is the main process of dolomitization that is then a process of dissolution and
precipitation.
The numerical experiments that aimed to reproduce reactive infiltration instabilities occur-
ring during the percolation of a fluid that dissolves the host-rock showed that the shape of
the infiltration front changes if the initial porosity contrast is altered. Higher contrasts in
initial porosity lead to a more wavy shape of the front. However, the process of pronounced
channel development had not been observed in the simulations.
For the numerical simulation of reactive transport in ELLE with the utilization of PHREEQC as
a reaction rate engine it can be concluded that all processes are implemented correctly and the
simulations are stable. Compared to the simple model of dolomitization that was conducted
in ELLE based on the concentration changes between time steps, the computational time is
significantly increased. In fact the CPU-time dynamically increases during the simulations as
the hydrochemical parameters have to be determined for more and more nodes in the model.
However, the approximation of the natural processes that occur during the infiltration of
reactive fluids in a rock is much better achieved and the impact of varying fluid compositions
on reaction rates can be investigated.
Based on the numerical simulation the reaction front in the dolomite sample from the Po-
morzany mine (figures figs. 5.44 and 5.47 can be interpreted as follows: A hot solution that is
acidic (which has to have been the case in order to dissolve the base metal compounds) perco-
lated into the rock and precipitated sphalerite into the porosity generated during the dissolu-
tion of the host-dolomite. The fluid composition rapidly changed as more and more dolomite
had been dissolved. The fluid with the altered composition further percolated through the
rock and started to precipitate dolomite in front of the sphalerite precipitating front. This



Chapter 6. Numerical Simulations 191

process had not been proven in this work during the simulations utilizing Phreeqc-ELLE as
reaction rates for dolomite and sphalerite are not implemented in phreeqc.dat. Based on the
outcome of the numerical experiments on dolomitization the process described above is one
likely mechanism that could create structures like the ones observed in the samples from the
Pororzany mine.

6.3 An integrative Model of Zebra Dolomite Formation in
ELLE

The main focus of this work was set on the formation of zebra patterns in dolostones. A
numerical model that can simulate the the initial stages of the pattern formation will now be
introduced in this section. Note that the simulations presented in this part were carried out
solely in the ELLE environment. The general elements of the model are shown in figure 6.19.

Fig. 6.19: Schematic section of the model showing the basic elements used to simulate the dolomi-
tization and the grain growth. The nodes which are distributed on a hexagonal lattice built up the
background of the simulation. The nodes have a value of Mg2+-concentration and the parameters of
the second-phase assigned to them. The later influences the migration rate of the grain boundaries.
The top layer is built up by the boundary model consisting of connected nodes (either double or
triple) which represent the grains. Only grains which are dolomitized can grow whereas the driving
force for migration is derived from the surface energy, which is a function of the orientation of the
c-axis of the considered crystal and the adjacent grains. (Image from Kelka et al., 2015)

The reaction front in the model of zebra pattern formation is capable of collecting second-
phase particles whereas the collected amount is inversely proportional to the size of the im-
purities and proportional to the concentration change between two time steps (equation 6.50).
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The scatter of impurities is alternated by the advancing reaction front similar to the crystal
zoning model (Krug et al., 1996). For the collection process a size dependent step-function
( f (rP)) is apllied, assuming that the mobility of second-phase particles during replacement
is similar to the mobility associated with grain boundary migration described by Gottstein
et al., 1993. Furthermore, a function ( f (c)) is defined that relates the amount of collected
impurities to the concentration change between two time steps which is directly proportional
to the replacement rate. The impurities should become mobile during replacement as the
calcite/dolomite transition is accompanied by an increase of the crystallographic order. The
originating dolomite crystals will prefer a low internal energy state and therefore tend to build
in fewer impurities in their lattices. This cleansing process of the crystals can be compared
to the generation of impurity free crystals from melt during industrial zone melting (Krug
et al., 1996) even though the transition in our model is between two mineral phases and
not a change of the state of matter. The equation 6.50 outlines how the amount of particles
collected by the advancing front is calculated, if the threshold for collection is not exceeded.

m =C1/2 · f (rP) · f (c); S = [0;1] (6.50)

f (rP) = 1− tanh(rP) rP < rcrit

f (c) = 2 · (c1− c0) c0/1 < 0.5

Here m is the amount of the second-phase which is collected by the reaction front, rP is
the radius of the second-phase particles, rcrit is the threshold of the particle size, c0 is the
concentration of the contaminant in the previous time step and c1 is the concentration in the
current time step, respectively. The factor C1/2 is used to control the amount of particles
collected or released by the front. As the threshold for dolomitization in our simulation
was set to 0.5, the maximum solution of f (c) is 1 but will usually be much lower. Once
the loading-threshold of the reaction front is reached the collecting force of the front breaks
down and the process switches to releasing particles (acc. Krug et al., 1996). The release of
second-phase particles in our model is a function of particle size and concentration change
according to:

f (rP) = tanh(rP) rP < rcrit

f (c) = 1− (2 · (c1− c0)) c0/1 < 0.5

Prior to every simulation a constant pressure gradient, a random distribution of porosity,
second-phase particle radii and densities were assigned to the nodes of the hexagonal grid.
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Particle distributions are aligned horizontally in order to mimic an initial sedimentary layer-
ing with graded beds. Such a sedimentary layering can often be found in limestones and can
be caused by cyclic sedimentary deposition. Banding in calcareous rocks might as well be
of biological origin of which Stromatolites, Stromatoporoids or algae mats are good exam-
ples. In addition compaction during diagenesis might form a layered distribution of impuri-
ties resulting from pressure solution and subsequent precipitation. An example of a banded
dolomite which was found in the Upper Silesian Pb-Zn district in Poland (figure G.11) is
compared with the initial impurity scatter in our model. The Upper Silesian ore deposit is
of the same type as the one hosting the San Vicente mine in Peru but a zebra pattern is not
frequently observed in this region.
The c-axis orientation of grains varies randomly throughout the model (figure G.10c ). The
area of the model is equivalent to 1cm2 and the time scale of a single time step was set to
1h for the dolomitization and once the volume was completely dolomitized the time scale
was switched to 10a in order for grain growth to occur. Note that the dolomitization simu-
lated in ELLE did not comprise of an appropriate time separation between fluid infiltration
and dolomitization. The natural time scale of dolomitization would be several orders of
magnitude larger. However, the main focus of the simulation was set to the microstructural
evolution due to grain growth in the presence of second-phase particles and the dolomiti-
zation that superimposed the initial graded bedding should only be considered as a rough
visualization of the natural process. According to the chosen spatial scale one node in the
hexagonal grid is thought to equal a spherical volume with a diameter of ≈45 µm in which
a fraction of impurities can be present.
Initially a reaction front progresses through the material. This front changes calcite to
dolomite, a reaction that includes an increase in porosity (up to 13 percent). The reaction is
induced by an influx of fluid from the lower boundary of the model and is calculated using
an advection-diffusion algorithm. Intermediate Péclet and Damköhler numbers are applied
in order to avoid too pronounced fingering in the front. This setup leads to a wavy front
in the simulations (figure 6.20a) with an intermediate width. During the progression of the
reaction the second-phase particles are collected within the front and move with the front
until a threshold is reached and the front loses particles again. Behind the front the particle
densities are generally lower unless the front is oversaturated and releases particles. The pro-
gressing reaction front enhances the initial second-phase distribution (horizontal sedimentary
layering). Once the reaction front has changed the material to dolomite grain boundary mi-
gration becomes active. A zonation in concentration change is clearly visible in figure 6.20a.
The development of channels is minimal but the shape of the front is clearly irregular. The
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second-phase particle loading process (equation 6.50) is displayed in figure 6.20b. The high-
est densities of mobile particles are present close to the actual replacement where the con-
centration change nearly exceeds the threshold for dolomitization.

Fig. 6.20: a Concentration of Mg2+. The Bottom part is already dolomitized (black) and the grain
growth process could already start. Different layers of concentration change are visible and these
different bands of Mg2+ could be interpreted as metastable phase in the transition from pure calcite
to dolomite.
b The advancing dolomitization front collects second-phase material along its propagation direc-
tion. The amount of captured particles depends on the size of the particles and the concentration
change in the front between two time steps. The red impurities which are moving together with the
advancing front represent the amount of second-phase particles which became mobile due to the
dolomitization process. (Image from Kelka et al., 2015)

Based on the analysed natural samples, in which saddle dolomite is present in the coarse
layers, it is assumed that a temperature of at least 80◦C prevailed (Machel, 2004; Warren,
2000). This temperature regime is also found in the literature for the area of the San Vicente
mine where the involved fluids are characterized as brines with a temperature of≈75–100◦C
and a pH of ≈5 (Fontboté, 1993; Merino et al., 2011; Spangenberg et al., 1999). The pH in
the work of Spangenberg et al., 1999 was determined through geochemical analyses on sul-
fates giving the hydrogeochemical parameters of the mineralizing brine. The dolomitizing
brine probably percolated through the same underlying detrital rocks generating a similar
slightly acidic fluid. The in situ pH of general dolomitizing brines presented in the work
of (Merino et al., 2011) is also 5. However, a change in pH and/or T will accelerate or slow
down the precipitation rate of dolomite as both affect the dissolution constant (kr) used in
equation 6.16. We estimated the value of kr through an extrapolation to pH 5 from a series
of experiments carried out by Gautelier et al., 1999. The measurement of the steady-state
dolomite dissolution rate in the work of Gautelier et al., 1999 was performed at a maximum
temperature of 80◦C and is in the temperature range we consider appropriate for our simula-
tions. The value of the surface free energy for limestone is 0.27 J/m2 (Clark, 1966) whereas
the value for dolomite is poorly known. The distribution of the surface energy in the model
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was therefore based on the work of Austen et al., 2005. Although the simulated process
is thought to be situated in a burial environment with an average depth of 2 km, the pore
pressure and the stresses acting on the crystals are neglected, assuming that these parameters
play only a minor role during the patterning.
To model the formation of the zebra texture the simulation of the dolomitization and asso-
ciated impurity redistribution had been combined with the simulation of grain growth influ-
enced by second-phase particle densities. The initial distribution of the impurities represents
graded bedding with one sedimentary cycle consisting of 15 single layers with a reduction of
the mean grain size of 0.05 µm from one to the subsequent layer (figure 6.21). The reaction
front moves from the bottom to the top of the simulation following a predefined pressure
gradient and redistributes the impurities along its way.

Fig. 6.21: Simulation of the zebra pattern formation by combining the simulation of the dolomi-
tization and the grain growth. Both simulated processes redistribute the initial impurity scatter.
The bifurcation is achieved because the initial set graded bedding distribution of particle size is
superimposed by the size-dependent shift of the reaction front. A secondary redistribution is then
performed during grain growth during the propagation of the grain boundaries. (Image from Kelka
et al., 2015)

The advancing reacting front collects the second-phase particles whereas the amount of par-
ticles depends on the radius of the impurities (equation 6.50). The width of the front expands
successively with time and the amount of particles collected by the front rapidly increases as
soon as the front enters regions with smaller second-phase particle radii. Areas with larger
particles sizes are not cleared as effective as areas with smaller particle sizes (equation 6.50).
The dolomitizing front leaves layers with high particle densities behind and releases impu-
rities in patches when the loading threshold of the front is exceeded (top of figure 6.21).
Since the amount of collected particles is related to the concentration change between two
time steps (equation 6.50) the loading process is also related to the development of fingers
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in the front so that the critical loading value is reached faster in regions between pronounced
fingers (figure 6.21).
Once the dolomitization front has passed through the sample the time scale is changed so
that grain growth becomes active. Due to the layered distribution of second-phase parti-
cle densities, which were superimposed by the dolomitization front, high grain boundary
migration rates only occur in regions with low impurity densities. This produces larger and
potentially more isotropic grains, whereas areas with high particle densities only show minor
grain growth. Because of the bifurcation of growth rates due to the impurity concentrations
a pattern consisting of layers with large, and layers with small grain sizes develops. The
grain growth process itself will then also account for the secondary redistribution of particle
densities and leads to a secondary cleaning of the growing grains. As an additional result
of the bifurcation of the growth rate, the larger grains in the low density second-phase areas
are cleaned more effectively by the grain boundary migration as this process is much longer
active in these grains than in the grains located in regions with high impurity densities. The
stable grain size achieved in the light and dark layers is in good agreement with the natural
samples (figure 6.22). The grain sizes are found to vary between 80-150 µm in the dark and
0.5 -5 mm in the light layers. The crystals in the simulations have final grain sizes ranging
from ≈ 200 µm in the impurity rich to 2mm in the impurity free layers. The crystals in
the dark regions are larger than those in the natural samples but this could be overcome by
introducing higher initial impurity densities. The figure 6.22 also shows that without the re-
distribution of the second-phase particles by the reaction front no zebra texture-like structure
forms (figure 6.22b).

6.3.1 Conclusion

A combination between second-phase particle redistribution by a replacement front and sub-
sequent grain growth can generate patterns similar to zebra textures observed in natural sam-
ples. I therefore put forward a process of pattern formation based on the bifurcation of the
overall grain boundary migration rate, where this dichotomy in grain boundary mobility is
caused by a layered distribution of second-phase particle densities. This process can be ap-
plied to every location where impurity rich limestones are dolomitized. The simulation of
the calcite-dolomite replacement governed by a general transport equation can produce in-
stabilities in the reaction front leading to fingering. This is due to the increasing porosity
which accompanies the replacement process and can be compared to the general process of
reactive infiltration instabilities (Chadam et al., 1986). Even though the simulation of the
dolomitization is a simplified model of the natural process it is sufficient to simulate the im-
purity redistribution mechanism which we assume to be crucial for the textural evolution.
The basis for the second-phase rearrangement is the crystal zoning model (Krug et al., 1996)
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Fig. 6.22: a Initial distribution of second-phase particles for the simulations in (b,c).
b Result of a grain growth simulation without the redistribution performed by the reaction front
after 3500 time steps. A stable grain size is reached and no pronounced banding is observable.
c Result of a simulation of dolomitization followed by grain boundary migration after 30,000 time
steps. The redistribution of the second-phase material leads to a bifurcation in grain growth rates
and this causes banding.
d Scan of a thin section. The area of the scan is equivalent to the area of the simulation. The
location of the dark and light layers as well as the grain size differences are in good agreement with
the result of the simulation shown in b. (Figure from Kelka et al., 2015)

combined with the theory of particle mobility during grain boundary migration (Gottstein
et al., 1993). The parameters for the impurity-loading process of the reaction front had to be
estimated because the actual values have not yet been determined experimentally. A general
law for second-phase particle mobility during grain boundary migration had been applied as
it is assumed that the process is similar to the shifting of particles by a replacement front.
The mechanism which is of high importance for the pattern formation is the impurity size
dependent shift as it superimposes the initial graded bedding distribution in the simulations.
The size dependence of the impurity sweep can superimpose a graded bedding structure and
build up a layered scatter of impurities. The particle collecting and precipitating reaction
front will cleanse areas consisting of second-phase particles with a smaller grain size more
efficiently. The resulting structure will consist of equidistant, almost particle free layers al-
ternating with high particle density layers. We propose that this process produces one of the
possible basic condition for the formation of banded structures in rocks.
It had further been show that the model can reliably calculate grain boundary velocities in a
system with mobile second-phase particles (equation 6.16). Particle numbers and maximum
grain size relationships (equation 6.8) are in good agreement with the general theory of grain
boundary motion in the presence of impurities (Moelans et al., 2006; Gottstein et al., 1993;
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Evans et al., 2001). During progressive grain boundary migration the impurities will line
up along grain boundaries (Harun et al., 2006; Moelans et al., 2006; Shelton et al., 1996)
and surviving grains comprise of a core which is not affected by grain growth (Jessell et al.,
2003). This is also observable in the simulation. Both simulated processes comprise of some
simplification but reflect the natural processes to the extent needed to show how a layered
pattern can be generated by combining these two mechanisms.
Based on the simulations I suggest a general hypothesis for the development of the initial
zebra textures or the development of banded structures in crystalline materials in general.
The crucial point in my theory is the development of an equidistant layered distribution of
impurity densities. I propose that the layered scatter of the second-phase can either evolve
by superimposing a pre-existing structure (like a graded bedding distribution in our model)
or it could be generated out of an initially random distribution of particles which has been
shown be the crystal zoning model developed by (Krug et al., 1996). The presented model
generates structures which are similar to the ones observed in the natural samples. Even
on a microscale the simulations give results which are in good agreement with the samples.
The noticeable high densities of opaque material along grain boundaries in the thin sections
are also observable in our simulations and are generated by the mobility of the second-
phase particles during grain growth. We can therefore conclude that the crucial parameters
needed for zebra texture evolution are the initial porosity of the limestone, the saturation of
the hydrothermal fluid with respect to dolomite and the porosity change associated with the
calcite-dolomite replacement. It has to be pointed out that the actual redistribution process
of second-phase material in the simulation is a strong simplification of the natural process.
Pattern formation in natural materials, especially when it happens on a localized scale often
involves self-organization (Ortoleva, 1984; Ortoleva et al., 1987). If the process of impurity
redistribution as it is simulated in our model is active in every environment where an impurity
rich limestone is replaced by dolomite, zebra textures would occur in much more regions
than they actually do. Therefore some critical parameters must be present which produce the
layered distribution of second-phase material.
On the large scale these critical parameters could be related to the geometry of the specific
tectonic environment and over-pressured fluid systems in which large hydrothermal Pb-Zn
mineralizations are formed, whereas on the small scale variations in porosity or impurity
content could trigger banding or not.
The model can represent the initial trigger of the pattern formation but may not explain all
features, like the elongated shape of the light crystals and the sometimes observed macrop-
ores along the median line. However, our model does not contradict any of the pre-existing
models. It is conceivable, that after the formation of the two maximum grain sizes in our
model another process might become active. This final pattern could be formed by one of
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the existing models (see section 1). For instance, the grain coarsening could lead to a feed-
back with the fracturing as the yield stress will drop with increasing grain size leading to a
late fracturing of median lines or preferred dissolution along them. The initial sedimentary
bedding related anisotropy is in good agreement with the work of Morrow, 2014. As sug-
gested by Fontboté, 1993 a self-organization process is expected to be crucial for the pattern
formation. However, whether hydrofracturing, focused dissolution or crystal growth accom-
panied by the displacement of the fine grained bands is the final stage of pattern formation
cannot be said with certainty. Further research is needed to combine the model introduced
in this work with either one of the pre-existing theories or with an additional process which
has not yet been regarded.

6.4 Discussion

This chapter is now concluded by a discussion of the developed code that couples ELLE-
PHREEQC and the numerical model of zebra pattern formation.

6.4.1 Reactive Transport Simulation utilizing in ELLE utilizing PHREEQC

as a Reaction Rate Engine

The coupling of ELLE and PHREEQC provides new possibilities for the numerical simulations
of microstructure formations. With the code developed in this study it is now possible to
take hydrogeochemical processes into account that might play an important role during the
textural evolution. It had been shown that the implementation of PHREEQC as a reaction rate
engine had been successful und first simple numerical experiments had been performed.
PHREEQC had been coupled with other numerical simulation environments before (i.e. (Nardi
et al., 2014)) but often the developed environments are not open-source. As ELLE as well as
the IPHREEQC-library are both freely available the coupling of both codes represents the first
step in the development of a new numerical tool for the simulation of fluid-rock interactions
in 2D that is freely available.
The model of dolomitization of limestone by a process of dissolution-precipitation developed
in section 6.2.7 of this chapter resembles the natural process much better compared to the
simple model presented in section 6.2. At least if it is assumed that dolomitization is a
process of coupled dissolution-precipitation. Merino et al., 2011 proposed a new model of
dolomitization based on the interaction of a reactive brine with calcite. The initial limestone
is dissolved by a brine undersaturated with calcite and dolomite, the SI of dolomite is then
successively increased and additional calcite is dissolved. Such a process could now be
simulated with the coupled ELLE-PHREEQC (see figue 6.18).
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The simulation presented in this study focused on dolomitization caused by the mixing of
different fluids. It had been shown that a reaction front of high dolomite saturation forms by
the mixing of a fluid equilibrated with calcite and dolomite with slightly acidic brine that is
saturated with dolomite. The saturation index in the mixing zone is nearly twice as high as in
the initial brine. That dolomitization can be caused by the mixing of fluid is a known model
of dolomitization (see (Machel, 2004)). However, as this study focused on reactions that
can account for pattern formation in the environment of MVT mineralization, the mixing
simulated in this section occurred between equilibrated seawater and slightly acidic brine.
The latter are considered to be the fluids that carry the ore minerals and are usually described
as basinal brines (Merino et al., 2011).
The developed code performs well, the simulations are stable and computational time had
been sufficiently reduced by parallel-computing. The communication between both plat-
forms had been implemented correctly and it had been possible to conduct first numerical
experiments. However, it has to be noted that the numerical simulations of hydrogeochem-
ical reactions in PHREEQC coupled with microstructural evolution performed in ELLE are
still at the very beginning. Subsequent studies have to be performed in order to optimize the
routine and realize the full potential of the new platform. At his point it is also important to
note that the error in the ionic balance (tables tables H.12 to H.15 are extremely high. The
error is calculated in percent according to:

∆IB =
∑Cat(+)−|∑An(−)|
∑Cat(+)+ |∑An(−)|

·100 (6.51)

Usually an error of up to±5% is considered to represent an appropriate hydrogeochchemical
analysis calculation. However, as only the concentrations of Mg and Ca are involved in the
simulation the error will be extremely high. ∆IB can be reduced even below 5% by including
all the remaining elements in the calculation which would in turn significantly increase com-
putational time. The coupling between ELLE and PHREEQC presented in this study should
be considered as a first step towards the development of a new numeric environment and the
large errors had therefore not been taken into account.

6.4.2 Simulation of Zebra Pattern Formation in ELLE

The numerical simulations of zebra pattern formation in dolomites presented in this chapter
have shown that the texture can evolve due to a process of second-phase particle redistribu-
tion by a reaction front (dolomitization) and subsequent grain boundary migration influenced
by second-phase particle densities.
The grain growth algorithm, which represents an expansion of the existing ELLE routine, had
been successfully adjusted to grain coarsening in carbonates influence by variable impurity
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densities. It had been shown that the process exhibits a behaviour that is in good agreement
with existing theories (Gottstein et al., 1993; Evans et al., 2001). By varying the rate parame-
ter (dissolution constant) the code could theoretically be applied to grain boundary migration
in other rocks as well.
The numerical approximation of reactive transport introduced in the first part of this chapter
only represents a general numerical model of this process and had been kept rather simple.
However, the necessary mechanism of second-phase redistribution is sufficiently visualized
by the routine. It had been shown that such a process of impurity redistribution could pro-
duce the layered second-phase particle distribution for the formation of zebra texture-like
structures. The graded bedding distribution of the impurities had been found to exist in
dolostone-samples from the same lithological horizon that is host to MVT mineralization in
Poland (figure G.11). It is therefore reasonable to introduce such a layered distribution of
impurities during the setup of the model.
At its current state, the numerical model lacks a mechanism that leads to the final shape of
the coarse grained crystals in the light zebra layers. It is likely that such a process is related
to mechanical deformations such as compaction and associated fracturing.
At this point it can be emphasised that the presented numerical model of zebra texture for-
mation probably represents only a sub-process of the complete patterning mechanism. The
grain growth is likely one of the most important parts of the pattern formation but the con-
tribution of compaction or deformation has to be taken into account in order to formulate a
more complete generic model. This becomes even more evident if the geological settings
of the hosting zebra dolomites are considered. Often the zebra structures are encountered in
areas that also comprise of economic mineralization that, for instance in the case of MVT,
are related to tectonic deformations that are one of the controlling mechanism during ore em-
placement (Bradley et al., 2003). The zebra dolostone samples analysed in this study were
found in environments that had been subjected to considerable tectonic deformation which
is an additional indicator that the rheological aspects have to be taken into account. It had
been suggested before that the genesis of the zebra pattern is at first order related to tectonic
deformations (i.e. López-Horgue et al., 2009).
In the following chapter (7) it will be shown that volumetric compaction of the dolomite
might represent a process which might generate the layered impurity distributions as well.
In addition to that it will be argued that the grain growth coupled with the mechanical forces
acting on the system can lead to the final textural appearance of zebra dolomites.
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Chapter 7

Analytical Model of Zebra Dolomite
Formation
7.0.1 Introduction

One of the crucial mechanism during the genesis of the zebra texture in dolostones is the
redistribution of the second-phase particles prior or simultaneously to grain boundary migra-
tion. At its current state the numerical model simulates the pattern formation as a process
of impurity redistribution followed by grain coarsening focused in areas of depleted second-
phase particle densities. Such a process could theoretically appear in every location where
impurity rich limestones underwent hydrothermal dolomitization. This cannot be confirmed
by field observation which show that the pattern is bound to specific structural environments
which frequently host MVT mineralization. In addition to that, the median line in the central
part of the coarse zebra layers and the elongation of the crystals towards this line cannot be
directly explained by the numerical simulation at its current state.
So far, an important parameter had been neglected during the development of the model. The
contribution of mechanical deformation to the pattern formation has not been taken into ac-
count, yet. In this section a closed-form analytical solution will be presented which includes
a pressure and grain size depended rate-law of dissolution-precipitation which accounts for
the redistribution of the impurities similar to the numerical model of the previous chapter.
Additionally, the solution of the analytical model comprises of stationary periodic waves
(Cnoidal waves) which represent stress singularities. Such a solution had been found to ad-
equately explain the occurrence of stress localization phenomena during the homogeneous
volumetric deformation of a rate-dependent, heterogeneous material (Veveakis et al., 2015a).
In this part of the study, the basic development of the analytical model will be presented. The
complete derivation of expression 7.23 can be found in
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7.0.2 Constitutive Modelling

The general reaction may be valid in the system comprising of dolomite and a reactive brine:

ABs 
 As +B f (7.1)

ABs is the initially impurity-rich dolomite, As represents the dolomite depleted in impurities
after the reaction and B f is the fluid or brine which contains impurities released from the
solid after the reaction. It is assumed that after the reaction the porosity (φ ) is completely
filled with the impurity-rich fluid. The processes to be modelled occur in a porous, fluid
saturated medium. Therefore, the analytical model will be based on the development of a
mixture of a solid and a fluid phase which obeys the fundamental physical laws of balances.
Based on the representative elementary volume described by Hill, 1963, a mixture of any two
material can be formulated if the volume of the mixture is large enough for thermodynamic
averaging, and the mixing between the constitutes is sufficient enough so that the mixtures
physical properties can be considered as homogeneous. If these conditions are fulfilled every
mixture comprising of different constitutes can be approximated by formulating a mixture of
the respective constitutes (Hill, 1963).

Partial Densities

In line with mixture theory, a system comprising of a solid (rock) and a fluid is assumed
which also allows for internal mass transfer. In order to formulate a general expression for
the mixture the partial densities have to be described for each phase, respectively. The total
volume is V , the porosity is φ and the volume of one constitute (b)is given as Vb. The
relationship can be expressed as:

φ =
Vb

V
with Vb = φ and Va = 1−φ (7.2)

The volume fraction of the other constitute (a) can then be expressed by 1− φ . This is
considered to be the classical approach of how to describe a system comprising of a porous
medium (a) and and a fluid (b) in poromechanics (Vardoulakis et al., 1995). To formulate
this for the system to be modelled in this work it is given:

φ =
Vf

V
with Vf =Vimp +Vbrine (7.3)

One assumption is that after the complete reaction the fluid phase contains all the impurities
released from the solid and therefore the volume fraction of the fluid phase is given by the
volume of the brine and the volume of the impurities separated from the solid. With this in
mind, it is now possible to formulate partial densities for each of the phases in the mixture.
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For the solid phase, which is assumed to initially comprise of dolomite with enclosed second-
phase particles, the partial density (ρ1) can be expressed as:

ρ1 = (1−φ)[(1− s)ρimp +ρs] (7.4)

Here s donates the volume fraction of fluid with respect to the total volume. ρimp is the
density of the impurities and ρs is the density of the solid (dolomite). This can in turn be
written for the fluid phase as:

ρ2 = φ [(1−w)ρbrine +wρimp] (7.5)

Where w donates the volume fraction of impurities in the fluid phase whereas ρbrine and
ρimp denote the density of the fluid and the impurities, respectively. Note that mass transfer
occurs between the solid and the fluid through the respective volume fraction of second-
phase particles which are thought to be separated from the solid matrix during a reaction and
are then contained by the fluid phase.

Mass Balance

With having formulated partial densities for each phase and noticing that internal mass trans-
fer is represented by the volume fraction of impurities in the respective phase, it is now essen-
tial to develop an expression which assures mass balance. First, the mass balance expression
for the solid phase is:

∂ρ1

∂ t
+

∂ρ1v(1)k
∂xk

= je (7.6)

For the fluid phase the mass balance can be written as:

∂ρ2

∂ t
+

∂ρ2v(2)k
∂xk

= jz (7.7)

The change in partial densities given by eqs. (7.4) and (7.5) is the result of reaction ( j) which
releases the impurities from the solid skeleton into the fluid. The velocities v(1)k and v(2)k

represent the velocity of the solid and fluid respectively. The individual phases loose or gain
mass as expressed by the reaction je/z. In order to formulate an expression which obeys
general mass balance je needs to obey:

je =− jz =− j (7.8)

To obtain an expression for the mixed mass balance each phase (eqs. (7.6) and (7.7)) is
divided by its respective partial density (eqs. (7.4) and (7.5)). In order to describe the rate
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changes with respect to the velocity of each phase, and obtain a connection between the
Eulerian and the Lagrangian description, the Material Derivative is applied (see appendix A.

D(u)

Dz
=

∂

∂ t
+ v(u)k

∂

∂x
(7.9)

After formulating the mass balance equation for the mixture including the velocities of the
solid and fluid respectively, the infiltration velocity of the combined liquid and solid phase is
derived as:

φ

[
v(2)k − v(1)k

]
(7.10)

By assuming Darcy’s law the velocity term can be expressed by means of material parame-
ters such as permeability (κ), fluid viscosity (µ f ), density of the fluid (ρ f ) and fluid pressure
(Pf ) as:

φ

[
v(2)k − v(1)k

]
=− κ

µ f

[
∂Pf

∂xk
−ρ2ge3

]
(7.11)

Where e3 is the unit vector of the gravity direction. To also obtain a relationship with tem-
perature (T ) and pressure (Pf ) a equation of state (see) is applied.

ρ(s, f ) = ρ(1,2)
(
Pf ,T

)
with

1
ρ(1,2)

dρ(1,2) = bidPf −λidT (7.12)

Through equation 7.12 the compressibility (bi) and the thermal expansion expansion (λ ) are
introduced. At this stage isothermal conditions (dT = 0) are assumed. The velocity v(1)k ,
which is the velocity of the solid skeleton, needs to be defined. This velocity can be derived
from volumetric strain rate:

ε̇ =
∂v(1)k
∂xk

= ε̇e
V + ε̇

p
v (7.13)

It is assumed that the solid velocity equals the creep rate of the material (dolomite) v(1)k = ėP
v .

After reducing the problem to 1D and also accounting for momentum balance via Terzaghi’s

principle of stress decomposition it is possible to formulate the mixtures mass balance equa-
tion. In the expression βm represents the compressibility of the mixture (see appendix A)
leading to:

βm
∂Pf

∂ t
=

∂

∂y

[
κ

µ f

∂Pf

∂y

]
+

(
1
ρ2
− 1

ρ1

)
j (7.14)
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Rate Law

The mass production-depletion is governed by the reaction j which has yet not been de-
fined. It is assumed that j is the term describing recrystallization and grain boundary mi-
gration which is governed by a process of dissolution-precipitation. It had been shown that
dissolution as well as precipitation of minerals in a rock are pressure and grain size depen-
dent (Koehn et al., 2006). That pressure has an remarkable effect on grain boundary mobility
was experimentally determined for instance by (Hahn et al., 1979). It is generally accepted
that grain coarsening can be analysed by an equation of the form (Azuma et al., 1983):

D2−D2
0 = Kt (7.15)

Here D0 denote the initial grain diameter at time t = 0 and K is the rate constant of grain
boundary migration. The latter is usually expressed by a temperature dependent Arrhenius
term:

K = k0e−[
Q

RT ] (7.16)

R is the ideal gas constant, T is the temperature in Kelvin, k0 is a material specific rate
constant and Q represents the apparent activation enthalpy which can be expressed as:

Q = E +P∆V (7.17)

Here E is the activation energy for grain boundary migration, P represents pressure, V is
the activation volume which might be related to the grain size. The activation volume is
related to porosity as this boundary free volume (∆V ) has to be larger than a critical volume
(∆Vc). If the actual grain boundary migration is thought to be a process of atomic transfer
into ∆V , the activation energy (E) is then the energy needed to transfer atoms across the
respective boundary into the region ∆V > ∆Vc (Hahn et al., 1979). It can be emphasized
that the activation volume is related to the specific surface area and the local porosity. The
precipitation rate is higher if the specific surface area is larger therefore a smaller grain size
will result in a higher precipitation rate compared to a larger grain size at otherwise similar
conditions. Both the dependence on porosity and specific surface area, give an indirect
dependence of the activation volume on the actual grain size. With these dependencies in
mind, it is possible to derive an appropriate pressure and grain size dependent rate law for
grain growth for j as:

j = Ak0e−[
E+P∆V

RT ] (7.18)
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T and R are the temperature and the ideal gas constant respectively. A donates a term which
accounts for the surface area. Note that the reaction rate j exhibit a strong dependency on
grain size (see appendix A). As the reaction j affects the solid and not the fluid phase A is
(1−φ)ρ1. The equation 7.14 can now be written as:

βm
∂Pf

∂ t
=

∂

∂y

[
κ

µ f

∂Pf

∂y

]
+

(
ρ1

ρ2
−1
)
(1−φ)k0e−[

E+P∆V d
RT ] (7.19)

7.0.3 1D Steady-State Approximation

The problem had been reduced to 1D whereas a 1D loading scenario is assumed and also
the applicability of steady-state approximation ( ∂

∂ t = 0 )is accepted. The numerator in the
Arrhenius term of grain coarsening is condensed to Q (apparent activation enthalpy). Further,
the influence of gravity and solid advection is thought to be neglectable. In the course of
model formulation stress and space are normalized:

σ
∗ =

σ ′

σ0

y σ
′ = σ

∗ (7.20)

y∗ =
y
yo

y y = y∗ (7.21)

Now it is possible to derive an analytical solution of the equation by applying boundary
conditions representing far-field tectonic loading with constant stress at the boundaries:

σ
′(y = 0) = σ

′(y = y0) = σ
′
y +σ0⇒

P(ξ = 0) = P(ξ = 1) = 1 (7.22)

In order to obtain a readable expression for the analytical model two dimensionless parame-
ters (see A) α and λ were constructed during the development of equation 7.23. In addition
to that, the Arrhenius-type terms were condensed. The resulting expression of the problem
of zebra texture formation in dolostones has the form:

∂ 2P
∂ξ 2 +Pe

(
∂P
∂ξ

)2

−λPm +µeαP = 0 (7.23)
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with

Pe = β2σ0

λ =
µ f ε̇0y2

0
κσ0

α =
σ0∆v
RT

µ =
Aε̇0y2

0
κσ0

(
ρ− s

ρ f

)
(1−φ)e−[

E
RT ]

In the expression P denotes the normalised over-pressure , ξ is the normalized space in a
moving coordinate system, Pe is the Péclet number and m is the stress exponent.

P: Nomalized pressure

ξ : Direction along moving coordinate system

κ: Permeability

Pe : Péclet number

σbound : Background stress

σy: Yield stress

m: Stress exponent(3 for carbonates)

φ : Porosity

∆v: Activation volume

d: Grain size

ε0: Creep rate

A: Dimensionless constant in creep law (surface parameter)

µ f : Viscosity of the fluid

K0: Reaction rate

For certain parameter combination the solution of expression 7.23 includes the Jacobian CN-
or the Weierstrass function which are both elliptical. These parameter combination represent
the fields for which the analytical solution becomes unstable and periodic stress-singularities
(Cnoidal waves) similar to those observed in the work of Veveakis et al., 2015a are predicted
to form. It is crucial to understand the behaviour of equation 7.23 in order to evaluate the
predictions of the analytical model. The following paragraph will give a brief overview of a
basic preliminary linear stability analysis performed on equation 7.23.

7.0.4 Response of the Analytical Solution

To ensure the highest possible simplicity all values of the parameters α , λ , Pe, and τ were
initially set to 1. The solution for this combination does not comprise of a periodic function
(figure 7.1a). In the course of the investigation of the equation the value of lambda was
successively increased. It was found that at higher values (λ > 45) a single wave-peak
occurs. Below this value for λ the solution can be considered as stable. In general, with
higher λ the number of wave-peaks increases, for instance above 213 two wave peaks are
present. However, the relation between the number of wave-peaks in the solution and the
value of λ is found to be non-linear. Values for λ between 750 and 775 yield a number
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of four wave-peaks whereas values above 775 will lead to a number of three (for instance
figure 7.1d).

Fig. 7.1: Solution of equation 7.23 for different values of λ . Note that even tough it could be
inferred from the figure there is no strict linear relationship between lambda and the number of
wave-peaks

It can be noted that the behaviour of equation 7.23 is rather complex and the number of stress
singularities becomes even more unpredictable by changing not only the value of λ but also
those of the other parameters. Therefore, in order to simplify the problem the Péclet number
(Pe) was set to 0 which cancels out the second term in equation 7.23 and the value of n was
fixed to 3. This leaves:

∂ 2P
∂y2 −λ (τ−P)3 +µ

′ · e(αP) = 0 (7.24)

This equation is slightly easier to handle but still includes the essential elliptical functions
in its solution. During the subsequent analysis only the values of τ and λ were changed. If
appropriate values are inserted into the expression of α it turns out that the values of this
parameter is low compared to the other and in addition to that it has also been found that
the parameters with the highest impact on the solution are in fact τ and λ . Both parameters
have a profound meaning in terms of physical parameters such as stress and permeability.
In conclusion it can be emphasized that a general prediction of the equation 7.24 is that the
number of stress singularities, which represent stress localization phenomena in the litho-
sphere, increase with depth. This general relationship is shown in figure 7.2 which displays
solutions of equation 7.24 for varying parameter combinations. The general behaviour of
equation 7.23 and the simplified expression 7.24 is complex with a non-linear relationship
between the parameter values and the number of stress singularities. However, a general
trend is that increasing values of stress (depth) and lower values of permeability yield higher
number of wave-peaks.
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Fig. 7.2: Generalized relationship between depth (pressure), permeability and the number of stress
localization predicted by equation 7.24

7.0.5 Predictions of the Model

The general prediction of the analytical model is that the number of instabilities during com-
paction increase with depth (pressure) and decreasing permeability. A more complete in-
terpretation of the analytical solution can be obtained by inverting the derived solutions for
real values of permeability and stress. Such an inversion is possible by applying a modified
expression of the classical compaction length of McKenzie, 1984. This gives a relation-
ship between the spacing of the wave peaks, which in the framework of this work represent
the spacing between the median lines of the light coarse grained zebra layers, pressure and
permeability. The modified compaction length is:

δc =

√
H2

λ
=

√
κ(σbound−σy)

µ f εo
(7.25)

The expression 7.25 includes the permeability (κ), the viscosity of the fluid phase (µ f ), the
boundary minus the yield stress (σbound−σy) and the reference value of the strain rate (ε0).
It was found that when inserting appropriate values α and µ these two parameters do not
have significant impact on the solution. Therefore the first step of the inversion is to obtain
a best fit for the number of wave-peaks (zebra bands) and the value of λ (figure 7.3a). The
values utilized correspond to an overstressed regime of 1 to 10 MPa.
The best fit is obtained for 0.27

√
λ which was the same as for melt segregation in migmatites

in the work of (Veveakis et al., 2015b). Now it is possible to construct a plot of the number of
bands per meter (ρbands) and the reference strain rate (ε0). Note that the reference strain rate
is not the actual strain rate of the respective material under compaction. A slightly overstress
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Fig. 7.3: a Best fit obtained for varying λ . Note that the values for µ were 10−10 and 10−20 and
the values for α were 10−4 and 10−5, respectively.
b Plot of the band intensity per meter per reference strain rate

regime was assumed in line with the results of figure 7.3a. The resulting diagram is shown
in figure 7.3b.
With having now obtained the values of the reference strain (ε0) and the overstress (σ0 =

σbound −σy) the permeability can be derived from equation 7.25. From these values it is
possible to construct a log-log plot of the number of zebra bands per meter as a function of
permeability and overstress (figure 7.4).

7.0.6 Conclusion

The analytical model presented in this section can relate the occurrence of zebra textures
in dolostones to specific lithological conditions. An overstressed regime is predicted that
evolves within a low permeable strata. These conditions can be confirmed for the case of the
San Vicente mine were an overburden of up to 3 km would give the necessary overstress.
The permeability of dolomites is usually thought to be higher then limestone which makes
dolomites desired reservoir rocks for hydrocarbons. However, it is also possible that due to
cementation the overall permeability of dolomite formations is significantly lowered even
tough the mol-mol replacement of calcite by dolomite would theoretically lead to a signif-
icant increase in porosity. Through equation 7.25 it is possible to relate the spacing of the
zebra layers to values of stress and permeability present during the formation of the pattern.
Highly variable spacing in zebra dolomites is then a function of permeability and stress and
which in turn can be related to distinctive cementation and the height of the overburden. As
the formulation of the analytical model links both the solid and the fluid phase and the va-
lidity of Terzaghi’s principle is assumed, an increase in local fluid pressure would also affect
the overstress in the solution. Therefore, even though the needed overstress seems high at
a first glance the contribution of the fluid pressure to this value has to be emphasized. This
is important if the formation of zebra dolomites in the Zechstein of the Spessart should be
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Fig. 7.4: Log-log plot of permeability and pressure derived from equation 7.24 for a high saline
brine at T = 80◦C,µ f = 480µPa/s45,ρs = 2.9g/cm3,ρ f = 1.25g/cm3,k0 = 5 · 10−7 (interpola-
tion of experiments (Gautelier et al., 1999)), and the activation energy for dolomite precipitation
Q = 31.9kcal/mol (Arvidson et al., 1999). The lines indicate the numbers of zebra layers per
m which can be related to the spacing of respective bands (images). The grey shaded area in-
dicates the appropriate condition for buried dolomites. The dotted line indicates the maximum
value of dolomite permeability (Warren, 2000) (Both images of zebra texture have the same scale;
width = 1cm).

explained by the analytical model as well. The overburden in this area had probably only
been about 1km but on top of the zebra dolomite hosting formation occurs an impermeable
clay layer of the Broeckelschiefer . This situation is similar at the San Vicente mine were
a impermeable layer is located on top of the dolomite formation. In both cases the clay
horizon could have acted as a seal which lead to a successive rise in fluid pressure caused
by hydrothermal fluids percolating upwards. Together with decreased porosity/permeability
caused by cementation of the dolomite formation by the same hydrothermal fluids this could
generate the necessary conditions for compaction instabilities occurring in dolostones.
The whole process of pattern formation based on equation 7.23 or 7.24 can be summarized
as follows: The stress or pressure localization leads to enhanced recrystallization and dis-
solution rates in equidistantly spaced layers of the dolomite. As the recrystallized dolomite
tend to build in less impurities, these will then be contained by the fluid phase after the
reaction. Recrystallization enhanced by the periodic high-pressure channel (light zebra lay-
ers) accounts for the mass flux between the solid and the fluid as described by eqs. (7.4)
and (7.5). The grain boundary migration which, even though hindered by the high pressure,
will be focused in the localization channels because apart from the high stress these areas
also comprise of an enhanced porosity. This porosity represents boundary-free zones which
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can have a significant impact on the growth rate (Hahn et al., 1979). Together with the de-
pletion in second-phase impurities this will lead to a bifurcation of grain growth rates in the
system. Higher growth rates will appear in the channels created by the compaction whereas
grain coarsening will soon cease in the surrounding areas. The stable grain size in the regions
adjacent to the stress and porosity localization is dictated at first order by the higher densities
of impurities in these zones. Which is given by the simple relation (Evans et al., 2001):

gmax =C′m ·
rp

fvol
(7.26)

With Gmax being the final grain size, C a model depending constant, r the radius of the impu-
rities and f representing the volume fraction of the impurities. The grain coarsening will still
continue in the high-pressure and -porosity channels which causes successive lowering of the
dolomites yield stress as described by the Hall-Petch equation (Hall, 1951; Petch, 1953):

σy = σ0 +
k
√

g
(7.27)

Here σy is the yield stress of the material, σ0 is the intrinsic yield stress, k is a material
specific constant and g is the grain size. The expression 7.27 predicts that the yield stress
is inversely proportional to the square-root of the grain size. This equation holds in the
brittle regime but had also experimentally found to be valid in the field of brittle-ductile
transition in carbonates (Fredrich et al., 1990). It is therefore assumed that the yield stress
is also a function of the grain size in the regime of the analytical model. Based on this the
successively reduced yield stress accompanied by stress localization will lead to the genesis
of fractures in the light zebra layers. As the highest stresses are predicted to exist exactly in
the central part of the compaction channels this will be the zone of preferred fracturing as
well. The analytical model can therefore explain how periodic fractures which occur parallel
with bedding can be formed under compaction. If grain growth continues the crystals will
elongate towards the fracture similar to crystal growth in veins. If crystal growth in governed
by precipitation from a supersaturated fluid the resulting microstructures will have a specific
morphology (Nollet et al., 2005). In the zebra textures in dolostones the growth of the
crystals in the presence of an opening fracture can be responsible for the final appearance of
the microstructure. Note that not all of the light zebra layers show the elongation towards
the median line but most of the zebra dolomites with a spacing > 0.5 cm show this feature.
In addition to that, the samples which display pronounced crystal elongation also exhibit a
distinct central line which had been investigated in this study using CL-microscopy and EMP.
With both methods growth zonations had been detected which coincide with the median line
in the light zebra layers. Such microstructures point towards crystal growth in open space.
Therefore at least in the direct vicinity of the central line the dolomite grains grew into open
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space which probably affected the shape of the surrounding crystals as well. The analytical
model presented in this section together with the numerical simulations of chapter 6 can give
a complete description of the zebra dolomite genesis.
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Chapter 8

Final Thoughts on Pattern Formation in
MVT Deposits

The main focus of this study was the microtextural evolution of dolomite rocks that host
mineralizations of the MVT. The work comprised of two approaches: The first was to in-
vestigate the microstructures with several analytical methods and the second approach was
the formulation of numerical and analytical models that should integrate the analytical find-
ings. In addition to that, the numerical simulation environment ELLE had been extended by
a reaction rate engine based on the hydrogeological modelling platform PHREEQC.
This chapter will sum up the findings achieved in this work and will conclude with a critical
discussion of the findings followed by an outlook towards further research on the topic of
pattern formation in geological systems. In the first paragraphs of this chapter the findings
achieved by the various analytical methods will be presented and interpreted by means of
generic processes that are key to the understanding of zebra dolomite formation.

8.1 Grain Growth and Impurities

One of the most important findings achieved during the petrographic analysis of the zebra
dolomite samples from the San Vicente mine was that the grain size exhibits an inverse cor-
relation between impurity density and grain size (figure 5.2). The analysis of the impurities
with SEM showed that the material consists of second-phase particles with chemical compo-
sitions of FeS2, Fe-oxides and apatite (fluorapatite). It had not been possible to unequivocally
determine the source of the impurities but the presence of peloids that most likely represent
ooid-ghosts, indicates that at least some of the impurities had been present in the limestone
prior to the dolomitization. Especially the presence of apatite (figure 5.8) underpins this hy-
pothesis as ooids frequently consist of phosphate material. The zebra dolomite samples from
the Frankenberg tunnel also show high impurity densities that exhibit an inverse correlation
with grain size. It is hereby concluded that this is one general feature of zebra dolomites that
has yet not been described in previous studies, for example in Nielsen et al., 1998; Merino
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et al., 2006; Morrow, 2014; Nelson et al., 1998; Fontboté, 1993; Vandeginste et al., 2005;
López-Horgue et al., 2010. Whether the impurities have played a major role during the pat-
tern formation had been further investigated by determining their location with respect to
the zebra layers and grain boundaries. Apart from the layered distribution observed in all
the samples it had been shown in this work that inside the layers the impurities exhibit a
non-random distribution. Under the petrographic microscope the grain boundaries of the
zebra dolomite samples from the San Vicente mine (figure 5.4c and d) and also the crystal
margins in the specimen from the Falkenberg tunnel appear dark. That the dark layers of
the zebra dolomites from the Falkenberg tunnel also comprise of higth impurity densities
had been shown in this study by the analysis of a sample with µCT (figure 5.34) and SEM
(figure 5.35). These findings indicate that the grain boundaries probably captured impuri-
ties by some mechanism during the patterning. A more detailed investigation of the grain
boundaries in the samples from the San Vicente mine with SEM revealed that especially on
triple junctions high numbers of second-phase particles can be observed. If this finding is
combined by the observation that the grain boundary geometry differs between impurity-free
and impurity-rich regions this points towards a process of grain boundary migration that had
been influenced by the presence of impurities. In numerous studies it had been shown that
second-phase material can have a significant impact on grain boundary migration rates (Ol-
gaard et al., 1986; Gottstein et al., 1993; Weygand et al., 2000; Evans et al., 2001; Davis
et al., 2011). One of the indicators of the interaction between moving grain boundaries with
second-phase particles is that the grain boundary will successively be loaded with additional
impurities during coarsening (Gottstein et al., 1993). That the crystal margins in the fine
grained dark zebra layers comprise of high impurity densities strongly points towards grain
growth influenced by impurities as one of the fundamental processes of zebra pattern forma-
tion in dolostones Kelka et al., 2015.

8.2 Median Line and Elongated Crystals

Apart from the high impurity densities in the fine grained layers, one of the general textu-
ral features of the zebra dolomites is the existence of a median line in the well-developed
light coarse grained layers toward which the crystals elongate (figure 1.4c). This structure
had already been described in previous studies (for instance by Merino et al., 2006; Merino
et al., 2011) and has been identified in this study as well. However, the elongation of the
crystals towards the central line had only been observed in the samples from the San Vicente
mine. Due to the pronounced hydrothermal alteration of the Falkenberg samples this feature,
even though probably initially present, had not been observed. Because it is a general mi-
crostructural feature of the pattern, the median line had been investigated in this study with
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several different methods. Already during the petrographic analysis utilizing CL-microscopy
it showed that the median line represents a luminescent structure in all the samples from the
San Vicente mine (figure 5.5). In samples with a thickness of the light coarse grained layers
greater than 0,5cm also growth zonation had been observed in the vicinity of the central line.
In addition to that, the samples comprising of relatively thick light layers exhibited a vuggy
porosity that lined up along the medina line. Whether such a localized porosity also exists
in the samples comprising of thinner light layers had been investigated by µCT. The results
showed that in fact a localized porosity in the central part of the light layers exists in samples
with a thickness of ≈0.3cm (figure 5.6). The luminescent structure in the light layers can
therefore be regarded as another general feature of the zebra pattern that correlates with a
localized vuggy porosity. This is in good agreement with the findings of other studies, for
instance to ones by Nielsen et al., 1998; Merino et al., 2011.
Due to the elongation and vein-like appearance of the light layers it had been investigated
whether a CPO exists in the crystals building up the light layers. The EBSD analysis showed
that no preferred orientation can be observed (figure 5.10). A process of pattern formation
related to a preferred orientation of the crystals can therefore be refuted.
The subsequent analysis focused on the vicinity of the median line in the light layers. It
had been shown in this study that the CL-pattern can be correlated with variable amounts
of Fe and Mn in the surrounding of the median line. This is clearly visible in the EMP-
map 5.15. The EMP analysis carried out in this study also showed that no difference in
Ca and Mg concentration exists between the dark and light zebra layers (figures figs. 5.11
to 5.13). The median line exhibits a structural appearance that could represent a fracture or
a zone of enhanced hydrothermal alteration of the dolomite by infiltrating fluids. The exact
mechanism that created the present structure cannot be determined based on the analytical
findings. However, the central line can be regarded as an additional general feature of zebra
dolomites that probably represents a zone of enhanced permeability. That porosity and as-
sociated permeability localization can be expected for the median line is backed-up by the
analysis of the zebra dolomite from the Falkenberg tunnel. In these samples the central part
of the light layers had been affected by dedolomitization and it appeared that the dedolomi-
tizing reaction proceeded from the central line into the rock (figure 5.40). Together with the
findings from the mineralized zebra dolomites from the San Vicente mine, where galena pre-
cipitated along the central line and spread from this location (figure5.29), it becomes clear
that the central part of the light layers definitely represents a high permeability zone and
fluid pathway. Further evidence for this can be found in the late-stage void filling carbon-
ates that are encountered in mineralized and non-mineralized samples from the San Vicente
mine. These carbonate cements are localized along the central part of the coarse grained
layers in the unmineralized samples (figure 3.1c) and exhibit a fracture like appearance in
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the mineralized specimen (figure 5.26c and d).

8.3 Chemical Composition of White and Dark Layers

In order to determine whether other chemical variations exist between the dark and white
zebra layers LA-ICP-MS profile measurements were performed on zebra dolomite samples
from the San Vicente mine. These analysis showed that the general composition of the sam-
ples is uniform in samples from different location (figure figs. 5.20 and 5.23). Note that the
chemical data in this study had been normalized to chondrite even though a normalization
to shales (for instance to PAAS or NAS) would have been more appropriate for dolomite
samples. However, the general trend of the spidergrams would have been similar and the
main focus had been on the identification of possible variations in certain elements and not a
characterization of the dolomitic host-rock by means of trace- or REE-elements as this had
already been done by (Spangenberg et al., 1995a; Spangenberg et al., 1999). Based on the
high-resolution chemical analysis clear variations in certain element concentrations had been
observed between the dark and light layers (figures figs. 5.21, 5.22 and 5.24). The elements
that exhibited the most pronounced variations were Sr and Ba followed by Pb, Ti and Zn.
Especially the absorption of Ba and Sr by dolomite had been found to be a function of the
pH (Ghaemi et al., 2011). The variable trace element content, at least for Sr and Ba, could
therefore be interpreted as being the result of changing fluid composition. However, it can-
not be excluded that also the grain size difference and the associated variations in reactive
surfaces of the crystals could have led to the observed variations. What can definitely be em-
phasized is that the overall concentration of chemical compounds is higher in the dark bands
compared to the light ones (figure 5.25). This indicates a possible process of recrystallization
that mainly affected the crystals in the light layers or variable trace element assemblage rates
due to variable growth rates in the system.
The analysis of the zebra dolomite samples are summarized in table 8.1. Based on the analyt-
ical findings, two main processes that are active during the pattern formation can be inferred:
Grain growth in the presence of impurities and recrystallization. In the following paragraphs
the numerical findings will be summarized and compared to the analytical work.

8.4 Grain Growth in the Presence of Impurities and Re-
crystallization

The numerical simulation performed in the ELLE environment focused on modelling these
two processes at the essential complexity. The grain growth process was based on a first order
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rate law of mineral dissolution-precipitation (equation 6.15). By utilizing the rate constant
for dolomite the grain boundary migration routine had been adjusted to dolomite. As the
rate equation gives a solution in m/s the rate law also provided the opportunity for spatial
and temporal scaling of the model. The interaction between the moving grain boundary and
impurity densities had been approximated by the Zener pressure (equation 6.9). By inserting
this expression in the rate law the equation governing the grain boundary migration in the
presence of impurities had been derived (equation 6.16).
The numerical experiments showed that layered distributions of impurities can lead to the
formation of zebra texture-like microstructures. This shows that the grain growth influenced
by second-phase particles can be regarded as one possible mechanism of zebra pattern forma-
tion. The numerical experiment in this study further showed that not for every second-phase
particle density a zebra texture evolves (figure G.8). Only if the overall density of the parti-
cles is high enough and the size of the particles is within a certain dimension a pattern that
resembles the zebra texture will form.
The numerical experiments have also shown that the mobility of the second-phase particles
plays an important role as the grain boundaries capture more and more impurities during
progressive grain coarsening. This process is approximated in this study by a step-function
that related the mobility of the impurities to their size and to the current velocity of the grain
boundary. This is in good agreement with the general theory (Gottstein et al., 1993).
It can be concluded, that the grain size difference between the zebra layers is the result of
grain boundary migration in the presence of second-phase particles. The setup of the nu-
merical model presented in this study introduced a graded bedding distribution of particles
size and densities prior to the simulation. This initial layering will not generate layered dis-
tributions of grain sizes (figure 6.22), and therefore an additional process has to be active
that redistributed the second-phase material. In this work it has been assumed that such
redistribution could theoretically be achieved during dolomitization or even secondary re-
crystallization of the dark dolomite. It has been found that the dark dolomite layers are of
replacive origin whereas the light dolomite crystals are likely to represent a second genera-
tion of dolomite (Nielsen et al., 1998; Merino et al., 2006; Merino et al., 2011; Merino et al.,
2011; Morrow, 2014). That the dark, impurity-rich dolomite represents a different dolomite
generation than the light dolomite had been shown based on 18δO and 13δC by Swennen
et al., 2003; Spangenberg et al., 1996 and also based on REE content by Spangenberg et al.,
1995a. Therefore, there is little doubt that the dolomite layers of the zebra texture repre-
sent two different generation of dolomite and that a recrystallization process had affected the
natural samples.
The particle redistribution and the resulting layered scatter of second-phase particles could
have been achieved by a moving reaction front similar to industrial zone refinement, which



Chapter 8. Final Thoughts on Pattern Formation in MVT Deposits 220

had already been suggested by Krug et al., 1996. The reaction front can represent the primary
dolomitization or a secondary recrystallization process that affected the already dolomitized
rock. The numerical model developed in this study simulates the pattern formation as a
process of impurity redistribution by an advancing recrystallization front and subsequent
grain growth influenced by the impurities. It had been stated by other authors that every
model of zebra dolomite formation should account for the process of recrystallization (Zeeh,
1995) and the presented model assumed that recrystallization is in fact one of the main
patterning mechanism.

8.5 Including Mechanical Compaction and Fluid Pressure

In chapter 7 an analytical model had been presented in this work that can relate the ze-
bra dolomites to compaction and permeability of the initially unpatterned dolostones. The
analytical model predicted the formation of periodically spaced instabilities represented by
high-pressure and high-porosity channels. The genesis of the instabilities occurs due to the
elastic response of a fluid saturated rock during volumetric compaction (Veveakis et al.,
2015a). If such high-pressure and high-porosity channel forms, recrystallization will be fo-
cused in these channels. The model can relate the occurrence of zebra dolomites to the
physical parameters over-pressure and the permeability for which it also provides an inver-
sion. A considerable overpressure is needed in order to form the instabilities but at this
point it is important to note that in sedimentary basins (like the Pucara basins) overpressure
can be created by lateral compaction as well as by the vertical compaction (Osborne et al.,
1997). The model actually represents a first time approach of integrating hydromechanical
processes into a model of chemical reactions within a coupled solid-fluid system.
If the numerical model is integrated into the framework of the analytical model this yields
a complete generic model of zebra dolomite formation that can related the formation of the
pattern to material properties and environmental conditions. The integrative model is shown
in figure 8.1. The whole process of pattern formation basically appears in 4 different steps:
The first step is the dolomitization of the limestone (2), with increasing volumetric com-
paction (vertical, lateral or a combination of both) equidistantly spaced compaction instabil-
ities will form (3). As the compaction instabilities comprise of high porosity channels, in
that an enhanced pressure occurs, recrystallization rate will be pronounced in these regions.
The results of the numerical simulations of grain growth and pinning impurities fit in this
step of the model (4). Here the recrystallization, which is focused in the channel, will lead
to second-phase particle redistribution and a cleansing of the periodically developing high-
pressure channels. The subsequent grain growth will sufficiently lower the yield strength of
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the dolomite until fracturing occurs in the channels due to the Hall-Petch effect (see equa-
tion 7.27. These fractures will most likely occur in the central part of the light layers as the
pressure is highest in these regions. After the fracturing the crystals in the light layers will
probably elongate towards the crack as the stress acting against the grain growth is reduced
around the fracture and the enhanced permeability will also cause additional availability of
precipitating material as the transport is enhanced.

Fig. 8.1: Conceptual model of zebra texture formation in dolomite involving the development of
compaction instabilities leading to focused recrystallization and subsequent grain growth affected
by second-phase particle densities. An impurity-rich limestone (1) is dolomitized by an infiltrating
fluid (2). This fluid-saturated dolomite (Do I) undergoes compaction during burial, and instabilities
evolve as soon as the critical values of permeability and loading are reached (3). Recrystallization
is then focused in equidistant channels (Do II), whereas the second-phase is washed out and ac-
cumulated between the channels (3.1) The subsequent grain growth is now focused in the areas of
low impurity densities. The high pressure then leads to fracturing in the high pressure channels
of the compaction bands as the yield stress is successively lowered during grain coarsening (Hall-
Petch relation). The highest pressures occur in the centre of the compaction instabilities leading to
fracturing and subsequent dissolution along the median line of the coarse grained layers (3.2). The
grain growth continues whereas the grains now elongate towards the central line where stress is de-
pleted due to the fracturing (3.3). The resulting texture is periodically layered (4). If a mineralizing
fluid percolates into this structure, the sulphide (Su) will precipitate along the vuggy median line
(5)
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The model of zebra dolomite formation presented in this study in the form of an numeri-
cal simulation integrated into the framework of an analytical model unifies all the existing
contrary theories (Nielsen et al., 1998; Merino et al., 2006; Merino et al., 2011; Swennen
et al., 2012; Morrow, 2014) into one coherent model. However, it is still possible that the
model does not account for all processes that are active during the patterning but at the mo-
ment it represents probably the best approach to the problem of zebra pattern formation in
ore-hosting dolostones.

8.6 Discussion

The analytical characterisation of the zebra dolomite samples from the San Vicente mine
indicated the processes that were active during pattern formation (table 8.1) which were then
simulated in ELLE (chapter 6). The ELLE-simulation presented in this work cannot account
for all the processes that lead to the final microstructural appearance of the zebra texture in
dolostones. The median line as well as the elongation of the coarser crystals in the light
bands is not a direct result of the simulated processes. However, if the processes that are
visualized in ELLE are put into the framework of the analytical model presented in chapter 7
this yields a complete generic model that can account for all main aspects of the textural
evolution of zebra dolomites. Two important steps that are likely representing the last stage
of the pattern formation are not directly accounted for by the Elle-models. The two processes
are namely the fracturing or dissolution that occurred along the central part of the coarse
grained layers and the effect on grain boundary migration of these processes. However, the
textural evolution of the zebra texture is sufficiently explained until the point where virtually
inclusion free layers exist in the rock that also comprise of a much larger grain size compared
to the areas that are inclusion-rich. Fracturing would be a logical consequence if it is kept in
mind that the analytical model is only valid in an over-pressurized environment accompanied
by considerable volumetric strain. In this environment fracturing will occur in the coarse
grained layers as a consequence of the reduced yield stress (Hall-Petch effect) and because
these are layers with high fluid pressure. The elongation of the grains could then be explained
by anisotropic grain boundary migration that would focus in the direction of reduced solid
stresses around the fracture.
The whole process of zebra pattern formation had been outlined schematically in figure 8.1.
At this point it can be noted that the integrated model presented in this study does not contra-
dict any of the existing hypotheses. The model rather represents an approach that integrates
all of the findings achieved in previous studies.
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Table 8.1: Analytical findings (+: observed, x: not observed, -: not tested)

Observation San Vicente mine Falkenberg tunnel Possible mechanism
difference in grain size + + grain growth

impurity accumulation
(grain boundaries) + + grain growth

impurity distribution
(layers) + + recrystallization

median line + + fracturing
or dissolution

high porosity along + x fracturing or
median line dissolution

no CPO + - n\a

chemical variation + - change in
between zebra bands fluid composition

8.6.1 General Pattern Formation

At this point it can be emphasized that the analytical approach in this study represents an
innovative approach as it couples chemical reactions with hydromechanics in a coupled
solid-fluid system. The whole mechanism can be regarded as an additional extension of
Turing’s hypothesis (Turing, 1952). The underlying process of the model is phase separation
(between the impurity rich and the impurity-free dolomite), the impurities interact with the
solid as an inhibitor of recrystallization and the diffusive length-scale (compaction length)
gives the spacing of the bands in the Turing-like structure. The model can be regarded as an
additional example of a patterning reaction-diffusion system with a first-time extension of
mechanical processes. That the zebra texture in dolostones in fact is cause by a Turing-like
process is underpinned by the occurrence of so-called “Fleckendolomit” in the Falkenberg
tunnel. These rocks are hosted by the very same formation that exhibits the zebra textures
but comprise of freckled zones of light dolomite. If both structures, the zebra- and the freck-
led dolomite, are compared to the classical Turing pattern of the CIMA (see appendix B.1)
reaction the similarities become obvious (figure 8.2).
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Fig. 8.2: a and b classical Turing-patterns evolving in the CIMA reaction (from Ball, 2015). The
patchy or the striped patterns represent end-members of the Turing patterns. c ‘Fleckendolomit”
found in the Falkenberg tunnel. The rocks are from the same Zechstein horizon that also hosts the
zebra dolomite (image courtesy Joachim Lorenz).
d Zebra dolomite from the Falkenberg tunnel. The patcgy and the striped dolomite are similar to
the Turing patterns in a and b and might represent end members of the pattern formation (image
courtesy Joachim Lorenz).

8.6.2 Inversion

One important outcome of this study is the relation of the zebra texture to environmental
conditions (stress or pressure) and to material parameters (porosity and permeability). This
is highly significant because if it is assumed that zebra textures favourably form in condi-
tions that allow for base metal mineralization of the MVT, the areas for further exploration
can be refined. So far, the model predicts that considerable volumetric strain as a result of
compaction has to act on low-permeability rocks. The fluids that are responsible for the pat-
terning have to be aggressive enough to focus recrystallization that is thought to represent a
process of coupled dissolution and precipitation. Favoured exploration targets based on the
model’s predictions are therefore low-permeability geological formations in a compacting
environment. Inside the respective host-rock an over-pressure has to be present that could
for instance be caused by an overlying impermeable layer. The presence of such a layer
can be confirmed for the San Vicente mine, the MVT-district in Poland and as well for the
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Falkenberg tunnel. If the model is challenged by the analytical investigations contained in
this study, it can be emphasized that the model holds for the conditions of the San Vicente
mine. However, a direct inversion of the samples from the Falkenberg tunnel is rather dif-
ficult due to the strong hydrothermal alteration of the rocks. For these samples additional
research is needed to confirm that these structures also fit in the framework of the integrative
model of this study.
What can be confirmed by the findings of this study is that zebra textures form in areas that
comprise of the necessary conditions of hydrothermal ore-deposit formation. However, a
direct correlation with mineralizations of the MVT cannot be confirmed and it is likely that
zebra textures generally form in the vicinity in hydrothermal mineralization and not only in
connection with ores of the MVT .

8.6.3 Towards a New Inversion Method

Another important achievement of this study can be found in the analytical model itself that
represents a new inversion-method. Based on the model, geological structures that comprise
of periodic spacing can be related to environmental conditions and material parameters. The
model might well be adaptable to other patterns that occur in nature because the response
of two-phase materials to volumetric compaction as described in this study represents a fun-
damental process occurring in natural systems. The closed form solution of the underlying
equation leaves little doubt on the general validly and future research has to prove that the
general approach can be adapted to other structures. One of the structures that could be
analysed for this purpose are striped flints that are found in Jurassic carbonate formations in
Poland (figure 8.3). These structures form as concretions within the strata and comprise of
periodically spaced layers that exhibit no compositional contrast but different porosities in
the respective layers. Given the geometry of these concretions, which could mathematically
be describes as a sphere; the model has to be extended into a three-dimensional space. If
the layering in the flints represents volumetric instabilities (cnoidals) the layering could well
be the result of different deformation cycles or even represent the whole stress-ellipsoid that
prevailed in the area during the genesis of the flints. Additional research is need after the fun-
damental process of pattern formation during volumetric compaction had been determined
but the finding of this study could well represent the first step towards the development of a
new inversion-tool for geologists.



Chapter 8. Final Thoughts on Pattern Formation in MVT Deposits 226

Fig. 8.3: a Scan of thin section of banded flint from Poland.
b BSE-image of the area marked on the right hand side in a. The porosity contrast between the
layers is visible in the micrograph.
c Composite micrograph obtained under plane-polarized light. The image shows the rectangual
area marked in a.

8.7 Future Research

This work now concludes with an outlook on future research possibilities that will be briefly
outlined in the following section.

8.7.1 Numeric Modelling of Microstructure Formation Including Hy-
drochemistry

The combination of ELLE and PHREEQ represents a numerical environment with various pos-
sibilities. It will now be possible to scale numerical simulations that involve hydrochemical
reactions, with laboratory experiment or analytical findings. Such experiments and analysis
could focus on the dissolution of minerals, precipitation reactions but also the fractionation
of isotopes during chemical reaction. It would be possible to perform numerical experiments
on sorption and surface complexion. The general setup of ELLE as a boundary- combined
with a lattice-particle-model makes it a perfect environment to simulate hydrochemical re-
action that involve surfaces such as grain boundaries. Simulations could also focus on the
microtextural evolution of minerals, for instance like the banded sphalerite aggregate in fig-
ure 5.50.
Apart from the possibilities the combination of ELLE and PHREEQ holds, for mechanisms
that appear on a microscale, it would also be possible to perform 2D-simulations on a larger
scale. Such experiments could be the infiltration of fluids along fault lines, or sedimentary
layers that lead to mineralization. One of the most interesting aspects of the combined simu-
lation environment is that on this platform it would also be possible to investigate the impact
of mechanical forces such as compaction on the chemical reaction rates. The deformation
could be simulated in ELLE and parameters that influence chemical reactions could be passed
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to PHREEQC. On a larger scale it would even be possible to model processes such as seis-
mic pumping in fault zones, and simulate the interaction between the expelled fluids and the
host-rock.
Surely, additional work is required to ensure that the numerical models are correctly scaled
in space and time. Most of the code developed during this study can be easily adapted to
other problems. An example of the possibility to adapt the code to different problems is the
calculation of the saturation index. Every mineral species that is included in the PHREEQC

database could be accessed by just changing the phase name in the function, which is also
the case for the reaction-function. However, additional functions have to be developed to
unlock the full potential of the combined ELLE-PHREEQC.

8.7.2 Inversion routine

The inversion routine introduced in the section on the analytical model might represent the
first step towards the development of a new tool for geologists. The analytical model de-
scribes a process that is likely to occur in fluid saturated rocks that are subjected to volumet-
ric strain. Therefore, apart from the zebra pattern also various other structures could develop
by this mechanism. Other patterns that could have formed due to compaction instabilities
are stylolite- and fracture-networks or the banded flints. If the inversion for permeability and
stress is possible in the case of the zebra dolomites, this could therefore also hold for various
other layered structures. In order to unequivocally proof the validity of the inversion, the
predictions of the model have to be evaluated with field data. For this purpose it would be
necessary to collect information on stress magnitude and direction in order to compare it with
the results of the model. The paleo-permeability will be difficult to determine but could be
estimated. If it can be proven that the model holds in different geological environments and
even for a variety of banded structures a general inversion routine for stress and permeability
based on the spacing of the respective structure could be developed.
As being one of nature’s fundamental processes the genesis of volumetric instabilities can
have a striking impact on the characteristics of rocks even on a much larger scale than for the
microtextural evolution. It has been suggested that this process is of high significance for un-
conventional energy and mineral resources and should thus be further exploited (Regenauer-
Lieb et al., 2014). The volumetric instabilities, that are most likely one of the main driving
forces during the zebra pattern formation, can also occur on the scale of a sedimentary basin
whereas in this case their occurrence can determine whether a reservoir is of economic inter-
est or not. One example where the production rate of gas is thought to have been enhanced
due to the formation of cnoidal waves is the deep (2000–3000 m) shale gas reservoir in
Western Australia’s copper-basin (Regenauer-Lieb et al., 2014). As the cnoidal waves the-
ory describes the response of fluid saturated rocks to compaction in the ductile regime, this
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process will be of high importance for any deep energy reservoir and also during CO2 se-
questration into deep formations. For the latter the simulation of the mechanism could lead
to the development of a reinjection procedure that can avoid reservoir pressure drops and
fracture closing.
In the near future more and more unconventional energy and mineral reservoirs will be tar-
geted for exploration, and as these reservoirs are often situated in greater depth, the under-
standing of physico-chemical mechanism that occur in such environments will be of high
importance and will determine whether the project will be a success or not. The next step of
research will therefore focus on the general applicability of the inversion routine by compar-
ing the model’s predictions to field data. The zebra texture represents one of the structures
that could be applied for this purpose. In the next steps it has to be evaluated which struc-
tures can be described by cnoidal waves and whether the theory also holds for them. This will
lead to the development of a new inversion routine that can utilize the spacing of appropriate
structures for the exploration of unconventional deposits.

8.7.3 Zebra Dolomites and Mineralization

The zebra texture is traditionally thought to form in environments that are hosts to MVT min-
eralization. However, a direct connection of the Falkenberg samples to any mineralizations
in the Spessart cannot be confirmed. Future research has to evaluate whether such a con-
nection exists at least temporarily. This could be achieved by characterizing the fluids that
caused the dedolomitization, by fluid inclusion analysis. It is likely that the dedolomitizing
fluids are from the same source as the ones that lead to the Fe-Mn-As vein-type mineraliza-
tion in the rhyolite at Sailauf. If such a correlation can be confirmed this would narrow down
the time window in which the zebra patterning occurred, to the time after the deposition of
the Zechstein and the dedolomitization. However, the occurrence of cobaltite in the samples
may also indicate a different source of fluids, in connection to the mineralization at Bieber.
Based on the strike direction of the faults such a connection may seem unlikely if a near
surface geothermal system is assumed in which the fluids preferably migrated along fault
zones. A connection could still be possible if the hydrothermal system was located at greater
depth. That such a system prevailed in the area over a certain time can be confirmed by the
fact that the barite vein-mineralization shows a uniform composition on the regional scale. If
the time during which the patterning occurred at the Falkenberg is narrowed down, a possi-
ble connection of the zebra dolomite formation and an ore-emplacement in the region could
be established. If future research can prove a connection of the zebra dolomites from the
Falkenberg with a hydrothermal ore-emplacement period in the Spessart, the understanding
of the zebra texture has to be extended to hydrothermal mineralization in general.
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Appendix A

Analytical Model Formulation

The complete description of a poro-mechanical system undergoing a dissolution-precipitation
reaction as well as the solution techniques used can be found in Alevizos et al., 2016. Here
the main aspects of the model relevant for the present work will be briefly outlined. A mix-
ture is defined that consists of a solid and a fluid phase, which in turn are consisting of
dolomite with enclosed impurities (solid phase) and a brine with fluidised impurities (fluid
phase) respectively. The phase transition of such a mixture is adequately described by A.1,
whereas doI represents the initial impurity-rich dolomite and doII denotes the impurity-
depleted dolomite respectively.

CaMg(CO3)2[doI,imp]+H2Odiss− precip
−−−−−−−−→

CaMg(CO3)2[doII]+H2Oimp (A.1)

The densities of the different phases read:

ρ1 = (1−φ) [(1−2)ρdol + sρimp,s] (A.2)

ρ2 = φ
[
(1−w)ρ)brine +wρimp, f

]
(A.3)

where φ is the porosity (volume of fluid phase over the total volume of the mixture, and s

and w are the volume fractions of the impurities in the solid and fluid phases respectively. ρ1

is the density of the solid phase and ρ2 of the fluid phase. The mass balance for each phase
in 1D (∂tρa +∂yρava

y = ja) an be written as:

Solid phase:
1−φ

ρs

D(1)ρs

Dt
− ∂φ

∂ t
+

v(1)y

∂y
−

φv(1)y

∂y
=

j1
ρs

(A.4)

Fluid phase:
φ

ρ f

D(2)ρ f

Dt
+

∂φ

∂ t
+

∂φv(2)y

∂y
=

j2
ρ f

(A.5)

In these expressions ρs = (1− s)ρdol + sρimp,s, ρ f = (1−w)ρbrine +wρimp, f , D(a)

Dt = ∂

∂ t +
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v(a)y
∂

∂y is the material time derivative of the a-phase (a = 1,2), and − j1 = j2 = j the mass
exchange rate. If eqs. (A.4) and (A.5) are now added, the mass balance of the mixture is
obtained:

Mixture:
1−φ

ρs

D(1)ρs

Dt
+

φ

ρ f

D(2)ρ f

Dt
+

∂v(1)y

∂y
+

∂φ

(
v(2)y − v(1)y

)
∂y

=

(
1

ρ f
− 1

ρs

)
j (A.6)

An isothermal equation of state for the densities of the fluid and solid phase is assumed,
1
ρa

D(a)ρa
Dt = βA

D(a)p f
Dt with βa the compressibility of the a-phase. Darcy’s law is accepted

for the filter velocity φ

(
v(2)y − v(1)y

)
= − κ

µ f

∂ p f
∂y and it is assumed that the convective terms

of the solid phase are negligible in comparison to the convective terms of the fluid phase
(i.e.v(2)y � v(1)y ). This yields for the mixture’s mass balance equation (see also Veveakis et
al., 2015a; Alevizos et al., 2016):

βm
∂ p f

∂ t
+φβ2v(2)y

∂ p f

∂y
=

∂

∂y

[
κ

µ f

∂ p f

∂y

]
− ε̇ +

(
1

ρ f
− 1

ρs

)
j (A.7)

in this expression ε̇ =
∂v(1)y

∂y is the volumetric (vertical) strain rate, βm = (1−φ)β1 +φβ2 is
the compressibility of the mixture, ρs = (1− s)ρdol + sρimp,s, ρ f = (1−w)ρbrine +wρimp, f ,
κ the permeability, µ f the viscosity of the fluid and j the rate of the generation of fluid phase
(brine and impurities) through:
This reaction is related to the specific surface area of the grains, and thus the evolution of the
average grain size d, and a first order rate hereby assumed for simplicity in the mathematical
treatment (Karato, 2012):

j = (1−φ)ρsK0e
−
[

σ ′∆v(d/d0)
RT

]
(A.8)

Note that the above expression accounts for the sign of stress in compression, resulting in
a negative contribution to the internal energy E by the term σ ′∆v(d/d0). The reaction rate
constant K0 is a function of the specific surface area, expressed through the average grain
size d:

K0 = A
(

d0

d

)
(A.9)

ḋ = ḋ0

(
1− d0

d

)p

e−
[

Qg
RT

]
(A.10)
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Where d0 is a reference grain size and A is a frequency factor that has dimensions of 1/time.
The rate of the reaction is therefore faster with increasing specific surface area, thus decreas-
ing grain size. In this study the case of very fast grain size evolution is considered with
respect to mechanical deformation rate, thereby placing the grain size evolution at steady
state, ḋ = 0. Therefore, d = ḋ is deduced. Assuming Terzaghi’s stress decomposition (Os-
ipov, 2015) (σ = σ ′− p f ) and invoking the steady state approximation (∂/∂ t), the final
system of equations consists of momentum balance and mass balance for the mixture:

∂σ

∂y
= 0⇔ ∂σ ′

∂y
=

∂ p f

∂y
(A.11)

∂

∂y

[
κ

µ f

∂ p f

∂y

]
= φβ2v f

y
∂ p f

∂y
− ε̇ +

(
1

ρ f
− 1

ρ2

]
(1−φ)ρsAe−

[
E−σ ′∆v

RT

]
= 0 (A.12)

For the rate of the mechanical deformation ε̇ it is accepted that zebra bands are located in
compacting environments, thereby assuming a nonlinear viscoplastic compaction law of the
simple form:

ε̇ = ε̇0

(
σ ′−σ ′y

σ0

)m

, (A.13)

where is the effective yield stress (see also Veveakis et al., 2015a). Keeping in mind Darcy’s

law φ

(
v(2)y − v(2)y

)
≈ φv(2)y = − κ

µ f

∂ p f
∂y the system of eqs. (A.11) and (A.12)reduces to a

single equation for the effective stress:

∂

∂y

[
κ

µ f

∂σ ′

∂y

]
+β2

κ

µ f

(
∂σ ′

∂y

)2

− ε̇

(
σ ′−σ ′y

σ0

)m

+

(
1

ρ f
− 1

ρs

)
(1−φ)ρsAe−

[
E−σ ′∆v

RT

]
(A.14)

The system can be further reduced by introducing the dimensionless variables:

ξ =
y
y0

(A.15)

P =
σ ′−σ ′y

σ0
(A.16)

Here y0 and σ0 are reference values of the space and stress, yet to be determined. Assuming
small variations of background permeability and fluid viscosity, and that the yield stress does
not vary in space, this yields:

∂ 2P
∂ξ 2 +Pe

(
∂P
∂ξ

)2

−λPm +µeαP = 0 (A.17)
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with the involved parameter (Pe, λ , α and µ) given by:

Pe = β2σ0

λ =
µ f ε̇0y2

0
κσ0

α =
σ0∆v
RT

µ =
Aε̇0y2

0
κσ0

(
ρ− s

ρ f

)
(1−φ)e−[

E
RT ] = λ

A
ε̇0

(
ρs

ρ f
−1
)
(1−φ)e−[

E
RT ] (A.18)

thus reproducing eq. (7.23) and section 7.0.3 of the main text. A.17 is therefore the gov-
erning equation of our problem at hand, and needs to be solved for appropriate boundary
conditions. For the problem of zebra rock formation, we abstract the mechanical problem
into a very simple 1D compaction scenario, in a domain of height y0. At the boundaries of
this domain overstress σ0 is applied, providing the following boundary conditions in real and
dimensionless form

σ
′(y = 0) = σ

′(y = y0) = σ
′
y +σ0⇒

P(ξ = 0) = P(ξ = 1) = 1 (A.19)

This system presents a bi-modal behaviour in its solution, obtaining a diffusive smooth solu-
tion for low values of λ , and admitting anti-diffusive solutions at high values of λ (see Ale-
vizos et al., 2016; Veveakis et al., 2015a). This response is invariant of the value of the
exponent m, as both odd and even values have the same elliptical functions as solutions (see
figure A.1 and Alevizos et al., 2016; Veveakis et al., 2015a; Veveakis et al., 2015b for further
discussion on that). In this work we choose m = 3, since this is the power law exponent for
most carbonate-rich rocks.
In the anti-diffusive case the solution presents periodic peaks as shown in figure 7.24, with
their spacing h obeying a square root scaling law: h = 4δc.

Fig. A.1: Response of the solution of equation 7.23 to different stress exponents: (left) m = 2, λ =
100; (middle) m = 3, λ = 50; (centre) m = 4, λ = 30
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From the spacing of the peaks it is possible to invert for values of permeability, strain and
the associated overpressure for a respective number of peaks or bands. In order to obtain
a convincing relationship between overpressure and permeability, the first step is to fit the
number of wave peaks (NB) occurring in the solution of7.23 to varying values of λ (fig-
ure S2a). Subsequently, a function of band intensity per meter (ρbands) depending on the
reference strain rate ε̇ can be obtained via the compaction length:

δc =

√
y2

0
λ

=

√
κσ0

µ f ε̇0
(A.20)

The connection between band density and reference strain rate is shown in figure 7.3b. If
the relationships in figure 7.4 are determined, the results can be displayed in a log-log plot
that visualizes the relation between overpressure, permeability and the observable number of
bands per meter (figure 7.2). Note that the parameters Pe and µ have inappreciable effect in
the scaling depicted in figure S2, while the parameter α can influence it weakly (figure A.2).

Fig. A.2: Parametric study for the number of bands with respect to the α-parameter. The number
of bands (NB) scales as NB = 0.27 for α = 1 (black line) and as NB = 0.43 for α = 10 (black line).
There is therefore a weak dependence of the scaling with α . In this example Pe = 0.1 and µ =
10−6λ

A.1 Supplementary Information

Indicative Values used during the inversion. For these values the dimensionless groups
of A.18 range as follows:

Table A.1: Indicative Values used during the inversion

Pe 0 – 1
α 1 – 100
µ 10−4 – 10−6

λ 1 – 10 000
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Table A.2: Material Properties

Temperature 70 – 160◦C
Burial Depth 2 – 3km

Kinematic Viscosity 0.4181 – 0.6191 (6M NaCl, 35MPa)
Dynamic Viscosity 480.5 – 726.3 µPas (6M NaCl, 35 MPa)

Fluid Density (calucalted based on T and salinity) 1250 – 1279 kg/m3

Dolomite Density 2.86 – 2.93 g/cm3

Dissolution rate of dolomite 5·10−7s−1

Activation energy dolomite 31.9 kcal/mol
Molar volume dolomite 63.608 cm3mol−1

Porosity of dolomite 1 – 5 %
Reference values

Strain rate (ε̇0) 107 s−1

Over Stress (σ0) 106 Pa

The governing Equation 7.23 was solved using the following script in Mathematica 10.3.0.0:

ode = D[u[y],y,y]+Pe D[u[y],y,y]-lambda (u[y])^3+

( mu lambda Exp[alpha (u[y])]/(1))==0;

values = {alpha->1,lambda-> 500,mu->10^-6,Pe-> 10^-1};

sol = NDSolve[{ode/.values,u[0]==1,u[1]==1},u,{y,0,1}];

stress = Evaluate[u[y]/.sol];

Plot[stress,{y,0,1}, PlotRange->All, Filling->Axis]
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Appendix B

Definition of Terms
B.1 Turing Pattern

Fig. B.1: Activator-inhibitor
scheme. The activator pro-
duces more of itself (auto-
catalysis) and also activates
the inhibitor. The inhibitor in
turn disrupts the formation of
the activator. The two com-
pounds diffuse through the
system whereas the diffusivity
of the inhibitor is the fastest.
(from (Ball, 2015))

The work of Turing, 1952 aimed to develop a model of pattern-
ing that takes place in a spherical fertilized egg and leads to the
development of a complete organism comprising of differenti-
ated cells. Turing, 1952, postulated a hypothetical chemical
reaction which can generate spontaneous symmetry breaking
and finally leads to stable spatial pattern. The crucial part of
the model is that the pattern can emerge out of an initially ho-
mogenous mixture of chemical compounds, the so-called mor-
phogens. The driving force of pattern formation in the sys-
tem is the diffusivity of two chemical species, which seems
counterintuitive at the first glance as diffusion is traditionally
thought to rather produce a homogenous distribution of the re-
spective species (Ball, 2001). This might be true considering
pure diffusion but is different in the system proposed by Tur-
ing, 1952, as the diffusion competed with another process,
namely an autocatalytic chemical reaction. The model rather describes a reaction-diffusion
process and it could theoretically be shown that an excitable reaction-diffusion system can
produce stationary spatial pattern in the form of stripes or spots (Ball, 2001). Typical exam-
ples of such pattern are the concentration of pigments in animal skins observed in zebras,
tigers or angelfish (Asakura et al., 2011). The key process can be described by the activator-
inhibitor scheme (figure B.1). The process can be described as a system in which a chemical
compound A can produce more of itself during the reaction and this production rate depends
on the available amount of A. In addition to that, A also activates the production of another
chemical compound B. The latter in turn inhibits the production rate of A. The crucial mech-
anism during pattern formation is now the diffusivity of B, which has to be higher than the
diffusion rate of A. If this is the case, the autocatalytic production of A can be regarded as
a localized phenomenon whereas the inhibition of this process by B is a long-range mech-
anism. In more detail, if B is formed in the vicinity of A, it will rapidly diffuse away and
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inhibit the production of A elsewhere. This transport and inhibition in coeval with the local
formation of A as B is removed from the vicinity of A too quickly to inhibit further produc-
tion (Ball, 2001). The mechanism proposed by Turing, 1952 had been a purely theoretical
approach for a long time. This is mainly due to the fact that in conventional aqueous sys-
tems the diffusivity of chemical species does not exhibit a wide range. This means that the
diffusion coefficients are more or less of the same order but for the reaction-diffusion pro-
cess in question the diffusivity of B has to be by one order of magnitude higher than the
one of A (Vanag et al., 2008). This might be the reason why it took nearly 40 years until
the reaction-diffusion system proposed by Turing, 1952 had been successfully demonstrated
to exist in the Chlorite-Iodide-Malonic Acid (CIMA) reaction by Castets et al., 1990. This
system was found to produce patterns similar to the ones proposed by Turing, 1952 (fig-
ure B.2) and until then the general mechanism of a reaction-diffusion system obeying the
activator-inhibitor scheme had been successfully applied in various scientific fields.

Fig. B.2: Turing structures in the CIMA reactions: spots and stripes
(from Ball, 2015)

B.2 Liesegang Rings

Pattern formation in the form of periodic banding is common in rocks. Among others, com-
mon examples are agates (Krug et al., 1996) or surfaces of lime- (Vera et al., 2000) or sand-
stones (Balsamo et al., 2013). One of underlying mechanism that can produce such patterns
was experimentally identified first in 1896 by the German chemist Raphael Eduard Liesegang
during the reaction of silver nitrate with potassium chromate in a gelatine gel. In his exper-
iment Liesegang could show that dark rings of silver chromate will precipitate in a nearly
equidistantly spaced fashion (figure B.3). In a solution the silver chromate would be washed
out immediately as the two educts would mix very fast. This is different if the reaction takes
places in a gel as in this medium the diffusivity of the ions is noticeably reduced. Therefore
the mixing is much slower and the dark silver chromate rings precipitate behind the reaction
front while it is advancing through the gel (Ball, 2001).
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Fig. B.3: Liesegang structures
of Ca3(PO4)2 in silica gel.
(from George et al., 2005))

It was found that this reaction represents a general self-
organizational reaction that can be encountered in physico-
chemical reactions as well as in geological systems. In 1913
Liesegang himself discussed his finding in relation to diffu-
sion in geological systems and in 1915 he proposed that the
layering in agates is a result of a reaction similar to the one
he observed during his experiments (Krug et al., 1996). Since
the discovery of the process by Liesegang in 1896 research
continued on were the fundamental processes might be appli-
cable in geological systems, however the Liesegang patterns
are on general example of self-organizational pattern forma-
tion which take place in a systems containing a solid (rock) and
a fluid. In general, Liesgang rings are characterized by the spa-
tial arrangement of precipitates that result from the coupling of
diffusion of a dissolved chemical specimen and the nucleation
or growth of a precipitant. In a general sense the genesis of such pattern can be understood
through the coupling between dissolution, diffusion and the kinetics of precipitation. If a for
instance a dissolved chemical compound (A) enters a reservoir containing the species B. The
reaction of both reactants produce a colloidal precursor C of the precipitate P (L’Heureux,
2013):

A+B↔C↔ P (B.1)

In natural systems such as rocks or minerals the process of periodic band formation is best
explained by the so-called “pre-nucleation model” developed by Ostwald, 1897. In this
model the precipitation and growth of the precipitant occurs when a local threshold in the
activity product of the reactants is exceeded. The precipitation and subsequent growth will
cause depletion in the concentration of the reactants and therefore the activity product will
diminish below the critical value. At a low diffusion rate (for example if the reaction takes
place in a gel) the reaction front will move through the medium for a certain time until the
local threshold in the activity product is reached again. This behaviour will lead to a periodic
precipitation in time which will generate nearly equidistantly spaced precipitation bands in
space.

B.3 Self-Organisation

Self-organization is the evolution of an initially unpatterned system into a patterned state,
whereas this transition occurs without the necessity of any external force. The system
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evolves solely due to its internal dynamics whereas two important conditions have to be
fulfilled. These conditions are that feedback mechanism exist and the system is out of equi-
librium (Ortoleva et al., 1987).
The process of Liesgang band formations represents a chemical oscillatory pattern cause by
the self-organization in a system that is out of equilibrium. The steady-state of such systems
is characterized by stability loss (L’Heureux, 2013). The fundamental characteristics of a
geological system that can exhibit self-organization are the presence of noise and the occur-
rence of feedback-loops (Fontboté, 1993). The important terms which need to be introduced
in detail in order to understand the fundamental concept of self-organization in geochemical
systems are therefore noise and feedback. The noise represents the random deviation of re-
spective parameters from an average value. If these values influence the reaction rates in the
system several pattern could theoretically evolve out of such a system. Self-organization can
then be defined as the ability of a systems to choose one of the various patterned states and
amplify this one into the final ordered (patterned) state (Ortoleva et al., 1987). In a natural
geological system the noise could for instance be the variation in porosity and associated
permeability in a rock formation. The term feedback-loop refers to a set of chemical reac-
tions that influence each other. A positive feedback occurs if in a sequence of reaction each
reaction enhances the subsequent one and the last of the reaction promotes the first of the
sequence.
A negative feedback-loop is represented by a sequence of reaction that enhances the reaction
rate of the following one but in contrast to a positive feedback-loop the last reaction in the se-
ries inhibits the first reaction of the sequence (Ortoleva et al., 1987). It becomes obvious that
especially a negative feedback-loop can lead to oscillatory behaviour of a system. One of the
typical examples of geochemical self-organization is the formation of the so-called reactive
infiltration instabilities that can occur during reactive transport. The general concept is that
if a reactive fluid percolates through a rock with a sufficiently large porosity and associated
permeability contrast, zones of high reactivity can be created. If the fluid is capable of dis-
solving the rock this will lead to and additional enhancement of the permeability in zones of
high reactivity. Usually the high-reactivity zones correlate with the location of high porosity
as the fluid flux as well as the reactive surface is higher in these areas. This will lead to the
formation of channels giving the reaction front a wavy shape. A feedback exists between
the host-rock and the fluid in the channels. The longer the channels become the longer the
fluids will be subjected to the diffusion of chemical compound from the host-rock into the
solution. This will cause the fluid to become successively equilibrated with the host-rock
composition and at a certain length of the channel the fluid reaching the tip of the channel
will be in equilibrium with the host-rock. As the diffusivity is a function of the reactive
surface areas in contact with the fluid a characteristic ratio of channel length and width will
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develop which is the self-organization occurring in such a system (Ortoleva et al., 1987).
The noise in the initial system is the porosity contrast and the feedback exists between the
fluid and the host-rock, whereas this feedback is related to the reactive surface area within
the channels.

B.4 Box-Mueller-Method

For many numerical applications it is desirable to have the set of values following a Gaussian
distribution. A way of achieving such a normal distribution is to transform the random
numbers by the so-called box-Mueller method (Box et al., 1958). The general approach is to
transform two random variables (x1 and x2) into a set of two independent variables (X1 and
X2) of the same normal distribution. By means of trigonometric functions this can be written
as:

X1 =
√
−2logx1cosπx2 (B.2)

X2 =
√
−2logx1sinπx2 (B.3)

One requirement for this transformation to work is that the values of the two pseudo-random
variables (x1 and x2) are between 0 and 1. The command rand() defined in the standard
< cstdlib > library returns such pseudo-random integers with values between 0 and a define
maxima (RANDMAX). Note that the set of random numbers generated by rand() follows a
rectangular distribution.
The transformation B.4 applies the classical Box-Mueller method with trigonometric func-
tions. Generating a set of normal distributed variables by applying the trigonometric transfor-
mation in C++ would result in repeated calls to the trigonometric functions of the <math>

library. As this would significantly increase computational time it is more liable to utilize
the Box-Mueller method in polar form. In this work the Box-Mueller method was used to
create a distribution of second-phase particles which resembles sedimentary graded bedding.
Inside the respective layers the distribution of the second-phase particle diameter should fol-
low a random-normal distribution with a predefined mean and variance. This was achieved
by applying:

srand (std::time (0));

for (float i = 0; i < 1; i += dy)

{

for (int ii = 0; ii < numParticles; ii++)
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{

if((runParticle-> ypos > i) && (runParticle-> ypos < (i + dy)))

{

do {

ran_nb = (double)rand() / RAND_MAX;

ran_nb2= (double)rand() / RAND_MAX;

X1 = 2 * ran_nb - 1;

X2 = 2 * ran_nb2 - 1;

s = X1*X1 + X2*X2;

}

while (s >=1 || s == 0);

GP = sigma * (X1 * sqrt(-2 * log(s) / s));

GP += size;

if (GP < 0) GP = 0;

runParticle->pin = GP;

}

runParticle = runParticle->nextP;

}

size -= red;

if (size < 0) size == 0;

if (i >= step/warven) {

size = Size;

step += 1;

}

}

The first line defined the random seed which is the actual time. This ensures that the created
random numbers created in line 9 and 10 always differ. Line 2 represents the outer for-
loop through all the layers of the graded bedding. Two values govern the size of dy which
are the number of layers, the number of internal layers of each sedimentary cycle. Line 4
represents the inner for-loop which runs through all undoes of the particle-lattice. The actual
calculations are performed for particles which are in the predefined area indicated by the
particles x- and y-pos (line 6). For each unode two independent random numbers are created
(line 9 and 10) which are then transformed into values between 0 and 1 located on the unity
circle. The square root of the hypotenuse of a triangle with X1 and X2 being the cathedeus in
the first quadrant of the unity circle is then calculated in line 13. The values of s can then be
applied to calculate the normal distributed random variables in line 16. In equations this can
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be written as:

s = R2 = (x1)
2 +(x2)

2 (B.4)

To get rid of the trigonometric functions equations B.4 can also be written as:

X1 = x1

√
−2log(s)

s
(B.5)

As only one random variable is needed for every unode only one transformation (line 16) is
needed whereas the transformation itself utilizes two random numbers. The random number
(which is between 0 and 1) is multiplied by the maximum size of second-phase particles
allocated to the area in which the unode is located. The value of sigma in line 16 defined
the variance of the Gaussian distribution and can have a value between 0 and 1 as well.
The algorithm applied in this study during the calculation of normal distributed second-
phase particle radii represents a quick and simple way of creating a set of random normal
distributed values in C++.

B.5 OpenMP

OPENMP is an easy to apply parallel programming model for shared memory and shared
memory multiprocessors (Chandra, 2001). The model is based on the fork/joint model in
which one master thread allocates work, for instance the calculations in a for-loop, to a
defined number of threads. Typically, the number of threads should equal the number of
CPU on the systems whereas the available RAM is then shared equally between the threads.
The general syntax of the parallel section using OPENMP has the form:

PhreeqC phreeqc;

Particle *runParticle;

#pragma omp parallel private(runParticle, phreeqc)

{

#pragma omp for schedule (dynamic,10)

for (int i = 0; i < 100 ; i++) {

}

}

The OPENMP library is called by the keyword pragma. The parallel section is initiated by
omp_parallel whereas variables, objects or pointers can be assigned to the respective thread.
During the simulations in this work every thread had a pointer to the particle list and an
object of the PHREEQC-class assigned to it. The keyword private assures that every thread
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has its own pointer and object. The code developed for this thesis parallelized the for-loop
that runs through the nodes in the background of the simulation. The parallel loop is started
by omp for and the exact looping routine is defined by schedule. The schedule clause defines
how the chunks of the for-loop are assigned to the respective threads. If it is expected that
the computational time for each element of the for-loops is the same, the loop-routine can
be set to static followed by the chunk size. Every thread then gets a chunk of the for-loop
defined by the integer that followed static. For instance of the for-loop comprised of 100
iterations, every thread will get a chunk of 10 iterations if schedule (static, 10) is used, the
master-thread waits until every thread has finished its work. If the iterations mapped onto the
different threads vary in computational time, one thread might have already finished whereas
the others are still running. This would cause considerable loss of computational power as
some threads might become idle.
The static-routine might be applicable for equal computational time during every iteration
of the for-loop. However, static is inappropriate for the loop in this work. Therefore the
schedule clause had been set to dynamic. This is reasonable if the computational time is
expected to vary or is even unpredictable for iterations. This is the case for the routine in this
study. The hydrogeochemical computation is not performed for every node because only if
a concentration change has occurred between two time steps the new fluid parameters are
calculated. If the schedule clause is set to dynamic, the chunks of the loop will be assigned
dynamically to the threads. This means that if one threads is finished it gets a new chunk
defined by the integer until the whole loop is finished. It has to be noted that the dynamic
clause might be associated with a considerable overhead. The assignment of the chunks to
the respective thread is performed by the master thread that is not executed in parallel. The
overhead can simply be defined as the amount of time the master-thread need to assign the
chunks of iterations to the threads. Whereas this happens only for fixed number of times in a
static routine, the dynamic allocation of iterations to the threads might happen several times.
The general law for parallel computing that determined the improvement in computational
time is known as Amdahl’s law. This law accounts for the fact that only a certain part of
a program can be parallelized, whereas a certain percentage of the code is still executed
sequentially. The actual scalability of Amdahl’s law is still a point of debate but it gives a
general idea of the possible speed-up achieved by parallel computing. The speed-up (∆t) can
be expressed as (Sun et al., 2010):

∆t =
1

1− f
+

f
m

(B.6)

Here f represents the fraction of the program that can be improved (parallelized) and m do-
nated the part of the code that cannot be improved (sequential). In the framework of parallel
computing using multi-core machines, m will include the amount of computational resources
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need for the synchronization of the threads. The amount of time for the synchronization plus
the temporal effort for the sequential part can be considered as the overhead. The computa-
tional speed-up that had been achieved by the parallelization can be investigated in figure B.4.
In this image the CPU-time per iteration is plotted over a simulation of 20.000 time-steps.
The blue line indicates the sequential execution of the code whereas the red line indicated
the parallelization with four CPU-cores.

Fig. B.4: Comparison of the computation time during the numerical simulations for one and four
threads. The cpu-time increases fast at the beginning of the simulations with four threads but
quickly reaches a steady-state. In contrast to that, the cpu-time linearly increases of the the course
of the simulation if one thread is used. The quick increase in computational time at the beginning of
the numerical experiment with four threads is caused by the overhead (the master thread distributes
the work to the threads and this part of the code is executed sequentially).
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Appendix C

Geological Maps

Fig. C.1: Geological map of the Pucara basin. The overview map of Peru shows the major tectonic
segments which can be distinguished according to elevation. Because the elevation correlates with
the thickness of the lithosphere the segments correlate with gravimetric data. The isolines shown
in the overview map represent interpolated lines with a spacing of 25 mGal. The grey-scale in the
map show the different lithological units based on. The black area represents the area of geological
map.
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Fig. C.2: Geological map of the western Spessart around the Falkenberg tunnel. The hatching rect-
angle indicates the area of the overview map in figure 2.4. (map basis: GK25-Schölkrippen (5921);
mapping: M. Okrusch & W. Weinet (1961-1963), published in 1965 by Bayrisches Geologisches
Landesamt, and GK25-Frammersbach (5922), mapping: P.Cramer (1975) & W. Weinlet (1968),
published in 1978 by Bayrisches Geologisches Landesamt)
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Fig. C.3: Geological map of Poland. The black rectangle indicates the location of the overview
map shown in figure 2.7.



247

Appendix D

Petrographical Analysis

Fig. D.1: Scans of the barren zebra dolomite samples that had been analysed in this study. The
areas that had been investigated with the different analytical methods are marked in the samples.
(see legend for details about the respective method)
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Fig. D.2: a Plane-polarized micrograph of a dark region of a zebra dolomite sample. Note that
the area shown in the image is located outside the actual zebra pattern (location in sample (a)
is shown in figure D.1). Initial sedimentary features are observable in the form of Ooid-ghosts.
the irregular shaped grain boundaries appear very dark in this sample. The geometry if the grain
boundaries resembles lobate crystal margins as they would develop for instance during dynamic
recrystallization. This indicates that grain growth had been active after dolomitization.
b Cross-polarized micrograph of the same area that is shown in a.

Fig. D.3: a Plane-polarized micrograph of a dark zebra dolomite layer with light layers above
and below. Ooid-ghosts are observable in the dark layer and dark second-phase material is clearly
accumulated on grain boundaries (location of image ins ample (i) is shown in figure D.1).
b Cross-polarize micrograph of the same area shown in a. Note the layer of dark material above
the dark zebra dolomite layer. Along this layer a finer grain size is observable.
c Micrograph obtained under plane-polarized light of the area indicated by the yellow rectangle
in a. The detailed view of the Ooid-ghost shows that within the dark layers the grain boundaries
appear very dark due to the accumulation of second-phase material. The finest grain size correlates
with the highest densities of impurities.
d Micrograph shown in c converted into bit planes. The distribution of the impurities is clearly
dictating the grain size. Especially in this image it can be observed that the regions of high impurity
densities exhibit a much finer grain size compared to areas that are impurity-free.
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Fig. D.4: a Plane-polarized micrograph of a light zebra dolomite layers containing a central fracture
and stylolites. Note that the styolite in the lower part of the image overprinted the dark zebra layer
(location within sample (h) is shown in figure D.1).
b Micrograph of the area indicated by the yellow rectangle in a. The stylolite accumulated opaque
material and also contains a mineral phase that is not dolomite (image obtained under plane-
polarized light).
c Cross-polarized micrograph of the stylolite tooth shown in b. The mineral phase that is accumu-
lated by the stylolite is clearly quartz.
d Plane-polarized micrograph of the lower part of the stylolite tooth shown in b and c.
e Cross-polarized micrograph of the same area shown in d. The irregular shape of the grain bound-
aries of the quartz indicate a process of dynamic recrystallization.
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Fig. D.5: a Plane-polarized micrograph of the edge of a dark zebra dolomite layer inside a light
layer. The accumulation of impurities solely in the dark layer is clearly visible (location of image
in sample (g) is shown in figure D.1).
b Cross-polarized micrograph of the same area that is shown in a. The abrupt increase of crystal
size outside the dark areas is clearly observable in this image.
c Plane-polarized micrograph of the areas indicated by the yellow rectangle in a. The accumulation
of impurities on grain boundaries in the dark layer is clearly visible.
d Cross-polarize micrograph (same areas as in c) overlaid by a plane -polarized micrograph that
had been converted into bit-planes. In this image the transition of the fine to the coarse grained
region is observable. Note that the right margin of the crystal in the center of the image contains
impurities and then elongates out of the impurity-rich regions into the coarse grained layer.
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Fig. D.6: a Composite micrograph of zebra ore obtained under plane-polarized light (location of
micrograph in sample (c) is shown in figure 5.26).
b Micrograph of the same area that is shown in a under cross-polarized light.
c Detailed micrograph of the area indicated by the yellow rectangle in a. The transition between
the spahlerite (green) and the carbonate is highly irregular.
d Micrograph of the area shown in c under cross-polarized light.
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Fig. D.7: a Location of the LA-ICP-MS measurement-points in sample (g) (figure D.1) obtained
under plane-polarized light. The red arrow indicates the direction in which the measurement pro-
ceeded.
b Location of the LA-ICP-MS measurement-points in sample (g) under cross-polarized light. All
the points of the profile are located within a elongated crystal of the coarse grained zebra dolomite.

Fig. D.8: a Composite micrograph (plane-polarized) showing the LA-ICP-MS measurement-points
of the two profiles in sample (d) (figure D.1)
b Location of the measurement-points in a micrograph ordained under cross-polarized light. The
profile is located in a coarse grained zebra dolomite layer and proceeded until the median line (line
1) or even crossed the central line (line 2).
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Appendix E

Electron Microprobe

Fig. E.1: EMP-profile measurement (line II in sample (a) in figure D.1). The profile was located
in the dark region of the sample that does not display a zebra texture. The negative peak in in the
Ca and Mg contend is probably an erratic data point. The positive peak in Fe and Sr concentra-
tion indicates that a small Fe-rich impurities had been measured. Apart from the two peaks the
concentrations of the detected elements is uniform.
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Fig. E.2: EMP-profile measurement (sample (g) in figure D.1). The profile started at the central
line of a light zebra dolomite layer and proceeded towards a dark zebra dolomite layer. No clear
trend is observable in the data. However, the Fe-concentrations exhibit some variations.

Fig. E.3: Screen-shot of the untreated EMP-map in sample (a). The only variations in chemical
composition observable in the raw-data are the small impurities in the dark zebra layer. Note that
the displayed maps are upside-down with respect to the sample (a) shown in figure D.1.
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Fig. E.4: Screen-shot of the untreated EMP-map in sample (d). Already in the raw-data the zona-
tion in Mn can be observed. Note that the displayed maps are upside-down with respect to the
sample (d) shown in figure D.1

Fig. E.5: EMP-map data (map in sample (d) shown in figure D.1) processed with XMapTools (see
chapter 4.1.3. The data-treatment with XMpaTool reveals compositional contrasts in Fe and also
clarifies the Mn-zonation. In the central part of the map a small increase in Ca accompanied by a
depletion in Mg is also observable after the editing.
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Fig. E.6: Screen-shot of the untreated EMP-map in sample (d). The map shows the area around a
macropore at the median line in the light zebra dolomite layer (sample (g) in figure D.1). A variation
is not observable in any of the detected elements. Note that the displayed maps are upside-down
with respect to the sample (g) shown in figure D.1

Fig. E.7: EMP-map data (map in sample (g) shown in figure D.1) processed with XMapTools (see
chapter 4.1.3. Even the data-treatment with XMpaTool did not reveal any compositional contrasts.
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Appendix F

LA-ICP-MS

Fig. F.1: Sidergram showing the cumulative element concentrations of all measurement points of
profile I in sample (d) (figure D.1). The raw data and standard deviation of the measurement are
shown in table tables H.2 and H.3.

Fig. F.2: REE-concentration (Dy,Ho,Er and T m) along profile I (sample (d) in figure D.1). No
clear trend is observable (the raw data can be found in table tables H.2 and H.3).
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Fig. F.3: Spidergram showing the cumulative element concentrations of all measurement points of
profile II in sample (d) (figure D.1). The raw data and standard deviation of the measurement are
shown in table tables H.4 and H.5.

Fig. F.4: Concentrations of Sr, Zn, Ba and Pb along profile II (sample (d) in figure D.1). A clear
trend is not observable if the data is displayed with a logarithmic scale (Left). However, if the data
is plotted with a linear scale the Sr-content exhibits some variations.

Fig. F.5: REE-concentration (Dy,Ho,Er and T m) along profile II (sample (d) in figure D.1). No
clear trend is observable (the raw data can be found in table tables H.4 and H.5).
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Fig. F.6: Spidergram showing the cumulative element concentrations of all measurement points of
profile in sample (g) (figure D.1).Detailed image of the profile i shown in figure D.7. The raw data
and standard deviation of the measurement are shown in table tables H.6 and H.7.

Fig. F.7: Concentrations of Zn, Ba and Pb along profile (sample (g) in figure D.1). A clear trend is
not observable if the data.
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Fig. F.8: Concentrations of Sr, Zn, Ba and Pb along profile (sample (g) in figure D.1). The content
of Zn, Ba and Pb is rather small compared to Sr. A sligth increase in the concentration of Sr is
observable along the profile.

Fig. F.9: REE-concentration (Dy,Ho,Er and T m) along profile (sample (d) in figure D.1). No clear
trend is observable (the raw data can be found in table tables H.6 and H.7).
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Fig. F.10: Spidergram showing the cumulative element concentrations of all measurement points
of profile I in sample (c) (figure D.1). The raw data and standard deviation of the measurement are
shown in table tables H.8 and H.11

Fig. F.11: Concentrations of Li, Cr, Ba and Pb along the LA-ICP-MS profile i in sample (c)
(figure D.1). The concentrations of all the elements show some variations whereas the most pro-
nounced changes exist in the Pb and Ba whereas these changes correlate with the location of the
transition between the dark and the light zebra layers (the raw data can be found in table tables H.8
and H.9).
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Fig. F.12: Concentrations of Ti, Cr, Ba and Pb along the profile II (sample (c) in figure D.1).All
the elements show a similar trend whereas the highest concentrations are located within the dark
regions (the raw data can be found in table tables H.10 and H.11).

Fig. F.13: Concentration of Sr and Ti along profile II (sample (c) in figure D.1). The Sr contend
exhibits a similar trend as Ti. The highest concentrations are located in the dark regions (the raw
data can be found in table tables H.10 and H.11).
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Fig. F.14: Goldschmidt diagram displaying the categorization of the element detected by LA-ICP-
MS (profiles I and II in sample (c) in figure D.1). The classification in this diagram is based on
the charge (e) and the ionic radii (r) of the chemical compounds. Based on this, it can be assessed
whether the respective element will preferably dissolve or precipitate.
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Appendix G

Numerical Simulations

Fig. G.1: Microstructure of a simulation with solely mobile particles. The numbers of particles
of the respective size are shown to the right hand of the image. Two distributions of particles
were introduced during the initialization of the model. A random-normal distribution and a random
distribution. The size of the particles is shown in m.
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Fig. G.2: Microstructure of a simulation with a threshold for particle mobility. The rigth image
in the top of the figure shows where the highest pinning strength occurs in red. The numbers of
particles of the respective size are shown to the right hand of the image. Two distributions of
particles were introduced during the initialization of the model. A random-normal distribution
and a random distribution. The red line in the random-normal particle distribution indicated the
threshold (size above which particles are stationary). The size of the particles is shown in m.
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Fig. G.3: a numerical experiment on Zener pinning without pinning of grain boundaries on triple
junctions (triple nodes). No layering of grain size is observed.
b numerical experiment on Zener pinning with pinning of grain boundaries on triple junctions
(triple nodes). The initial layered distribution of pinning strength leads to the development of
alternating coarse and fine grained layers.
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Fig. G.4: Numerical experiments on Zener pinning with redistribution of pinning strength. Initially
a pinning strength of up to 10% was assigned to the nodes of the model. The redistribution of
the pinning strength (drag) and layered pinning strength (secondary pin) had been altered for the
respective experiments.

Fig. G.5: Numerical experiments on Zener pinning with redistribution of pinning strength. Initially
a pinning strength of up to 25% was assigned to the nodes of the model. The redistribution of
the pinning strength (drag) and layered pinning strength (secondary pin) had been altered for the
respective experiments.
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Fig. G.6: Numerical experiments on Zener pinning with redistribution of pinning strength. Initially
a pinning strength of up to 50% was assigned to the nodes of the model. The redistribution of
the pinning strength (drag) and layered pinning strength (secondary pin) had been altered for the
respective experiments.

Fig. G.7: Numerical experiments on Zener pinning with redistribution of pinning strength. Initially
a pinning strength of up to 75% was assigned to the nodes of the model. The redistribution of
the pinning strength (drag) and layered pinning strength (secondary pin) had been altered for the
respective experiments.
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Fig. G.8: Microstructures of several numerical experiment on grain growth influenced by second-
phase particle densities
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Fig. G.9: a Distribution of second-phase particle radii used during the tests (figures figs. 6.7
and 6.10.
b Distribution of the second-phase particle radii during the simulation of the pattern formation
(figure 6.21). The dotted red line indicates the threshold above which the impurities are considered
as stationary and are not affected by the dolomitization or the grain boundary migration (figure
fromKelka et al., 2015).
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Fig. G.10: a Function used to calculate the surface energy for anisotropic grain growth. The
factor(cγ ) for the surface energy is a function of the angle (α) between the crystallographic c-
axis and the grain boundary. By defining this function the problem of surface energy distribution
depending on c-axis orientation is simplified (Bons et al., 2000).
b Surface energy distribution during a simulation consisting of 10.000 time steps. Note that the
surface energies show a bimodal distribution and are in the range published by Austen et al., 2005
for dolomite crystals.
c Distribution of the three rotation angles of the c-axis of the grains in our simulation (figures
from Kelka et al., 2015).
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Fig. G.11: a Initial distribution of second-phase particle densities in the model. Three layers with
a high impurity content are visible. An example of a dolomite which shows a similar layered
scatter of opaque material is shown in b. The sample was collected in the Góorażdże quarry in
Upper Silesia, Poland. The Middle Triassic dolomites which outcrop in the Górażdże quarry are
ore bearing 100 km to the east in the Pomorzany Mine (Olkusz). This mine is located in the Upper
Silesian Pb-Zn district. Especially in the lower part of b a gradual decrease in impurity content
in the two layers is identifiable. This “graded-bedding-like” distribution of second-phase material
might be of sedimentary origin or might as well be generated by compaction. The area of a and b
is 1 cm2 respectively (figure from Kelka et al., 2015).

Fig. G.12: Evolution of pH, temperature and dolomite saturation during the simulation with the
coupled ELLE-PHREEQC environment.

Fig. G.13: Evolution of pH, temperature and dolomite saturation during the simulation with the
coupled ELLE-PHREEQC environment.
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Appendix H

EMP-, LA-ICP-MS data and fluid
compositions in PHREEQC

H.1 EMP

Table H.1: Raw data of the EMP line-measuments.

No. MgO SrO CaO FeO MnO CO2 Total Comment

1 21.719 0.112 31.222 0 0.063 46.885 100.001 Ast dolomite 1
1 21.719 0.112 31.222 0 0.063 46.885 100.001 Ast dolomite 1
2 21.472 0.047 30.976 0.01 0 47.495 100 Ast dolomite 2
3 20.955 0.086 30.868 0.038 0 48.053 100 Ast dolomite 3
4 21.101 0.169 30.535 0.045 0.042 48.108 100 Ast dolomite 4
5 21.321 0.111 31.446 0 0 47.123 100.001 Ast dolomite 5
6 20.726 0 29.701 0.345 0.266 48.961 99.999 Line 1 SV1 Line1
7 21.518 0 30.107 0.242 0.149 47.983 99.999 Line 2 SV1 Line1
8 21.17 0 30.325 0.283 0.186 48.036 100 Line 3 SV1 Line1
9 21.169 0 29.598 0.342 0.209 48.682 100 Line 4 SV1 Line1
10 21.134 0 29.839 0.301 0.225 48.5 99.999 Line 5 SV1 Line1
11 20.948 0 29.959 0.362 0.258 48.473 100 Line 6 SV1 Line1
12 21.171 0 30.102 0.369 0.245 48.112 99.999 Line 7 SV1 Line1
13 21.381 0.039 30.217 0.348 0.202 47.812 99.999 Line 8 SV1 Line1
14 20.982 0.037 29.522 0.331 0.179 48.95 100.001 Line 9 SV1 Line1
15 20.993 0.064 30.008 0.295 0.172 48.469 100.001 Line 10 SV1 Line1
16 21.184 0 29.785 0.282 0.198 48.55 99.999 Line 11 SV1 Line1
17 20.876 0.027 29.898 0.348 0.159 48.693 100.001 Line 12 SV1 Line1
18 21.199 0.021 29.971 0.401 0.155 48.254 100.001 Line 13 SV1 Line1
19 21.115 0.028 29.889 0.353 0.205 48.412 100.002 Line 14 SV1 Line1
20 21.004 0.013 29.881 0.441 0.204 48.457 100 Line 15 SV1 Line1
21 21.374 0 29.76 0.398 0.201 48.268 100.001 Line 16 SV1 Line1
22 20.855 0 29.744 0.347 0.191 48.863 100 Line 17 SV1 Line1
23 20.804 0 30.281 0.347 0.224 48.342 99.998 Line 18 SV1 Line1
24 21.119 0 30.111 0.339 0.201 48.229 99.999 Line 19 SV1 Line1
25 21.027 0.011 29.391 0.4 0.198 48.973 100 Line 20 SV1 Line1
26 21.022 0.037 29.916 0.312 0.152 48.562 100.001 Line 21 SV1 Line1
27 21.039 0.022 30.293 0.367 0.204 48.076 100.001 Line 22 SV1 Line1
28 21.274 0.121 29.89 0.372 0.201 48.143 100.001 Line 23 SV1 Line1
29 20.756 0.04 29.97 0.367 0.247 48.62 100 Line 24 SV1 Line1
30 20.868 0.055 30.069 0.309 0.184 48.514 99.999 Line 25 SV1 Line1
31 21.066 0 30.015 0.334 0.204 48.381 100 Line 26 SV1 Line1
32 21.062 0 29.774 0.359 0.184 48.621 100 Line 27 SV1 Line1
33 21.147 0 30.415 0.405 0.276 47.758 100.001 Line 28 SV1 Line1
34 21.141 0 29.786 0.321 0.188 48.565 100.001 Line 29 SV1 Line1
35 20.908 0 29.802 0.367 0.23 48.694 100.001 Line 30 SV1 Line1
36 20.816 0 30.403 0.359 0.227 48.194 99.999 Line 31 SV1 Line1
37 21.313 0 30.156 0.268 0.247 48.017 100.001 Line 32 SV1 Line1
38 20.072 0.012 29.192 0.245 0.316 50.162 99.999 Line 33 SV1 Line1
39 21.517 0.064 30.368 0.409 0.21 47.431 99.999 Line 34 SV1 Line1
40 20.513 0.059 29.815 0.326 0.122 49.165 100 Line 35 SV1 Line1
41 15.453 0.087 22.135 0.276 0.185 61.864 100 Line 36 SV1 Line1
42 20.835 0.047 30.471 0.381 0.279 47.988 100.001 Line 37 SV1 Line1
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43 19.562 0.066 30.576 0.495 0.207 49.095 100.001 Line 38 SV1 Line1
44 20.463 0 30.601 0.427 0.197 48.312 100 Line 39 SV1 Line1
45 21.153 0 30.266 0.381 0.263 47.936 99.999 Line 40 SV1 Line1
46 20.964 0 30.187 0.356 0.204 48.289 100 Line 41 SV1 Line1
47 21.403 0 30.51 0.326 0.181 47.582 100.002 Line 42 SV1 Line1
48 21.251 0 30.003 0.356 0.214 48.177 100.001 Line 43 SV1 Line1
49 21.329 0.051 30.267 0.348 0.286 47.72 100.001 Line 44 SV1 Line1
50 21.031 0 30.384 0.364 0.25 47.972 100.001 Line 45 SV1 Line1
51 20.98 0 29.646 0.356 0.204 48.814 100 Line 46 SV1 Line1
52 21.488 0 30.241 0.321 0.289 47.661 100 Line 47 SV1 Line1
53 20.797 0.062 29.964 0.344 0.207 48.627 100.001 Line 48 SV1 Line1
54 20.742 0.009 30.216 0.422 0.181 48.43 100 Line 49 SV1 Line1
55 20.193 0 29.611 0.351 0.197 49.647 99.999 Line 50 SV1 Line1
56 20.572 0 30.077 0.407 0.256 48.688 100 Line 51 SV1 Line1
57 20.963 0.072 29.641 0.389 0.141 48.795 100.001 Line 52 SV1 Line1
58 20.927 0 29.968 0.321 0.227 48.557 100 Line 53 SV1 Line1
59 20.738 0 29.533 0.341 0.118 49.269 99.999 Line 54 SV1 Line1
60 21.062 0 30.33 0.336 0.184 48.087 99.999 Line 55 SV1 Line1
61 20.945 0.078 30.012 0.318 0.22 48.428 100.001 Line 56 SV1 Line1
62 20.666 0.059 29.696 0.346 0.266 48.967 100 Line 57 SV1 Line1
63 21.305 0 29.777 0.331 0.246 48.34 99.999 Line 58 SV1 Line1
64 20.878 0.021 29.962 0.351 0.2 48.587 99.999 Line 59 SV1 Line1
65 20.709 0 30.125 0.414 0.161 48.591 100 Line 60 SV1 Line1
66 21.352 0 29.712 0.316 0.2 48.42 100 Line 61 SV1 Line1
67 20.705 0 29.574 0.346 0.273 49.103 100.001 Line 62 SV1 Line1
68 20.899 0.01 29.506 0.353 0.204 49.027 99.999 Line 63 SV1 Line1
69 21.28 0 30.212 0.316 0.204 47.99 100.002 Line 64 SV1 Line1
70 20.977 0.056 30.574 0.328 0.141 47.924 100 Line 65 SV1 Line1
71 20.518 0.034 29.985 0.323 0.197 48.942 99.999 Line 66 SV1 Line1
72 21.287 0.022 30.699 0.348 0.282 47.36 99.998 Line 67 SV1 Line1
73 21.11 0.039 30.294 0.321 0.217 48.02 100.001 Line 68 SV1 Line1
74 21.001 0.012 29.626 0.331 0.181 48.851 100.002 Line 69 SV1 Line1
75 21.297 0.098 30.226 0.358 0.243 47.78 100.002 Line 70 SV1 Line1
76 21.033 0.023 29.763 0.374 0.266 48.543 100.002 Line 71 SV1 Line1
77 20.586 0 30.311 0.3 0.283 48.519 99.999 Line 72 SV1 Line1
78 20.991 0 30.045 0.356 0.279 48.329 100 Line 73 SV1 Line1
79 20.941 0 30.227 0.358 0.237 48.237 100 Line 74 SV1 Line1
80 21.315 0 29.991 0.273 0.204 48.217 100 Line 75 SV1 Line1
81 21.261 0.017 30.256 0.27 0.21 47.985 99.999 Line 76 SV1 Line1
82 21.593 0.028 30.361 0.356 0.131 47.53 99.999 Line 77 SV1 Line1
83 21.091 0 29.836 0.283 0.299 48.491 100 Line 78 SV1 Line1
84 20.191 0 30.127 0.315 0.21 49.156 99.999 Line 79 SV1 Line1
85 20.006 0 29.186 0.124 0.22 50.464 100 Line 80 SV1 Line1
86 21.675 0.012 30.114 0.406 0.217 47.576 100 Line 81 SV1 Line1
87 20.745 0 29.729 0.381 0.204 48.941 100 Line 82 SV1 Line1
88 20.898 0 29.317 0.336 0.299 49.15 100 Line 83 SV1 Line1
89 21.52 0.009 29.803 0.396 0.2 48.072 100 Line 84 SV1 Line1
90 21.168 0 30.107 0.353 0.269 48.102 99.999 Line 85 SV1 Line1
91 20.431 0.004 29.493 0.326 0.214 49.531 99.999 Line 86 SV1 Line1
92 20.693 0.023 30.259 0.356 0.214 48.455 100 Line 87 SV1 Line1
93 21.299 0.021 29.769 0.326 0.246 48.338 99.999 Line 88 SV1 Line1
94 20.968 0.075 29.385 0.338 0.217 49.018 100.001 Line 89 SV1 Line1
95 20.888 0.003 29.734 0.376 0.246 48.752 99.999 Line 90 SV1 Line1
96 20.601 0.008 29.721 0.351 0.24 49.079 100 Line 91 SV1 Line1
97 20.822 0.11 29.606 0.386 0.237 48.84 100.001 Line 92 SV1 Line1
98 20.486 0 29.999 0.394 0.246 48.874 99.999 Line 93 SV1 Line1
99 21.4 0 30.116 0.348 0.204 47.931 99.999 Line 94 SV1 Line1
100 20.941 0.011 30.338 0.419 0.197 48.094 100 Line 95 SV1 Line1
101 21.18 0 30.038 0.308 0.23 48.245 100.001 Line 96 SV1 Line1
102 20.896 0 29.722 0.3 0.214 48.868 100 Line 97 SV1 Line1
103 21.153 0 30.223 0.374 0.276 47.975 100.001 Line 98 SV1 Line1
104 21.418 0 29.9 0.346 0.207 48.131 100.002 Line 99 SV1 Line1
105 21.212 0 30.118 0.341 0.214 48.115 100 Line 100 SV1 Line1
106 21.066 0 30.149 0.338 0.207 48.241 100.001 Line 101 SV1 Line1
107 21.039 0.005 30.009 0.404 0.21 48.333 100 Line 102 SV1 Line1
108 19.99 0.023 31.235 0.399 0.168 48.186 100.001 Line 103 SV1 Line1
109 20.964 0.035 29.598 0.366 0.197 48.839 99.999 Line 104 SV1 Line1
110 20.942 0 30.523 0.442 0.217 47.876 100 Line 105 SV1 Line1
111 20.763 0.162 29.735 0.648 0.21 48.48 99.998 Line 106 SV1 Line1
112 21.178 0.027 29.818 0.358 0.194 48.426 100.001 Line 107 SV1 Line1
113 20.552 0 29.94 0.341 0.253 48.914 100 Line 108 SV1 Line1
114 19.778 0 31.627 0.401 0.24 47.954 100 Line 109 SV1 Line1
115 20.084 0 30.596 0.444 0.131 48.744 99.999 Line 110 SV1 Line1
116 21.339 0.014 30.164 0.409 0.164 47.91 100 Line 111 SV1 Line1
117 20.626 0.02 28.715 0.427 0.269 49.941 99.998 Line 112 SV1 Line1
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118 20.932 0.11 30.078 0.389 0.246 48.244 99.999 Line 113 SV1 Line1
119 21.112 0 29.946 0.343 0.263 48.336 100 Line 114 SV1 Line1
120 21.197 0 29.981 0.406 0.233 48.183 100 Line 115 SV1 Line1
121 20.271 0.9 28.219 0.441 0.158 50.011 100 Line 116 SV1 Line1
122 21.189 0 30.524 0.356 0.164 47.767 100 Line 117 SV1 Line1
123 21.252 0.036 30.069 0.328 0.194 48.121 100 Line 118 SV1 Line1
124 21.173 0.016 29.996 0.356 0.237 48.223 100.001 Line 119 SV1 Line1
125 20.949 0.011 30.333 0.336 0.118 48.253 100 Line 120 SV1 Line1
126 20.979 0.061 30.214 0.374 0.246 48.126 100 Line 121 SV1 Line1
127 20.343 0 29.572 0.52 0.23 49.336 100.001 Line 122 SV1 Line1
128 20.766 0.038 30.011 0.336 0.26 48.59 100.001 Line 123 SV1 Line1
129 20.761 0.009 30.034 0.243 0.181 48.773 100.001 Line 124 SV1 Line1
130 20.778 0.015 30.182 0.212 0.283 48.53 100 Line 125 SV1 Line1
131 20.191 0.056 28.312 0.134 0.266 51.042 100.001 Line 126 SV1 Line1
132 20.662 0.003 29.611 0.25 0.348 49.126 100 Line 127 SV1 Line1
133 20.986 0.031 29.734 0.341 0.227 48.681 100 Line 128 SV1 Line1
134 20.827 0.005 29.862 0.306 0.25 48.752 100.002 Line 129 SV1 Line1
135 20.954 0.037 29.628 0.374 0.21 48.798 100.001 Line 130 SV1 Line1
136 20.898 0.031 29.978 0.316 0.184 48.594 100.001 Line 131 SV1 Line1
137 21.073 0.074 29.906 0.409 0.187 48.349 99.998 Line 132 SV1 Line1
138 21.029 0.066 29.825 0.374 0.2 48.506 100 Line 133 SV1 Line1
139 20.864 0.012 30.354 0.394 0.23 48.147 100.001 Line 134 SV1 Line1
140 21.139 0.054 30.267 0.389 0.164 47.987 100 Line 135 SV1 Line1
141 20.939 0 29.865 0.293 0.292 48.611 100 Line 136 SV1 Line1
142 20.728 0.01 30.312 0.288 0.191 48.47 99.999 Line 137 SV1 Line1
143 20.894 0.045 29.472 0.371 0.207 49.01 99.999 Line 138 SV1 Line1
144 20.746 0 29.846 0.336 0.21 48.862 100 Line 139 SV1 Line1
145 21.357 0 29.598 0.389 0.197 48.46 100.001 Line 140 SV1 Line1
146 21.015 0 30.242 0.301 0.217 48.224 99.999 Line 141 SV1 Line1
147 20.819 0 30.383 0.338 0.145 48.316 100.001 Line 142 SV1 Line1
148 20.622 0.018 30.526 0.177 0.227 48.431 100.001 Line 143 SV1 Line1
149 21.246 0.013 29.369 0.245 0.145 48.981 99.999 Line 144 SV1 Line1
150 21.148 0.056 30.061 0.364 0.181 48.19 100 Line 145 SV1 Line1
151 21.208 0 29.791 0.324 0.23 48.446 99.999 Line 146 SV1 Line1
152 20.829 0.043 29.676 0.328 0.105 49.02 100.001 Line 147 SV1 Line1
153 20.824 0.054 29.853 0.252 0.227 48.791 100.001 Line 148 SV1 Line1
154 20.735 0 30.234 0.291 0.191 48.549 100 Line 149 SV1 Line1
155 21.118 0.037 29.94 0.391 0.286 48.228 100 Line 150 SV1 Line1
156 21.08 0.06 30.397 0.354 0.194 47.915 100 Line 151 SV1 Line1
157 21.285 0 29.796 0.331 0.243 48.346 100.001 Line 152 SV1 Line1
158 20.551 0.044 29.669 0.356 0.227 49.153 100 Line 153 SV1 Line1
159 21.012 0.046 30.058 0.273 0.191 48.419 99.999 Line 154 SV1 Line1
160 20.718 0.025 29.873 0.296 0.316 48.772 100 Line 155 SV1 Line1
161 21.051 0.056 29.494 0.273 0.168 48.958 100 Line 156 SV1 Line1
162 20.938 0 29.386 0.371 0.204 49.101 100 Line 157 SV1 Line1
163 20.879 0 29.639 0.399 0.247 48.836 100 Line 158 SV1 Line1
164 20.433 0.003 29.831 0.667 0.427 48.639 100 Line 1 SV5 Line1
165 20.51 0.041 30.262 0.694 0.325 48.167 99.999 Line 2 SV5 Line1
166 19.574 0.044 29.865 0.617 0.388 49.512 100 Line 3 SV5 Line1
167 20.16 0 29.928 0.601 0.335 48.976 100 Line 4 SV5 Line1
168 20.506 0.046 29.946 0.707 0.352 48.443 100 Line 5 SV5 Line1
169 21.12 0.012 30.082 0.553 0.256 47.977 100 Line 6 SV5 Line1
170 20.762 0.019 30.276 0.616 0.385 47.942 100 Line 7 SV5 Line1
171 20.865 0.042 29.758 0.578 0.322 48.436 100.001 Line 8 SV5 Line1
172 20.686 0 29.923 0.636 0.338 48.416 99.999 Line 9 SV5 Line1
173 20.835 0.005 29.845 1.085 0.44 47.79 100 Line 10 SV5 Line1
174 20.468 0.037 30.207 0.587 0.362 48.339 100 Line 11 SV5 Line1
175 21.038 0.018 30.336 0.553 0.345 47.71 100 Line 12 SV5 Line1
176 20.482 0.038 30.634 0.601 0.292 47.953 100 Line 13 SV5 Line1
177 20.995 0.009 29.738 0.48 0.309 48.469 100 Line 14 SV5 Line1
178 20.817 0.021 29.479 0.513 0.335 48.833 99.998 Line 15 SV5 Line1
179 21.154 0.053 30.01 0.561 0.246 47.975 99.999 Line 16 SV5 Line1
180 20.382 0 30.136 0.576 0.188 48.718 100 Line 17 SV5 Line1
181 20.751 0.013 29.986 0.611 0.253 48.386 100 Line 18 SV5 Line1
182 20.947 0.056 30.166 0.576 0.355 47.9 100 Line 19 SV5 Line1
183 20.706 0.103 29.829 0.602 0.204 48.557 100.001 Line 20 SV5 Line1
184 20.757 0.023 30.227 0.457 0.279 48.258 100.001 Line 21 SV5 Line1
185 21.179 0.035 29.569 0.576 0.306 48.335 100 Line 22 SV5 Line1
186 20.828 0 30.071 0.581 0.283 48.238 100.001 Line 23 SV5 Line1
187 17.896 0 25.922 0.542 0.257 55.381 99.998 Line 24 SV5 Line1
188 20.097 0.016 29.701 0.503 0.322 49.361 100 Line 25 SV5 Line1
189 20.691 0.044 30.483 0.488 0.237 48.059 100.002 Line 26 SV5 Line1
190 19.663 0.027 29.471 0.422 0.24 50.177 100 Line 27 SV5 Line1
191 20.914 0 30 0.639 0.312 48.134 99.999 Line 28 SV5 Line1
192 20.617 0.058 30.429 0.73 0.174 47.991 99.999 Line 29 SV5 Line1
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193 20.83 0 29.769 0.667 0.187 48.546 99.999 Line 30 SV5 Line1
194 20.769 0 29.434 0.733 0.194 48.871 100.001 Line 31 SV5 Line1
195 21.258 0 29.403 0.637 0.233 48.469 100 Line 32 SV5 Line1
196 20.735 0 30.066 0.692 0.178 48.328 99.999 Line 33 SV5 Line1
197 20.799 0 30.203 0.864 0.138 47.996 100 Line 34 SV5 Line1
198 21.015 0 30.225 0.67 0.112 47.977 99.999 Line 35 SV5 Line1
199 21.016 0.031 30.473 0.738 0.168 47.575 100.001 Line 36 SV5 Line1
200 20.527 0.075 30.081 0.98 0.23 48.108 100.001 Line 37 SV5 Line1
201 20.952 0 29.655 0.788 0.233 48.373 100.001 Line 38 SV5 Line1
202 20.936 0 30.514 0.844 0.181 47.526 100.001 Line 39 SV5 Line1
203 20.39 0 30.231 1.157 0.174 48.048 100 Line 40 SV5 Line1
204 20.87 0.035 30.077 0.984 0.161 47.873 100 Line 41 SV5 Line1
205 20.437 0 30.15 0.97 0.184 48.258 99.999 Line 42 SV5 Line1
206 21.089 0 29.485 0.786 0.207 48.433 100 Line 43 SV5 Line1
207 21.303 0.035 29.874 0.67 0.148 47.969 99.999 Line 44 SV5 Line1
208 21.102 0.022 30.199 0.675 0.128 47.875 100.001 Line 45 SV5 Line1
209 20.961 0 30.324 0.564 0.142 48.01 100.001 Line 46 SV5 Line1
210 21.087 0.047 30.426 0.748 0.141 47.55 99.999 Line 47 SV5 Line1
211 20.838 0 29.933 0.697 0.227 48.304 99.999 Line 48 SV5 Line1
212 20.915 0.046 30.497 0.587 0.142 47.814 100.001 Line 49 SV5 Line1
213 20.841 0.011 29.842 0.45 0.21 48.645 99.999 Line 50 SV5 Line1
214 20.984 0 30.076 0.713 0.138 48.089 100 Line 51 SV5 Line1
215 20.39 0.032 30.431 1.028 0.187 47.933 100.001 Line 52 SV5 Line1
216 20.473 0.009 29.51 0.98 0.158 48.87 100 Line 53 SV5 Line1
217 20.763 0.023 29.901 0.642 0.204 48.467 100 Line 54 SV5 Line1
218 20.598 0.015 29.747 0.85 0.165 48.626 100.001 Line 55 SV5 Line1
219 20.549 0.06 30.103 0.948 0.168 48.172 100 Line 56 SV5 Line1
220 21.061 0 30.349 0.915 0.194 47.482 100.001 Line 57 SV5 Line1
221 20.874 0.005 29.794 0.91 0.135 48.284 100.002 Line 58 SV5 Line1
222 20.951 0.007 30.172 0.746 0.155 47.969 100 Line 59 SV5 Line1
223 20.546 0.02 30.376 1.455 0.217 47.386 100 Line 60 SV5 Line1
224 20.363 0.013 30.101 1.37 0.079 48.075 100.001 Line 61 SV5 Line1
225 20.606 0 29.943 1.175 0.125 48.151 100 Line 62 SV5 Line1
226 20.881 0.065 29.771 1.287 0.118 47.877 99.999 Line 63 SV5 Line1
227 20.543 0 29.641 0.728 0.174 48.913 99.999 Line 64 SV5 Line1
228 20.872 0.069 29.754 1.166 0.109 48.032 100.002 Line 65 SV5 Line1
229 20.38 0.082 30.178 1.097 0.23 48.033 100 Line 66 SV5 Line1
230 20.53 0.009 30.188 0.473 0.194 48.606 100 Line 67 SV5 Line1
231 20.944 0 29.887 0.564 0.128 48.477 100 Line 68 SV5 Line1
232 20.963 0.01 29.368 0.531 0.171 48.955 99.998 Line 69 SV5 Line1
233 20.615 0 30.14 0.923 0.145 48.177 100 Line 70 SV5 Line1
234 20.624 0 30.013 0.751 0.194 48.418 100 Line 71 SV5 Line1
235 20.95 0 30.485 0.865 0.115 47.586 100.001 Line 72 SV5 Line1
236 20.48 0.005 29.786 0.855 0.142 48.732 100 Line 73 SV5 Line1
237 20.446 0 29.819 0.913 0.171 48.65 99.999 Line 74 SV5 Line1
238 21.217 0 29.756 0.635 0.132 48.261 100.001 Line 75 SV5 Line1
239 20.641 0 29.354 0.663 0.145 49.198 100.001 Line 76 SV5 Line1
240 20.665 0 30.444 0.696 0.125 48.069 99.999 Line 77 SV5 Line1
241 20.231 0 29.52 1.838 0.109 48.303 100.001 Line 78 SV5 Line1
242 21.055 0.017 29.65 0.853 0.109 48.317 100.001 Line 79 SV5 Line1
243 21.082 0 30.451 0.534 0.198 47.735 100 Line 80 SV5 Line1
244 20.932 0.023 30.459 0.832 0.118 47.637 100.001 Line 81 SV5 Line1
245 21.162 0 29.613 0.711 0.171 48.341 99.998 Line 82 SV5 Line1
246 20.279 0.024 30.518 0.87 0.217 48.091 99.999 Line 83 SV5 Line1
247 20.643 0.049 29.638 0.711 0.155 48.805 100.001 Line 84 SV5 Line1
248 20.952 0 30.25 0.764 0.112 47.922 100 Line 85 SV5 Line1
249 21.262 0.001 29.913 0.635 0.165 48.023 99.999 Line 86 SV5 Line1
250 20.589 0.002 30.279 0.983 0.234 47.913 100 Line 87 SV5 Line1
251 20.985 0.021 30.28 0.638 0.115 47.962 100.001 Line 88 SV5 Line1
252 20.579 0 29.912 0.865 0.145 48.499 100 Line 89 SV5 Line1
253 20.644 0.034 29.943 0.893 0.234 48.252 100 Line 90 SV5 Line1
254 20.686 0 29.63 0.834 0.138 48.71 99.998 Line 91 SV5 Line1
255 21.191 0.017 29.962 0.663 0.217 47.953 100.003 Line 92 SV5 Line1
256 20.527 0.014 30.232 0.751 0.138 48.338 100 Line 93 SV5 Line1
257 20.724 0 30.037 0.412 0.168 48.659 100 Line 94 SV5 Line1
258 20.592 0.01 29.245 0.993 0.096 49.065 100.001 Line 95 SV5 Line1
259 20.902 0.032 29.779 1.084 0.204 47.998 99.999 Line 96 SV5 Line1
260 21.206 0.025 30.059 0.936 0.191 47.582 99.999 Line 97 SV5 Line1
261 20.345 0 30.109 0.825 0.207 48.514 100 Line 98 SV5 Line1
262 20.763 0 29.824 0.628 0.188 48.598 100.001 Line 99 SV5 Line1
263 20.272 0.06 29.706 0.637 0.204 49.122 100.001 Line 100 SV5 Line1
264 20.57 0.02 29.671 0.704 0.066 48.969 100 Line 101 SV5 Line1
265 20.775 0.022 29.875 0.939 0.231 48.158 100 Line 102 SV5 Line1
266 20.799 0 30.552 0.706 0.214 47.729 100 Line 103 SV5 Line1
267 21.072 0.061 29.3 0.802 0.168 48.599 100.002 Line 104 SV5 Line1
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268 21.074 0 29.721 0.532 0.105 48.567 99.999 Line 105 SV5 Line1
269 20.732 0.036 29.875 0.853 0.158 48.346 100 Line 106 SV5 Line1
270 20.724 0 30.488 0.921 0.165 47.704 100.002 Line 107 SV5 Line1
271 20.304 0 30.037 0.789 0.198 48.672 100 Line 108 SV5 Line1
272 21.215 0.016 29.933 0.743 0.184 47.908 99.999 Line 109 SV5 Line1
273 20.979 0.014 30.248 0.718 0.214 47.827 100 Line 110 SV5 Line1
274 20.91 0 29.526 0.944 0.181 48.44 100.001 Line 111 SV5 Line1
275 20.851 0.017 30.14 0.625 0.227 48.14 100 Line 112 SV5 Line1
276 21.011 0.036 30.703 0.668 0.184 47.398 100 Line 113 SV5 Line1
277 20.506 0 29.962 0.648 0.227 48.656 99.999 Line 114 SV5 Line1
278 20.457 0.032 30.064 0.478 0.165 48.804 100 Line 115 SV5 Line1
279 20.284 0 29.869 0.645 0.273 48.929 100 Line 116 SV5 Line1
280 20.64 0.052 30.189 0.575 0.247 48.296 99.999 Line 117 SV5 Line1
281 21.126 0.035 30.04 0.635 0.313 47.849 99.998 Line 118 SV5 Line1
282 20.89 0.074 30.482 0.503 0.221 47.83 100 Line 119 SV5 Line1
283 20.916 0 29.714 0.119 0.441 48.81 100 Line 120 SV5 Line1
284 21.156 0.05 29.86 0.359 0.395 48.181 100.001 Line 121 SV5 Line1
285 20.647 0.053 30.119 0.577 0.31 48.294 100 Line 122 SV5 Line1
286 20.744 0.037 29.947 0.592 0.267 48.413 100 Line 123 SV5 Line1
287 20.986 0.026 29.997 0.461 0.254 48.277 100.001 Line 124 SV5 Line1
288 20.087 0.06 28.538 0.668 0.224 50.422 99.999 Line 125 SV5 Line1
289 21.046 0 29.973 0.445 0.161 48.374 99.999 Line 126 SV5 Line1
290 20.203 0.038 29.178 1.078 0.264 49.24 100.001 Line 127 SV5 Line1
291 20.7 0.035 29.849 0.433 0.211 48.774 100.002 Line 128 SV5 Line1
292 21.177 0.043 30.121 0.569 0.25 47.839 99.999 Line 129 SV5 Line1
293 20.697 0 30.266 0.59 0.286 48.161 100 Line 130 SV5 Line1
294 20.374 0.011 30.097 1.719 0.197 47.601 99.999 Line 131 SV5 Line1
295 20.848 0.011 29.938 0.506 0.244 48.454 100.001 Line 132 SV5 Line1
296 20.812 0.012 29.64 0.448 0.293 48.795 100 Line 133 SV5 Line1
297 20.409 0.045 29.933 0.675 0.365 48.572 99.999 Line 134 SV5 Line1
298 20.433 0.01 30.627 0.564 0.408 47.956 99.998 Line 135 SV5 Line1
299 20.627 0.06 30.423 0.602 0.31 47.979 100.001 Line 136 SV5 Line1
300 20.552 0.028 29.85 0.496 0.418 48.657 100.001 Line 137 SV5 Line1
301 20.49 0.029 30.184 0.342 0.237 48.717 99.999 Line 138 SV5 Line1
302 20.881 0.005 30.105 0.147 0.333 48.528 99.999 Line 139 SV5 Line1
303 20.066 0.056 30.166 0.506 0.346 48.859 99.999 Line 140 SV5 Line1
304 20.572 0 30.345 0.552 0.234 48.299 100.002 Line 141 SV5 Line1
305 20.909 0.002 29.891 0.534 0.263 48.402 100.001 Line 1 SV4 Line1
306 20.462 0.016 29.667 0.509 0.198 49.149 100.001 Line 2 SV4 Line1
307 20.68 0.066 30.1 0.633 0.283 48.238 100 Line 3 SV4 Line1
308 21.004 0.023 30.33 0.6 0.254 47.791 100.002 Line 4 SV4 Line1
309 20.658 0.005 29.652 0.509 0.217 48.96 100.001 Line 5 SV4 Line1
310 20.686 0.039 29.761 0.494 0.28 48.74 100 Line 6 SV4 Line1
311 20.741 0.042 30.124 0.536 0.24 48.314 99.997 Line 7 SV4 Line1
312 20.314 0 30.473 0.531 0.306 48.375 99.999 Line 8 SV4 Line1
313 20.326 0.084 30.169 0.653 0.352 48.417 100.001 Line 9 SV4 Line1
314 20.123 0 29.618 0.894 0.287 49.078 100 Line 10 SV4 Line1
315 20.595 0.006 30.118 0.813 0.32 48.148 100 Line 11 SV4 Line1
316 20.789 0 30.718 0.607 0.26 47.626 100 Line 12 SV4 Line1
317 20.495 0.022 29.992 0.494 0.227 48.769 99.999 Line 13 SV4 Line1
318 17.97 0 25.867 0.662 0.165 55.337 100.001 Line 14 SV4 Line1
319 15.669 0.019 22.996 0.361 0.228 60.728 100.001 Line 15 SV4 Line1
320 21.151 0.037 30.34 0.577 0.263 47.631 99.999 Line 16 SV4 Line1
321 20.604 0.026 30.036 0.597 0.296 48.44 99.999 Line 17 SV4 Line1
322 20.925 0.008 30.657 0.633 0.254 47.522 99.999 Line 18 SV4 Line1
323 20.803 0.005 30.394 0.57 0.214 48.014 100 Line 19 SV4 Line1
324 20.985 0 29.89 0.634 0.35 48.142 100.001 Line 20 SV4 Line1
325 20.249 0.018 30.278 0.908 0.376 48.17 99.999 Line 21 SV4 Line1
326 20.926 0.039 30.442 0.576 0.31 47.706 99.999 Line 22 SV4 Line1
327 20.471 0.068 29.639 0.619 0.277 48.924 99.998 Line 23 SV4 Line1
328 20.457 0.082 29.8 0.726 0.36 48.574 99.999 Line 24 SV4 Line1
329 20.235 0 29.835 0.833 0.244 48.854 100.001 Line 25 SV4 Line1
330 20.337 0.007 29.988 0.688 0.271 48.71 100.001 Line 26 SV4 Line1
331 20.287 0.23 29.711 0.764 0.261 48.746 99.999 Line 27 SV4 Line1
332 20.352 0 29.819 0.689 0.39 48.751 100.001 Line 28 SV4 Line1
333 21.247 0.06 30.466 0.447 0.321 47.459 100 Line 29 SV4 Line1
334 20.524 0.042 29.897 0.524 0.347 48.666 100 Line 30 SV4 Line1
335 18.216 0.072 26.233 1.518 0.288 53.673 100 Line 31 SV4 Line1
336 20.944 0.051 29.459 0.4 0.298 48.848 100 Line 32 SV4 Line1
337 21.413 0.05 30.069 0.005 0.318 48.145 100 Line 33 SV4 Line1
338 20.892 0 30.103 0.306 0.285 48.413 99.999 Line 34 SV4 Line1
339 20.299 0 30.447 0.741 0.441 48.071 99.999 Line 35 SV4 Line1
340 20.315 0 29.308 0.831 0.408 49.139 100.001 Line 36 SV4 Line1
341 20.375 0.096 29.883 0.672 0.299 48.675 100 Line 37 SV4 Line1
342 20.51 0.048 29.921 0.715 0.432 48.372 99.998 Line 38 SV4 Line1
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343 20.947 0.038 30.301 0.694 0.286 47.736 100.002 Line 39 SV4 Line1
344 20.543 0.033 30.336 0.62 0.362 48.105 99.999 Line 40 SV4 Line1
345 19.95 0 31.091 0.677 0.353 47.93 100.001 Line 41 SV4 Line1
346 20.61 0.002 29.784 0.718 0.336 48.549 99.999 Line 42 SV4 Line1
347 19.91 0 29.357 0.723 0.299 49.71 99.999 Line 43 SV4 Line1
348 20.981 0.034 30.113 0.659 0.542 47.672 100.001 Line 44 SV4 Line1
349 20.793 0.048 30.477 0.568 0.276 47.837 99.999 Line 45 SV4 Line1
350 19.755 0.188 28.764 0.64 0.27 50.384 100.001 Line 46 SV4 Line1
351 20.699 0 30.141 0.711 0.296 48.151 99.998 Line 47 SV4 Line1
352 20.383 0 29.559 0.882 0.236 48.938 99.998 Line 48 SV4 Line1
353 21.254 0 30.168 0.581 0.406 47.591 100 Line 49 SV4 Line1
354 19.426 0.015 29.447 0.799 0.326 49.988 100.001 Line 50 SV4 Line1
355 20.046 0.065 29.733 0.701 0.283 49.171 99.999 Line 51 SV4 Line1
356 20.468 0.027 29.988 0.719 0.38 48.418 100 Line 52 SV4 Line1
357 20.256 0.026 29.675 1.445 0.23 48.369 100.001 Line 53 SV4 Line1
358 20.761 0.078 29.8 0.66 0.296 48.406 100.001 Line 54 SV4 Line1
359 20.797 0 29.975 0.878 0.34 48.011 100.001 Line 55 SV4 Line1
360 20.99 0.009 30.28 0.54 0.287 47.893 99.999 Line 56 SV4 Line1
361 19.902 0.021 30.239 0.691 0.327 48.82 100 Line 57 SV4 Line1
362 20.435 0.019 29.756 1.09 0.4 48.301 100.001 Line 58 SV4 Line1
363 20.602 0 30.078 0.77 0.383 48.165 99.998 Line 59 SV4 Line1
364 20.63 0.02 29.744 0.53 0.273 48.803 100 Line 60 SV4 Line1
365 20.423 0 30.481 0.784 0.29 48.021 99.999 Line 61 SV4 Line1
366 20.548 0 30.098 0.492 0.267 48.595 100 Line 62 SV4 Line1
367 20.505 0.006 30.188 0.592 0.347 48.362 100 Line 63 SV4 Line1
368 20.772 0.007 30.345 0.74 0.323 47.813 100 Line 64 SV4 Line1
369 21.337 0.01 30.092 0.625 0.233 47.703 100 Line 65 SV4 Line1
370 20.632 0 30.698 0.502 0.223 47.945 100 Line 66 SV4 Line1
371 20.295 0.003 30.452 0.502 0.243 48.505 100 Line 67 SV4 Line1
372 20.408 0 29.413 0.551 0.374 49.255 100.001 Line 68 SV4 Line1
373 20.263 0 29.818 0.766 0.313 48.84 100 Line 69 SV4 Line1
374 20.553 0.046 30.613 0.702 0.297 47.789 100 Line 70 SV4 Line1
375 20.644 0.079 30.118 0.62 0.31 48.229 100 Line 71 SV4 Line1
376 20.497 0.008 29.865 0.587 0.273 48.769 99.999 Line 72 SV4 Line1
377 20.432 0.047 30.03 0.541 0.277 48.672 99.999 Line 73 SV4 Line1
378 20.209 0.079 30.419 0.74 0.403 48.15 100 Line 74 SV4 Line1
379 20.568 0 30.331 0.687 0.373 48.04 99.999 Line 75 SV4 Line1
380 19.936 0 29.311 0.631 0.417 49.706 100.001 Line 76 SV4 Line1
381 20.536 0 30.078 0.689 0.23 48.467 100 Line 77 SV4 Line1
382 20.552 0.041 30.205 0.7 0.28 48.221 99.999 Line 78 SV4 Line1
383 20.934 0.001 30.316 0.728 0.427 47.593 99.999 Line 79 SV4 Line1
384 21.093 0.09 29.801 0.715 0.3 48 99.999 Line 80 SV4 Line1
385 20.419 0.005 30.531 0.748 0.32 47.976 99.999 Line 81 SV4 Line1
386 20.449 0.009 29.453 0.697 0.253 49.138 99.999 Line 82 SV4 Line1
387 20.368 0.063 30.119 0.505 0.377 48.568 100 Line 83 SV4 Line1
388 20.397 0 30.319 0.685 0.307 48.292 100 Line 84 SV4 Line1
389 20.802 0.053 30.095 0.603 0.327 48.12 100 Line 85 SV4 Line1
390 21.034 0.015 29.539 0.579 0.29 48.544 100.001 Line 86 SV4 Line1
391 20.803 0.008 29.859 0.574 0.337 48.419 100 Line 87 SV4 Line1
392 20.648 0 29.485 0.854 0.267 48.746 100 Line 88 SV4 Line1
393 21.121 0 29.749 0.572 0.364 48.195 100.001 Line 89 SV4 Line1
394 20.92 0.079 30.483 0.518 0.327 47.674 100.001 Line 90 SV4 Line1
395 20.716 0 30.344 0.582 0.314 48.045 100.001 Line 91 SV4 Line1
396 20.738 0.004 30.027 0.674 0.32 48.237 100 Line 92 SV4 Line1
397 20.589 0.013 30.433 0.756 0.324 47.884 99.999 Line 93 SV4 Line1
398 20.971 0.007 29.691 0.577 0.28 48.474 100 Line 94 SV4 Line1
399 20.546 0.002 29.921 0.713 0.26 48.556 99.998 Line 95 SV4 Line1
400 20.686 0 29.911 0.623 0.42 48.36 100 Line 96 SV4 Line1
401 20.702 0.019 29.97 0.503 0.26 48.546 100 Line 97 SV4 Line1
402 20.781 0 29.634 0.704 0.403 48.477 99.999 Line 98 SV4 Line1
403 20.882 0.002 29.801 0.652 0.444 48.22 100.001 Line 99 SV4 Line1
404 20.69 0.02 29.802 0.562 0.341 48.584 99.999 Line 100 SV4 Line1
405 20.747 0.062 30.074 0.631 0.31 48.176 100 Line 101 SV4 Line1
406 20.812 0.017 29.976 0.557 0.314 48.324 100 Line 102 SV4 Line1
407 21.033 0.035 30.032 0.694 0.44 47.765 99.999 Line 103 SV4 Line1
408 20.995 0 29.653 0.759 0.41 48.182 99.999 Line 104 SV4 Line1
409 20.822 0.019 30.311 0.659 0.367 47.823 100.001 Line 105 SV4 Line1
410 20.821 0 29.448 0.848 0.323 48.56 100 Line 106 SV4 Line1
411 19.841 0.035 31.216 0.706 0.343 47.859 100 Line 107 SV4 Line1
412 20.743 0.05 29.756 0.772 0.426 48.253 100 Line 108 SV4 Line1
413 20.596 0.043 29.77 0.716 0.316 48.559 100 Line 109 SV4 Line1
414 19.967 0.055 30.193 0.601 0.299 48.885 100 Line 110 SV4 Line1
415 20.38 0.041 30.219 0.636 0.356 48.37 100.002 Line 111 SV4 Line1
416 20.827 0 29.969 0.47 0.352 48.381 99.999 Line 112 SV4 Line1
417 20.661 0 30.254 0.245 0.259 48.58 99.999 Line 113 SV4 Line1
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418 20.475 0 30.729 0.217 0.213 48.365 99.999 Line 114 SV4 Line1
419 21.141 0 30.039 0.319 0.242 48.258 99.999 Line 115 SV4 Line1
420 20.877 0.024 30.611 0.344 0.242 47.901 99.999 Line 116 SV4 Line1
421 21.127 0 29.341 0.212 0.342 48.979 100.001 Line 117 SV4 Line1
422 20.957 0.048 30.114 0.069 0.398 48.415 100.001 Line 118 SV4 Line1
423 20.785 0 30.33 0.013 0.411 48.461 100 Line 119 SV4 Line1
424 20.836 0.019 30.22 0.025 0.355 48.544 99.999 Line 120 SV4 Line1
425 19.483 0.051 28.594 0.025 0.268 51.577 99.998 Line 121 SV4 Line1
426 20.865 0 30.267 0.015 0.404 48.449 100 Line 122 SV4 Line1
427 21.233 0.066 30.794 0.036 0.347 47.524 100 Line 123 SV4 Line1
428 21.508 0.026 29.994 0.079 0.476 47.916 99.999 Line 124 SV4 Line1
429 21.048 0.016 30.298 0.186 0.377 48.077 100.002 Line 125 SV4 Line1
430 21.067 0.083 30.044 0.18 0.228 48.398 100 Line 126 SV4 Line1
431 20.585 0.031 29.642 0.198 0.208 49.335 99.999 Line 127 SV4 Line1
432 21.156 0.03 30.326 0.191 0.212 48.087 100.002 Line 128 SV4 Line1
433 21.016 0 30.04 0.325 0.241 48.378 100 Line 129 SV4 Line1
434 20.955 0.005 30.238 0.373 0.287 48.142 100 Line 130 SV4 Line1
435 20.589 0 30.324 0.345 0.327 48.416 100.001 Line 131 SV4 Line1
436 20.986 0 30.325 0.409 0.188 48.092 100 Line 132 SV4 Line1
437 21.053 0.028 30.309 0.378 0.175 48.055 99.998 Line 133 SV4 Line1
438 21.165 0.051 30.662 0.479 0.221 47.421 99.999 Line 134 SV4 Line1
439 19.776 0.053 31.75 0.614 0.245 47.563 100.001 Line 135 SV4 Line1
440 20.193 0 29.883 0.523 0.291 49.111 100.001 Line 136 SV4 Line1
441 20.228 0 29.547 0.728 0.35 49.147 100 Line 137 SV4 Line1
442 20.674 0.009 29.976 0.771 0.327 48.244 100.001 Line 138 SV4 Line1
443 20.041 0.035 29.727 0.733 0.32 49.143 99.999 Line 139 SV4 Line1
444 20.856 0 30.235 0.629 0.383 47.897 100 Line 140 SV4 Line1
445 20.733 0.061 29.78 0.687 0.35 48.39 100.001 Line 141 SV4 Line1
446 20.641 0 29.873 0.993 0.392 48.1 99.999 Line 142 SV4 Line1
447 20.68 0.001 30.006 0.783 0.214 48.317 100.001 Line 143 SV4 Line1
448 20.876 0 30.339 0.677 0.409 47.699 100 Line 144 SV4 Line1
449 20.962 0 29.913 0.651 0.323 48.15 99.999 Line 145 SV4 Line1
450 20.892 0 30.3 0.71 0.343 47.754 99.999 Line 146 SV4 Line1
451 20.925 0.04 30.434 0.499 0.379 47.723 100 Line 147 SV4 Line1
452 20.733 0 30.384 0.585 0.277 48.02 99.999 Line 148 SV4 Line1
453 20.938 0 29.996 0.524 0.402 48.137 99.997 Line 149 SV4 Line1
454 20.767 0 30.275 0.618 0.264 48.075 99.999 Line 150 SV4 Line1
455 20.856 0 30.072 0.433 0.363 48.276 100 Line 151 SV4 Line1
456 20.624 0 29.8 0.426 0.313 48.836 99.999 Line 152 SV4 Line1
457 20.796 0.004 30.009 0.585 0.333 48.273 100 Line 153 SV4 Line1
458 20.76 0.015 29.692 0.365 0.32 48.847 99.999 Line 154 SV4 Line1
459 20.81 0.009 29.604 0.826 0.218 48.533 100 Line 155 SV4 Line1
460 20.455 0.012 29.624 0.78 0.422 48.708 100.001 Line 156 SV4 Line1
461 20.811 0.021 29.567 0.75 0.336 48.515 100 Line 157 SV4 Line1
462 20.836 0.015 30.396 0.747 0.307 47.7 100.001 Line 158 SV4 Line1
463 20.69 0 29.633 0.816 0.412 48.45 100.001 Line 159 SV4 Line1
464 20.63 0 29.803 0.762 0.333 48.471 99.999 Line 160 SV4 Line1
465 20.517 0 29.762 0.699 0.399 48.624 100.001 Line 161 SV4 Line1
466 20.769 0.087 30.335 0.646 0.29 47.873 100 Line 162 SV4 Line1
467 20.358 0.083 30.107 0.704 0.313 48.435 100 Line 163 SV4 Line1
468 20.729 0.014 29.945 0.6 0.323 48.389 100 Line 164 SV4 Line1
469 20.666 0.043 30.579 0.699 0.31 47.704 100.001 Line 165 SV4 Line1
470 20.292 0.049 29.988 0.752 0.359 48.56 100 Line 166 SV4 Line1
471 20.859 0.078 30.128 0.757 0.257 47.921 100 Line 167 SV4 Line1
472 20.91 0.048 30.031 0.848 0.296 47.866 99.999 Line 168 SV4 Line1
473 19.788 0.013 29.501 0.702 0.303 49.692 99.999 Line 169 SV4 Line1
474 20.514 0.029 29.503 0.792 0.25 48.913 100.001 Line 170 SV4 Line1
475 20.049 0.028 29.222 0.745 0.31 49.646 100 Line 171 SV4 Line1
476 20.31 0.069 29.947 0.74 0.28 48.655 100.001 Line 172 SV4 Line1
477 20.365 0 29.739 0.823 0.316 48.757 100 Line 173 SV4 Line1
478 20.205 0 30.301 0.79 0.313 48.39 99.999 Line 174 SV4 Line1
479 20.095 0.06 29.231 0.715 0.251 49.648 100 Line 175 SV4 Line1
480 20.714 0.004 29.567 0.58 0.277 48.857 99.999 Line 176 SV4 Line1
481 20.887 0.006 29.964 0.679 0.158 48.306 100 Line 177 SV4 Line1
482 20.655 0 30.183 0.79 0.284 48.087 99.999 Line 178 SV4 Line1
483 20.649 0.031 30.247 0.668 0.3 48.105 100 Line 179 SV4 Line1
484 20.002 0.096 28.851 0.775 0.27 50.006 100 Line 180 SV4 Line1
485 20.693 0.127 30.45 0.714 0.303 47.712 99.999 Line 181 SV4 Line1
486 19.093 0.101 32.103 0.443 0.208 48.052 100 Line 182 SV4 Line1
487 10.783 0.088 24.453 2.009 0.106 62.562 100.001 Line 183 SV4 Line1
488 20.206 0.023 30.115 1.141 0.293 48.221 99.999 Line 184 SV4 Line1
489 20.245 0.035 30.783 0.818 0.333 47.786 100 Line 185 SV4 Line1
490 20.487 0.035 30.26 0.597 0.376 48.246 100.001 Line 186 SV4 Line1
491 20.606 0.047 30.318 0.704 0.231 48.094 100 Line 187 SV4 Line1
492 20.413 0 29.746 0.962 0.3 48.58 100.001 Line 188 SV4 Line1
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493 20.35 0.001 30.769 0.79 0.382 47.707 99.999 Line 189 SV4 Line1
494 20.657 0 30.327 0.64 0.382 47.992 99.998 Line 190 SV4 Line1
495 20.624 0.008 30.118 0.787 0.188 48.275 100 Line 191 SV4 Line1
496 20.673 0.102 30.345 0.605 0.3 47.976 100.001 Line 192 SV4 Line1
497 20.722 0 30.264 0.681 0.303 48.031 100.001 Line 193 SV4 Line1
498 20.094 0 30.094 0.775 0.333 48.705 100.001 Line 194 SV4 Line1
499 19.71 0.081 28.828 0.682 0.191 50.508 100 Line 195 SV4 Line1
500 20.568 0.017 30.298 0.789 0.267 48.06 99.999 Line 196 SV4 Line1
501 20.453 0 30.265 0.845 0.32 48.118 100.001 Line 197 SV4 Line1
502 20.654 0.04 30.143 0.611 0.175 48.378 100.001 Line 198 SV4 Line1
503 20.322 0 30.656 0.734 0.353 47.935 100 Line 199 SV4 Line1
504 20.171 0.015 30.646 0.731 0.395 48.04 99.998 Line 200 SV4 Line1
505 20.258 0.002 30.087 0.82 0.303 48.529 99.999 Line 201 SV4 Line1
506 19.866 0 30.168 0.806 0.287 48.874 100.001 Line 202 SV4 Line1
507 18.902 0 29.165 0.707 0.33 50.897 100.001 Line 203 SV4 Line1
508 19.677 0 29.096 0.697 0.316 50.215 100.001 Line 204 SV4 Line1
509 20.516 0.011 29.903 0.643 0.274 48.654 100.001 Line 205 SV4 Line1
510 20.39 0 29.92 0.873 0.214 48.602 99.999 Line 206 SV4 Line1
511 20.643 0.002 30.154 0.802 0.316 48.082 99.999 Line 207 SV4 Line1
512 20.219 0 30.248 0.785 0.432 48.317 100.001 Line 208 SV4 Line1
513 20.257 0.039 29.445 0.808 0.32 49.13 99.999 Line 209 SV4 Line1
514 20.495 0 29.7 0.701 0.25 48.854 100 Line 210 SV4 Line1
515 19.958 0.003 29.403 0.833 0.227 49.575 99.999 Line 211 SV4 Line1
516 20.261 0.052 29.552 0.636 0.33 49.169 100 Line 212 SV4 Line1
517 20.388 0.014 30.377 0.815 0.28 48.126 100 Line 213 SV4 Line1
518 21.26 0.022 29.018 0.901 0.264 48.537 100.002 Line 214 SV4 Line1
519 18.503 0.024 27.778 1.694 0.263 51.737 99.999 Line 215 SV4 Line1
520 20.769 0 29.613 0.742 0.168 48.708 100 Line 216 SV4 Line1
521 20.595 0 30.155 0.836 0.231 48.183 100 Line 217 SV4 Line1
522 20.695 0.022 30.388 0.577 0.247 48.072 100.001 Line 218 SV4 Line1
523 20.789 0.034 30.625 0.8 0.422 47.332 100.002 Line 219 SV4 Line1
524 20.881 0.006 30.524 0.772 0.349 47.468 100 Line 220 SV4 Line1
525 20.348 0.045 29.42 0.753 0.264 49.17 100 Line 221 SV4 Line1
526 20.694 0 30.128 0.848 0.306 48.025 100.001 Line 222 SV4 Line1
527 20.474 0.01 29.906 0.843 0.214 48.552 99.999 Line 223 SV4 Line1
528 20.936 0.055 30.005 0.398 0.224 48.382 100 Line 1 SV1 Line2
529 21.004 0.008 30.126 0.37 0.211 48.282 100.001 Line 2 SV1 Line2
530 21.009 0.011 30.1 0.289 0.297 48.294 100 Line 3 SV1 Line2
531 20.718 0 29.875 0.342 0.214 48.851 100 Line 4 SV1 Line2
532 21.023 0.018 30.074 0.395 0.274 48.216 100 Line 5 SV1 Line2
533 20.899 0.035 30.135 0.4 0.346 48.183 99.998 Line 6 SV1 Line2
534 21.226 0.06 30.25 0.413 0.274 47.779 100.002 Line 7 SV1 Line2
535 21.374 0 29.46 0.35 0.188 48.628 100 Line 8 SV1 Line2
536 20.972 0.006 29.97 0.413 0.165 48.473 99.999 Line 9 SV1 Line2
537 20.64 0 30.208 0.393 0.218 48.543 100.002 Line 10 SV1 Line2
538 20.817 0.022 30.323 0.352 0.175 48.313 100.002 Line 11 SV1 Line2
539 20.816 0 30.403 0.258 0.218 48.306 100.001 Line 12 SV1 Line2
540 21.122 0 29.948 0.334 0.208 48.387 99.999 Line 13 SV1 Line2
541 20.859 0.016 29.377 0.405 0.251 49.093 100.001 Line 14 SV1 Line2
542 20.742 0.01 30.012 0.337 0.231 48.668 100 Line 15 SV1 Line2
543 20.939 0.016 29.775 0.327 0.26 48.683 100 Line 16 SV1 Line2
544 21.134 0.019 30.447 0.408 0.231 47.76 99.999 Line 17 SV1 Line2
545 21.171 0.016 30.066 0.334 0.224 48.187 99.998 Line 18 SV1 Line2
546 21.192 0.014 29.76 0.415 0.224 48.395 100 Line 19 SV1 Line2
547 20.742 0.024 29.593 0.317 0.208 49.117 100.001 Line 20 SV1 Line2
548 20.715 0.06 29.898 0.4 0.247 48.681 100.001 Line 21 SV1 Line2
549 20.913 0 29.779 0.446 0.152 48.711 100.001 Line 22 SV1 Line2
550 20.78 0.005 30.12 0.36 0.231 48.505 100.001 Line 23 SV1 Line2
551 21.387 0.007 30.138 0.301 0.155 48.012 100 Line 24 SV1 Line2
552 21.158 0.041 29.94 0.327 0.264 48.27 100 Line 25 SV1 Line2
553 21.027 0.02 30.476 0.327 0.181 47.969 100 Line 26 SV1 Line2
554 20.821 0.009 29.974 0.385 0.218 48.594 100.001 Line 27 SV1 Line2
555 20.706 0.047 30.376 0.415 0.221 48.235 100 Line 28 SV1 Line2
556 20.597 0.053 29.291 0.296 0.185 49.579 100.001 Line 29 SV1 Line2
557 20.901 0 30.271 0.36 0.227 48.241 100 Line 30 SV1 Line2
558 20.334 0 29.316 0.418 0.195 49.737 100 Line 31 SV1 Line2
559 20.975 0.061 30.368 0.36 0.175 48.061 100 Line 32 SV1 Line2
560 20.611 0.004 29.395 0.413 0.201 49.377 100.001 Line 33 SV1 Line2
561 21.297 0.011 29.616 0.382 0.218 48.477 100.001 Line 34 SV1 Line2
562 20.633 0.013 29.824 0.41 0.204 48.915 99.999 Line 35 SV1 Line2
563 20.588 0.066 30.193 0.451 0.198 48.507 100.003 Line 36 SV1 Line2
564 21.038 0 29.982 0.436 0.227 48.317 100 Line 37 SV1 Line2
565 21.323 0.036 29.941 0.385 0.211 48.103 99.999 Line 38 SV1 Line2
566 20.939 0 29.578 0.365 0.139 48.979 100 Line 39 SV1 Line2
567 20.873 0.056 30.048 0.281 0.224 48.517 99.999 Line 40 SV1 Line2
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568 21.038 0 29.924 0.41 0.244 48.383 99.999 Line 41 SV1 Line2
569 20.981 0.106 29.746 0.332 0.244 48.592 100.001 Line 42 SV1 Line2
570 21.29 0 29.935 0.274 0.221 48.279 99.999 Line 43 SV1 Line2
571 20.987 0.002 30.204 0.425 0.277 48.104 99.999 Line 44 SV1 Line2
572 21.402 0.003 30.138 0.322 0.28 47.855 100 Line 45 SV1 Line2
573 21.025 0.084 29.865 0.322 0.231 48.473 100 Line 46 SV1 Line2
574 21.155 0.035 30.398 0.349 0.191 47.871 99.999 Line 47 SV1 Line2
575 20.819 0.024 30.678 0.423 0.313 47.743 100 Line 48 SV1 Line2
576 21.196 0.068 30.676 0.362 0.224 47.473 99.999 Line 49 SV1 Line2
577 21.027 0.001 29.398 0.393 0.274 48.908 100.001 Line 50 SV1 Line2
578 20.737 0 29.545 0.423 0.231 49.065 100.001 Line 51 SV1 Line2
579 21.407 0 30.075 0.421 0.234 47.864 100.001 Line 52 SV1 Line2
580 16.042 0.079 24.518 0.252 0.245 58.864 100 Line 53 SV1 Line2
581 21.04 0 30.145 0.347 0.346 48.122 100 Line 54 SV1 Line2
582 21.108 0.096 29.946 0.405 0.264 48.182 100.001 Line 55 SV1 Line2
583 20.767 0 30.251 0.372 0.132 48.478 100 Line 56 SV1 Line2
584 21.009 0.044 29.917 0.332 0.227 48.47 99.999 Line 57 SV1 Line2
585 21.138 0.006 30.244 0.387 0.224 48 99.999 Line 58 SV1 Line2
586 20.316 0.046 29.827 0.322 0.274 49.216 100.001 Line 59 SV1 Line2
587 21.026 0.03 30.12 0.466 0.204 48.155 100.001 Line 60 SV1 Line2
588 19.97 0 27.699 7.033 0.15 45.15 100.002 Line 61 SV1 Line2
589 20.699 0.014 30.387 0.352 0.155 48.392 99.999 Line 62 SV1 Line2
590 20.668 0.072 29.356 0.41 0.168 49.326 100 Line 63 SV1 Line2
591 20.841 0 29.402 0.423 0.316 49.016 99.998 Line 64 SV1 Line2
592 21.143 0 30.212 0.324 0.247 48.074 100 Line 65 SV1 Line2
593 20.949 0 29.789 0.413 0.211 48.638 100 Line 66 SV1 Line2
594 20.97 0.044 30.121 0.337 0.119 48.409 100 Line 67 SV1 Line2
595 20.906 0.04 30.344 0.421 0.214 48.074 99.999 Line 68 SV1 Line2
596 20.562 0 30.233 0.317 0.109 48.78 100.001 Line 69 SV1 Line2
597 21.073 0.013 30.404 0.284 0.26 47.967 100.001 Line 70 SV1 Line2
598 20.577 0 30.889 0.666 0.115 47.752 99.999 Line 71 SV1 Line2
599 20.033 0.319 29.152 1.091 0.145 49.259 99.999 Line 72 SV1 Line2
600 21.344 0 30.114 0.36 0.214 47.968 100 Line 73 SV1 Line2
601 19.762 0 29.321 0.375 0.198 50.343 99.999 Line 74 SV1 Line2
602 21.028 0.043 30.014 0.403 0.198 48.314 100 Line 75 SV1 Line2
603 20.941 0 29.827 0.296 0.293 48.643 100 Line 76 SV1 Line2
604 21.071 0.073 29.929 0.446 0.31 48.172 100.001 Line 77 SV1 Line2
605 20.973 0 30.082 0.339 0.297 48.309 100 Line 78 SV1 Line2
606 21.484 0.007 30.267 0.319 0.257 47.666 100 Line 79 SV1 Line2
607 20.763 0 29.814 0.398 0.287 48.738 100 Line 80 SV1 Line2
608 21.159 0.021 29.782 0.413 0.247 48.379 100.001 Line 81 SV1 Line2
609 20.776 0.001 29.935 0.35 0.241 48.699 100.002 Line 82 SV1 Line2
610 20.977 0.069 30.388 0.294 0.313 47.96 100.001 Line 83 SV1 Line2
611 20.353 0 29.848 0.365 0.257 49.176 99.999 Line 84 SV1 Line2
612 20.819 0 29.508 0.563 0.333 48.778 100.001 Line 85 SV1 Line2
613 20.27 0 29.698 0.481 0.191 49.359 99.999 Line 86 SV1 Line2
614 20.932 0 29.869 0.307 0.195 48.698 100.001 Line 87 SV1 Line2
615 20.688 0.085 30.413 0.413 0.201 48.2 100 Line 88 SV1 Line2
616 21.075 0 29.511 0.327 0.336 48.752 100.001 Line 89 SV1 Line2
617 21.136 0.033 30.166 0.362 0.221 48.083 100.001 Line 90 SV1 Line2
618 20.868 0 30.228 0.365 0.274 48.266 100.001 Line 91 SV1 Line2
619 20.824 0.059 29.8 0.334 0.175 48.808 100 Line 92 SV1 Line2
620 20.948 0.026 30.077 0.335 0.237 48.377 100 Line 93 SV1 Line2
621 21.002 0 30.193 0.352 0.208 48.245 100 Line 94 SV1 Line2
622 21.038 0 30.118 0.309 0.251 48.285 100.001 Line 95 SV1 Line2
623 21.057 0.095 30.184 0.441 0.204 48.018 99.999 Line 96 SV1 Line2
624 21.323 0.026 29.779 0.413 0.194 48.265 100 Line 97 SV1 Line2
625 20.789 0 30.009 0.38 0.208 48.615 100.001 Line 98 SV1 Line2
626 21.096 0 29.979 0.355 0.251 48.319 100 Line 99 SV1 Line2
627 21.156 0.028 30.345 0.236 0.198 48.039 100.002 Line 100 SV1 Line2
628 20.9 0.019 30.057 0.39 0.168 48.466 100 Line 101 SV1 Line2
629 20.843 0.008 29.508 0.319 0.195 49.128 100.001 Line 102 SV1 Line2
630 20.857 0 30.134 0.342 0.227 48.439 99.999 Line 103 SV1 Line2
631 19.248 0 27.334 0.279 0.158 52.98 99.999 Line 104 SV1 Line2
632 21.39 0 30.172 0.372 0.162 47.904 100 Line 105 SV1 Line2
633 20.852 0 29.561 0.36 0.191 49.036 100 Line 106 SV1 Line2
634 21.144 0.062 29.816 0.332 0.257 48.389 100 Line 107 SV1 Line2
635 20.815 0.04 29.485 0.38 0.254 49.026 100 Line 108 SV1 Line2
636 20.793 0 29.993 0.362 0.142 48.709 99.999 Line 109 SV1 Line2
637 21.226 0 30.187 0.329 0.181 48.075 99.998 Line 110 SV1 Line2
638 20.586 0.09 29.504 0.304 0.237 49.278 99.999 Line 111 SV1 Line2
639 21.088 0.027 30.045 0.37 0.297 48.172 99.999 Line 112 SV1 Line2
640 21.072 0 30.379 0.324 0.287 47.938 100 Line 113 SV1 Line2
641 20.695 0 29.936 0.431 0.28 48.657 99.999 Line 114 SV1 Line2
642 20.862 0.036 29.821 0.289 0.27 48.723 100.001 Line 115 SV1 Line2
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643 18.243 0.028 28.373 0.043 0.248 53.065 100 Line 116 SV1 Line2
644 19.111 0.063 29.77 0.028 0.277 50.75 99.999 Line 117 SV1 Line2
645 20.677 0.004 29.905 0.418 0.27 48.726 100 Line 118 SV1 Line2
646 21.18 0 30.197 0.256 0.287 48.08 100 Line 1 SV1 Line3
647 21.032 0.017 30.716 0.306 0.277 47.653 100.001 Line 2 SV1 Line3
648 20.628 0 30.316 0.365 0.168 48.523 100 Line 3 SV1 Line3
649 20.856 0 30.593 0.45 0.254 47.847 100 Line 4 SV1 Line3
650 19.912 0.027 29.15 0.274 0.191 50.447 100.001 Line 5 SV1 Line3
651 21.046 0 30.77 0.203 0.195 47.786 100 Line 6 SV1 Line3
652 21.25 0 30.689 0.332 0.185 47.544 100 Line 7 SV1 Line3
653 20.707 0.008 30.221 0.375 0.211 48.476 99.998 Line 8 SV1 Line3
654 20.782 0.089 30.534 0.334 0.283 47.976 99.998 Line 9 SV1 Line3
655 20.877 0.075 30.363 0.415 0.181 48.089 100 Line 10 SV1 Line3
656 20.882 0.001 30.133 0.365 0.31 48.309 100 Line 11 SV1 Line3
657 21.07 0 30.671 0.365 0.231 47.664 100.001 Line 12 SV1 Line3
658 21.261 0.009 30.288 0.433 0.158 47.849 99.998 Line 13 SV1 Line3
659 21.066 0.005 30.287 0.413 0.218 48.013 100.002 Line 14 SV1 Line3
660 21.257 0.06 29.926 0.273 0.339 48.144 99.999 Line 15 SV1 Line3
661 20.993 0.034 30.332 0.312 0.247 48.082 100 Line 16 SV1 Line3
662 21.124 0.013 30.021 0.317 0.316 48.208 99.999 Line 17 SV1 Line3
663 21.184 0 30.29 0.327 0.283 47.915 99.999 Line 18 SV1 Line3
664 20.947 0.058 30.133 0.309 0.208 48.346 100.001 Line 19 SV1 Line3
665 21.434 0.019 30.205 0.347 0.171 47.824 100 Line 20 SV1 Line3
666 21.198 0 30.149 0.228 0.274 48.152 100.001 Line 21 SV1 Line3
667 20.776 0 30.467 0.041 0.211 48.504 99.999 Line 22 SV1 Line3
668 21.165 0.035 30.603 0.018 0.284 47.894 99.999 Line 23 SV1 Line3
669 20.89 0.056 31.097 0 0.26 47.697 100 Line 24 SV1 Line3
670 21.595 0.037 30.787 0.013 0.376 47.192 100 Line 25 SV1 Line3
671 20.771 0.018 30.527 0.035 0.241 48.407 99.999 Line 26 SV1 Line3
672 21.315 0 30.511 0 0.376 47.798 100 Line 27 SV1 Line3
673 20.955 0.057 29.996 0.003 0.402 48.586 99.999 Line 28 SV1 Line3
674 20.924 0 30.431 0 0.432 48.213 100 Line 29 SV1 Line3
675 21.188 0.054 30.212 0.063 0.33 48.154 100.001 Line 30 SV1 Line3
676 20.783 0.074 31.069 0.018 0.251 47.805 100 Line 31 SV1 Line3
677 21.027 0.055 30.634 0 0.257 48.028 100.001 Line 32 SV1 Line3
678 21.138 0 30.258 0 0.277 48.326 99.999 Line 33 SV1 Line3
679 20.968 0 29.599 0.015 0.293 49.125 100 Line 34 SV1 Line3
680 21.242 0.059 30.072 0 0.284 48.344 100.001 Line 35 SV1 Line3
681 21.047 0.065 30.843 0.046 0.297 47.702 100 Line 36 SV1 Line3
682 21.192 0.004 29.994 0.056 0.376 48.379 100.001 Line 37 SV1 Line3
683 21.116 0.038 30.122 0.01 0.313 48.4 99.999 Line 38 SV1 Line3
684 21.081 0.044 29.817 0.335 0.237 48.485 99.999 Line 39 SV1 Line3
685 21.334 0.057 29.756 0.177 0.171 48.504 99.999 Line 40 SV1 Line3
686 20.676 0 30.184 0.195 0.102 48.842 99.999 Line 41 SV1 Line3
687 21.447 0.017 29.952 0.312 0.237 48.035 100 Line 42 SV1 Line3
688 21.166 0.038 30.406 0.18 0.142 48.068 100 Line 43 SV1 Line3
689 21.13 0.036 30.188 0.018 0.231 48.398 100.001 Line 44 SV1 Line3
690 20.574 0.05 29.562 0.038 0.304 49.472 100 Line 45 SV1 Line3
691 20.87 0.03 29.729 0.043 0.349 48.978 99.999 Line 46 SV1 Line3
692 21.444 0.065 30.163 0 0.267 48.061 100 Line 47 SV1 Line3
693 20.891 0.032 29.629 0.104 0.29 49.053 99.999 Line 48 SV1 Line3
694 20.89 0.041 29.854 0.284 0.237 48.693 99.999 Line 49 SV1 Line3
695 21.152 0 29.594 0.246 0.201 48.807 100 Line 50 SV1 Line3
696 19.68 0 28.552 0.309 0.28 51.18 100.001 Line 51 SV1 Line3
697 21.234 0.042 29.792 0.274 0.254 48.404 100 Line 52 SV1 Line3
698 22.13 0 30.389 0.19 0.181 47.109 99.999 Line 53 SV1 Line3
699 21.208 0 30.05 0.183 0.241 48.318 100 Line 54 SV1 Line3
700 21.192 0 29.787 0 0.31 48.711 100 Line 55 SV1 Line3
701 21.478 0.033 29.651 0.013 0.349 48.476 100 Line 56 SV1 Line3
702 21.636 0.029 30.168 0.147 0.346 47.674 100 Line 57 SV1 Line3
703 21.108 0 30.323 0.367 0.244 47.958 100 Line 58 SV1 Line3
704 20.831 0.045 30.779 0.233 0.224 47.888 100 Line 59 SV1 Line3
705 21.195 0.033 29.86 0.357 0.145 48.411 100.001 Line 60 SV1 Line3
706 20.977 0 30.361 0.319 0.241 48.102 100 Line 61 SV1 Line3
707 20.703 0.028 29.817 0.36 0.211 48.882 100.001 Line 62 SV1 Line3
708 20.932 0.007 30.217 0.34 0.254 48.249 99.999 Line 63 SV1 Line3
709 20.847 0.005 29.835 0.297 0.251 48.766 100.001 Line 64 SV1 Line3
710 21.002 0.052 30.228 0.411 0.168 48.139 100 Line 65 SV1 Line3
711 20.466 0.001 30.313 0.438 0.267 48.514 99.999 Line 66 SV1 Line3
712 20.968 0.023 30.775 0.347 0.234 47.652 99.999 Line 67 SV1 Line3
713 21.27 0.016 30.531 0.39 0.251 47.542 100 Line 68 SV1 Line3
714 21.121 0.035 29.785 0.38 0.227 48.452 100 Line 69 SV1 Line3
715 20.774 0.007 30.255 0.476 0.194 48.293 99.999 Line 70 SV1 Line3
716 20.986 0 30.532 0.357 0.224 47.9 99.999 Line 71 SV1 Line3
717 21.2 0.054 30.31 0.322 0.172 47.943 100.001 Line 72 SV1 Line3
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718 21.137 0 30.263 0.332 0.264 48.004 100 Line 73 SV1 Line3
719 21.178 0 30.31 0.309 0.208 47.996 100.001 Line 74 SV1 Line3
720 21.219 0.003 29.991 0.259 0.218 48.31 100 Line 75 SV1 Line3
721 20.891 0 30.696 0.339 0.221 47.853 100 Line 76 SV1 Line3
722 21.095 0 30.056 0.425 0.221 48.202 99.999 Line 77 SV1 Line3
723 20.584 0.016 30.038 0.453 0.218 48.691 100 Line 78 SV1 Line3
724 20.844 0.025 29.808 0.408 0.168 48.747 100 Line 79 SV1 Line3
725 20.98 0.009 30.04 0.347 0.237 48.385 99.998 Line 80 SV1 Line3
726 20.934 0 30.238 0.383 0.211 48.235 100.001 Line 81 SV1 Line3
727 20.677 0.027 30.331 0.38 0.185 48.401 100.001 Line 82 SV1 Line3
728 21.326 0.031 30.492 0.357 0.162 47.632 100 Line 83 SV1 Line3
729 21.065 0 29.951 0.426 0.3 48.258 100 Line 84 SV1 Line3
730 20.981 0.026 30.532 0.362 0.221 47.878 100 Line 85 SV1 Line3
731 20.978 0 30.597 0.297 0.224 47.904 100 Line 86 SV1 Line3
732 21.116 0 29.882 0.352 0.277 48.374 100.001 Line 87 SV1 Line3
733 20.922 0 29.853 0.302 0.254 48.67 100.001 Line 88 SV1 Line3
734 20.888 0 29.908 0.287 0.195 48.722 100 Line 89 SV1 Line3
735 20.95 0.055 30.073 0.409 0.234 48.277 99.998 Line 90 SV1 Line3
736 17.13 0.072 24.648 0.27 0.202 57.679 100.001 Line 91 SV1 Line3
737 20.38 0.023 29.354 0.454 0.218 49.571 100 Line 92 SV1 Line3
738 20.84 0.028 29.254 0.442 0.241 49.196 100.001 Line 93 SV1 Line3
739 20.726 0.02 30.075 0.318 0.182 48.68 100.001 Line 94 SV1 Line3
740 20.902 0.004 29.972 0.417 0.228 48.477 100 Line 95 SV1 Line3
741 20.588 0 29.697 0.404 0.182 49.129 100 Line 96 SV1 Line3
742 21.083 0 29.672 0.394 0.238 48.615 100.002 Line 97 SV1 Line3
743 21.135 0.184 30.055 0.396 0.231 47.998 99.999 Line 98 SV1 Line3
744 20.884 0.398 30.165 0.384 0.238 47.933 100.002 Line 99 SV1 Line3
745 21.268 0.016 30.449 0.458 0.222 47.587 100 Line 100 SV1 Line3
746 20.916 0.071 30.048 0.377 0.205 48.383 100 Line 101 SV1 Line3
747 20.848 0 29.591 0.375 0.229 48.957 100 Line 102 SV1 Line3
748 21.021 0 30.231 0.39 0.368 47.99 100 Line 103 SV1 Line3
749 20.655 0.018 29.871 0.403 0.173 48.881 100.001 Line 104 SV1 Line3
750 21.029 0.013 29.963 0.329 0.166 48.5 100 Line 105 SV1 Line3
751 20.701 0.033 30.969 0.347 0.256 47.694 100 Line 106 SV1 Line3
752 20.789 0.023 30.234 0.417 0.156 48.38 99.999 Line 107 SV1 Line3
753 20.608 0 30.597 0.7 0.263 47.832 100 Line 108 SV1 Line3
754 21.509 0.055 31.261 0.044 0.013 47.118 100 Ast dolomite 2
755 21.297 0.054 30.883 0 0.003 47.761 99.998 Ast dolomite 7
756 21.355 0.068 31.178 0.028 0.1 47.27 99.999 Ast dolomite 8
757 20.986 0.035 30.513 0.059 0.007 48.402 100.002 Ast dolomite 9
758 21.579 0.066 30.803 0.049 0.02 47.482 99.999 Ast dolomite 10
759 21.087 0.117 30.612 0.057 0 48.128 100.001 Ast dolomite 11

Minimum 10.783 0 22.135 0 0 45.15 99.997
Maximum 22.13 0.9 32.103 7.033 0.542 62.562 100.003
Average 20.745 0.025 29.964 0.503 0.246 48.516 100
Sigma 0.667 0.047 0.724 0.352 0.078 1.231 0.001

No. of data 759
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H.2 LA-ICP-MS

Table H.2: MDL-filtered data of LA-ICP-MS line 2 in sample (c) (figure D.1)

Element 612-1 612-2 Spot32 Spot33 Spot34 Spot35 Spot36 Spot37
Li7 40.86 39.76 0.503 0.387 0.57 0.76 0.608 0.118
B11 35.96 32.76 0.72 0.77 4.18 1.25 0.72 0.55
Si29 348592.59 323478.03 114.41 248.41 17748.26 3216.26 1016.37 396.8
Ca43 85048.48 85048.48 214410.22 214410.23 214410.23 214410.23 214410.22 214410.23
Sc45 39.95 40.19 <0.042 <0.044 <0.049 <0.040 0.072 0.1
Ti47 46.1 42.32 4.1 1.79 9.25 <1.61 <1.41 <1.77
Ti49 46.2 41.98 0.66 0.307 15.61 0.34 2.65 0.27
V51 41.21 36.56 0.064 0.0348 0.165 0.064 0.19 0.64
Cr53 38.56 34.31 0.75 0.76 2.15 0.99 0.42 0.74
Co59 37.74 33.22 0.0298 0.055 0.023 <0.0193 <0.0177 0.037
Cu63 38.47 37.04 0.075 0.061 1.528 0.107 0.076 0.075
Zn66 39.46 38.59 1.49 1.76 35.14 1.9 0.87 2.06
Ga69 36.91 36.82 0.116 0.099 0.994 0.197 0.124 0.185
Ge72 35.96 36.28 <0.118 <0.122 0.178 <0.113 <0.100 <0.123
Rb85 31.82 31.14 0.091 0.079 1.74 0.566 0.194 0.076
Sr88 81.33 75.88 47.28 57.72 44.09 67.52 169.58 197.5
Y89 40.53 36.29 0.496 0.51 1.56 1.62 0.23 0.93
Zr90 40.14 35.86 0.191 0.094 9.64 0.189 0.084 0.066
Nb93 40.73 37.19 0.00058 0.00109 0.0293 0.00193 0.00079 <0.00
Cs133 43.96 41.35 0.0575 0.0573 0.0699 0.0696 0.0525 0.0448
Ba137 40.58 37.77 0.991 1.141 14.68 2.7 1.327 1.93
La139 35.41 36.86 0.0882 0.0875 0.249 0.204 0.00786 0.0948
Ce140 38.87 38.16 0.187 0.191 0.589 0.693 0.0307 0.421
Pr141 39.35 36.66 0.0277 0.0273 0.083 0.101 0.0062 0.079
Nd146 37 34.19 0.11 0.13 0.443 0.51 0.0261 0.388
Sm147 39.3 36.31 0.045 0.0244 0.127 0.1 0.0189 0.067
Eu153 37.1 34.2 0.0098 0.0095 0.038 0.0181 0.0043 0.0214
Gd157 38.26 36.5 0.0247 0.074 0.12 0.141 0.024 <0.0118
Tb159 37.46 38.02 0.0051 0.0085 0.0148 0.0193 0.0035 0.0125
Dy163 35.42 35.7 0.05 0.0377 0.146 0.112 0.0319 0.105
Ho165 37.89 38.83 0.007 0.0073 0.023 0.0249 0.006 0.0197
Er166 37.18 39.1 0.0275 0.0198 0.081 0.0631 0.0181 0.05
Tm169 35.83 38.26 0.00365 0.00182 0.0084 0.0066 0.0039 0.0115
Yb172 37.86 41.37 0.0218 0.0181 0.047 0.065 0.0218 0.067
Lu175 38.61 35.62 0.00188 0.00245 0.0127 0.0085 0.0056 0.0152
Hf178 38.93 34.7 0.0041 0.05 0.279 0.0069 <0.00 <0.00
Ta181 38.91 36.49 0.00078 0.00097 0.0028 0.00103 <0.00 0.0019
Pb208 39 38.24 0.175 0.157 1.037 0.283 0.175 0.846
Th232 37.01 38.87 0.00095 <0.00 0.0277 0.00149 0.00066 0.00056
U238 36.96 37.94 0.0709 0.0637 0.04 0.013 0.00525 0.0013

Element Spot38 Spot39 Spot40 Spot41 BIRG1-1 BIRG1-2 612-3 612-4
Li7 0.76 1.2 0.224 0.97 2.96 2.79 36.57 45.11
B11 2.68 4.12 3.85 1.72 1.73 2.49 30.72 39.4
Si29 1691.26 25913.8 7967.7 598.8 175121.97 198211.86 326661.84 348763.78
Ca43 214410.23 214410.27 214410.25 214410.27 95055.22 95055.22 85048.49 85048.49
Sc45 0.041 0.257 0.157 <0.052 47.4 45.25 36.31 44.83
Ti47 4.07 16.26 28.69 8.47 5885.57 5597.54 39.31 50.15
Ti49 3.47 18.14 26.13 8.46 5920.72 5437.77 38.63 51.88
V51 0.32 0.357 0.67 0.182 275.16 266.19 34.45 45.43
Cr53 1.14 0.66 1.2 1.53 293.94 298.2 33.05 41.01
Co59 0.038 0.05 0.067 0.033 41.42 45.99 33.74 37.86
Cu63 0.387 1.66 5.64 1.309 94.8 103.16 37.34 38.37
Zn66 9.01 2.97 65.37 14.23 78.66 74.58 39.84 38.33
Ga69 0.248 1.567 2.65 0.88 13.89 14.82 37.73 36.04
Ge72 <0.105 <0.139 <0.25 <0.149 1.51 1.43 36.09 36.1
Rb85 0.391 3.81 5.54 1.31 0.193 0.169 28.73 35.04
Sr88 292.05 246.42 259.78 129.13 105.24 100.49 69.51 92.41
Y89 0.275 0.406 1.27 1.36 14 13.28 33.4 46.22
Zr90 0.089 16.34 17.52 4.7 12.63 12.15 33.16 45.33
Nb93 0.0033 0.0393 0.062 0.013 0.417 0.431 35.06 44.57
Cs133 0.117 0.091 0.112 0.095 <0.0155 <0.0155 41.32 44.45
Ba137 3 25.7 32.32 10.52 5.9 6.27 39.91 38.75
La139 0.0367 0.225 0.382 0.241 0.616 0.603 35.05 37.07
Ce140 0.114 0.417 1.13 0.72 1.75 1.66 34.94 43.31
Pr141 0.0216 0.06 0.145 0.11 0.35 0.323 33.43 44.98
Nd146 0.413 0.225 0.58 0.46 2.3 2.08 31.17 42.07
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Sm147 0.0187 0.064 0.156 0.141 0.93 0.96 33 44.88
Eu153 0.0032 0.0089 0.0297 0.0361 0.407 0.45 32.19 40.54
Gd157 0.0174 0.042 0.066 0.146 1.57 1.5 33.67 42.4
Tb159 0.0012 0.0091 0.0139 0.0206 0.308 0.344 35.01 40.98
Dy163 0.0275 0.0358 0.145 0.086 2.36 2.55 34.39 36.8
Ho165 0.0059 0.0098 0.0239 0.0223 0.551 0.587 38.22 38.36
Er166 0.027 0.0265 0.063 0.079 1.758 1.78 37.79 38.17
Tm169 0.0041 0.0075 0.0204 0.0105 0.278 0.228 35.24 38.61
Yb172 0.027 0.045 0.157 0.076 1.66 1.7 35.83 43.57
Lu175 0.0083 0.0073 0.0154 0.0096 0.261 0.225 32.24 44.86
Hf178 0.0015 0.43 0.222 0.037 0.51 0.49 31.81 44.53
Ta181 0.00043 0.0025 0.0023 <0.00139 0.0267 0.0309 33.24 44.47
Pb208 0.444 1.17 3.04 2.24 3.12 3.57 36.49 41.26
Th232 0.00255 0.0617 0.0329 0.0064 0.0258 0.0303 37.35 38.22
U238 0.0059 0.0413 0.0423 0.015 0.277 0.014 37.18 37.57

Table H.3: Sigma error of LA-ICP-MS line 2 in sample (c) (figure D.1)

Element 612-1 612-2 Spot32 Spot33 Spot34 Spot35 Spot36 Spot37
Li7 5.04 4.92 0.07 0.061 0.09 0.11 0.092 0.054
B11 7.25 6.62 0.16 0.18 0.89 0.28 0.17 0.17
Si29 39226.17 36490.72 14.3 29.12 2040.52 373.61 119.67 48.46
Ca43 2692.07 2692.49 6783.11 6783.84 6786.88 6784.13 6784.25 6790.45
Sc45 5.03 5.06 0.018 0.019 0.026 0.018 0.02 0.032
Ti47 8.01 7.3 0.94 0.78 1.93 0.76 0.72 1.04
Ti49 8.06 7.33 0.15 0.094 2.91 0.11 0.55 0.14
V51 6.93 6.15 0.013 0.0088 0.032 0.014 0.038 0.13
Cr53 5.49 4.89 0.17 0.18 0.4 0.21 0.14 0.25
Co59 3.73 3.29 0.007 0.01 0.012 0.0087 0.0083 0.016
Cu63 2 1.93 0.02 0.023 0.098 0.025 0.022 0.034
Zn66 2.7 2.65 0.14 0.17 2.47 0.18 0.12 0.25
Ga69 1.69 1.69 0.011 0.012 0.059 0.017 0.013 0.023
Ge72 1.63 1.65 0.049 0.054 0.074 0.052 0.047 0.074
Rb85 3.61 3.53 0.014 0.014 0.21 0.072 0.028 0.02
Sr88 13.18 12.3 7.73 9.6 7.52 11.87 30.88 37.38
Y89 7.85 7 0.097 0.1 0.31 0.34 0.05 0.21
Zr90 7.59 6.75 0.038 0.02 1.89 0.04 0.019 0.018
Nb93 5.91 5.39 0.00042 0.00065 0.0062 0.00091 0.00057 <0.00
Cs133 2.62 2.47 0.0057 0.0063 0.0087 0.0075 0.0061 0.0086
Ba137 2.12 1.98 0.066 0.077 0.83 0.17 0.093 0.15
La139 1.67 1.75 0.0049 0.0051 0.014 0.011 0.001 0.007
Ce140 4.74 4.65 0.024 0.025 0.077 0.092 0.0051 0.062
Pr141 6.72 6.25 0.0053 0.0054 0.016 0.019 0.0017 0.017
Nd146 6.55 6.02 0.023 0.027 0.088 0.1 0.0082 0.088
Sm147 7.04 6.49 0.011 0.0079 0.031 0.024 0.0071 0.023
Eu153 5.15 4.73 0.0023 0.0025 0.0078 0.0043 0.0019 0.0063
Gd157 5.19 4.93 0.0081 0.016 0.026 0.026 0.0083 0.0092
Tb159 3.47 3.52 0.0011 0.0017 0.0031 0.003 0.0011 0.0033
Dy163 1.79 1.8 0.007 0.0066 0.019 0.013 0.0064 0.019
Ho165 1.4 1.43 0.0013 0.0015 0.0036 0.0029 0.0014 0.004
Er166 1.63 1.72 0.0045 0.0042 0.012 0.0082 0.0042 0.011
Tm169 2.5 2.67 0.00097 0.00075 0.0022 0.0016 0.0013 0.0033
Yb172 4.65 5.08 0.0058 0.0061 0.013 0.014 0.0069 0.019
Lu175 7.37 6.77 0.00088 0.00097 0.0035 0.0024 0.0017 0.0046
Hf178 7.87 6.98 0.0019 0.012 0.062 0.0039 <0.00 <0.00
Ta181 6.56 6.13 0.00041 0.00062 0.0013 0.00055 <0.00 0.0014
Pb208 2.87 2.81 0.014 0.013 0.082 0.023 0.015 0.074
Th232 1.59 1.67 0.00039 <0.00 0.0034 0.00056 0.00038 0.00056
U238 1.28 1.32 0.0038 0.0038 0.0036 0.0015 0.00096 0.00075

Element Spot38 Spot39 Spot40 Spot41 BIRG1-1 BIRG1-2 612-3 612-4
Li7 0.12 0.19 0.097 0.17 0.53 0.52 7.04 9.05
B11 0.63 0.98 0.98 0.45 0.46 0.68 8.49 11.26
Si29 204.64 3180.37 995.67 76.79 22704.76 26222.72 44130.48 48144.7
Ca43 6786.94 6785.59 6798.11 6785.88 3009.26 3009.5 2691.96 2692.4
Sc45 0.022 0.047 0.058 0.024 8.3 8.24 6.88 8.83
Ti47 1.14 3.38 6.27 2.03 1296.97 1275.81 9.3 12.24
Ti49 0.78 4.02 6.11 2.06 1480.95 1419.05 10.52 14.72
V51 0.068 0.078 0.16 0.045 66.86 67.51 9.11 12.52
Cr53 0.27 0.21 0.43 0.35 58.77 62.11 7.17 9.26
Co59 0.012 0.014 0.029 0.013 5.84 6.77 5.18 6.05
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Cu63 0.041 0.11 0.36 0.091 5.63 6.25 2.31 2.43
Zn66 0.69 0.27 4.86 1.09 5.86 5.64 3.06 2.99
Ga69 0.023 0.09 0.17 0.057 0.76 0.84 2.17 2.13
Ge72 0.055 0.065 0.14 0.067 0.12 0.12 1.68 1.68
Rb85 0.057 0.55 0.84 0.21 0.035 0.032 5.09 6.47
Sr88 57.6 50.72 55.84 28.99 24.68 24.59 17.74 24.57
Y89 0.065 0.099 0.32 0.35 3.8 3.76 9.82 14.13
Zr90 0.023 3.8 4.25 1.19 3.32 3.32 9.41 13.36
Nb93 0.0018 0.0084 0.016 0.0038 0.086 0.092 7.76 10.26
Cs133 0.012 0.01 0.017 0.011 0.0061 0.0059 3.68 4.12
Ba137 0.21 1.62 2.16 0.73 0.42 0.46 2.98 3.01
La139 0.0032 0.014 0.026 0.016 0.039 0.04 2.35 2.57
Ce140 0.018 0.065 0.18 0.12 0.3 0.3 6.58 8.48
Pr141 0.0054 0.014 0.035 0.026 0.085 0.082 8.75 12.24
Nd146 0.093 0.054 0.15 0.11 0.57 0.54 8.3 11.63
Sm147 0.0086 0.019 0.051 0.039 0.24 0.26 9.05 12.8
Eu153 0.002 0.0028 0.0095 0.0084 0.08 0.092 6.77 8.85
Gd157 0.01 0.012 0.03 0.033 0.3 0.3 6.86 8.97
Tb159 0.00087 0.0021 0.0045 0.0038 0.041 0.047 4.9 5.96
Dy163 0.0075 0.0077 0.029 0.013 0.16 0.18 2.34 2.59
Ho165 0.0018 0.002 0.0059 0.0032 0.025 0.026 1.53 1.55
Er166 0.0066 0.0059 0.017 0.011 0.1 0.1 2.1 2.18
Tm169 0.0016 0.002 0.0057 0.0024 0.028 0.024 3.58 4.06
Yb172 0.01 0.012 0.042 0.018 0.29 0.31 6.66 8.42
Lu175 0.0027 0.0024 0.0057 0.0031 0.07 0.063 9.35 13.51
Hf178 0.0016 0.11 0.065 0.012 0.14 0.14 9.63 13.99
Ta181 0.00044 0.0013 0.0017 0.00093 0.0068 0.008 8.44 11.72
Pb208 0.041 0.11 0.29 0.22 0.32 0.38 4.07 4.78
Th232 0.00097 0.0052 0.0059 0.0014 0.0025 0.0029 2.1 2.22

0.0013 0.0034 0.0058 0.002 0.012 0.0015 1.48 1.52

Table H.4: MDL-filtered data of LA-ICP-MS line 2 in sample (c) (figure D.1)

Element 612-1 612-2 Spot32 Spot33 Spot34 Spot35 Spot36 Spot37
Li7 44.48 37.33 0.55 0.519 0.343 0.75 0.489 0.238
B11 40.45 30.12 0.83 1.16 0.69 1.03 0.75 0.6
Si29 369170.56 314003.72 133.9 263.7 474.43 460.12 373.25 221.88
Ca43 85048.5 85048.5 214410.28 214410.3 214410.3 214410.31 214410.3 214410.3
Sc45 41.79 38.38 <0.078 <0.059 0.069 <0.058 <0.061 0.085
Ti47 48.07 40.88 3.56 <2.59 <3.11 <2.69 3.58 <2.62
Ti49 53.81 37.83 <0.33 0.26 0.73 1.82 2.17 0.8
V51 46.06 34.08 0.046 0.055 0.084 0.074 0.151 0.227
Cr53 42.55 32.05 0.98 0.75 0.62 0.86 0.88 0.6
Co59 39.93 32.36 0.077 0.057 <0.045 0.063 <0.040 0.039
Cu63 41.55 34.9 <0.084 0.09 <0.074 0.099 <0.070 <0.058
Zn66 41.76 36.91 1.37 2.11 2.25 2.07 0.82 5.41
Ga69 37.3 36.57 0.098 0.114 0.155 0.232 0.154 0.066
Ge72 35.81 36.42 0.247 <0.174 <0.207 <0.179 <0.184 <0.178
Rb85 35.12 28.72 0.083 0.103 0.273 0.17 0.101 0.056
Sr88 92.76 69.32 86.22 50.15 51.87 68.82 164.4 145.68
Y89 44.76 33.99 1.09 0.617 1.6 1.11 0.294 0.427
Zr90 44 33.72 0.179 0.069 0.078 1.14 0.059 0.0245
Nb93 44.72 34.93 0.0019 <0.00166 0.00038 <0.00181 0.00104 <0.00230
Cs133 46.91 39.61 0.0511 0.0624 0.0622 0.122 0.0633 0.0573
Ba137 41.39 37.58 1.71 1.96 1.57 3.5 1.86 2.09
La139 35.99 36.03 0.249 0.1665 0.215 0.1576 0.0302 0.0826
Ce140 42.82 35.29 0.696 0.336 0.637 0.411 0.081 0.326
Pr141 44.03 33.85 0.114 0.0397 0.1 0.0541 0.0107 0.054
Nd146 42.12 31.09 0.81 0.182 0.454 0.286 0.033 0.137
Sm147 44.46 33.16 0.202 0.0328 0.109 0.079 0.0129 0.031
Eu153 41.11 31.85 0.0465 0.0109 0.0393 0.0135 <0.0043 0.0044
Gd157 41.27 34.33 0.183 0.046 0.144 0.098 0.0135 0.038
Tb159 39.82 35.78 0.0275 0.0093 0.0145 0.0109 0.0025 0.0053
Dy163 36.53 34.58 0.107 0.0538 0.111 0.1 0.0303 0.055
Ho165 38.15 38.44 0.0253 0.0148 0.023 0.0231 0.0049 0.0109
Er166 36.76 39.2 0.0448 0.0418 0.08 0.075 0.0243 0.0381
Tm169 36.56 37.05 <0.0034 0.0054 0.0094 0.0096 0.0036 0.0064
Yb172 41.44 37.44 <0.0199 0.0248 0.057 0.093 0.0172 0.065
Lu175 43.18 32.9 0.0137 0.003 0.0077 0.007 0.0059 0.0101
Hf178 42.9 32.48 <0.0058 0.0023 0.0019 0.0338 <0.0083 <0.0069
Ta181 42.82 33.98 <0.0016 <0.00163 0.0024 0.00163 <0.0030 <0.00160
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Pb208 42.49 35.73 0.465 0.21 0.217 0.248 0.245 0.0543
Th232 36.8 38.75 0.0089 0.00118 0.0012 0.00295 0.0023 0.00085
U238 37.36 37.43 0.334 0.044 0.0118 0.1073 0.0053 0.00188

Element Spot38 Spot39 Spot40 Spot41 BIRG1-1 BIRG1-2 612-3 612-4
Li7 0.394 0.67 <0.150 0.88 3.08 2.92 38.69 41.98
B11 0.83 0.76 0.77 1.47 0.91 1.02 33.78 35.19
Si29 278.59 267.64 424.63 169.46 185249.56 170943.94 335711.53 338491.88
Ca43 214410.3 214410.31 214410.3 214410.33 95055.25 95055.24 85048.52 85048.52
Sc45 <0.058 0.063 <0.057 <0.056 50.56 49.6 39.12 40.82
Ti47 <2.98 <2.93 <2.80 <2.99 6184.5 5814.86 42.28 46.01
Ti49 1.96 2.97 0.66 1.35 6223.86 5594.07 43.63 44.91
V51 0.125 0.287 0.245 0.226 294.54 261.18 37.94 40.11
Cr53 1.46 0.58 1.09 1.47 344.5 310.55 35.88 37.27
Co59 <0.042 <0.042 <0.041 <0.046 46.07 42.26 34.7 36.59
Cu63 0.122 0.1 0.108 0.464 95.65 89.62 37.98 37.85
Zn66 9.54 2.2 4.33 23.66 71.38 71.46 38.86 39.52
Ga69 0.098 0.146 0.136 0.312 12.91 13.32 36.55 37.27
Ge72 <0.192 <0.194 <0.174 <0.206 1.52 1.6 35.4 36.81
Rb85 0.7 0.077 0.05 0.098 0.168 0.16 30.65 32.41
Sr88 88.21 402.59 157.39 98.83 106.49 97.88 76.58 81.13
Y89 0.241 0.399 0.53 0.6 16.84 14.82 37.73 39.26
Zr90 0.0332 0.02 0.101 0.047 15.46 13.46 37.43 38.74
Nb93 0.279 0.00047 <0.00187 0.0019 0.51 0.469 38.1 40.07
Cs133 0.131 0.069 0.0369 0.096 <0.0152 <0.0146 41.98 43.7
Ba137 2.23 1.98 1.87 4.18 5.83 5.74 39.15 39.58
La139 0.0193 0.032 0.1 0.1537 0.591 0.634 35.6 36.4
Ce140 0.023 0.125 0.37 0.392 1.72 1.72 36.74 40.5
Pr141 0.005 0.0204 0.049 0.052 0.351 0.309 37 39.19
Nd146 0.0209 0.115 0.177 0.198 2.19 2.15 35.16 36.22
Sm147 <0.0170 0.0256 0.0265 0.037 1.06 1.11 37.15 38.65
Eu153 0.0039 0.0085 <0.0054 0.0106 0.51 0.45 34.64 36.94
Gd157 0.043 <0.0248 0.039 0.065 1.68 1.79 36.63 38.23
Tb159 0.0047 <0.0022 0.0061 0.0111 0.339 0.337 37.97 37.38
Dy163 0.0191 0.019 0.055 0.054 2.54 2.45 35.87 35.21
Ho165 0.0086 0.0103 0.0142 0.0104 0.593 0.554 38.36 38.23
Er166 0.0186 0.0395 0.0609 0.0371 1.71 2.02 38.16 37.76
Tm169 0.0034 0.008 0.0053 0.0045 0.228 0.275 36.43 37.16
Yb172 0.0394 0.053 0.051 0.049 1.78 1.77 37.98 40.63
Lu175 <0.0024 0.0074 0.0095 0.0083 0.287 0.246 36.84 37.51
Hf178 <0.0049 <0.0048 <0.0065 <0.0084 0.63 0.55 36.48 37.28
Ta181 <0.00276 <0.00193 0.00125 <0.00192 0.0423 0.0381 37.39 38.12
Pb208 0.151 0.0354 0.175 0.254 2.81 2.72 37.94 39.45
Th232 0.00137 0.0003 0.0026 0.0161 0.0339 0.0422 37.9 37.62
U238 0.0059 0.00089 0.00272 0.217 0.0128 0.0186 36.99 37.78

Table H.5: Sigma error of LA-ICP-MS line 2 in sample (c) (figure D.1)

Element 612-1 612-2 Spot32 Spot33 Spot34 Spot35 Spot36 Spot37
Li7 5.04 4.92 0.07 0.061 0.09 0.11 0.092 0.054
B11 7.25 6.62 0.16 0.18 0.89 0.28 0.17 0.17
Si29 39226.17 36490.72 14.3 29.12 2040.52 373.61 119.67 48.46
Ca43 2692.07 2692.49 6783.11 6783.84 6786.88 6784.13 6784.25 6790.45
Sc45 5.03 5.06 0.018 0.019 0.026 0.018 0.02 0.032
Ti47 8.01 7.3 0.94 0.78 1.93 0.76 0.72 1.04
Ti49 8.06 7.33 0.15 0.094 2.91 0.11 0.55 0.14
V51 6.93 6.15 0.013 0.0088 0.032 0.014 0.038 0.13
Cr53 5.49 4.89 0.17 0.18 0.4 0.21 0.14 0.25
Co59 3.73 3.29 0.007 0.01 0.012 0.0087 0.0083 0.016
Cu63 2 1.93 0.02 0.023 0.098 0.025 0.022 0.034
Zn66 2.7 2.65 0.14 0.17 2.47 0.18 0.12 0.25
Ga69 1.69 1.69 0.011 0.012 0.059 0.017 0.013 0.023
Ge72 1.63 1.65 0.049 0.054 0.074 0.052 0.047 0.074
Rb85 3.61 3.53 0.014 0.014 0.21 0.072 0.028 0.02
Sr88 13.18 12.3 7.73 9.6 7.52 11.87 30.88 37.38
Y89 7.85 7 0.097 0.1 0.31 0.34 0.05 0.21
Zr90 7.59 6.75 0.038 0.02 1.89 0.04 0.019 0.018
Nb93 5.91 5.39 0.00042 0.00065 0.0062 0.00091 0.00057 <0.00
Cs133 2.62 2.47 0.0057 0.0063 0.0087 0.0075 0.0061 0.0086
Ba137 2.12 1.98 0.066 0.077 0.83 0.17 0.093 0.15
La139 1.67 1.75 0.0049 0.0051 0.014 0.011 0.001 0.007
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Ce140 4.74 4.65 0.024 0.025 0.077 0.092 0.0051 0.062
Pr141 6.72 6.25 0.0053 0.0054 0.016 0.019 0.0017 0.017
Nd146 6.55 6.02 0.023 0.027 0.088 0.1 0.0082 0.088
Sm147 7.04 6.49 0.011 0.0079 0.031 0.024 0.0071 0.023
Eu153 5.15 4.73 0.0023 0.0025 0.0078 0.0043 0.0019 0.0063
Gd157 5.19 4.93 0.0081 0.016 0.026 0.026 0.0083 0.0092
Tb159 3.47 3.52 0.0011 0.0017 0.0031 0.003 0.0011 0.0033
Dy163 1.79 1.8 0.007 0.0066 0.019 0.013 0.0064 0.019
Ho165 1.4 1.43 0.0013 0.0015 0.0036 0.0029 0.0014 0.004
Er166 1.63 1.72 0.0045 0.0042 0.012 0.0082 0.0042 0.011
Tm169 2.5 2.67 0.00097 0.00075 0.0022 0.0016 0.0013 0.0033
Yb172 4.65 5.08 0.0058 0.0061 0.013 0.014 0.0069 0.019
Lu175 7.37 6.77 0.00088 0.00097 0.0035 0.0024 0.0017 0.0046
Hf178 7.87 6.98 0.0019 0.012 0.062 0.0039 <0.00 <0.00
Ta181 6.56 6.13 0.00041 0.00062 0.0013 0.00055 <0.00 0.0014
Pb208 2.87 2.81 0.014 0.013 0.082 0.023 0.015 0.074
Th232 1.59 1.67 0.00039 <0.00 0.0034 0.00056 0.00038 0.00056
U238 1.28 1.32 0.0038 0.0038 0.0036 0.0015 0.00096 0.00075

Element Spot38 Spot39 Spot40 Spot41 BIRG1-1 BIRG1-2 612-3 612-4
Li7 0.12 0.19 0.097 0.17 0.53 0.52 7.04 9.05
B11 0.63 0.98 0.98 0.45 0.46 0.68 8.49 11.26
Si29 204.64 3180.37 995.67 76.79 22704.76 26222.72 44130.48 48144.7
Ca43 6786.94 6785.59 6798.11 6785.88 3009.26 3009.5 2691.96 2692.4
Sc45 0.022 0.047 0.058 0.024 8.3 8.24 6.88 8.83
Ti47 1.14 3.38 6.27 2.03 1296.97 1275.81 9.3 12.24
Ti49 0.78 4.02 6.11 2.06 1480.95 1419.05 10.52 14.72
V51 0.068 0.078 0.16 0.045 66.86 67.51 9.11 12.52
Cr53 0.27 0.21 0.43 0.35 58.77 62.11 7.17 9.26
Co59 0.012 0.014 0.029 0.013 5.84 6.77 5.18 6.05
Cu63 0.041 0.11 0.36 0.091 5.63 6.25 2.31 2.43
Zn66 0.69 0.27 4.86 1.09 5.86 5.64 3.06 2.99
Ga69 0.023 0.09 0.17 0.057 0.76 0.84 2.17 2.13
Ge72 0.055 0.065 0.14 0.067 0.12 0.12 1.68 1.68
Rb85 0.057 0.55 0.84 0.21 0.035 0.032 5.09 6.47
Sr88 57.6 50.72 55.84 28.99 24.68 24.59 17.74 24.57
Y89 0.065 0.099 0.32 0.35 3.8 3.76 9.82 14.13
Zr90 0.023 3.8 4.25 1.19 3.32 3.32 9.41 13.36
Nb93 0.0018 0.0084 0.016 0.0038 0.086 0.092 7.76 10.26
Cs133 0.012 0.01 0.017 0.011 0.0061 0.0059 3.68 4.12
Ba137 0.21 1.62 2.16 0.73 0.42 0.46 2.98 3.01
La139 0.0032 0.014 0.026 0.016 0.039 0.04 2.35 2.57
Ce140 0.018 0.065 0.18 0.12 0.3 0.3 6.58 8.48
Pr141 0.0054 0.014 0.035 0.026 0.085 0.082 8.75 12.24
Nd146 0.093 0.054 0.15 0.11 0.57 0.54 8.3 11.63
Sm147 0.0086 0.019 0.051 0.039 0.24 0.26 9.05 12.8
Eu153 0.002 0.0028 0.0095 0.0084 0.08 0.092 6.77 8.85
Gd157 0.01 0.012 0.03 0.033 0.3 0.3 6.86 8.97
Tb159 0.00087 0.0021 0.0045 0.0038 0.041 0.047 4.9 5.96
Dy163 0.0075 0.0077 0.029 0.013 0.16 0.18 2.34 2.59
Ho165 0.0018 0.002 0.0059 0.0032 0.025 0.026 1.53 1.55
Er166 0.0066 0.0059 0.017 0.011 0.1 0.1 2.1 2.18
Tm169 0.0016 0.002 0.0057 0.0024 0.028 0.024 3.58 4.06
Yb172 0.01 0.012 0.042 0.018 0.29 0.31 6.66 8.42
Lu175 0.0027 0.0024 0.0057 0.0031 0.07 0.063 9.35 13.51
Hf178 0.0016 0.11 0.065 0.012 0.14 0.14 9.63 13.99
Ta181 0.00044 0.0013 0.0017 0.00093 0.0068 0.008 8.44 11.72
Pb208 0.041 0.11 0.29 0.22 0.32 0.38 4.07 4.78
Th232 0.00097 0.0052 0.0059 0.0014 0.0025 0.0029 2.1 2.22
U238 0.0013 0.0034 0.0058 0.002 0.012 0.0015 1.48 1.52

Table H.6: MDL-filtered data of LA-ICP-MS line 2 in sample (c) (figure D.1)

Element 612-1 612-2 LineSpots2 Spot0-1 Spot0-2 Spot0-3 Spot0-4 Spot0-5
Li7 39.26 41.5 0.69 0.594 0.391 0.45 0.515 0.444
B11 30.17 41.75 0.72 0.92 0.74 0.76 0.8 0.68
Si29 298966.44 442593.19 192.36 173.1 158.82 174.44 176.75 177
Ca43 85048.7 85048.7 214410.28 214410.28 214410.28 214410.28 214410.28 214410.28
Sc45 42.24 37.21 0.122 0.136 0.069 0.058 0.092 <0.045
Ti47 44.59 43.1 <2.51 <2.35 <2.52 <2.30 <2.51 2.72
Ti49 42.82 45.67 1.45 0.98 0.61 0.92 0.82 0.51
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V51 35.04 45.41 0.48 0.361 0.263 0.27 0.271 0.282
Cr53 32.06 44.07 1.14 0.78 1.47 <0.42 1.23 0.83
Co59 30.38 46 <0.043 <0.043 <0.045 <0.045 <0.050 <0.050
Cu63 32.87 47.35 0.161 0.137 <0.074 <0.070 0.226 0.127
Zn66 34.26 47.63 1.61 1.45 1.6 1.15 1.8 1.22
Ga69 33.76 42.13 0.137 0.187 0.072 0.159 0.084 0.112
Ge72 35.96 36.29 <0.215 <0.187 <0.190 <0.176 <0.177 <0.188
Rb85 30.71 32.36 0.0649 0.0977 0.0695 0.0652 0.08 0.0437
Sr88 76.9 80.49 41.9 45.89 30.7 32.24 53.15 41.07
Y89 37.66 39.18 0.462 0.537 0.717 0.52 0.6 0.545
Zr90 36.45 40 0.0672 0.221 0.129 0.0806 0.073 0.0693
Nb93 35.31 45.14 <0.0038 <0.00 0.00197 <0.00194 0.0023 <0.00205
Cs133 36.81 55.52 0.073 0.094 0.07 0.074 0.086 0.071
Ba137 35.35 46.15 2.22 3.58 1.54 2.27 2.63 2.4
La139 36.63 35.22 0.0878 0.1159 0.2029 0.1477 0.0818 0.1026
Ce140 38.52 38.24 0.16 0.2072 0.329 0.2311 0.174 0.17
Pr141 36.99 39.18 0.0237 0.0251 0.0386 0.0318 0.0354 0.0228
Nd146 33.88 37.89 0.107 0.117 0.205 0.122 0.121 0.13
Sm147 35.21 41.59 0.0303 0.0458 0.055 0.0152 0.03 0.0279
Eu153 32.11 41.71 0.0112 0.0101 0.0142 0.0077 0.0053 0.0164
Gd157 33.23 44.52 0.042 0.067 0.08 0.055 0.086 0.066
Tb159 33.27 45.79 0.0069 0.0084 0.009 0.0136 0.0091 0.0078
Dy163 32.13 41.24 0.067 0.07 0.048 0.066 0.074 0.067
Ho165 36.12 41.66 0.0131 0.0131 0.0128 0.0174 0.0174 0.0143
Er166 38.84 36.96 0.0327 0.0449 0.0525 0.0582 0.039 0.0391
Tm169 39.06 34.23 0.0051 0.0064 0.00243 0.0051 0.005 0.0028
Yb172 41.07 36.99 0.029 0.0351 0.0476 0.0459 0.032 0.057
Lu175 36.46 37.74 0.0089 0.0083 0.0074 0.0064 0.0098 0.0091
Hf178 35.19 38.91 0.0048 0.0058 0.0071 <0.0047 <0.0052 <0.0050
Ta181 34.77 42.29 <0.0031 <0.00295 <0.00217 0.00057 <0.00218 0.00023
Pb208 32.79 52.06 0.237 0.202 0.099 0.323 1.1 0.286
Th232 37.32 38.43 0.0117 0.011 0.0056 0.0055 0.0038 0.0086
U238 36.93 38 0.1382 0.1292 0.1356 0.1245 0.108 0.0801

Element Spot0-8 Spot0-9 Spot0-10 Spot0-11 Spot0-12 Spot0-13 BIRG-1 BIRG-2
Li7 0.566 0.613 0.772 0.587 0.976 0.549 2.93 2.53
B11 0.78 0.97 0.96 0.93 1.02 1.09 5.49 1.58
Si29 151.75 199.94 186.08 165.15 134.11 139.75 160550.13 157694.42
Ca43 214410.28 214410.28 214410.28 214410.28 214410.28 214410.28 95055.23 95055.22
Sc45 0.092 <0.063 0.057 0.046 0.047 <0.034 45.46 47.56
Ti47 <2.44 <2.37 3.98 <2.48 <2.46 <2.47 5339.44 5352.13
Ti49 0.95 <0.54 0.75 0.69 0.33 0.47 5391.31 5325.24
V51 0.377 0.232 0.175 0.216 0.14 0.056 236.54 224.83
Cr53 0.69 <0.46 0.84 0.61 <0.38 <0.36 254.37 243.63
Co59 <0.054 0.055 <0.053 <0.055 <0.053 0.059 39.13 37.47
Cu63 0.105 0.061 0.178 0.45 0.128 0.268 88.31 87.24
Zn66 1.53 <0.49 1.08 1.5 1.21 1.32 70.37 67.99
Ga69 0.117 0.168 0.209 0.134 0.179 0.162 12.4 12.04
Ge72 <0.195 <0.187 <0.194 <0.189 <0.203 <0.183 1.26 1.3
Rb85 0.0662 0.1201 0.1086 0.0843 0.147 0.0768 0.13 0.15
Sr88 41.44 47.66 52.7 50.33 57.27 53.33 91.26 89.63
Y89 0.523 0.522 0.501 0.608 0.425 0.527 13.93 13.96
Zr90 0.096 0.0648 0.097 0.084 0.0643 0.0741 13.19 13.26
Nb93 <0.00280 <0.0142 0.0034 0.0006 0.00084 <0.00 0.452 0.426
Cs133 0.074 0.099 0.112 0.081 0.119 0.091 <0.0107 0.0148
Ba137 2.08 2.76 3.66 2.77 3.31 3.41 5.91 5.58
La139 0.116 0.0946 0.0697 0.1076 0.0986 0.142 0.591 0.619
Ce140 0.1946 <0.032 0.1262 0.203 0.2209 0.243 1.522 1.537
Pr141 0.0253 0.0188 0.019 0.0271 0.0256 0.028 0.312 0.307
Nd146 0.091 0.145 0.083 0.139 0.112 0.141 1.9 1.87
Sm147 0.0229 0.0402 0.0255 0.0228 0.0199 0.0305 0.92 0.96
Eu153 0.0078 0.0086 0.0108 0.0183 0.0054 0.0091 0.46 0.409
Gd157 0.05 0.052 0.056 0.06 0.033 0.045 1.63 1.57
Tb159 0.012 <0.0063 0.0075 0.0087 0.0097 0.0068 0.324 0.36
Dy163 0.064 0.091 0.069 0.0318 0.041 0.071 2.4 2.39
Ho165 0.0181 0.0119 0.0129 0.0161 0.007 0.0131 0.618 0.595
Er166 0.0393 0.0417 0.036 0.0357 0.0304 0.0327 1.73 1.91
Tm169 0.0071 0.0047 0.0045 0.0045 0.005 0.003 0.25 0.255
Yb172 0.034 <0.0192 0.0245 0.038 0.044 <0.023 1.59 1.75
Lu175 0.0056 0.0081 0.0083 0.0042 0.0063 0.0089 0.246 0.237
Hf178 <0.0049 <0.0069 0.0029 0.0031 0.0036 <0.0047 0.509 0.562
Ta181 <0.0033 <0.00285 <0.00206 <0.0036 <0.00205 0.00107 0.036 0.0314
Pb208 0.17 0.278 0.33 0.61 0.27 0.49 2.56 2.35
Th232 0.008 0.0054 0.0084 0.0058 0.0054 0.0058 0.0347 0.0357
U238 0.308 0.0627 0.0662 0.0738 0.0638 0.0471 0.013 0.0146
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Table H.7: Sigma error of LA-ICP-MS line 2 in sample (c) (figure D.1)

Element 612-1 612-2 LineSpots2 Spot0-1 Spot0-2 Spot0-3 Spot0-4 Spot0-5 Spot0-6
Li7 2.06 2.18 0.07 0.066 0.061 0.057 0.077 0.06 0.059
B11 6.54 9 0.18 0.22 0.19 0.19 0.22 0.18 0.19
Si29 68060.71 99070.64 43.94 39.68 36.92 40.67 42.68 43.16 41.41
Ca43 2693.21 2694.14 6783.61 6783.71 6783.61 6782.95 6788.16 6783.56 6782.9
Sc45 3.39 3 0.023 0.023 0.021 0.019 0.024 0.018 0.017
Ti47 2.35 2.43 0.95 0.91 0.95 0.85 1.15 0.93 0.77
Ti49 2.42 2.6 0.16 0.14 0.13 0.12 0.18 0.12 0.12
V51 4.86 6.29 0.069 0.053 0.04 0.041 0.045 0.046 0.043
Cr53 5.47 7.44 0.27 0.22 0.31 0.17 0.31 0.23 0.17
Co59 6.64 9.91 0.017 0.018 0.019 0.018 0.025 0.019 0.022
Cu63 6.41 9.12 0.044 0.039 0.029 0.026 0.059 0.037 0.034
Zn66 6.41 8.86 0.34 0.31 0.34 0.26 0.41 0.29 0.23
Ga69 4.08 5.08 0.021 0.028 0.017 0.025 0.021 0.021 0.025
Ge72 1.66 1.69 0.08 0.072 0.073 0.065 0.082 0.071 0.062
Rb85 1.33 1.4 0.0094 0.0088 0.0084 0.0074 0.011 0.0078 0.0076
Sr88 3.19 3.34 1.75 1.93 1.3 1.38 2.31 1.81 2.73
Y89 1.62 1.69 0.024 0.027 0.035 0.026 0.035 0.028 0.031
Zr90 2.23 2.44 0.008 0.019 0.013 0.0085 0.012 0.0084 0.0069
Nb93 4.63 5.89 0.0012 <0.00 0.00085 0.00065 0.0014 0.00071 0.00025
Cs133 7.86 11.74 0.017 0.021 0.016 0.017 0.021 0.017 0.022
Ba137 4.98 6.5 0.32 0.52 0.23 0.35 0.43 0.4 0.52
La139 1.34 1.29 0.0043 0.0054 0.0087 0.0065 0.0052 0.005 0.0058
Ce140 1.26 1.25 0.0079 0.0096 0.014 0.0098 0.011 0.0082 0.014
Pr141 1.62 1.73 0.0024 0.0026 0.0033 0.0027 0.0045 0.0025 0.0035
Nd146 2.24 2.52 0.014 0.015 0.021 0.014 0.021 0.016 0.02
Sm147 3.23 3.82 0.0075 0.0097 0.011 0.0046 0.011 0.0072 0.0095
Eu153 4.43 5.75 0.0031 0.0026 0.0036 0.0028 0.0028 0.0038 0.004
Gd157 5.13 6.86 0.011 0.016 0.018 0.015 0.028 0.018 0.02
Tb159 5.58 7.66 0.0021 0.0022 0.0023 0.0031 0.0032 0.0022 0.0024
Dy163 4.28 5.5 0.013 0.014 0.011 0.013 0.019 0.014 0.017
Ho165 2.96 3.44 0.0024 0.0025 0.0024 0.0027 0.0042 0.0028 0.0033
Er166 1.77 1.69 0.0066 0.0073 0.0079 0.0076 0.01 0.0068 0.0074
Tm169 2.99 2.65 0.0014 0.0018 0.00094 0.0013 0.0021 0.0013 0.0015
Yb172 2.68 2.44 0.011 0.008 0.0094 0.0099 0.011 0.011 0.011
Lu175 1.37 1.42 0.0014 0.0014 0.0014 0.0012 0.0023 0.0014 0.0009
Hf178 2.15 2.39 0.002 0.0029 0.0024 0.0018 0.0031 0.0022 0.0016
Ta181 3.67 4.46 0.001 0.00098 0.00085 0.00033 0.00087 0.00023 0.00059
Pb208 7.82 12.36 0.057 0.049 0.025 0.082 0.29 0.077 0.089
Th232 1.37 1.41 0.0017 0.0018 0.0011 0.001 0.0014 0.0014 0.0015
U238 1.28 1.32 0.0065 0.0062 0.0065 0.0058 0.0072 0.0044 0.0053

Element Spot0-8 Spot0-9 Spot0-10 Spot0-11 Spot0-12 Spot0-13 BIRG-1 BIRG-2 612-3
Li7 0.063 0.063 0.069 0.062 0.08 0.06 0.21 0.19 2.4
B11 0.21 0.26 0.26 0.26 0.29 0.32 1.61 0.49 7.25
Si29 40.36 54.27 52.12 47.76 40.12 42.89 50021.21 50495.38 84560.66
Ca43 6783.77 6783.47 6783.33 6783.56 6783.35 6783.43 3010.9 3011 2692.98
Sc45 0.02 0.027 0.017 0.017 0.016 0.014 5.87 6.39 5.19
Ti47 0.93 0.9 0.93 0.94 0.93 0.93 291.77 297.92 2.44
Ti49 0.15 0.2 0.12 0.13 0.12 0.1 390.38 396.27 2.53
V51 0.068 0.044 0.035 0.044 0.03 0.014 52.49 51.72 6.23
Cr53 0.22 0.17 0.24 0.21 0.16 0.17 62.81 62.03 5.89
Co59 0.021 0.024 0.02 0.021 0.022 0.027 12.38 12.22 8.27
Cu63 0.034 0.026 0.049 0.12 0.04 0.077 25.08 25.54 8.59
Zn66 0.37 0.25 0.3 0.4 0.34 0.38 19.76 19.74 10.38
Ga69 0.023 0.03 0.038 0.027 0.035 0.034 2.42 2.44 7.49
Ge72 0.073 0.071 0.072 0.071 0.075 0.068 0.14 0.15 1.72
Rb85 0.0085 0.0096 0.0097 0.0082 0.011 0.0084 0.014 0.015 1.68
Sr88 1.94 2.27 2.57 2.51 2.93 2.8 4.91 4.95 3.36
Y89 0.028 0.028 0.027 0.033 0.024 0.03 0.72 0.74 1.46
Zr90 0.011 0.0088 0.011 0.01 0.0086 0.0095 1.16 1.21 2.4
Nb93 0.00088 0.0069 0.0011 0.00044 0.00051 <0.00 0.094 0.092 5.91
Cs133 0.02 0.028 0.032 0.024 0.036 0.029 0.0045 0.0062 11.33
Ba137 0.39 0.53 0.73 0.58 0.72 0.77 1.39 1.36 9.16
La139 0.0058 0.0049 0.0039 0.0057 0.0054 0.0076 0.03 0.032 1.83
Ce140 0.0093 0.012 0.0066 0.0095 0.01 0.011 0.055 0.056 1.17
Pr141 0.0028 0.0023 0.0022 0.003 0.0027 0.003 0.022 0.022 2.02
Nd146 0.013 0.018 0.013 0.019 0.016 0.02 0.21 0.22 2.94
Sm147 0.0067 0.0091 0.0068 0.0066 0.006 0.0094 0.14 0.16 4
Eu153 0.0029 0.0026 0.0032 0.0047 0.0021 0.0029 0.1 0.097 5.81
Gd157 0.016 0.014 0.018 0.019 0.014 0.016 0.41 0.41 6.94
Tb159 0.0032 0.0027 0.0024 0.0026 0.0029 0.0023 0.088 0.1 8.14
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Dy163 0.015 0.02 0.016 0.009 0.011 0.018 0.53 0.55 7.08
Ho165 0.0033 0.0025 0.0026 0.0032 0.0018 0.0028 0.089 0.089 5.56
Er166 0.0071 0.0071 0.0065 0.0073 0.006 0.0064 0.12 0.14 2.63
Tm169 0.002 0.0014 0.0014 0.0019 0.0015 0.0014 0.037 0.04 5.64
Yb172 0.01 0.0093 0.008 0.01 0.012 0.01 0.19 0.22 4.64
Lu175 0.0014 0.0016 0.0013 0.0011 0.0013 0.0015 0.015 0.014 1.31
Hf178 0.0022 0.0022 0.0014 0.0015 0.0016 0.0015 0.054 0.061 2.5
Ta181 0.0011 0.00099 0.00087 0.0012 0.00073 0.00051 0.0072 0.0064 4.72
Pb208 0.052 0.087 0.11 0.21 0.095 0.18 0.97 0.92 10.81
Th232 0.0014 0.0011 0.0014 0.0012 0.0011 0.0012 0.004 0.0039 1.72
U238 0.013 0.0038 0.0039 0.0044 0.0039 0.0032 0.0018 0.0019 1.63

Table H.8: MDL-filtered data of LA-ICP-MS line 1 in sample (c) (figure D.1)

Element Line1-1 Line1-2 Line1-3 Line1-4 Line1-5 Line1-6 Line1-7 Line1-8 Line1-9
Li7 3.78 1.97 3.23 1.489 0.427 0.301 0.787 0.467 0.393
Mg25 126364.26 124443.37 125384.91 124438.34 126222.7 123670.73 124372.57 123984.14 126354.8
Mg26 117585.66 116588.72 116853.44 117524.28 117829.59 116870.8 115822.47 118241.2 116472.49
Si29 7003.73 2520.21 1288.93 175.65 826.65 823.6 2317.87 618.35 896.4
Ca43 217340.48 217340.48 217340.48 217340.47 217340.48 217340.48 217340.48 217340.48 217340.48
Ti49 61.8 278.91 29.23 9.42 10.49 46.4 254.03 35.8 29.39
Cr53 9.23 5.45 3.81 11.31 3.16 2.75 5.58 2.91 1.93
Mn55 1798.14 1858.74 1990.13 2045.51 2012.11 1722.38 1542.89 1757.58 1736.7
Zn66 29.77 53.97 9.92 1.72 127.25 36.54 45.03 12.99 66.38
Ga71 0.754 0.544 0.145 0.1213 0.0942 0.224 0.582 0.196 0.215
Ge72 0.483 0.137 0.213 0.101 0.133 <0.063 <0.063 0.063 <0.059
Rb85 1.62 2.07 0.252 0.136 0.16 0.761 1.296 0.348 0.745
Sr88 41.19 115.41 60.14 54.73 124.43 102.94 237.16 106.13 49.21
Zr90 35.02 5.14 1.33 0.28 0.341 1.227 6 0.856 1.43
Cd111 1.29 0.212 0.161 0.149 0.0418 0.339 0.0142 0.0159 0.16
Cs133 0.962 0.219 0.0943 0.0792 0.0626 0.1261 0.1225 0.0667 0.0754
Ba137 3.3 9.42 1.739 0.964 2.73 3.61 5.09 2.87 7.19
Eu153 0.0647 0.0296 0.0129 0.012 0.0142 0.0148 0.0218 0.0129 0.0173
Hf178 0.113 0.125 0.043 0.0107 0.011 0.0348 0.131 0.0262 0.0413
Ta181 0.0705 0.0875 0.00591 0.00236 0.0017 0.0131 0.0485 0.00563 0.00528
Pb208 6.36 6.27 1.65 0.473 8.32 4.08 7.37 4.36 10.81

Element Line1-10 Line1-11 Line1-12 Line1-13 Line1-14 Line1-15 Line1-16 Line1-17 Line1-18
Li7 0.648 0.432 0.384 0.282 0.299 0.612 0.579 0.475 0.567
Mg25 127646.95 128966.06 127235.29 125985.07 127290.04 130935.74 127561.99 130378.58 126950.49
Mg26 121463.79 122250.71 121670.16 120667.68 123751.95 125651.63 122488.15 123352.41 122067.4
Si29 497.78 127.56 129.57 148.2 351.85 234.13 172.07 189.21 158.58
Ca43 217340.47 217340.48 217340.47 217340.48 217340.48 217340.48 217340.48 217340.48 217340.48
Ti49 8.02 1.95 3.67 2.74 1.38 0.731 0.506 0.465 0.334
Cr53 1.84 1.12 1.12 4.36 1.16 1.08 0.94 0.84 0.73
Mn55 1621.62 1792.21 1934.41 1950.11 1816.35 1934.94 2091.86 1938.73 1641.1
Zn66 67.68 2.82 1.82 6.09 5.39 18.35 16.25 16 12.9
Ga71 0.105 0.0656 0.0687 0.0664 0.0741 0.0648 0.0786 0.0708 0.1034
Ge72 <0.067 <0.059 <0.064 <0.059 <0.056 <0.058 <0.065 <0.065 0.071
Rb85 0.262 0.0775 0.0676 0.0731 0.0612 0.1023 0.078 0.0857 0.1034
Sr88 32.07 39.65 43.79 29.44 26.57 54.74 51.96 38.15 40.94
Zr90 0.662 0.0429 0.733 0.113 0.0849 0.164 0.164 0.0892 0.136
Cd111 0.0168 0.0099 0.0075 0.0189 <0.0110 0.0079 0.0343 0.509 0.0143
Cs133 0.0735 0.061 0.048 0.0328 0.0441 0.0693 0.0529 0.0579 0.0844
Ba137 5.48 1.685 0.914 0.699 0.712 2.14 1.412 1.169 1.562
Eu153 0.0077 0.0066 0.0098 0.0083 0.0067 0.0057 0.0136 0.0052 0.0306
Hf178 0.0665 0.0032 0.0156 0.0036 0.00159 0.00207 0.0077 0.00067 0.004
Ta181 <0.00144 <0.00083 0.00021 0.00051 0.00099 <0.00109 <0.00 0.00062 0.0001
Pb208 6.74 0.476 0.089 0.0591 0.07 0.18 0.42 0.107 0.114

Element Line1-19 Line1-20 Line1-21 Line1-22 Line1-23 Line1-24 Line1-25 Line1-26 Line1-27
Li7 0.469 0.339 0.562 0.603 0.408 0.737 0.689 17.72 17.63
Mg25 127678.08 128577.62 130646.86 127052.26 127132.06 128208.31 112994.61 136536.78 136721.3
Mg26 121880.1 124203.25 124127.01 121941.95 122583.72 122718.33 108547.42 125823.61 132312.61
Si29 198.57 191.99 129.45 134.03 126.27 178.4 1000.88 1236406.13 1220870
Ca43 217340.48 217340.48 217340.48 217340.5 217340.5 217340.47 217340.48 217340.48 217340.48
Ti49 0.337 0.43 0.249 0.281 0.262 0.382 11.68 564.8 627.81
Cr53 1.01 0.939 0.86 0.676 0.999 0.75 2.43 147.44 290.79
Mn55 1438.21 1397.53 1368.43 1401.72 1331.1 1380.93 1347.1 161.18 172.96
Zn66 7.19 18.59 12.57 1.7 2.67 10.33 103.14 4651.84 9630.08
Ga71 0.1123 0.108 0.0901 0.1074 0.1137 0.1013 0.0945 12.22 4.08
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Ge72 <0.065 0.057 <0.058 <0.049 <0.047 <0.050 <0.057 2.98 <3.41
Rb85 0.0892 0.0651 0.079 0.0761 0.0636 0.1015 0.1162 99.93 90.81
Sr88 34.45 39.84 43.61 40.22 32.77 52.21 65.48 645.7 1011.16
Zr90 0.0936 0.114 0.108 0.091 0.0881 0.104 0.261 457.87 447.84
Cd111 0.0213 <0.0090 <0.0202 0.0189 <0.0125 0.0287 0.618 19.72 0.48
Cs133 0.0574 0.0438 0.0672 0.0572 0.0494 0.0731 0.0902 1.39 1.14
Ba137 1.224 1.287 1.554 1.002 1.009 1.85 695.67 66444.54 110034.23
Eu153 0.0514 0.0386 0.0304 0.0382 0.0404 0.0338 0.0413 0.787 1.15
Hf178 0.00279 0.0034 0.00217 0.00141 0.00169 0.00247 0.0087 11.37 14.77
Ta181 0.0001 <0.00062 0.00077 <0.00061 <0.00150 0.00025 <0.00073 0.209 0.18
Pb208 0.173 0.293 0.485 0.0351 0.0415 0.171 0.324 21.01 32.13

Element Line1-28 Line1-29 Line1-30 Line1-31 Line1-32 Line1-33 Line1-34 Line1-35 Line1-36
Li7 0.43 0.587 0.512 0.7 0.62 0.598 0.644 0.711 0.522
Mg25 125124.2 124618.2 127250.24 127078.3 130256.66 129848.8 128313.17 127948.64 129768.27
Mg26 123997.55 120289.83 123311.06 124221.32 126307.35 123542.3 124779.88 125242.15 125123
Si29 662.31 239.46 135.16 122.05 128.15 117.13 186.24 260.19 123.62
Ca43 217340.48 217340.48 217340.48 217340.48 217340.48 217340.48 217340.47 217340.48 217340.48
Ti49 15.81 15.95 0.302 0.575 0.776 0.891 1.203 1.4 1.3
Cr53 1 1.03 1.02 0.9 1.01 1.07 1.04 0.83 1.05
Mn55 1471.96 1440.93 1685.45 1942.9 2051.56 2088.53 1881.25 1782.03 1934.88
Zn66 26.63 13.11 4.64 1.46 1.62 1.33 11.38 27.87 18.32
Ga71 0.1067 0.1184 0.091 0.0622 0.048 0.0642 0.0554 0.0576 0.0402
Ge72 <0.054 <0.051 <0.059 <0.061 <0.063 <0.054 0.072 <0.058 0.062
Rb85 0.1139 0.1015 0.0718 0.0951 0.0733 0.0813 0.076 0.129 0.0689
Sr88 58.21 43.93 57.34 55.11 46.29 44 51.53 52.48 33.04
Zr90 0.181 0.169 0.0669 0.0504 0.118 0.0763 0.11 0.098 0.0447
Cd111 <0.0153 0.071 <0.0164 <0.0119 <0.0118 <0.0264 0.022 <0.0201 <0.0217
Cs133 0.0773 0.0685 0.067 0.0741 0.0691 0.0683 0.0704 0.0773 0.0531
Ba137 38.93 2.61 2.28 1.75 2.34 1.442 1.69 2.03 1.62
Eu153 0.0446 0.0508 0.0267 0.0059 0.0053 0.0071 0.0049 0.0044 0.0058
Hf178 0.0046 0.0052 0.0034 <0.0038 0.00102 0.0025 0.00086 0.0033 <0.0048
Ta181 0.00018 <0.00075 <0.00 0.00014 0.00011 <0.00082 <0.00081 0.00031 <0.00067
Pb208 0.289 0.234 0.227 0.088 0.072 0.079 0.168 0.411 0.277

Element Line1-37 Line1-38 Line1-39 Line1-40 Line1-41 Line1-42 Line1-43 Line1-44 Line1-45
Li7 0.249 0.385 0.364 0.323 0.417 0.357 0.232 0.243 0.724
Mg25 125508.25 125000.82 127375.2 127069.98 128367.68 126968.94 127194.12 124824.36 124978.92
Mg26 122099.55 122432.76 122684.23 124501.23 126083.88 122770.35 122024.56 121115.15 121041.14
Si29 151.41 115.85 136.73 119.42 199.26 210.01 167.58 384.74 2586.57
Ca43 217340.48 217340.48 217340.48 217340.48 217340.48 217340.47 217340.48 217340.48 217340.48
Ti49 1.52 1.63 1.36 1.54 5.61 14.69 5.58 11.06 90.8
Cr53 1.32 1.06 1.32 1.28 1.72 1.64 1.74 1.8 2.48
Mn55 1980.11 1945.6 2057.5 2066.49 2032.39 1938.9 1904.7 1946.4 1910.67
Zn66 31.3 31.18 36.11 51.38 107.11 33.52 26.81 24.72 88.6
Ga71 0.0326 0.0412 0.0331 0.0298 0.04 0.077 0.0422 0.0898 0.632
Ge72 <0.066 <0.060 0.059 0.053 0.077 0.061 <0.064 <0.059 0.065
Rb85 0.0538 0.0571 0.0488 0.0548 0.0612 0.149 0.0783 0.352 3.42
Sr88 35.68 33.51 27.84 21.94 29.76 60.66 21.71 27.12 38.69
Zr90 0.0659 0.0671 0.0624 0.0775 0.373 0.647 0.143 1.02 2.26
Cd111 <0.0170 0.0164 0.0234 0.0179 <0.028 0.027 <0.0247 <0.0211 <0.0243
Cs133 0.0544 0.0558 0.0411 0.0397 0.0425 0.184 0.0332 0.0484 0.129
Ba137 2.06 2.87 2.37 4.55 6.45 3.07 1.499 1.95 4.28
Eu153 0.0074 0.0056 0.0045 0.009 0.0123 0.0087 0.008 0.0125 0.0208
Hf178 0.00124 0.0029 0.00248 <0.0022 0.0069 0.0153 0.0025 0.0212 0.0546
Ta181 0.00051 <0.00 0.0001 0.00019 <0.00121 0.00172 0.00236 0.00189 0.0164
Pb208 0.695 1.59 1.27 2.8 6.48 3.22 0.75 0.95 4.51

Element Line1-46 Line1-47 Line1-48 Line1-49 Line1-50 Line1-51 Line1-52
Li7 0.373 0.35 0.218 0.226 0.152 0.175 0.413
Mg25 125484.43 125768.95 124490.48 122626.88 125252.73 125231.53 125056.09
Mg26 122465.14 123039.02 122408.75 122856.16 123236.13 121782.66 122799.15
Si29 308.45 321.65 508.56 1418.84 288.5 222.07 591.94
Ca43 217340.48 217340.48 217340.47 217340.48 217340.48 217340.52 217340.52
Ti49 7.97 5.15 18.28 25.81 6.89 12.54 31.98
Cr53 2.59 2.03 2.17 2.25 1.93 2.16 2.78
Mn55 1788.38 1829.29 1870.21 1859.43 1589.98 1591.58 1672.51
Zn66 34.25 16.67 16.09 29.6 21.97 30.33 25.34
Ga71 0.1018 0.0757 0.1071 0.296 0.123 0.083 0.195
Ge72 <0.056 <0.056 <0.058 0.067 0.081 <0.055 0.053
Rb85 0.183 0.147 0.519 1.21 0.201 0.127 0.397
Sr88 70.04 32 24.2 24.3 30.71 29.08 137.68
Zr90 0.651 0.513 23.57 1.66 0.158 0.775 1.27
Cd111 <0.0202 <0.0199 0.0133 0.032 0.0282 0.0151 0.0146
Cs133 0.0515 0.0396 0.0389 0.0761 0.0157 0.02 0.0521
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Ba137 2.31 1.6 3.53 3.02 1.315 1.74 2.75
Eu153 0.0077 0.0064 0.0137 0.0083 0.0402 0.011 0.0157
Hf178 0.0176 0.0133 0.639 0.0325 <0.0030 0.013 0.0391
Ta181 0.00238 0.0015 0.0042 0.0115 <0.00066 <0.00079 0.00549
Pb208 1.89 0.549 0.423 0.82 0.444 0.82 6.61

Table H.9: Sigma error of LA-ICP-MS line 1 in sample (c) (figure D.1)

Element Line1-1 Line1-2 Line1-3 Line1-4 Line1-5 Line1-6 Line1-7 Line1-8 Line1-9
Li7 0.19 0.1 0.16 0.084 0.04 0.036 0.053 0.039 0.037
Mg25 29755.96 29321.27 29566.7 29372.51 29828.79 29265.61 29477.44 29436.42 30056.96
Mg26 14128.93 14024.12 14073.74 14174.93 14234.7 14144.05 14044.73 14368.5 14186.18
Si29 372.3 134.06 68.72 10.27 44.25 44.06 123.48 33.19 47.97
Ca43 6880.53 6877.2 6877.45 6877.9 6878.05 6877.22 6878.14 6876.81 6877.2
Ti49 2.95 13.06 1.41 0.49 0.54 2.21 11.94 1.71 1.42
Cr53 0.6 0.35 0.26 0.71 0.22 0.2 0.37 0.21 0.15
Mn55 97 100.3 107.45 110.51 108.79 93.21 83.59 95.33 94.32
Zn66 2.46 4.44 0.82 0.15 10.49 3.02 3.73 1.08 5.51
Ga71 0.042 0.029 0.01 0.0096 0.0083 0.014 0.032 0.012 0.013
Ge72 0.046 0.026 0.027 0.026 0.026 0.023 0.025 0.023 0.022
Rb85 0.11 0.13 0.018 0.01 0.012 0.05 0.085 0.024 0.049
Sr88 1.58 4.43 2.31 2.1 4.78 3.96 9.13 4.09 1.9
Zr90 2.71 0.4 0.11 0.024 0.029 0.097 0.47 0.068 0.11
Cd111 0.12 0.024 0.021 0.02 0.0092 0.035 0.0051 0.0047 0.02
Cs133 0.061 0.014 0.0066 0.0058 0.0047 0.0085 0.0084 0.0048 0.0054
Ba137 0.18 0.51 0.096 0.055 0.15 0.2 0.28 0.16 0.39
Eu153 0.0068 0.0032 0.0021 0.0019 0.002 0.0019 0.0027 0.0017 0.0022
Hf178 0.012 0.011 0.005 0.0022 0.0022 0.0046 0.012 0.0034 0.0048
Ta181 0.0068 0.0078 0.00093 0.00056 0.00048 0.0016 0.0047 0.00086 0.00085
Pb208 0.73 0.72 0.19 0.055 0.96 0.47 0.86 0.51 1.26

Element Line1-10 Line1-11 Line1-12 Line1-13 Line1-14 Line1-15 Line1-16 Line1-17 Line1-18
Li7 0.045 0.036 0.034 0.031 0.03 0.041 0.041 0.038 0.04
Mg25 30653.37 31057.1 30731.54 30525.23 30943.42 31940.03 31229.85 32433.14 31717.95
Mg26 14955.69 15099.6 15077.26 15004.46 15443.25 15738.98 15402.45 15776.21 15683.42
Si29 26.92 7.75 7.84 8.69 19.21 13.04 9.98 10.85 9.29
Ca43 6877.41 6877.05 6877.34 6877.19 6877.06 6876.77 6877.1 6877.29 6877.28
Ti49 0.42 0.13 0.21 0.17 0.1 0.07 0.061 0.055 0.049
Cr53 0.15 0.12 0.12 0.3 0.11 0.11 0.11 0.1 0.1
Mn55 88.64 98.16 106.16 107.26 100.13 106.92 115.89 108.62 92.23
Zn66 5.66 0.24 0.16 0.52 0.46 1.56 1.39 1.38 1.12
Ga71 0.0083 0.0062 0.0066 0.0067 0.0062 0.0061 0.0069 0.0063 0.008
Ge72 0.025 0.022 0.024 0.022 0.021 0.021 0.023 0.024 0.023
Rb85 0.018 0.0064 0.0059 0.0062 0.0054 0.0079 0.0064 0.0071 0.0083
Sr88 1.24 1.54 1.7 1.14 1.03 2.13 2.03 1.5 1.61
Zr90 0.054 0.0049 0.06 0.011 0.0084 0.015 0.015 0.009 0.013
Cd111 0.0052 0.0038 0.0034 0.0055 0.0051 0.0033 0.0075 0.051 0.0064
Cs133 0.0053 0.0045 0.0037 0.0028 0.0034 0.0049 0.004 0.0045 0.0061
Ba137 0.3 0.094 0.053 0.041 0.042 0.12 0.08 0.068 0.09
Eu153 0.0013 0.0013 0.0015 0.0014 0.0013 0.001 0.0018 0.0011 0.0034
Hf178 0.007 0.001 0.0026 0.0011 0.00072 0.0008 0.0017 0.00048 0.0012
Ta181 0.0005 0.00026 0.00015 0.00023 0.00032 0.00037 <0.00 0.00026 0.0001
Pb208 0.79 0.057 0.011 0.0077 0.009 0.022 0.051 0.014 0.015

Element Line1-19 Line1-20 Line1-21 Line1-22 Line1-23 Line1-24 Line1-25 Line1-26 Line1-27
Li7 0.035 0.028 0.038 0.038 0.03 0.044 0.044 1.21 1.78
Mg25 32043.01 32417.96 33096.19 32342.48 32524.45 32967.45 29207.21 35487.39 35734.09
Mg26 15733.14 16110.59 16180.61 15976.51 16144.05 16247.57 14449.32 16853.57 17832.79
Si29 11.3 10.84 7.79 7.85 7.46 10.19 54.64 67582.35 67067.48
Ca43 6876.96 6876.64 6876.95 6876.59 6876.57 6876.48 6877.65 7044.91 7182.6
Ti49 0.05 0.052 0.048 0.044 0.045 0.053 0.62 29.61 34.43
Cr53 0.11 0.096 0.1 0.088 0.096 0.093 0.19 10.47 20.62
Mn55 81.08 79.05 77.66 79.83 76.08 79.22 77.57 9.39 10.19
Zn66 0.63 1.63 1.11 0.16 0.24 0.92 9.2 417.42 869.27
Ga71 0.0082 0.008 0.0072 0.0081 0.0081 0.0077 0.0081 0.74 0.39
Ge72 0.024 0.019 0.022 0.019 0.018 0.019 0.022 0.69 1.29
Rb85 0.0072 0.0056 0.0066 0.0063 0.0054 0.0079 0.0093 6.88 6.33
Sr88 1.36 1.57 1.72 1.59 1.3 2.08 2.61 26.01 41.09
Zr90 0.0093 0.011 0.011 0.009 0.0088 0.01 0.024 38.88 38.32
Cd111 0.0071 0.0046 0.0072 0.0051 0.0047 0.0074 0.063 2.05 0.22
Cs133 0.0044 0.0034 0.005 0.0043 0.0038 0.0053 0.0066 0.11 0.12
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Ba137 0.071 0.074 0.09 0.059 0.059 0.11 39.74 3823.88 6376.02
Eu153 0.0051 0.004 0.0033 0.0039 0.0042 0.0037 0.0044 0.099 0.16
Hf178 0.00096 0.001 0.00084 0.00064 0.0007 0.00084 0.0019 1.02 1.36
Ta181 0.0001 0.00019 0.00028 0.00024 0.00048 0.00015 0.00036 0.035 0.038
Pb208 0.022 0.037 0.061 0.005 0.0058 0.022 0.041 2.69 4.14

Element Line1-28 Line1-29 Line1-30 Line1-31 Line1-32 Line1-33 Line1-34 Line1-35 Line1-36
Li7 0.035 0.039 0.036 0.046 0.041 0.04 0.043 0.046 0.036
Mg25 32872.71 32924.23 34414.28 34576.2 35658.44 35767.47 35566.3 35690.17 36429.48
Mg26 16785.98 16378.82 17199.64 17434.96 17839.71 17560.73 17851.26 18034.43 18136.04
Si29 36.4 13.53 8.16 7.69 7.88 7.33 10.88 14.92 7.58
Ca43 6876.66 6876.66 6876.9 6878.84 6877.33 6876.98 6876.66 6877.24 6876.9
Ti49 0.82 0.83 0.072 0.078 0.084 0.084 0.1 0.11 0.1
Cr53 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11
Mn55 85.76 84.3 100.32 116.17 123.22 126.02 114.05 108.55 118.42
Zn66 2.41 1.2 0.44 0.15 0.16 0.13 1.08 2.66 1.76
Ga71 0.0081 0.0089 0.0076 0.007 0.0055 0.0064 0.0054 0.0059 0.0049
Ge72 0.02 0.019 0.022 0.023 0.023 0.021 0.019 0.022 0.019
Rb85 0.009 0.0082 0.0062 0.0083 0.0065 0.007 0.0065 0.01 0.0061
Sr88 2.34 1.77 2.33 2.25 1.89 1.8 2.12 2.16 1.37
Zr90 0.017 0.016 0.0073 0.0064 0.012 0.0083 0.011 0.01 0.0056
Cd111 0.0068 0.013 0.0064 0.0062 0.0059 0.0093 0.0057 0.0076 0.0086
Cs133 0.0057 0.0051 0.0051 0.0058 0.0053 0.0053 0.0054 0.0059 0.0042
Ba137 2.25 0.15 0.14 0.11 0.14 0.089 0.1 0.13 0.1
Eu153 0.0048 0.0053 0.0033 0.0016 0.0014 0.0017 0.0015 0.0012 0.0012
Hf178 0.0012 0.0013 0.0011 0.0012 0.00059 0.00091 0.0005 0.0011 0.0016
Ta181 0.00013 0.00026 <0.00 0.00014 0.00011 0.00025 0.00028 0.00018 0.00026
Pb208 0.038 0.031 0.03 0.013 0.01 0.011 0.023 0.056 0.038

Element Line1-37 Line1-38 Line1-39 Line1-40 Line1-41 Line1-42 Line1-43 Line1-44 Line1-45
Li7 0.033 0.034 0.031 0.029 0.035 0.034 0.03 0.029 0.05
Mg25 36164.39 36258.11 37194.54 37355.7 37993.18 37835.46 38162.2 37708.83 38016.35
Mg26 18179.61 18354.34 18519.13 18924.13 19298.8 18923.95 18941.98 18934.34 19057.84
Si29 9.29 7.35 8.32 7.44 11.85 12.55 10.25 22.29 148
Ca43 6878.28 6877.64 6876.93 6876.94 6877.16 6878.91 6878.39 6877.07 6877.07
Ti49 0.12 0.12 0.11 0.12 0.33 0.83 0.34 0.63 4.95
Cr53 0.13 0.12 0.12 0.12 0.16 0.16 0.17 0.17 0.21
Mn55 123.62 122.08 129.77 131.01 129.52 124.22 122.68 126.03 124.39
Zn66 3.08 3.08 3.59 5.14 10.78 3.4 2.74 2.54 9.14
Ga71 0.0043 0.005 0.0043 0.0041 0.0056 0.0077 0.0053 0.0079 0.038
Ge72 0.026 0.023 0.02 0.02 0.022 0.023 0.024 0.022 0.023
Rb85 0.0059 0.0058 0.0048 0.0053 0.006 0.013 0.0075 0.028 0.26
Sr88 1.49 1.41 1.17 0.93 1.26 2.58 0.93 1.16 1.66
Zr90 0.008 0.0079 0.0073 0.0088 0.037 0.064 0.016 0.1 0.22
Cd111 0.0072 0.0054 0.0071 0.0064 0.011 0.008 0.0089 0.0081 0.0085
Cs133 0.0047 0.0046 0.0035 0.0034 0.0037 0.014 0.0031 0.0041 0.01
Ba137 0.13 0.18 0.15 0.29 0.41 0.2 0.098 0.13 0.28
Eu153 0.0014 0.0016 0.0012 0.0015 0.0021 0.0017 0.0016 0.0019 0.0029
Hf178 0.00072 0.0011 0.0009 0.0012 0.0016 0.003 0.0011 0.0033 0.0067
Ta181 0.00026 <0.00 0.0001 0.00014 0.00048 0.00052 0.0006 0.00047 0.0021
Pb208 0.098 0.22 0.18 0.4 0.93 0.47 0.11 0.14 0.67

Element Line1-46 Line1-47 Line1-48 Line1-49 Line1-50 Line1-51 Line1-52
Li7 0.033 0.032 0.028 0.032 0.025 0.027 0.034
Mg25 38434.76 38789.88 38663.46 38351.32 39447.08 39717.58 39941.19
Mg26 19420.24 19651.62 19692.1 19907.62 20113.91 20021.45 20335.99
Si29 18.04 18.83 29.54 82.28 17.05 13.34 34.66
Ca43 6876.9 6876.84 6876.65 6883.17 6877.17 6876.85 6877.09
Ti49 0.47 0.31 1.03 1.5 0.42 0.73 1.82
Cr53 0.22 0.18 0.19 0.22 0.17 0.19 0.24
Mn55 117.06 120.39 123.76 123.74 106.39 107.09 113.17
Zn66 3.56 1.74 1.7 3.14 2.34 3.25 2.74
Ga71 0.0085 0.0069 0.0086 0.023 0.0096 0.0072 0.014
Ge72 0.021 0.021 0.021 0.025 0.021 0.02 0.02
Rb85 0.015 0.013 0.042 0.098 0.017 0.011 0.033
Sr88 3.02 1.39 1.05 1.06 1.34 1.28 6.07
Zr90 0.066 0.052 2.35 0.17 0.018 0.08 0.13
Cd111 0.0079 0.0078 0.0061 0.011 0.008 0.0048 0.0049
Cs133 0.0044 0.0035 0.0035 0.007 0.0018 0.002 0.0046
Ba137 0.15 0.11 0.23 0.2 0.089 0.12 0.19
Eu153 0.0018 0.0015 0.002 0.0022 0.0048 0.0019 0.0023
Hf178 0.0029 0.0024 0.064 0.006 0.0015 0.0027 0.0053
Ta181 0.00054 0.00041 0.00075 0.0021 0.00032 0.0004 0.00095
Pb208 0.28 0.082 0.064 0.13 0.068 0.13 1.02
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Table H.10: MDL-filtered data of LA-ICP-MS line 2 in sample (c) (figure D.1)

Element Line1-1 Line1-2 Line1-3 Line1-4 Line1-5 Line1-6 Line1-7 Line1-8 Line1-9
Li7 3.78 1.97 3.23 1.489 0.427 0.301 0.787 0.467 0.393
Mg25 126364.26 124443.37 125384.91 124438.34 126222.7 123670.73 124372.57 123984.14 126354.8
Mg26 117585.66 116588.72 116853.44 117524.28 117829.59 116870.8 115822.47 118241.2 116472.49
Si29 7003.73 2520.21 1288.93 175.65 826.65 823.6 2317.87 618.35 896.4
Ca43 217340.48 217340.48 217340.48 217340.47 217340.48 217340.48 217340.48 217340.48 217340.48
Ti49 61.8 278.91 29.23 9.42 10.49 46.4 254.03 35.8 29.39
Cr53 9.23 5.45 3.81 11.31 3.16 2.75 5.58 2.91 1.93
Mn55 1798.14 1858.74 1990.13 2045.51 2012.11 1722.38 1542.89 1757.58 1736.7
Zn66 29.77 53.97 9.92 1.72 127.25 36.54 45.03 12.99 66.38
Ga71 0.754 0.544 0.145 0.1213 0.0942 0.224 0.582 0.196 0.215
Ge72 0.483 0.137 0.213 0.101 0.133 <0.063 <0.063 0.063 <0.059
Rb85 1.62 2.07 0.252 0.136 0.16 0.761 1.296 0.348 0.745
Sr88 41.19 115.41 60.14 54.73 124.43 102.94 237.16 106.13 49.21
Zr90 35.02 5.14 1.33 0.28 0.341 1.227 6 0.856 1.43
Cd111 1.29 0.212 0.161 0.149 0.0418 0.339 0.0142 0.0159 0.16
Cs133 0.962 0.219 0.0943 0.0792 0.0626 0.1261 0.1225 0.0667 0.0754
Ba137 3.3 9.42 1.739 0.964 2.73 3.61 5.09 2.87 7.19
Eu153 0.0647 0.0296 0.0129 0.012 0.0142 0.0148 0.0218 0.0129 0.0173
Hf178 0.113 0.125 0.043 0.0107 0.011 0.0348 0.131 0.0262 0.0413
Ta181 0.0705 0.0875 0.00591 0.00236 0.0017 0.0131 0.0485 0.00563 0.00528
Pb208 6.36 6.27 1.65 0.473 8.32 4.08 7.37 4.36 10.81

Element Line1-10 Line1-11 Line1-12 Line1-13 Line1-14 Line1-15 Line1-16 Line1-17 Line1-18
Li7 0.648 0.432 0.384 0.282 0.299 0.612 0.579 0.475 0.567
Mg25 127646.95 128966.06 127235.29 125985.07 127290.04 130935.74 127561.99 130378.58 126950.49
Mg26 121463.79 122250.71 121670.16 120667.68 123751.95 125651.63 122488.15 123352.41 122067.4
Si29 497.78 127.56 129.57 148.2 351.85 234.13 172.07 189.21 158.58
Ca43 217340.47 217340.48 217340.47 217340.48 217340.48 217340.48 217340.48 217340.48 217340.48
Ti49 8.02 1.95 3.67 2.74 1.38 0.731 0.506 0.465 0.334
Cr53 1.84 1.12 1.12 4.36 1.16 1.08 0.94 0.84 0.73
Mn55 1621.62 1792.21 1934.41 1950.11 1816.35 1934.94 2091.86 1938.73 1641.1
Zn66 67.68 2.82 1.82 6.09 5.39 18.35 16.25 16 12.9
Ga71 0.105 0.0656 0.0687 0.0664 0.0741 0.0648 0.0786 0.0708 0.1034
Ge72 <0.067 <0.059 <0.064 <0.059 <0.056 <0.058 <0.065 <0.065 0.071
Rb85 0.262 0.0775 0.0676 0.0731 0.0612 0.1023 0.078 0.0857 0.1034
Sr88 32.07 39.65 43.79 29.44 26.57 54.74 51.96 38.15 40.94
Zr90 0.662 0.0429 0.733 0.113 0.0849 0.164 0.164 0.0892 0.136
Cd111 0.0168 0.0099 0.0075 0.0189 <0.0110 0.0079 0.0343 0.509 0.0143
Cs133 0.0735 0.061 0.048 0.0328 0.0441 0.0693 0.0529 0.0579 0.0844
Ba137 5.48 1.685 0.914 0.699 0.712 2.14 1.412 1.169 1.562
Eu153 0.0077 0.0066 0.0098 0.0083 0.0067 0.0057 0.0136 0.0052 0.0306
Hf178 0.0665 0.0032 0.0156 0.0036 0.00159 0.00207 0.0077 0.00067 0.004
Ta181 <0.00144 <0.00083 0.00021 0.00051 0.00099 <0.00109 <0.00 0.00062 0.0001
Pb208 6.74 0.476 0.089 0.0591 0.07 0.18 0.42 0.107 0.114

Element Line1-19 Line1-20 Line1-21 Line1-22 Line1-23 Line1-24 Line1-25 Line1-26 Line1-27
Li7 0.469 0.339 0.562 0.603 0.408 0.737 0.689 17.72 17.63
Mg25 127678.08 128577.62 130646.86 127052.26 127132.06 128208.31 112994.61 136536.78 136721.3
Mg26 121880.1 124203.25 124127.01 121941.95 122583.72 122718.33 108547.42 125823.61 132312.61
Si29 198.57 191.99 129.45 134.03 126.27 178.4 1000.88 1236406.13 1220870
Ca43 217340.48 217340.48 217340.48 217340.5 217340.5 217340.47 217340.48 217340.48 217340.48
Ti49 0.337 0.43 0.249 0.281 0.262 0.382 11.68 564.8 627.81
Cr53 1.01 0.939 0.86 0.676 0.999 0.75 2.43 147.44 290.79
Mn55 1438.21 1397.53 1368.43 1401.72 1331.1 1380.93 1347.1 161.18 172.96
Zn66 7.19 18.59 12.57 1.7 2.67 10.33 103.14 4651.84 9630.08
Ga71 0.1123 0.108 0.0901 0.1074 0.1137 0.1013 0.0945 12.22 4.08
Ge72 <0.065 0.057 <0.058 <0.049 <0.047 <0.050 <0.057 2.98 <3.41
Rb85 0.0892 0.0651 0.079 0.0761 0.0636 0.1015 0.1162 99.93 90.81
Sr88 34.45 39.84 43.61 40.22 32.77 52.21 65.48 645.7 1011.16
Zr90 0.0936 0.114 0.108 0.091 0.0881 0.104 0.261 457.87 447.84
Cd111 0.0213 <0.0090 <0.0202 0.0189 <0.0125 0.0287 0.618 19.72 0.48
Cs133 0.0574 0.0438 0.0672 0.0572 0.0494 0.0731 0.0902 1.39 1.14
Ba137 1.224 1.287 1.554 1.002 1.009 1.85 695.67 66444.54 110034.23
Eu153 0.0514 0.0386 0.0304 0.0382 0.0404 0.0338 0.0413 0.787 1.15
Hf178 0.00279 0.0034 0.00217 0.00141 0.00169 0.00247 0.0087 11.37 14.77
Ta181 0.0001 <0.00062 0.00077 <0.00061 <0.00150 0.00025 <0.00073 0.209 0.18
Pb208 0.173 0.293 0.485 0.0351 0.0415 0.171 0.324 21.01 32.13

Element Line1-28 Line1-29 Line1-30 Line1-31 Line1-32 Line1-33 Line1-34 Line1-35 Line1-36
Li7 0.43 0.587 0.512 0.7 0.62 0.598 0.644 0.711 0.522
Mg25 125124.2 124618.2 127250.24 127078.3 130256.66 129848.8 128313.17 127948.64 129768.27
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Mg26 123997.55 120289.83 123311.06 124221.32 126307.35 123542.3 124779.88 125242.15 125123
Si29 662.31 239.46 135.16 122.05 128.15 117.13 186.24 260.19 123.62
Ca43 217340.48 217340.48 217340.48 217340.48 217340.48 217340.48 217340.47 217340.48 217340.48
Ti49 15.81 15.95 0.302 0.575 0.776 0.891 1.203 1.4 1.3
Cr53 1 1.03 1.02 0.9 1.01 1.07 1.04 0.83 1.05
Mn55 1471.96 1440.93 1685.45 1942.9 2051.56 2088.53 1881.25 1782.03 1934.88
Zn66 26.63 13.11 4.64 1.46 1.62 1.33 11.38 27.87 18.32
Ga71 0.1067 0.1184 0.091 0.0622 0.048 0.0642 0.0554 0.0576 0.0402
Ge72 <0.054 <0.051 <0.059 <0.061 <0.063 <0.054 0.072 <0.058 0.062
Rb85 0.1139 0.1015 0.0718 0.0951 0.0733 0.0813 0.076 0.129 0.0689
Sr88 58.21 43.93 57.34 55.11 46.29 44 51.53 52.48 33.04
Zr90 0.181 0.169 0.0669 0.0504 0.118 0.0763 0.11 0.098 0.0447
Cd111 <0.0153 0.071 <0.0164 <0.0119 <0.0118 <0.0264 0.022 <0.0201 <0.0217
Cs133 0.0773 0.0685 0.067 0.0741 0.0691 0.0683 0.0704 0.0773 0.0531
Ba137 38.93 2.61 2.28 1.75 2.34 1.442 1.69 2.03 1.62
Eu153 0.0446 0.0508 0.0267 0.0059 0.0053 0.0071 0.0049 0.0044 0.0058
Hf178 0.0046 0.0052 0.0034 <0.0038 0.00102 0.0025 0.00086 0.0033 <0.0048
Ta181 0.00018 <0.00075 <0.00 0.00014 0.00011 <0.00082 <0.00081 0.00031 <0.00067
Pb208 0.289 0.234 0.227 0.088 0.072 0.079 0.168 0.411 0.277

Element Line1-37 Line1-38 Line1-39 Line1-40 Line1-41 Line1-42 Line1-43 Line1-44 Line1-45
Li7 0.249 0.385 0.364 0.323 0.417 0.357 0.232 0.243 0.724
Mg25 125508.25 125000.82 127375.2 127069.98 128367.68 126968.94 127194.12 124824.36 124978.92
Mg26 122099.55 122432.76 122684.23 124501.23 126083.88 122770.35 122024.56 121115.15 121041.14
Si29 151.41 115.85 136.73 119.42 199.26 210.01 167.58 384.74 2586.57
Ca43 217340.48 217340.48 217340.48 217340.48 217340.48 217340.47 217340.48 217340.48 217340.48
Ti49 1.52 1.63 1.36 1.54 5.61 14.69 5.58 11.06 90.8
Cr53 1.32 1.06 1.32 1.28 1.72 1.64 1.74 1.8 2.48
Mn55 1980.11 1945.6 2057.5 2066.49 2032.39 1938.9 1904.7 1946.4 1910.67
Zn66 31.3 31.18 36.11 51.38 107.11 33.52 26.81 24.72 88.6
Ga71 0.0326 0.0412 0.0331 0.0298 0.04 0.077 0.0422 0.0898 0.632
Ge72 <0.066 <0.060 0.059 0.053 0.077 0.061 <0.064 <0.059 0.065
Rb85 0.0538 0.0571 0.0488 0.0548 0.0612 0.149 0.0783 0.352 3.42
Sr88 35.68 33.51 27.84 21.94 29.76 60.66 21.71 27.12 38.69
Zr90 0.0659 0.0671 0.0624 0.0775 0.373 0.647 0.143 1.02 2.26
Cd111 <0.0170 0.0164 0.0234 0.0179 <0.028 0.027 <0.0247 <0.0211 <0.0243
Cs133 0.0544 0.0558 0.0411 0.0397 0.0425 0.184 0.0332 0.0484 0.129
Ba137 2.06 2.87 2.37 4.55 6.45 3.07 1.499 1.95 4.28
Eu153 0.0074 0.0056 0.0045 0.009 0.0123 0.0087 0.008 0.0125 0.0208
Hf178 0.00124 0.0029 0.00248 <0.0022 0.0069 0.0153 0.0025 0.0212 0.0546
Ta181 0.00051 <0.00 0.0001 0.00019 <0.00121 0.00172 0.00236 0.00189 0.0164
Pb208 0.695 1.59 1.27 2.8 6.48 3.22 0.75 0.95 4.51

Element Line1-46 Line1-47 Line1-48 Line1-49 Line1-50 Line1-51 Line1-52
Li7 0.373 0.35 0.218 0.226 0.152 0.175 0.413
Mg25 125484.43 125768.95 124490.48 122626.88 125252.73 125231.53 125056.09
Mg26 122465.14 123039.02 122408.75 122856.16 123236.13 121782.66 122799.15
Si29 308.45 321.65 508.56 1418.84 288.5 222.07 591.94
Ca43 217340.48 217340.48 217340.47 217340.48 217340.48 217340.52 217340.52
Ti49 7.97 5.15 18.28 25.81 6.89 12.54 31.98
Cr53 2.59 2.03 2.17 2.25 1.93 2.16 2.78
Mn55 1788.38 1829.29 1870.21 1859.43 1589.98 1591.58 1672.51
Zn66 34.25 16.67 16.09 29.6 21.97 30.33 25.34
Ga71 0.1018 0.0757 0.1071 0.296 0.123 0.083 0.195
Ge72 <0.056 <0.056 <0.058 0.067 0.081 <0.055 0.053
Rb85 0.183 0.147 0.519 1.21 0.201 0.127 0.397
Sr88 70.04 32 24.2 24.3 30.71 29.08 137.68
Zr90 0.651 0.513 23.57 1.66 0.158 0.775 1.27
Cd111 <0.0202 <0.0199 0.0133 0.032 0.0282 0.0151 0.0146
Cs133 0.0515 0.0396 0.0389 0.0761 0.0157 0.02 0.0521
Ba137 2.31 1.6 3.53 3.02 1.315 1.74 2.75
Eu153 0.0077 0.0064 0.0137 0.0083 0.0402 0.011 0.0157
Hf178 0.0176 0.0133 0.639 0.0325 <0.0030 0.013 0.0391
Ta181 0.00238 0.0015 0.0042 0.0115 <0.00066 <0.00079 0.00549
Pb208 1.89 0.549 0.423 0.82 0.444 0.82 6.61

Table H.11: Sigma error of LA-ICP-MS line 2 in sample (c) (figure D.1)

Element Line1-1 Line1-2 Line1-3 Line1-4 Line1-5 Line1-6 Line1-7 Line1-8 Line1-9
Li7 0.19 0.1 0.16 0.084 0.04 0.036 0.053 0.039 0.037
Mg25 29755.96 29321.27 29566.7 29372.51 29828.79 29265.61 29477.44 29436.42 30056.96
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Mg26 14128.93 14024.12 14073.74 14174.93 14234.7 14144.05 14044.73 14368.5 14186.18
Si29 372.3 134.06 68.72 10.27 44.25 44.06 123.48 33.19 47.97
Ca43 6880.53 6877.2 6877.45 6877.9 6878.05 6877.22 6878.14 6876.81 6877.2
Ti49 2.95 13.06 1.41 0.49 0.54 2.21 11.94 1.71 1.42
Cr53 0.6 0.35 0.26 0.71 0.22 0.2 0.37 0.21 0.15
Mn55 97 100.3 107.45 110.51 108.79 93.21 83.59 95.33 94.32
Zn66 2.46 4.44 0.82 0.15 10.49 3.02 3.73 1.08 5.51
Ga71 0.042 0.029 0.01 0.0096 0.0083 0.014 0.032 0.012 0.013
Ge72 0.046 0.026 0.027 0.026 0.026 0.023 0.025 0.023 0.022
Rb85 0.11 0.13 0.018 0.01 0.012 0.05 0.085 0.024 0.049
Sr88 1.58 4.43 2.31 2.1 4.78 3.96 9.13 4.09 1.9
Zr90 2.71 0.4 0.11 0.024 0.029 0.097 0.47 0.068 0.11
Cd111 0.12 0.024 0.021 0.02 0.0092 0.035 0.0051 0.0047 0.02
Cs133 0.061 0.014 0.0066 0.0058 0.0047 0.0085 0.0084 0.0048 0.0054
Ba137 0.18 0.51 0.096 0.055 0.15 0.2 0.28 0.16 0.39
Eu153 0.0068 0.0032 0.0021 0.0019 0.002 0.0019 0.0027 0.0017 0.0022
Hf178 0.012 0.011 0.005 0.0022 0.0022 0.0046 0.012 0.0034 0.0048
Ta181 0.0068 0.0078 0.00093 0.00056 0.00048 0.0016 0.0047 0.00086 0.00085
Pb208 0.73 0.72 0.19 0.055 0.96 0.47 0.86 0.51 1.26

Element Line1-10 Line1-11 Line1-12 Line1-13 Line1-14 Line1-15 Line1-16 Line1-17 Line1-18
Li7 0.045 0.036 0.034 0.031 0.03 0.041 0.041 0.038 0.04
Mg25 30653.37 31057.1 30731.54 30525.23 30943.42 31940.03 31229.85 32433.14 31717.95
Mg26 14955.69 15099.6 15077.26 15004.46 15443.25 15738.98 15402.45 15776.21 15683.42
Si29 26.92 7.75 7.84 8.69 19.21 13.04 9.98 10.85 9.29
Ca43 6877.41 6877.05 6877.34 6877.19 6877.06 6876.77 6877.1 6877.29 6877.28
Ti49 0.42 0.13 0.21 0.17 0.1 0.07 0.061 0.055 0.049
Cr53 0.15 0.12 0.12 0.3 0.11 0.11 0.11 0.1 0.1
Mn55 88.64 98.16 106.16 107.26 100.13 106.92 115.89 108.62 92.23
Zn66 5.66 0.24 0.16 0.52 0.46 1.56 1.39 1.38 1.12
Ga71 0.0083 0.0062 0.0066 0.0067 0.0062 0.0061 0.0069 0.0063 0.008
Ge72 0.025 0.022 0.024 0.022 0.021 0.021 0.023 0.024 0.023
Rb85 0.018 0.0064 0.0059 0.0062 0.0054 0.0079 0.0064 0.0071 0.0083
Sr88 1.24 1.54 1.7 1.14 1.03 2.13 2.03 1.5 1.61
Zr90 0.054 0.0049 0.06 0.011 0.0084 0.015 0.015 0.009 0.013
Cd111 0.0052 0.0038 0.0034 0.0055 0.0051 0.0033 0.0075 0.051 0.0064
Cs133 0.0053 0.0045 0.0037 0.0028 0.0034 0.0049 0.004 0.0045 0.0061
Ba137 0.3 0.094 0.053 0.041 0.042 0.12 0.08 0.068 0.09
Eu153 0.0013 0.0013 0.0015 0.0014 0.0013 0.001 0.0018 0.0011 0.0034
Hf178 0.007 0.001 0.0026 0.0011 0.00072 0.0008 0.0017 0.00048 0.0012
Ta181 0.0005 0.00026 0.00015 0.00023 0.00032 0.00037 <0.00 0.00026 0.0001
Pb208 0.79 0.057 0.011 0.0077 0.009 0.022 0.051 0.014 0.015

Element Line1-19 Line1-20 Line1-21 Line1-22 Line1-23 Line1-24 Line1-25 Line1-26 Line1-27
Li7 0.035 0.028 0.038 0.038 0.03 0.044 0.044 1.21 1.78
Mg25 32043.01 32417.96 33096.19 32342.48 32524.45 32967.45 29207.21 35487.39 35734.09
Mg26 15733.14 16110.59 16180.61 15976.51 16144.05 16247.57 14449.32 16853.57 17832.79
Si29 11.3 10.84 7.79 7.85 7.46 10.19 54.64 67582.35 67067.48
Ca43 6876.96 6876.64 6876.95 6876.59 6876.57 6876.48 6877.65 7044.91 7182.6
Ti49 0.05 0.052 0.048 0.044 0.045 0.053 0.62 29.61 34.43
Cr53 0.11 0.096 0.1 0.088 0.096 0.093 0.19 10.47 20.62
Mn55 81.08 79.05 77.66 79.83 76.08 79.22 77.57 9.39 10.19
Zn66 0.63 1.63 1.11 0.16 0.24 0.92 9.2 417.42 869.27
Ga71 0.0082 0.008 0.0072 0.0081 0.0081 0.0077 0.0081 0.74 0.39
Ge72 0.024 0.019 0.022 0.019 0.018 0.019 0.022 0.69 1.29
Rb85 0.0072 0.0056 0.0066 0.0063 0.0054 0.0079 0.0093 6.88 6.33
Sr88 1.36 1.57 1.72 1.59 1.3 2.08 2.61 26.01 41.09
Zr90 0.0093 0.011 0.011 0.009 0.0088 0.01 0.024 38.88 38.32
Cd111 0.0071 0.0046 0.0072 0.0051 0.0047 0.0074 0.063 2.05 0.22
Cs133 0.0044 0.0034 0.005 0.0043 0.0038 0.0053 0.0066 0.11 0.12
Ba137 0.071 0.074 0.09 0.059 0.059 0.11 39.74 3823.88 6376.02
Eu153 0.0051 0.004 0.0033 0.0039 0.0042 0.0037 0.0044 0.099 0.16
Hf178 0.00096 0.001 0.00084 0.00064 0.0007 0.00084 0.0019 1.02 1.36
Ta181 0.0001 0.00019 0.00028 0.00024 0.00048 0.00015 0.00036 0.035 0.038
Pb208 0.022 0.037 0.061 0.005 0.0058 0.022 0.041 2.69 4.14

Element Line1-28 Line1-29 Line1-30 Line1-31 Line1-32 Line1-33 Line1-34 Line1-35 Line1-36
Li7 0.035 0.039 0.036 0.046 0.041 0.04 0.043 0.046 0.036
Mg25 32872.71 32924.23 34414.28 34576.2 35658.44 35767.47 35566.3 35690.17 36429.48
Mg26 16785.98 16378.82 17199.64 17434.96 17839.71 17560.73 17851.26 18034.43 18136.04
Si29 36.4 13.53 8.16 7.69 7.88 7.33 10.88 14.92 7.58
Ca43 6876.66 6876.66 6876.9 6878.84 6877.33 6876.98 6876.66 6877.24 6876.9
Ti49 0.82 0.83 0.072 0.078 0.084 0.084 0.1 0.11 0.1
Cr53 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11
Mn55 85.76 84.3 100.32 116.17 123.22 126.02 114.05 108.55 118.42
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Zn66 2.41 1.2 0.44 0.15 0.16 0.13 1.08 2.66 1.76
Ga71 0.0081 0.0089 0.0076 0.007 0.0055 0.0064 0.0054 0.0059 0.0049
Ge72 0.02 0.019 0.022 0.023 0.023 0.021 0.019 0.022 0.019
Rb85 0.009 0.0082 0.0062 0.0083 0.0065 0.007 0.0065 0.01 0.0061
Sr88 2.34 1.77 2.33 2.25 1.89 1.8 2.12 2.16 1.37
Zr90 0.017 0.016 0.0073 0.0064 0.012 0.0083 0.011 0.01 0.0056
Cd111 0.0068 0.013 0.0064 0.0062 0.0059 0.0093 0.0057 0.0076 0.0086
Cs133 0.0057 0.0051 0.0051 0.0058 0.0053 0.0053 0.0054 0.0059 0.0042
Ba137 2.25 0.15 0.14 0.11 0.14 0.089 0.1 0.13 0.1
Eu153 0.0048 0.0053 0.0033 0.0016 0.0014 0.0017 0.0015 0.0012 0.0012
Hf178 0.0012 0.0013 0.0011 0.0012 0.00059 0.00091 0.0005 0.0011 0.0016
Ta181 0.00013 0.00026 <0.00 0.00014 0.00011 0.00025 0.00028 0.00018 0.00026
Pb208 0.038 0.031 0.03 0.013 0.01 0.011 0.023 0.056 0.038

Element Line1-37 Line1-38 Line1-39 Line1-40 Line1-41 Line1-42 Line1-43 Line1-44 Line1-45
Li7 0.033 0.034 0.031 0.029 0.035 0.034 0.03 0.029 0.05
Mg25 36164.39 36258.11 37194.54 37355.7 37993.18 37835.46 38162.2 37708.83 38016.35
Mg26 18179.61 18354.34 18519.13 18924.13 19298.8 18923.95 18941.98 18934.34 19057.84
Si29 9.29 7.35 8.32 7.44 11.85 12.55 10.25 22.29 148
Ca43 6878.28 6877.64 6876.93 6876.94 6877.16 6878.91 6878.39 6877.07 6877.07
Ti49 0.12 0.12 0.11 0.12 0.33 0.83 0.34 0.63 4.95
Cr53 0.13 0.12 0.12 0.12 0.16 0.16 0.17 0.17 0.21
Mn55 123.62 122.08 129.77 131.01 129.52 124.22 122.68 126.03 124.39
Zn66 3.08 3.08 3.59 5.14 10.78 3.4 2.74 2.54 9.14
Ga71 0.0043 0.005 0.0043 0.0041 0.0056 0.0077 0.0053 0.0079 0.038
Ge72 0.026 0.023 0.02 0.02 0.022 0.023 0.024 0.022 0.023
Rb85 0.0059 0.0058 0.0048 0.0053 0.006 0.013 0.0075 0.028 0.26
Sr88 1.49 1.41 1.17 0.93 1.26 2.58 0.93 1.16 1.66
Zr90 0.008 0.0079 0.0073 0.0088 0.037 0.064 0.016 0.1 0.22
Cd111 0.0072 0.0054 0.0071 0.0064 0.011 0.008 0.0089 0.0081 0.0085
Cs133 0.0047 0.0046 0.0035 0.0034 0.0037 0.014 0.0031 0.0041 0.01
Ba137 0.13 0.18 0.15 0.29 0.41 0.2 0.098 0.13 0.28
Eu153 0.0014 0.0016 0.0012 0.0015 0.0021 0.0017 0.0016 0.0019 0.0029
Hf178 0.00072 0.0011 0.0009 0.0012 0.0016 0.003 0.0011 0.0033 0.0067
Ta181 0.00026 <0.00 0.0001 0.00014 0.00048 0.00052 0.0006 0.00047 0.0021
Pb208 0.098 0.22 0.18 0.4 0.93 0.47 0.11 0.14 0.67

Element Line1-46 Line1-47 Line1-48 Line1-49 Line1-50 Line1-51 Line1-52
Li7 0.033 0.032 0.028 0.032 0.025 0.027 0.034
Mg25 38434.76 38789.88 38663.46 38351.32 39447.08 39717.58 39941.19
Mg26 19420.24 19651.62 19692.1 19907.62 20113.91 20021.45 20335.99
Si29 18.04 18.83 29.54 82.28 17.05 13.34 34.66
Ca43 6876.9 6876.84 6876.65 6883.17 6877.17 6876.85 6877.09
Ti49 0.47 0.31 1.03 1.5 0.42 0.73 1.82
Cr53 0.22 0.18 0.19 0.22 0.17 0.19 0.24
Mn55 117.06 120.39 123.76 123.74 106.39 107.09 113.17
Zn66 3.56 1.74 1.7 3.14 2.34 3.25 2.74
Ga71 0.0085 0.0069 0.0086 0.023 0.0096 0.0072 0.014
Ge72 0.021 0.021 0.021 0.025 0.021 0.02 0.02
Rb85 0.015 0.013 0.042 0.098 0.017 0.011 0.033
Sr88 3.02 1.39 1.05 1.06 1.34 1.28 6.07
Zr90 0.066 0.052 2.35 0.17 0.018 0.08 0.13
Cd111 0.0079 0.0078 0.0061 0.011 0.008 0.0048 0.0049
Cs133 0.0044 0.0035 0.0035 0.007 0.0018 0.002 0.0046
Ba137 0.15 0.11 0.23 0.2 0.089 0.12 0.19
Eu153 0.0018 0.0015 0.002 0.0022 0.0048 0.0019 0.0023
Hf178 0.0029 0.0024 0.064 0.006 0.0015 0.0027 0.0053
Ta181 0.00054 0.00041 0.00075 0.0021 0.00032 0.0004 0.00095
Pb208 0.28 0.082 0.064 0.13 0.068 0.13 1.02



H.12 Initial solution 1. - pore fluid      

-----------------------------Solution composition------------------------------ 

 Elements           Molality       Moles 

 

 Alkalinity        2.315e-03   2.315e-03 

 Ca                1.030e-02   1.030e-02 

 Mg                5.320e-02   5.320e-02 

----------------------------Description of solution---------------------------- 

                                       pH  =   8.500     

                                       pe  =   4.000     

       Specific Conductance (µS/cm, 50°C)  =   7234 

                          Density (g/cm³)  =   0.99099 

                               Volume (L)  =   1.01091 

                        Activity of water  =   0.999 

                           Ionic strength  =   1.258e-01 

                       Mass of water (kg)  =   1.000e+00 

                    Total carbon (mol/kg)  =   1.551e-03 

                       Total CO2 (mol/kg)  =   1.551e-03 

                         Temperature (°C)  =   50.00 

                  Electrical balance (eq)  =   1.247e-01 

 Percent error, 100*(Cat-|An|)/(Cat+|An|)  =   98.61 

                               Iterations  =   6 

                                  Total H  =   1.110137e+02 

                                  Total O  =   5.551112e+01 

 

----------------------------Distribution of species---------------------------- 

                                               Log       Log       Log    mole V 

   Species          Molality    Activity  Molality  Activity     Gamma   cm³/mol 

 

   OH-             2.284e-05   1.677e-05    -4.641    -4.776    -0.134     (0)   

   H+              3.908e-09   3.162e-09    -8.408    -8.500    -0.092      0.00 

   H2O             5.551e+01   9.989e-01     1.744    -0.000     0.000     18.23 

C(4)          1.551e-03 

   HCO3-           7.815e-04   5.986e-04    -3.107    -3.223    -0.116     25.37 

   MgCO3           3.321e-04   3.419e-04    -3.479    -3.466     0.013     (0)   

   MgHCO3+         2.104e-04   1.597e-04    -3.677    -3.797    -0.120     (0)   

   CaCO3           1.419e-04   1.461e-04    -3.848    -3.835     0.013     (0)   

   CaHCO3+         4.456e-05   3.413e-05    -4.351    -4.467    -0.116     (0)   

   CO3-2           3.681e-05   1.267e-05    -4.434    -4.897    -0.463     -1.50 

   CO2             3.555e-06   3.659e-06    -5.449    -5.437     0.013     (0)   

Ca            1.030e-02 

   Ca+2            1.011e-02   3.537e-03    -1.995    -2.451    -0.456    -15.85 

   CaCO3           1.419e-04   1.461e-04    -3.848    -3.835     0.013     (0)   

   CaHCO3+         4.456e-05   3.413e-05    -4.351    -4.467    -0.116     (0)   

   CaOH+           2.443e-07   1.854e-07    -6.612    -6.732    -0.120     (0)   

H(0)          1.093e-28 

   H2              5.466e-29   5.627e-29   -28.262   -28.250     0.013     (0)   

Mg            5.320e-02 

   Mg+2            5.242e-02   1.926e-02    -1.280    -1.715    -0.435    -20.36 

   MgCO3           3.321e-04   3.419e-04    -3.479    -3.466     0.013     (0)   

   MgOH+           2.337e-04   1.774e-04    -3.631    -3.751    -0.120     (0)   

   MgHCO3+         2.104e-04   1.597e-04    -3.677    -3.797    -0.120     (0)   

O(0)          7.095e-29 

   O2              3.547e-29   3.652e-29   -28.450   -28.438     0.013     (0)   

------------------------------Saturation indices------------------------------- 

  Phase               SI** log IAP   log K(323 K,   1 atm) 

 

  Aragonite         1.19     -7.35   -8.54  CaCO3 

  Calcite           1.31     -7.35   -8.66  CaCO3 

  CO2(g)           -3.73     -5.44   -1.71  CO2 

  Dolomite          3.66    -13.96  -17.63  CaMg(CO3)2 

  H2(g)           -25.00    -28.25   -3.25  H2 

  H2O(g)           -0.91     -0.00    0.91  H2O 

  O2(g)           -25.41    -28.44   -3.03  O2 

 

**For a gas, SI = log10(fugacity). Fugacity = pressure * phi / 1 atm. 

  For ideal gases, phi = 1. 
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H.3 PHREEQC



Initial solution 2. - infiltrating fluid    

-----------------------------Solution composition------------------------------ 

 Elements           Molality       Moles 

 

 Alkalinity        2.469e-02   2.469e-02 

 Ca                1.002e-03   1.002e-03 

 Mg                1.198e-01   1.198e-01 

----------------------------Description of solution---------------------------- 

                                       pH  =   6.000     

                                       pe  =   4.000     

       Specific Conductance (µS/cm, 80°C)  =   18943 

                          Density (g/cm³)  =   0.97909 

                               Volume (L)  =   1.02692 

                        Activity of water  =   0.997 

                           Ionic strength  =   2.350e-01 

                       Mass of water (kg)  =   1.000e+00 

                    Total carbon (mol/kg)  =   4.702e-02 

                       Total CO2 (mol/kg)  =   4.702e-02 

                         Temperature (°C)  =   80.00 

                  Electrical balance (eq)  =   2.169e-01 

 Percent error, 100*(Cat-|An|)/(Cat+|An|)  =   87.72 

                               Iterations  =   8 

                                  Total H  =   1.110370e+02 

                                  Total O  =   5.562489e+01 

----------------------------Distribution of species---------------------------- 

                                               Log       Log       Log    mole V 

   Species          Molality    Activity  Molality  Activity     Gamma   cm³/mol 

 

   H+              1.294e-06   1.000e-06    -5.888    -6.000    -0.112      0.00 

   OH-             3.653e-07   2.437e-07    -6.437    -6.613    -0.176     (0)   

   H2O             5.551e+01   9.973e-01     1.744    -0.001     0.000     18.54 

C(4)          4.702e-02 

   CO2             2.239e-02   2.364e-02    -1.650    -1.626     0.024     (0)   

   HCO3-           1.517e-02   1.082e-02    -1.819    -1.966    -0.147     22.67 

   MgHCO3+         9.317e-03   6.654e-03    -2.031    -2.177    -0.146     (0)   

   CaHCO3+         7.155e-05   5.102e-05    -4.145    -4.292    -0.147     (0)   

   MgCO3           5.488e-05   5.793e-05    -4.261    -4.237     0.024     (0)   

   CO3-2           3.134e-06   8.103e-07    -5.504    -6.091    -0.587     -6.29 

   CaCO3           1.617e-06   1.707e-06    -5.791    -5.768     0.024     (0)   

Ca            1.002e-03 

   Ca+2            9.293e-04   2.502e-04    -3.032    -3.602    -0.570    -15.92 

   CaHCO3+         7.155e-05   5.102e-05    -4.145    -4.292    -0.147     (0)   

   CaCO3           1.617e-06   1.707e-06    -5.791    -5.768     0.024     (0)   

   CaOH+           5.799e-11   4.141e-11   -10.237   -10.383    -0.146     (0)   

H(0)          8.448e-24 

   H2              4.224e-24   4.459e-24   -23.374   -23.351     0.024     (0)   

Mg            1.198e-01 

   Mg+2            1.104e-01   3.219e-02    -0.957    -1.492    -0.535    -22.17 

   MgHCO3+         9.317e-03   6.654e-03    -2.031    -2.177    -0.146     (0)   

   MgCO3           5.488e-05   5.793e-05    -4.261    -4.237     0.024     (0)   

   MgOH+           1.081e-05   7.719e-06    -4.966    -5.112    -0.146     (0)   

O(0)          3.822e-31 

   O2              1.911e-31   2.017e-31   -30.719   -30.695     0.024     (0)   

------------------------------Saturation indices------------------------------- 

  Phase               SI** log IAP   log K(353 K,   1 atm) 

 

  Aragonite        -0.81     -9.69   -8.88  CaCO3 

  Calcite          -0.70     -9.69   -8.99  CaCO3 

  CO2(g)            0.27     -1.63   -1.90  CO2 

  Dolomite          0.89    -17.28  -18.17  CaMg(CO3)2 

  H2(g)           -20.00    -23.35   -3.35  H2 

  H2O(g)           -0.31     -0.00    0.31  H2O 

  O2(g)           -27.59    -30.70   -3.11  O2 

 

**For a gas, SI = log10(fugacity). Fugacity = pressure * phi / 1 atm. 

  For ideal gases, phi = 1. 

 

 

 



----------------------------------------- 

Beginning of batch-reaction calculations. 

----------------------------------------- 

Reaction step 1. 

 

Using solution 1. - derived pore fluid      

Using pure phase assemblage 1.  

-------------------------------Phase assemblage-------------------------------- 

                                                      Moles in assemblage 

Phase               SI  log IAP  log K(T, P)   Initial       Final       Delta 

 

CO2(g)           -2.25    -3.96     -1.71    1.000e+01   1.000e+01  -2.062e-05 

Calcite           0.00    -8.66     -8.66    1.000e+01   9.935e+00  -6.506e-02 

Dolomite          0.00   -17.63    -17.63    1.000e+01   1.003e+01   3.295e-02 

-----------------------------Solution composition------------------------------ 

 Elements           Molality       Moles 

 

 C                 7.326e-04   7.326e-04 

 Ca                4.241e-02   4.241e-02 

 Mg                2.025e-02   2.025e-02 

----------------------------Description of solution---------------------------- 

                                       pH  =   6.794  Charge balance 

                                       pe  =   9.223  Adjusted to redox 

equilibrium 

       Specific Conductance (µS/cm, 50°C)  =   7573 

                          Density (g/cm³)  =   0.99129 

                               Volume (L)  =   1.01105 

                        Activity of water  =   0.999 

                           Ionic strength  =   1.253e-01 

                       Mass of water (kg)  =   1.000e+00 

                 Total alkalinity (eq/kg)  =   6.371e-04 

                       Total CO2 (mol/kg)  =   7.326e-04 

                         Temperature (°C)  =   50.00 

                  Electrical balance (eq)  =   1.247e-01 

 Percent error, 100*(Cat-|An|)/(Cat+|An|)  =   99.27 

                               Iterations  =   8 

                                  Total H  =   1.110137e+02 

                                  Total O  =   5.550865e+01 

----------------------------Distribution of species---------------------------- 

                                               Log       Log       Log    mole V 

   Species          Molality    Activity  Molality  Activity     Gamma   cm³/mol 

 

   OH-             4.493e-07   3.300e-07    -6.347    -6.481    -0.134     (0)   

   H+              1.985e-07   1.607e-07    -6.702    -6.794    -0.092      0.00 

   H2O             5.551e+01   9.989e-01     1.744    -0.000     0.000     18.23 

C(-4)         0.000e+00 

   CH4             0.000e+00   0.000e+00  -110.962  -110.950     0.013     (0)   

C(4)          7.326e-04 

   HCO3-           4.599e-04   3.524e-04    -3.337    -3.453    -0.116     25.37 

   CaHCO3+         1.098e-04   8.413e-05    -3.959    -4.075    -0.116     (0)   

   CO2             1.063e-04   1.094e-04    -3.973    -3.961     0.013     (0)   

   MgHCO3+         4.777e-05   3.626e-05    -4.321    -4.441    -0.120     (0)   

   CaCO3           6.886e-06   7.087e-06    -5.162    -5.150     0.013     (0)   

   MgCO3           1.484e-06   1.528e-06    -5.828    -5.816     0.013     (0)   

   CO3-2           4.260e-07   1.468e-07    -6.371    -6.833    -0.463     -1.50 

Ca            4.241e-02 

   Ca+2            4.229e-02   1.481e-02    -1.374    -1.829    -0.456    -15.86 

   CaHCO3+         1.098e-04   8.413e-05    -3.959    -4.075    -0.116     (0)   

   CaCO3           6.886e-06   7.087e-06    -5.162    -5.150     0.013     (0)   

   CaOH+           2.013e-08   1.528e-08    -7.696    -7.816    -0.120     (0)   

H(0)          1.009e-35 

   H2              5.046e-36   5.194e-36   -35.297   -35.285     0.013     (0)   

Mg            2.025e-02 

   Mg+2            2.020e-02   7.430e-03    -1.695    -2.129    -0.434    -20.36 

   MgHCO3+         4.777e-05   3.626e-05    -4.321    -4.441    -0.120     (0)   

   MgOH+           1.774e-06   1.346e-06    -5.751    -5.871    -0.120     (0)   

   MgCO3           1.484e-06   1.528e-06    -5.828    -5.816     0.013     (0)   

O(0)          8.329e-15 

   O2              4.164e-15   4.286e-15   -14.380   -14.368     0.013     (0)   



 

------------------------------Saturation indices------------------------------- 

  Phase               SI** log IAP   log K(323 K,   1 atm) 

   

  Aragonite        -0.13     -8.66   -8.54  CaCO3 

  Calcite           0.00     -8.66   -8.66  CaCO3 

  CH4(g)         -107.90   -110.95   -3.05  CH4 

  CO2(g)           -2.25     -3.96   -1.71  CO2 

  Dolomite          0.00    -17.63  -17.63  CaMg(CO3)2 

  H2(g)           -32.03    -35.28   -3.25  H2 

  H2O(g)           -0.91     -0.00    0.91  H2O 

  O2(g)           -11.34    -14.37   -3.03  O2 

 

**For a gas, SI = log10(fugacity). Fugacity = pressure * phi / 1 atm. 

  For ideal gases, phi = 1. 



H.13 Initial solution 1. - pore fluid      

-----------------------------Solution composition------------------------------ 

 Elements           Molality       Moles 

 

 Alkalinity        2.315e-03   2.315e-03 

 Ca                1.030e-02   1.030e-02 

 Mg                5.320e-02   5.320e-02 

----------------------------Description of solution---------------------------- 

 

                                       pH  =   8.500     

                                       pe  =   4.000     

       Specific Conductance (µS/cm, 15°C)  =   3592 

                          Density (g/cm³)  =   1.00213 

                               Volume (L)  =   0.99970 

                        Activity of water  =   0.999 

                           Ionic strength  =   1.266e-01 

                       Mass of water (kg)  =   1.000e+00 

                    Total carbon (mol/kg)  =   2.011e-03 

                       Total CO2 (mol/kg)  =   2.011e-03 

                         Temperature (°C)  =   15.00 

                  Electrical balance (eq)  =   1.247e-01 

 Percent error, 100*(Cat-|An|)/(Cat+|An|)  =   97.79 

                               Iterations  =   5 

                                  Total H  =   1.110142e+02 

                                  Total O  =   5.551226e+01 

 

----------------------------Distribution of species---------------------------- 

                                               Log       Log       Log    mole V 

   Species          Molality    Activity  Molality  Activity     Gamma   cm³/mol 

 

   OH-             1.907e-06   1.424e-06    -5.720    -5.847    -0.127     (0)   

   H+              3.866e-09   3.162e-09    -8.413    -8.500    -0.087      0.00 

   H2O             5.551e+01   9.989e-01     1.744    -0.000     0.000     18.03 

C(4)          2.011e-03 

   HCO3-           1.339e-03   1.040e-03    -2.873    -2.983    -0.110     23.92 

   MgHCO3+         3.125e-04   2.411e-04    -3.505    -3.618    -0.113     (0)   

   MgCO3           1.998e-04   2.057e-04    -3.699    -3.687     0.013     (0)   

   CaCO3           6.436e-05   6.627e-05    -4.191    -4.179     0.013     (0)   

   CaHCO3+         5.340e-05   4.149e-05    -4.272    -4.382    -0.110     (0)   

   CO3-2           3.368e-05   1.227e-05    -4.473    -4.911    -0.439     -3.21 

   CO2             8.392e-06   8.640e-06    -5.076    -5.063     0.013     (0)   

Ca            1.030e-02 

   Ca+2            1.018e-02   3.777e-03    -1.992    -2.423    -0.431    -17.07 

   CaCO3           6.436e-05   6.627e-05    -4.191    -4.179     0.013     (0)   

   CaHCO3+         5.340e-05   4.149e-05    -4.272    -4.382    -0.110     (0)   

   CaOH+           2.566e-07   1.980e-07    -6.591    -6.703    -0.113     (0)   

H(0)          1.524e-28 

   H2              7.622e-29   7.848e-29   -28.118   -28.105     0.013     (0)   

Mg            5.320e-02 

   Mg+2            5.268e-02   2.049e-02    -1.278    -1.689    -0.410    -20.09 

   MgHCO3+         3.125e-04   2.411e-04    -3.505    -3.618    -0.113     (0)   

   MgCO3           1.998e-04   2.057e-04    -3.699    -3.687     0.013     (0)   

   MgOH+           1.196e-05   9.230e-06    -4.922    -5.035    -0.113     (0)   

O(0)          6.007e-40 

   O2              3.004e-40   3.092e-40   -39.522   -39.510     0.013     (0)   

------------------------------Saturation indices------------------------------- 

  Phase               SI** log IAP   log K(288 K,   1 atm) 

 

  Aragonite         0.94     -7.33   -8.28  CaCO3 

  Calcite           1.10     -7.33   -8.43  CaCO3 

  CO2(g)           -3.72     -5.06   -1.34  CO2 

  Dolomite          2.92    -13.93  -16.85  CaMg(CO3)2 

  H2(g)           -25.00    -28.11   -3.11  H2 

  H2O(g)           -1.78     -0.00    1.78  H2O 

  O2(g)           -36.70    -39.51   -2.81  O2 

 

**For a gas, SI = log10(fugacity). Fugacity = pressure * phi / 1 atm. 

  For ideal gases, phi = 1. 

 

Appendix H. EMP-, LA-ICP-MS data and fluid compositions in PHREEQC 303



Initial solution 2. - infiltrating fluid    

-----------------------------Solution composition------------------------------ 

 Elements           Molality       Moles 

 

 Alkalinity        1.639e-03   1.639e-03 

 Ca                1.028e-03   1.028e-03 

 Mg                1.728e-04   1.728e-04 

----------------------------Description of solution---------------------------- 

 

                                       pH  =   5.080     

                                       pe  =   4.000     

       Specific Conductance (µS/cm, 85°C)  =   520 

                          Density (g/cm³)  =   0.96996 

                               Volume (L)  =   1.03242 

                        Activity of water  =   0.999 

                           Ionic strength  =   3.173e-03 

                       Mass of water (kg)  =   1.000e+00 

                    Total carbon (mol/kg)  =   3.027e-02 

                       Total CO2 (mol/kg)  =   3.027e-02 

                         Temperature (°C)  =   85.00 

                  Electrical balance (eq)  =   7.627e-04 

 Percent error, 100*(Cat-|An|)/(Cat+|An|)  =   19.06 

                               Iterations  =   8 

                                  Total H  =   1.110141e+02 

                                  Total O  =   5.556840e+01 

----------------------------Distribution of species---------------------------- 

 

                                               Log       Log       Log    mole V 

   Species          Molality    Activity  Molality  Activity     Gamma   cm³/mol 

 

   H+              8.867e-06   8.318e-06    -5.052    -5.080    -0.028      0.00 

   OH-             3.902e-08   3.637e-08    -7.409    -7.439    -0.031     (0)   

   H2O             5.551e+01   9.995e-01     1.744    -0.000     0.000     18.60 

C(4)          3.027e-02 

   CO2             2.862e-02   2.864e-02    -1.543    -1.543     0.000     (0)   

   HCO3-           1.619e-03   1.513e-03    -2.791    -2.820    -0.030     20.65 

   CaHCO3+         2.418e-05   2.259e-05    -4.617    -4.646    -0.030     (0)   

   MgHCO3+         4.247e-06   3.961e-06    -5.372    -5.402    -0.030     (0)   

   CaCO3           1.010e-07   1.011e-07    -6.996    -6.995     0.000     (0)   

   CO3-2           1.774e-08   1.352e-08    -7.751    -7.869    -0.118    -12.20 

   MgCO3           4.168e-09   4.171e-09    -8.380    -8.380     0.000     (0)   

Ca            1.028e-03 

   Ca+2            1.004e-03   7.643e-04    -2.998    -3.117    -0.118    -19.38 

   CaHCO3+         2.418e-05   2.259e-05    -4.617    -4.646    -0.030     (0)   

   CaCO3           1.010e-07   1.011e-07    -6.996    -6.995     0.000     (0)   

   CaOH+           1.634e-11   1.524e-11   -10.787   -10.817    -0.030     (0)   

H(0)          5.953e-22 

   H2              2.976e-22   2.979e-22   -21.526   -21.526     0.000     (0)   

Mg            1.728e-04 

   Mg+2            1.685e-04   1.287e-04    -3.773    -3.891    -0.117    -26.11 

   MgHCO3+         4.247e-06   3.961e-06    -5.372    -5.402    -0.030     (0)   

   MgOH+           5.474e-09   5.105e-09    -8.262    -8.292    -0.030     (0)   

   MgCO3           4.168e-09   4.171e-09    -8.380    -8.380     0.000     (0)   

O(0)          1.235e-33 

   O2              6.177e-34   6.181e-34   -33.209   -33.209     0.000     (0)   

 

------------------------------Saturation indices------------------------------- 

 

  Phase               SI** log IAP   log K(358 K,   1 atm) 

 

  Aragonite        -2.04    -10.99   -8.95  CaCO3 

  Calcite          -1.93    -10.99   -9.05  CaCO3 

  CO2(g)            0.38     -1.54   -1.92  CO2 

  Dolomite         -4.50    -22.75  -18.25  CaMg(CO3)2 

  H2(g)           -18.16    -21.53   -3.37  H2 

  H2O(g)           -0.22     -0.00    0.22  H2O 

  O2(g)           -30.10    -33.21   -3.11  O2 

**For a gas, SI = log10(fugacity). Fugacity = pressure * phi / 1 atm. 

  For ideal gases, phi = 1. 

Appendix H. EMP-, LA-ICP-MS data and fluid compositions in PHREEQC 304



----------------------------------------- 

Beginning of batch-reaction calculations. 

----------------------------------------- 

 

Reaction step 1. 

Using solution 1. - derived pore fluid      

Using pure phase assemblage 1.  

 

-------------------------------Phase assemblage-------------------------------- 

                                                      Moles in assemblage 

Phase               SI  log IAP  log K(T, P)   Initial       Final       Delta 

 

CO2(g)           -2.25    -3.59     -1.34    1.000e+01   1.000e+01  -1.330e-04 

Calcite           0.00    -8.43     -8.43    1.000e+01   9.956e+00  -4.361e-02 

Dolomite          0.00   -16.85    -16.85    1.000e+01   1.002e+01   2.201e-02 

-----------------------------Solution composition------------------------------ 

 Elements           Molality       Moles 

 

 C                 1.734e-03   1.734e-03 

 Ca                3.190e-02   3.190e-02 

 Mg                3.119e-02   3.119e-02 

 

----------------------------Description of solution---------------------------- 

                                       pH  =   6.968      Charge balance 

                                       pe  =  -1.589      Adjusted to redox 

equilibrium 

       Specific Conductance (µS/cm, 15°C)  =   3706 

                          Density (g/cm³)  =   1.00237 

                               Volume (L)  =   0.99977 

                        Activity of water  =   0.999 

                           Ionic strength  =   1.263e-01 

                       Mass of water (kg)  =   1.000e+00 

                 Total alkalinity (eq/kg)  =   1.494e-03 

                       Total CO2 (mol/kg)  =   1.734e-03 

                         Temperature (°C)  =   15.00 

                  Electrical balance (eq)  =   1.247e-01 

 Percent error, 100*(Cat-|An|)/(Cat+|An|)  =   98.16 

                               Iterations  =   12 

                                  Total H  =   1.110142e+02 

                                  Total O  =   5.551129e+01 

----------------------------Distribution of species---------------------------- 

                                               Log       Log       Log    mole V 

   Species          Molality    Activity  Molality  Activity     Gamma   cm³/mol 

 

   H+              1.314e-07   1.075e-07    -6.881    -6.968    -0.087      0.00 

   OH-             5.606e-08   4.187e-08    -7.251    -7.378    -0.127     (0)   

   H2O             5.551e+01   9.989e-01     1.744    -0.000     0.000     18.03 

C(-4)         1.385e-21 

   CH4             1.385e-21   1.426e-21   -20.858   -20.846     0.013     (0)   

C(4)          1.734e-03 

   HCO3-           1.169e-03   9.086e-04    -2.932    -3.042    -0.110     23.92 

   CO2             2.492e-04   2.566e-04    -3.603    -3.591     0.013     (0)   

   MgHCO3+         1.608e-04   1.241e-04    -3.794    -3.906    -0.113     (0)   

   CaHCO3+         1.455e-04   1.131e-04    -3.837    -3.947    -0.110     (0)   

   CaCO3           5.159e-06   5.311e-06    -5.287    -5.275     0.013     (0)   

   MgCO3           3.024e-06   3.113e-06    -5.519    -5.507     0.013     (0)   

   CO3-2           8.642e-07   3.150e-07    -6.063    -6.502    -0.438     -3.22 

Ca            3.190e-02 

   Ca+2            3.175e-02   1.179e-02    -1.498    -1.929    -0.430    -17.08 

   CaHCO3+         1.455e-04   1.131e-04    -3.837    -3.947    -0.110     (0)   

   CaCO3           5.159e-06   5.311e-06    -5.287    -5.275     0.013     (0)   

   CaOH+           2.355e-08   1.817e-08    -7.628    -7.741    -0.113     (0)   

H(0)          2.661e-14 

   H2              1.330e-14   1.370e-14   -13.876   -13.863     0.013     (0)   

Mg            3.119e-02 

   Mg+2            3.102e-02   1.207e-02    -1.508    -1.918    -0.410    -20.10 

   MgHCO3+         1.608e-04   1.241e-04    -3.794    -3.906    -0.113     (0)   

   MgCO3           3.024e-06   3.113e-06    -5.519    -5.507     0.013     (0)   

   MgOH+           2.073e-07   1.600e-07    -6.683    -6.796    -0.113     (0)   

Appendix H. EMP-, LA-ICP-MS data and fluid compositions in PHREEQC 305



O(0)          0.000e+00 

   O2              0.000e+00   0.000e+00   -68.006   -67.993     0.013     (0)   

 

------------------------------Saturation indices------------------------------- 

  Phase               SI** log IAP   log K(288 K,   1 atm) 

 

  Aragonite        -0.15     -8.43   -8.28  CaCO3 

  Calcite           0.00     -8.43   -8.43  CaCO3 

  CH4(g)          -18.07    -20.85   -2.77  CH4 

  CO2(g)           -2.25     -3.59   -1.34  CO2 

  Dolomite          0.00    -16.85  -16.85  CaMg(CO3)2 

  H2(g)           -10.76    -13.86   -3.11  H2 

  H2O(g)           -1.78     -0.00    1.78  H2O 

  O2(g)           -65.18    -67.99   -2.81  O2 

 

**For a gas, SI = log10(fugacity). Fugacity = pressure * phi / 1 atm. 

  For ideal gases, phi = 1. 
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H.14 Initial solution 1. - pore fluid      

-----------------------------Solution composition------------------------------ 

 Elements           Molality       Moles 

 

 Alkalinity        2.315e-03   2.315e-03 

 Ca                1.030e-02   1.030e-02 

 Mg                5.320e-02   5.320e-02 

 

----------------------------Description of solution---------------------------- 

                                       pH  =   8.500     

                                       pe  =   4.000     

       Specific Conductance (µS/cm, 15°C)  =   3592 

                          Density (g/cm³)  =   1.00213 

                               Volume (L)  =   0.99970 

                        Activity of water  =   0.999 

                           Ionic strength  =   1.266e-01 

                       Mass of water (kg)  =   1.000e+00 

                    Total carbon (mol/kg)  =   2.011e-03 

                       Total CO2 (mol/kg)  =   2.011e-03 

                         Temperature (°C)  =   15.00 

                  Electrical balance (eq)  =   1.247e-01 

 Percent error, 100*(Cat-|An|)/(Cat+|An|)  =   97.79 

                               Iterations  =   5 

                                  Total H  =   1.110142e+02 

                                  Total O  =   5.551226e+01 

----------------------------Distribution of species---------------------------- 

                                               Log       Log       Log    mole V 

   Species          Molality    Activity  Molality  Activity     Gamma   cm³/mol 

 

   OH-             1.907e-06   1.424e-06    -5.720    -5.847    -0.127     (0)   

   H+              3.866e-09   3.162e-09    -8.413    -8.500    -0.087      0.00 

   H2O             5.551e+01   9.989e-01     1.744    -0.000     0.000     18.03 

C(4)          2.011e-03 

   HCO3-           1.339e-03   1.040e-03    -2.873    -2.983    -0.110     23.92 

   MgHCO3+         3.125e-04   2.411e-04    -3.505    -3.618    -0.113     (0)   

   MgCO3           1.998e-04   2.057e-04    -3.699    -3.687     0.013     (0)   

   CaCO3           6.436e-05   6.627e-05    -4.191    -4.179     0.013     (0)   

   CaHCO3+         5.340e-05   4.149e-05    -4.272    -4.382    -0.110     (0)   

   CO3-2           3.368e-05   1.227e-05    -4.473    -4.911    -0.439     -3.21 

   CO2             8.392e-06   8.640e-06    -5.076    -5.063     0.013     (0)   

Ca            1.030e-02 

   Ca+2            1.018e-02   3.777e-03    -1.992    -2.423    -0.431    -17.07 

   CaCO3           6.436e-05   6.627e-05    -4.191    -4.179     0.013     (0)   

   CaHCO3+         5.340e-05   4.149e-05    -4.272    -4.382    -0.110     (0)   

   CaOH+           2.566e-07   1.980e-07    -6.591    -6.703    -0.113     (0)   

H(0)          1.524e-28 

   H2              7.622e-29   7.848e-29   -28.118   -28.105     0.013     (0)   

Mg            5.320e-02 

   Mg+2            5.268e-02   2.049e-02    -1.278    -1.689    -0.410    -20.09 

   MgHCO3+         3.125e-04   2.411e-04    -3.505    -3.618    -0.113     (0)   

   MgCO3           1.998e-04   2.057e-04    -3.699    -3.687     0.013     (0)   

   MgOH+           1.196e-05   9.230e-06    -4.922    -5.035    -0.113     (0)   

O(0)          6.007e-40 

   O2              3.004e-40   3.092e-40   -39.522   -39.510     0.013     (0)   

------------------------------Saturation indices------------------------------- 

  Phase               SI** log IAP   log K(288 K,   1 atm) 

 

  Aragonite         0.94     -7.33   -8.28  CaCO3 

  Calcite           1.10     -7.33   -8.43  CaCO3 

  CO2(g)           -3.72     -5.06   -1.34  CO2 

  Dolomite          2.92    -13.93  -16.85  CaMg(CO3)2 

  H2(g)           -25.00    -28.11   -3.11  H2 

  H2O(g)           -1.78     -0.00    1.78  H2O 

  O2(g)           -36.70    -39.51   -2.81  O2 

 

**For a gas, SI = log10(fugacity). Fugacity = pressure * phi / 1 atm. 

  For ideal gases, phi = 1. 
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Initial solution 2. - infiltrating fluid    

-----------------------------Solution composition------------------------------ 

 Elements           Molality       Moles 

 

 Alkalinity        1.639e-03   1.639e-03 

 Ca                1.028e-03   1.028e-03 

 Mg                1.728e-04   1.728e-04 

----------------------------Description of solution---------------------------- 

                                       pH  =   5.080     

                                       pe  =   4.000     

       Specific Conductance (µS/cm, 85°C)  =   520 

                          Density (g/cm³)  =   0.96996 

                               Volume (L)  =   1.03242 

                        Activity of water  =   0.999 

                           Ionic strength  =   3.173e-03 

                       Mass of water (kg)  =   1.000e+00 

                    Total carbon (mol/kg)  =   3.027e-02 

                       Total CO2 (mol/kg)  =   3.027e-02 

                         Temperature (°C)  =   85.00 

                  Electrical balance (eq)  =   7.627e-04 

 Percent error, 100*(Cat-|An|)/(Cat+|An|)  =   19.06 

                               Iterations  =   8 

                                  Total H  =   1.110141e+02 

                                  Total O  =   5.556840e+01 

----------------------------Distribution of species---------------------------- 

                                               Log       Log       Log    mole V 

   Species          Molality    Activity  Molality  Activity     Gamma   cm³/mol 

 

   H+              8.867e-06   8.318e-06    -5.052    -5.080    -0.028      0.00 

   OH-             3.902e-08   3.637e-08    -7.409    -7.439    -0.031     (0)   

   H2O             5.551e+01   9.995e-01     1.744    -0.000     0.000     18.60 

C(4)          3.027e-02 

   CO2             2.862e-02   2.864e-02    -1.543    -1.543     0.000     (0)   

   HCO3-           1.619e-03   1.513e-03    -2.791    -2.820    -0.030     20.65 

   CaHCO3+         2.418e-05   2.259e-05    -4.617    -4.646    -0.030     (0)   

   MgHCO3+         4.247e-06   3.961e-06    -5.372    -5.402    -0.030     (0)   

   CaCO3           1.010e-07   1.011e-07    -6.996    -6.995     0.000     (0)   

   CO3-2           1.774e-08   1.352e-08    -7.751    -7.869    -0.118    -12.20 

   MgCO3           4.168e-09   4.171e-09    -8.380    -8.380     0.000     (0)   

Ca            1.028e-03 

   Ca+2            1.004e-03   7.643e-04    -2.998    -3.117    -0.118    -19.38 

   CaHCO3+         2.418e-05   2.259e-05    -4.617    -4.646    -0.030     (0)   

   CaCO3           1.010e-07   1.011e-07    -6.996    -6.995     0.000     (0)   

   CaOH+           1.634e-11   1.524e-11   -10.787   -10.817    -0.030     (0)   

H(0)          5.953e-22 

   H2              2.976e-22   2.979e-22   -21.526   -21.526     0.000     (0)   

Mg            1.728e-04 

   Mg+2            1.685e-04   1.287e-04    -3.773    -3.891    -0.117    -26.11 

   MgHCO3+         4.247e-06   3.961e-06    -5.372    -5.402    -0.030     (0)   

   MgOH+           5.474e-09   5.105e-09    -8.262    -8.292    -0.030     (0)   

   MgCO3           4.168e-09   4.171e-09    -8.380    -8.380     0.000     (0)   

O(0)          1.235e-33 

   O2              6.177e-34   6.181e-34   -33.209   -33.209     0.000     (0)   

 

 

------------------------------Saturation indices------------------------------- 

  Phase               SI** log IAP   log K(358 K,   1 atm) 

 

  Aragonite        -2.04    -10.99   -8.95  CaCO3 

  Calcite          -1.93    -10.99   -9.05  CaCO3 

  CO2(g)            0.38     -1.54   -1.92  CO2 

  Dolomite         -4.50    -22.75  -18.25  CaMg(CO3)2 

  H2(g)           -18.16    -21.53   -3.37  H2 

  H2O(g)           -0.22     -0.00    0.22  H2O 

  O2(g)           -30.10    -33.21   -3.11  O2 

 

**For a gas, SI = log10(fugacity). Fugacity = pressure * phi / 1 atm. 

  For ideal gases, phi = 1. 
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----------------------------------------- 

Beginning of batch-reaction calculations. 

----------------------------------------- 

 

Reaction step 1. 

Using solution 1. - derived pore fluid      

Using pure phase assemblage 1.  

 

-------------------------------Phase assemblage-------------------------------- 

                                                      Moles in assemblage 

Phase               SI  log IAP  log K(T, P)   Initial       Final       Delta 

 

CO2(g)           -2.25    -3.59     -1.34    1.000e+01   1.000e+01  -1.330e-04 

Calcite           0.00    -8.43     -8.43    1.000e+01   9.956e+00  -4.361e-02 

Dolomite          0.00   -16.85    -16.85    1.000e+01   1.002e+01   2.201e-02 

-----------------------------Solution composition------------------------------ 

 Elements           Molality       Moles 

 

 C                 1.734e-03   1.734e-03 

 Ca                3.190e-02   3.190e-02 

 Mg                3.119e-02   3.119e-02 

----------------------------Description of solution---------------------------- 

                                       pH  =   6.968      Charge balance 

                                       pe  =  -1.589      Adjusted to redox 

equilibrium 

       Specific Conductance (µS/cm, 15°C)  =   3706 

                          Density (g/cm³)  =   1.00237 

                               Volume (L)  =   0.99977 

                        Activity of water  =   0.999 

                           Ionic strength  =   1.263e-01 

                       Mass of water (kg)  =   1.000e+00 

                 Total alkalinity (eq/kg)  =   1.494e-03 

                       Total CO2 (mol/kg)  =   1.734e-03 

                         Temperature (°C)  =   15.00 

                  Electrical balance (eq)  =   1.247e-01 

 Percent error, 100*(Cat-|An|)/(Cat+|An|)  =   98.16 

                               Iterations  =   12 

                                  Total H  =   1.110142e+02 

                                  Total O  =   5.551129e+01 

----------------------------Distribution of species---------------------------- 

                                               Log       Log       Log    mole V 

   Species          Molality    Activity  Molality  Activity     Gamma   cm³/mol 

 

   H+              1.314e-07   1.075e-07    -6.881    -6.968    -0.087      0.00 

   OH-             5.606e-08   4.187e-08    -7.251    -7.378    -0.127     (0)   

   H2O             5.551e+01   9.989e-01     1.744    -0.000     0.000     18.03 

C(-4)         1.385e-21 

   CH4             1.385e-21   1.426e-21   -20.858   -20.846     0.013     (0)   

C(4)          1.734e-03 

   HCO3-           1.169e-03   9.086e-04    -2.932    -3.042    -0.110     23.92 

   CO2             2.492e-04   2.566e-04    -3.603    -3.591     0.013     (0)   

   MgHCO3+         1.608e-04   1.241e-04    -3.794    -3.906    -0.113     (0)   

   CaHCO3+         1.455e-04   1.131e-04    -3.837    -3.947    -0.110     (0)   

   CaCO3           5.159e-06   5.311e-06    -5.287    -5.275     0.013     (0)   

   MgCO3           3.024e-06   3.113e-06    -5.519    -5.507     0.013     (0)   

   CO3-2           8.642e-07   3.150e-07    -6.063    -6.502    -0.438     -3.22 

Ca            3.190e-02 

   Ca+2            3.175e-02   1.179e-02    -1.498    -1.929    -0.430    -17.08 

   CaHCO3+         1.455e-04   1.131e-04    -3.837    -3.947    -0.110     (0)   

   CaCO3           5.159e-06   5.311e-06    -5.287    -5.275     0.013     (0)   

   CaOH+           2.355e-08   1.817e-08    -7.628    -7.741    -0.113     (0)   

H(0)          2.661e-14 

   H2              1.330e-14   1.370e-14   -13.876   -13.863     0.013     (0)   

Mg            3.119e-02 

   Mg+2            3.102e-02   1.207e-02    -1.508    -1.918    -0.410    -20.10 

   MgHCO3+         1.608e-04   1.241e-04    -3.794    -3.906    -0.113     (0)   

   MgCO3           3.024e-06   3.113e-06    -5.519    -5.507     0.013     (0)   

   MgOH+           2.073e-07   1.600e-07    -6.683    -6.796    -0.113     (0)   

O(0)          0.000e+00 
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   O2              0.000e+00   0.000e+00   -68.006   -67.993     0.013     (0)   

------------------------------Saturation indices------------------------------- 

  Phase               SI** log IAP   log K(288 K,   1 atm) 

 

  Aragonite        -0.15     -8.43   -8.28  CaCO3 

  Calcite           0.00     -8.43   -8.43  CaCO3 

  CH4(g)          -18.07    -20.85   -2.77  CH4 

  CO2(g)           -2.25     -3.59   -1.34  CO2 

  Dolomite          0.00    -16.85  -16.85  CaMg(CO3)2 

  H2(g)           -10.76    -13.86   -3.11  H2 

  H2O(g)           -1.78     -0.00    1.78  H2O 

  O2(g)           -65.18    -67.99   -2.81  O2 

 

**For a gas, SI = log10(fugacity). Fugacity = pressure * phi / 1 atm. 

  For ideal gases, phi = 1. 

 

 

Appendix H. EMP-, LA-ICP-MS data and fluid compositions in PHREEQC 310



H.15 Initial solution 1. - pore fluid      

-----------------------------Solution composition------------------------------ 

 Elements           Molality       Moles 

 

 Alkalinity        2.315e-03   2.315e-03 

 Ca                1.030e-02   1.030e-02 

 Mg                5.320e-02   5.320e-02 

----------------------------Description of solution---------------------------- 

                                       pH  =   8.500     

                                       pe  =   4.000     

      Specific Conductance (µS/cm,  15°C)  =   3592 

                          Density (g/cm³)  =   1.00213 

                               Volume (L)  =   0.99970 

                        Activity of water  =   0.999 

                 Ionic strength (mol/kgw)  =   1.266e-01 

                       Mass of water (kg)  =   1.000e+00 

                    Total carbon (mol/kg)  =   2.011e-03 

                       Total CO2 (mol/kg)  =   2.011e-03 

                         Temperature (°C)  =   15.00 

                  Electrical balance (eq)  =   1.247e-01 

 Percent error, 100*(Cat-|An|)/(Cat+|An|)  =   97.79 

                               Iterations  =   5 

                                  Total H  =   1.110142e+02 

                                  Total O  =   5.551226e+01 

----------------------------Distribution of species---------------------------- 

                                               Log       Log       Log    mole V 

   Species          Molality    Activity  Molality  Activity     Gamma   cm³/mol 

 

   OH-             1.907e-06   1.424e-06    -5.720    -5.847    -0.127     (0)   

   H+              3.866e-09   3.162e-09    -8.413    -8.500    -0.087      0.00 

   H2O             5.551e+01   9.989e-01     1.744    -0.000     0.000     18.03 

C(4)          2.011e-03 

   HCO3-           1.339e-03   1.040e-03    -2.873    -2.983    -0.110     23.92 

   MgHCO3+         3.125e-04   2.411e-04    -3.505    -3.618    -0.113     (0)   

   MgCO3           1.998e-04   2.057e-04    -3.699    -3.687     0.013     (0)   

   CaCO3           6.436e-05   6.627e-05    -4.191    -4.179     0.013     (0)   

   CaHCO3+         5.340e-05   4.149e-05    -4.272    -4.382    -0.110     (0)   

   CO3-2           3.368e-05   1.227e-05    -4.473    -4.911    -0.439     -3.21 

   CO2             8.392e-06   8.640e-06    -5.076    -5.063     0.013     (0)   

Ca            1.030e-02 

   Ca+2            1.018e-02   3.777e-03    -1.992    -2.423    -0.431    -17.07 

   CaCO3           6.436e-05   6.627e-05    -4.191    -4.179     0.013     (0)   

   CaHCO3+         5.340e-05   4.149e-05    -4.272    -4.382    -0.110     (0)   

   CaOH+           2.566e-07   1.980e-07    -6.591    -6.703    -0.113     (0)   

H(0)          1.524e-28 

   H2              7.622e-29   7.848e-29   -28.118   -28.105     0.013     (0)   

Mg            5.320e-02 

   Mg+2            5.268e-02   2.049e-02    -1.278    -1.689    -0.410    -20.09 

   MgHCO3+         3.125e-04   2.411e-04    -3.505    -3.618    -0.113     (0)   

   MgCO3           1.998e-04   2.057e-04    -3.699    -3.687     0.013     (0)   

   MgOH+           1.196e-05   9.230e-06    -4.922    -5.035    -0.113     (0)   

O(0)          6.007e-40 

   O2              3.004e-40   3.092e-40   -39.522   -39.510     0.013     (0)   

------------------------------Saturation indices------------------------------- 

  Phase               SI** log IAP   log K(288 K,   1 atm) 

 

  Aragonite         0.94     -7.33   -8.28  CaCO3 

  Calcite           1.10     -7.33   -8.43  CaCO3 

  CO2(g)           -3.72     -5.06   -1.34  CO2 

  Dolomite          2.92    -13.93  -16.85  CaMg(CO3)2 

  H2(g)           -25.00    -28.11   -3.11  H2 

  H2O(g)           -1.78     -0.00    1.78  H2O 

  O2(g)           -36.70    -39.51   -2.81  O2 

 

**For a gas, SI = log10(fugacity). Fugacity = pressure * phi / 1 atm. 

  For ideal gases, phi = 1. 
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Initial solution 2. - infiltrating fluid    

-----------------------------Solution composition------------------------------ 

 Elements           Molality       Moles 

 

 Alkalinity        1.640e-03   1.640e-03 

 Ca                1.029e-03   1.029e-03 

 Mg                1.729e-02   1.729e-02 

----------------------------Description of solution---------------------------- 

                                       pH  =   5.080     

                                       pe  =   4.000     

      Specific Conductance (µS/cm,  85°C)  =   3914 

                          Density (g/cm³)  =   0.97047 

                               Volume (L)  =   1.03199 

                        Activity of water  =   0.999 

                 Ionic strength (mol/kgw)  =   3.696e-02 

                       Mass of water (kg)  =   1.000e+00 

                    Total carbon (mol/kg)  =   2.341e-02 

                       Total CO2 (mol/kg)  =   2.341e-02 

                         Temperature (°C)  =   85.00 

                  Electrical balance (eq)  =   3.499e-02 

 Percent error, 100*(Cat-|An|)/(Cat+|An|)  =   92.59 

                               Iterations  =   9 

                                  Total H  =   1.110141e+02 

                                  Total O  =   5.555468e+01 

----------------------------Distribution of species---------------------------- 

                                               Log       Log       Log    mole V 

   Species          Molality    Activity  Molality  Activity     Gamma   cm³/mol 

 

   H+              9.773e-06   8.318e-06    -5.010    -5.080    -0.070      0.00 

   OH-             4.479e-08   3.636e-08    -7.349    -7.439    -0.090     (0)   

   H2O             5.551e+01   9.993e-01     1.744    -0.000     0.000     18.60 

C(4)          2.341e-02 

   CO2             2.176e-02   2.195e-02    -1.662    -1.659     0.004     (0)   

   HCO3-           1.400e-03   1.159e-03    -2.854    -2.936    -0.082     20.94 

   MgHCO3+         2.351e-04   1.925e-04    -3.629    -3.715    -0.087     (0)   

   CaHCO3+         1.302e-05   1.078e-05    -4.885    -4.968    -0.082     (0)   

   MgCO3           2.010e-07   2.027e-07    -6.697    -6.693     0.004     (0)   

   CaCO3           4.780e-08   4.820e-08    -7.321    -7.317     0.004     (0)   

   CO3-2           2.208e-08   1.036e-08    -7.656    -7.985    -0.329    -11.08 

Ca            1.029e-03 

   Ca+2            1.015e-03   4.759e-04    -2.993    -3.322    -0.329    -18.42 

   CaHCO3+         1.302e-05   1.078e-05    -4.885    -4.968    -0.082     (0)   

   CaCO3           4.780e-08   4.820e-08    -7.321    -7.317     0.004     (0)   

   CaOH+           1.159e-11   9.489e-12   -10.936   -11.023    -0.087     (0)   

H(0)          5.907e-22 

   H2              2.953e-22   2.979e-22   -21.530   -21.526     0.004     (0)   

Mg            1.729e-02 

   Mg+2            1.705e-02   8.165e-03    -1.768    -2.088    -0.320    -25.12 

   MgHCO3+         2.351e-04   1.925e-04    -3.629    -3.715    -0.087     (0)   

   MgOH+           3.956e-07   3.239e-07    -6.403    -6.490    -0.087     (0)   

   MgCO3           2.010e-07   2.027e-07    -6.697    -6.693     0.004     (0)   

O(0)          1.225e-33 

   O2              6.127e-34   6.179e-34   -33.213   -33.209     0.004     (0)   

------------------------------Saturation indices------------------------------- 

  Phase               SI** log IAP   log K(358 K,   1 atm) 

 

  Aragonite        -2.36    -11.31   -8.95  CaCO3 

  Calcite          -2.25    -11.31   -9.05  CaCO3 

  CO2(g)            0.26     -1.66   -1.92  CO2 

  Dolomite         -3.13    -21.38  -18.25  CaMg(CO3)2 

  H2(g)           -18.16    -21.53   -3.37  H2 

  H2O(g)           -0.22     -0.00    0.22  H2O 

  O2(g)           -30.10    -33.21   -3.11  O2 

 

**For a gas, SI = log10(fugacity). Fugacity = pressure * phi / 1 atm. 

  For ideal gases, phi = 1. 
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----------------------------------------- 

Beginning of batch-reaction calculations. 

----------------------------------------- 

 

Reaction step 1. 

Using solution 1. - pore fluid      

Using pure phase assemblage 1.  

 

-------------------------------Phase assemblage-------------------------------- 

                                                      Moles in assemblage 

Phase               SI  log IAP  log K(T, P)   Initial       Final       Delta 

 

CO2(g)           -2.25    -3.59     -1.34    1.000e+01   1.000e+01  -1.330e-04 

Calcite           0.00    -8.43     -8.43    1.000e+01   9.956e+00  -4.361e-02 

Dolomite          0.00   -16.85    -16.85    1.000e+01   1.002e+01   2.201e-02 

-----------------------------Solution composition------------------------------ 

 Elements           Molality       Moles 

 

 C                 1.734e-03   1.734e-03 

 Ca                3.190e-02   3.190e-02 

 Mg                3.119e-02   3.119e-02 

----------------------------Description of solution---------------------------- 

                                       pH  =   6.968      Charge balance 

                                       pe  =  -1.589      Adjusted to redox 

equilibrium 

      Specific Conductance (µS/cm,  15°C)  =   3706 

                          Density (g/cm³)  =   1.00237 

                               Volume (L)  =   0.99977 

                        Activity of water  =   0.999 

                 Ionic strength (mol/kgw)  =   1.263e-01 

                       Mass of water (kg)  =   1.000e+00 

                 Total alkalinity (eq/kg)  =   1.494e-03 

                       Total CO2 (mol/kg)  =   1.734e-03 

                         Temperature (°C)  =   15.00 

                  Electrical balance (eq)  =   1.247e-01 

 Percent error, 100*(Cat-|An|)/(Cat+|An|)  =   98.16 

                               Iterations  =   12 

                                  Total H  =   1.110142e+02 

                                  Total O  =   5.551129e+01 

----------------------------Distribution of species---------------------------- 

                                               Log       Log       Log    mole V 

   Species          Molality    Activity  Molality  Activity     Gamma   cm³/mol 

 

   H+              1.314e-07   1.075e-07    -6.881    -6.968    -0.087      0.00 

   OH-             5.606e-08   4.187e-08    -7.251    -7.378    -0.127     (0)   

   H2O             5.551e+01   9.989e-01     1.744    -0.000     0.000     18.03 

C(-4)         1.385e-21 

   CH4             1.385e-21   1.426e-21   -20.858   -20.846     0.013     (0)   

C(4)          1.734e-03 

   HCO3-           1.169e-03   9.086e-04    -2.932    -3.042    -0.110     23.92 

   CO2             2.492e-04   2.566e-04    -3.603    -3.591     0.013     (0)   

   MgHCO3+         1.608e-04   1.241e-04    -3.794    -3.906    -0.113     (0)   

   CaHCO3+         1.455e-04   1.131e-04    -3.837    -3.947    -0.110     (0)   

   CaCO3           5.159e-06   5.311e-06    -5.287    -5.275     0.013     (0)   

   MgCO3           3.024e-06   3.113e-06    -5.519    -5.507     0.013     (0)   

   CO3-2           8.642e-07   3.150e-07    -6.063    -6.502    -0.438     -3.22 

Ca            3.190e-02 

   Ca+2            3.175e-02   1.179e-02    -1.498    -1.929    -0.430    -17.08 

   CaHCO3+         1.455e-04   1.131e-04    -3.837    -3.947    -0.110     (0)   

   CaCO3           5.159e-06   5.311e-06    -5.287    -5.275     0.013     (0)   

   CaOH+           2.355e-08   1.817e-08    -7.628    -7.741    -0.113     (0)   

H(0)          2.661e-14 

   H2              1.330e-14   1.370e-14   -13.876   -13.863     0.013     (0)   

Mg            3.119e-02 

   Mg+2            3.102e-02   1.207e-02    -1.508    -1.918    -0.410    -20.10 

   MgHCO3+         1.608e-04   1.241e-04    -3.794    -3.906    -0.113     (0)   
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   MgCO3           3.024e-06   3.113e-06    -5.519    -5.507     0.013     (0)   

   MgOH+           2.073e-07   1.600e-07    -6.683    -6.796    -0.113     (0)   

O(0)          0.000e+00 

   O2              0.000e+00   0.000e+00   -68.006   -67.993     0.013     (0)   

------------------------------Saturation indices------------------------------- 

  Phase               SI** log IAP   log K(288 K,   1 atm) 

 

  Aragonite        -0.15     -8.43   -8.28  CaCO3 

  Calcite           0.00     -8.43   -8.43  CaCO3 

  CH4(g)          -18.07    -20.85   -2.77  CH4 

  CO2(g)           -2.25     -3.59   -1.34  CO2 

  Dolomite          0.00    -16.85  -16.85  CaMg(CO3)2 

  H2(g)           -10.76    -13.86   -3.11  H2 

  H2O(g)           -1.78     -0.00    1.78  H2O 

  O2(g)           -65.18    -67.99   -2.81  O2 

 

**For a gas, SI = log10(fugacity). Fugacity = pressure * phi / 1 atm. 

  For ideal gases, phi = 1. 
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Osman, A. and A. Piestrzyński (1989). “Mechanism of sulfide mineralization through suc-

cessive metasomatic replacement stages of zoned host dolomite in Cracow-Silesian Zn-
Pb deposits (Mississippi Valley type), Pomorzany Mine, Poland”. In: Mineralium De-

posita 24.1, pp. 56–61. ISSN: 1432-1866. DOI: 10.1007/BF00206724. URL: http:
//dx.doi.org/10.1007/BF00206724.

Ostwald, W (1897). Lehrbuch der Allgemeinen Chemie, Vol. 2, Englemann, Leipzig, 1910,

p. 1078; b) R. Abegg. Vol. 62, p. 425.
Parisch, Horst (2013). “Festkörper-Kontinuumsmechanik: von den Grundgleichungen zur

Lösung mit finiten Elementen”. In: Springer-Verlag. Chap. Chapter 3: Beschreibung der
Kinematik, pp. 59–105.

Parkhurst, David L and CAJ Appelo (2013). “Description of input and examples for PHREEQC
version 3-a computer program for speciation, batch-reaction, one-dimensional transport,
and inverse geochemical calculations”. In: US geological survey techniques and methods

6, p. 497.
Peru’s mining & metals investment guide (2014), pp. 1–78. URL: http://www.ey.com/

Publication/vwLUAssets/EY-Peru-mining-metals-investment-guide-14-

15/$FILE/EY-Peru-mining-and-metals-investment-guide-2014-2015.pdf.
Petch, N. J. (1953). “The Cleavage Strength of Polycrystals”. In: J. Iron Steel Inst. 174,

pp. 25–28. URL: http://ci.nii.ac.jp/naid/10005741398/en/.
Pfiffner, O. Adrian and Laura Gonzalez (2013). “Mesozoic-Cenozoic Evolution of the West-

ern Margin of South America: Case Study of the Peruvian Andes”. In: Geosciences 3.2,
pp. 262–310. DOI: 10.3390/geosciences3020262.

http://dx.doi.org/10.1111/j.1151-2916.1986.tb07374.x
http://dx.doi.org/10.1007/978-3-642-70196-2_14
http://dx.doi.org/10.2475/ajs.287.10.979
http://dx.doi.org/10.1007/BF00206724
http://dx.doi.org/10.1007/BF00206724
http://dx.doi.org/10.1007/BF00206724
http://www.ey.com/Publication/vwLUAssets/EY-Peru-mining-metals-investment-guide-14-15/$FILE/EY-Peru-mining-and-metals-investment-guide-2014-2015.pdf
http://www.ey.com/Publication/vwLUAssets/EY-Peru-mining-metals-investment-guide-14-15/$FILE/EY-Peru-mining-and-metals-investment-guide-2014-2015.pdf
http://www.ey.com/Publication/vwLUAssets/EY-Peru-mining-metals-investment-guide-14-15/$FILE/EY-Peru-mining-and-metals-investment-guide-2014-2015.pdf
http://ci.nii.ac.jp/naid/10005741398/en/
http://dx.doi.org/10.3390/geosciences3020262


BIBLIOGRAPHY 329

Plummer, LN, TML Wigley, and DL Parkhurst (1978). “The kinetics of calcite dissolution in
CO 2-water systems at 5 degrees to 60 degrees C and 0.0 to 1.0 atm CO 2”. In: American

Journal of Science 278.2, pp. 179–216.
Powell, Trevor G and Roger W MacQueen (1984). “Precipitation of sulfide ores and organic

matter: sulfate reactions at Pine Point, Canada”. In: Science 224.4644, pp. 63–66.
Prinz, Peter (1985). “Zur Stratigraphie und Ammonitenfauna der Pucará-Gruppe bei San Vi-

cente (Depto. Junín, Peru)”. In: Newsletters on Stratigraphy 14.3, pp. 129–141. URL:
http : / / www . schweizerbart . de / /papers / nos / detail / 14 / 54197 / Zur \

_Stratigraphie\_und\_Ammonitenfauna\_der\_Pucara\_Gruppe\_bei\_San\

_Vicente\_Depto\_Junin\_Peru.
Ramos, Victor (1999). “Plate tectonic setting of the Andean Cordillera”. In: Episodes 22,

pp. 183–190.
Reed, Stephen Jarvis Brent (2005). Electron microprobe analysis and scanning electron mi-

croscopy in geology. Cambridge University Press.
Regenauer-Lieb, K., M. Veveakis, and T. Poulet (2014). “Compaction bands in high temper-

ature/pressure diagenetically altered unconventional shale gas reservoirs”. In: AGU Fall

Meeting Abstracts.
Roedder, Edwin and Edward J Dwornik (1968). “Sphalerite color banding lack of correlation

with iron content, Pine Point, Northwest Territories, Canada”. In: American Mineralogist

53, pp. 1523–1529.
Rosas, Silvia, Lluís Fontboté, and Anthony Tankard (2007). “Tectonic evolution and paleo-

geography of the Mesozoic Pucará Basin, central Peru”. In: Journal of South American

Earth Sciences 24.1, pp. 1 –24. ISSN: 0895-9811. DOI: http://dx.doi.org/10.
1016/j.jsames.2007.03.002. URL: http://www.sciencedirect.com/science/
article/pii/S0895981107000399.

Rybicki, Maciej (2012). “Effect of Organic Matter on the Color of Sphalerite from the
Silesia-Cracow Lead-Zinc Deposits, Poland”. In: Contemporary Trends in Geoscience

1.1, pp. 57–61.
Sass-Gustkiewicz, M. and K. Mochnacka (1994). “Genesis of Sphalerite Rhythmites from

the Upper-Silesian Zinc-Lead Deposits — A Discussion”. In: Sediment-Hosted Zn-Pb

Ores. Ed. by Lluís Fontboté and Maria Boni. Berlin, Heidelberg: Springer Berlin Heidel-
berg, pp. 219–227. ISBN: 978-3-662-03054-7. DOI: 10.1007/978-3-662-03054-7_13.
URL: http://dx.doi.org/10.1007/978-3-662-03054-7_13.

Sass-Gustkiewicz, MARIA (1997). “Revised and completed paragenetic order of minerals
in the Pomorzany lead–zinc deposit, Upper Silesian District, Poland”. In: Mineralogia

Polonica 28.2, pp. 67–80.

http://www.schweizerbart.de//papers/nos/detail/14/54197/Zur\_Stratigraphie\_und\_Ammonitenfauna\_der\_Pucara\_Gruppe\_bei\_San\_Vicente\_Depto\_Junin\_Peru
http://www.schweizerbart.de//papers/nos/detail/14/54197/Zur\_Stratigraphie\_und\_Ammonitenfauna\_der\_Pucara\_Gruppe\_bei\_San\_Vicente\_Depto\_Junin\_Peru
http://www.schweizerbart.de//papers/nos/detail/14/54197/Zur\_Stratigraphie\_und\_Ammonitenfauna\_der\_Pucara\_Gruppe\_bei\_San\_Vicente\_Depto\_Junin\_Peru
http://dx.doi.org/http://dx.doi.org/10.1016/j.jsames.2007.03.002
http://dx.doi.org/http://dx.doi.org/10.1016/j.jsames.2007.03.002
http://www.sciencedirect.com/science/article/pii/S0895981107000399
http://www.sciencedirect.com/science/article/pii/S0895981107000399
http://dx.doi.org/10.1007/978-3-662-03054-7_13
http://dx.doi.org/10.1007/978-3-662-03054-7_13


BIBLIOGRAPHY 330
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