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Abstract 

 

Sandstone is an integral part of Scotlandôs built heritage, dating back to settlements in Orkney ~ 

3700 BC. As well as preserving Scotlandôs history throughout the ages, the built heritage is a 

valuable economic asset through employment and tourism. According to Historic Environment 

Scotland (HES), some sandstone-built sites are extremely vulnerable to weathering and decay. 

Many of these sandstones have been sourced locally and are perhaps of a poor-quality. Sandstone is 

a porous rock type, and itôs weathering in the built heritage is driven by the interaction between 

intrinsic stone properties and climate. Many sandstone types found in the built heritage of Scotland 

lack a thorough physical and mineralogical characterisation, limiting our understanding of stone 

decay and durability associated with specific sites. This is particularly true regarding the type and 

nature of clay minerals present in sandstones, and the impact they have on sandstone durability. 

  

The aims of this research are to: refine analytical procedures for the analysis of clay minerals using 

pXRD (Ch. 2), improve understanding of sandstone durability through detailed characterisation of 

physical and mineralogical properties (Ch. 3), investigate the use of hydrophobic treatments as a 

means of protecting poor-quality sandstones at Arbroath Abbey (Ch. 4), and finally, provide 

recommendations to Historic Environment Scotland (HES) regarding topics such as understanding 

sandstone durability, preservation of vulnerable sandstone, and future research (Ch. 6). The aims of 

this research have been met using a broad range of destructive and non-destructive techniques. 

  

Results show that there is a diverse range of clay minerals present in studied sandstones including 

mixed layer and expansive type clays. Clay minerals can impact durability both directly and 

indirectly. Indirect impacts on durability include how clay minerals alter textural properties, 

including pore size distribution, of sandstones, potentially heightening their vulnerability to certain 

weathering processes. Many studied sandstones were heterogenous meaning their mineralogy and 

physical properties vary considerably giving rise to analytical challenges and making stone 

durability and decay more difficult to define and understand. For example, the use of hydrophobic 

treatments at Arbroath is risky mainly because of the heterogenous nature of the stone, and so the 

efficiency of the treatment, as shown by experiments, is extremely variable. 

 

The project findings offer a better understanding of sandstone durability in Scotland, and a 

thorough characterisation of the clay mineralogy of studied sandstones. Moving forward, the 

impact of climate change on durability of these poor-quality stones, such as the impact of increased 

precipitation, should be assessed through both long-term field monitoring and lab-based 

experiments.   
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1.0 Introduction 

 

1.1 Scotlandôs sandstone-built heritage 

 

During 2019-2020 (pre-Covid) Historic Environment Scotland welcomed over 5.2 million 

visitors to properties in their care, and over 206, 000 new members to their organisation 

(HES, 2020). The economic growth associated with heritage tourism was in the region of 

£1.1 billion (HES, 2020). Sandstone is the most common stone used in Scotlandôs built 

heritage (HES, 2020). Sandstones use as a building material in Scotland dates back to 

settlements in Orkney ~ 3700 BC, making sandstone the material of the oldest standing stone 

building in northwest Europe.  Scotlandôs culture and history are preserved through these 

historic sandstone buildings and monuments which continue to be an invaluable asset for the 

country through tourism, employment, and economic growth. 

HES have noticed that certain sandstone-derived heritage sites, over the last few decades, 

are experiencing rapid decay and are becoming increasingly vulnerable to ruin. Although the 

petrography of many original and replacement stones in Scotland has been characterised in 

detail previously, in many cases there is still a lack of understanding regarding the nature 

and causes of stone decay in monuments and buildings. This may be partly due to an absence 

of data characterising properties other than petrography, including physical properties of 

stone such as pore size distribution, stone strength, and resistance to weathering. Despite 

being common throughout recent literature (Calia et al., 2000; Warke & Smith., 2007; 

Benavente et al., 2008; Eslami et al., 2018; Scrivano & Gaggero., 2020), this holistic 

approach of characterising all stone properties seems to be lacking in relation to sandstones 

found in the built heritage of Scotland, and the UK more generally. Moreover, decay of 

sandstone can be a complex process to understand due to the porous nature of the stone, and 

the variability in mineralogy and physical properties which influence decay (Figure 1.1).  

Sandstones often contain reactive minerals including clay minerals which are prone to 

weathering and alteration. The prevalence of clay minerals in Scottish sandstones and the 

impact they have on sandstone durability and decay is currently unknown. As well as being 

vulnerable to weathering and alteration, clay minerals have complex and variable chemical 

structures, crystal defects, and a very fine grain size, properties which make their study and 

understanding them in the context of stone durability and decay a considerable challenge.  
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1.2 Research aims 

The sandstone heritage of Scotland is becoming increasingly vulnerable to weathering and 

decay. The properties of sandstones, in particular the petrophysical properties, have not been 

characterised in detail previously, and so the mechanisms and causes of weathering and 

decay are poorly understood. This poor understanding limits potential preservation efforts 

aimed at protecting vulnerable sandstone buildings made by conservation bodies such as 

HES. This research aims to elucidate the nature of these poor-quality sandstone through 

extensive characterisation of both mineralogical and physical properties to provide new 

insights into sandstone durability and decay in Scotland. The primary objectives of this 

research are listed below with reference to relevant chapter numbers: 

I. Critical evaluation of the preparatory and analytical procedures for clay minerals 

using pXRD. (Chapter 2) 

 

II.  Improve understanding of the durability of selected sandstones used in the built 

heritage of Scotland through detailed characterisation of their physical and 

mineralogical properties. (Chapter 3) 

 

III.  Investigate the use of hydrophobic treatments as a means of protecting vulnerable 

sandstone from accelerated weathering and decay. (Chapter 4) 

 

IV.  Provide recommendations for Historic Environment Scotland around topics 

including: sandstone durability, preservation of vulnerable sandstone sites, and 

future research. (Chapter 6) 

 

V.  
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Figure 1.1: The interaction between stone properties and climate ï the driving forces of 
weathering and decay in the built heritage. There are many stone properties, both 
mineralogical and physical, which impact stone durability.  

 

 

1.3 Sandstone distribution in Scotland  

 

Most of the sandstone bedrock in Scotland is part of the Old Red Sandstone (ORS), which 

was deposited as sediment during the Devonian (Hillier et al., 2006). In addition to ORS, 

Carboniferous sandstone deposits and coal measures are found in the Midland Valley, an 

ancient basin where most of Scotlandôs sandstone is concentrated. The Midland Valley is 

bound to the North by the Highland Boundary Fault (HBF) and to the South by the Southern 

Uplands Fault (SUF). These deposits of the Midland Valley have been quarried extensively 

through history (Figure 1.2). ORS can be found North and South of the Midland Valley 

including areas such as: Borders, Inverness, Elgin, Thurso, Orkney, and Shetland.  The NE 

of Scotland and Orkney have been quarried extensively in the past for flagstone. The 

sandstone deposits in the Borders region (SE) havenôt been quarried as much as other 

sandstone deposits in Scotland. New Red Sandstone (NRS) is less common in Scotland, most 

outcrops of which are found near Dumfriesshire and Ayrshire (south of the Midland Valley), 

Elgin (North of the Midland Valley), and the Isle of Arran. ORS, including the building 

sandstone Locharbriggs, which is disproportionately represented in historic and present-day 

architecture of Scotland due to the sandstones attractive red appearance and generally good 

physical properties and durability.  
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Figure 1.2: Locations of historic and present quarries in relation to the environmental 
conditions operating during sediment deposition. Quarry data source: BGS Interactive 
Scotland Stone Database. Map source: Scottish Geology Trust, 
www.scottishgeology.com/geology-of-scotland-map/ 
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1.4 Sandstones 

Sandstones are rocks made of sediment accumulations which have been compacted and 

lithified and subject to diagenetic processes (Pettijohn., 2019). The sediment comprises 

varying amounts of quartz, feldspars, lithic fragments, and clay minerals, as well as other 

trace minerals including oxides. Minerals found in sandstone can be either detrital or 

authigenic in origin. Detrital material is pre-existing material eroded at the Earthôs surface 

which is then incorporated into the sediment and lithified rock. Authigenic material 

originates during diagenesis and is associated with the breakdown of other minerals, 

facilitated often by temperature and the presence of fluids (Pettijohn., 2019).  

There are several schemes available to use when classifying sandstones. In most cases, 

sandstone classification depends on the relative amounts of major components: quartz, 

feldspars and lithic (rock) fragments (Garzanti., 2019). The three major sandstone types 

featured in most classification schemes are: quartz arenites, feldspathic arenites, and 

litharenites, as seen from the Folk (1974) model (Figure 1.3). As mentioned above, clay 

minerals are typically a minor component of sandstone consisting of a few wt % (Seb§stian 

et al., 2008), existing as clasts, cement and/or matrix material, and can either be detrital or 

authigenic in origin (Figure 1.4). In addition to arenites, wackes are composed of 15-75% 

clay matrix however, as less commonly used as building stone relative to sandstone. 

 

 

Figure 1.3: Sandstone classification based on relative proportions of quartz, feldspars, 
and rock fragments (lithics). The primary mineral for all sandstones is quartz (Folk, 1974).  
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Figure 1.4: Distribution of clay minerals in sandstone. Clay minerals are represented in the 
colour green. Clay minerals can be detrital or authigenic and distributed in a variety of ways. 
They can exist as: detrital or authigenic clay mineral coatings (A); detrital or authigenic clay 
matrix (B); detrital clays found in layers/concentrated on bedding planes (C); and detrital 
clasts (D). 

 

The mineralogy and petrography of sandstone is controlled by the environment and climate 

during the time of sediment deposition. The depositional environment and climate influence 

the maturity and composition of the sand deposited prior to burial and diagenesis (Worden 

& Morad., 2003; McKinley et al., 2003). Clays are more likely to be deposited in 

environments which are closer to the sediment source; limiting time for chemical weathering. 

Furthermore, the deposition of clay- and sand-sized particles in the same location requires 

fluctuation in energy levels associated with the depositional environment. The depositional 

environments more commonly associated with preservation of clays and clay-rich 

sandstones are primarily fluvial environments. In these environments sediment of varying 

grain size and composition can be transported by water and deposited as immature sands. 

Clays are also more likely to be preserved in an arid climate, where chemical weathering is 

limited. An aeolian input also aids in clay mineral preservation as it facilitates faster transport 

of material. An arid desert climate with fluvial environments is characteristic of the 

A B 

C D 
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Devonian period of Scotland. As seen from Figure 1.2, ORS deposits of Devonian age can 

be found across Scotland in the Borders region, Midland Valley, Orcadian Basin (including 

Orkney), and Shetland (Hillier et al., 2006). Some of the sandstones were deposited closer 

to the end of the Devonian into the early carboniferous, including the sandstones of the 

Stratheden and Inverclyde Formation in the Borders, meaning the climate may have been 

progressing to a more humid environment by this point, and accelerating chemical 

weathering of reactive minerals. However, generally speaking these Devonian sandstones 

may have a relatively higher potential in comparison to other sandstones for preserving clay-

rich sediment deposits due to the environmental and climatological conditions during the 

Devonian.  

Another factor contributing to prevalence of clays in sandstones, is source of sediment. 

Incorporation of less stable minerals and rock fragments can facilitate weathering and 

transformation of minerals during diagenesis. This is particularly relevant in the case of 

igneous rocks which often contain unstable, reactive minerals which often contain the 

elements (Ca, Mg, Na) desirable for clay mineral formation during diagenesis through 

mineral weathering and alteration. Therefore, immature sediments which contain reactive 

minerals increase the likelihood of clay mineral formation during diagenesis. ORS deposits 

located in and around Dundee City, form part of the Dundee Flagstone Formation, in which 

sandstones consist mostly of litharenites where many of the lithic fragments have an igneous 

origin. For example, the Kingoodie sandstone is a purplish sandstone with lithic fragments 

of mainly andesite, likely originating from nearby lava deposits. The Kingoodie sandstone, 

and other nearby sandstones are commonly found in Dundeeôs built heritage. 

Clay minerals in sandstone can also form and transform during diagenesis. The occurrence 

of authigenic clay minerals is controlled by factors related to diagenesis (changes in 

temperature, pressure, availability of fluid) and composition of the sediment, which is 

influenced by sediment source. For example, authigenic clay minerals are most likely to 

form in immature sediments as they contain reactive minerals which are more likely to 

weather and provide the necessary ions for clay mineral formation (Worden & Morad., 2003; 

McKinley et al., 2003).  Furthermore, different stages of diagenesis are associated with 

different compositions of clay minerals. For example, dioctahedral and trioctahedral 

smectites are common during the early stages of diagenesis (eogenesis) when temperatures 

and pressures are relatively low (McKinley et al., 2003). With increasing burial and 

temperature, smectite loses its structural H2O and with it its ability to expand and contract. 
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Eventually smectite transforms to kaolinite, illite , or chlorite through the processes of 

kaolitization, illitization and chloritization, respectively. 

Table 1.1 summarises the building sandstones in Scotland which are relatively more likely 

to be clay-rich based primarily on climate and depositional environment. As noted 

previously other factors including sediment source and diagenetic processes impact the 

amount and types of clays present in any sandstone, and so Table 1.1 acts only as a guide to 

getting started. 

 

Table 1.1: the potential for clay-rich sandstone based on depositional environmental and 

climate. As discussed in the introduction, an arid climates with fluvial depositional 

environments are considered places where clay minerals are more likely to be preserved.   
 

Potential for 

preservation of 

detrital clay 

minerals  

Sandstone  Geologic Age  Depositional 

environment  

Depositional 

climate  

  

  

  

  

  

High potential   

Swanshaw   Late Silurian ï 

Early 

Devonian   

  

Fluvial, aeolian    

Arid  

Cromlix,  

Teith,  

Scone  

Early Devonian  Fluvial, aeolian    

Arid  

Gardenstown,  

Raddery  

Mid Devonian   Fluvial, aeolian  

  

  

Arid  

Berriedale  Mid Devonian  Lake floor  Arid  

John Oô Groats   Mid Devonian  Fluvial, aeolian    

Arid  

  

  

  

  

Moderate-high 

potential  

Dunnet Head,  

Glenvale,  

Alves,  

Scaat Craig,  

Late Devonian    

Fluvial  

  

Transitioning 

from arid to 

sub-tropical 

and tropical  

Stratheden and Inverclyde,   

Kinnesswood  

Late Devonian ï 

Early 

Carboniferous  

  

Fluvial  

  

Sub-tropical to 

tropical  

Isle of Skye*  Jurassic  Shallow seabed    

Tropical  
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1.5 Clay minerals in sandstone 

 

Clay minerals are a large and diverse group of phyllosilicate minerals consisting of four main 

sub-groups: illite, kaolin, smectite, and chlorite (Table 1.2) (Elert & Rodriguez-Navarro., 

2022). The crystallographic structure of clay minerals consists of octahedral and tetrahedral 

sheets. Depending on the crystallographic arrangement, clay minerals can be described as 

having a 2:1 or a 1:1 structure (Dyar et al., 2008). Clay minerals can be further subdivided 

based on how many octahedral sites are occupied by ions. Table 1.2 also illustrates the 

different sheet assemblages associated with each clay mineral group.   

Smectite is a chemically variable sub-group of clay minerals known for their physically 

expansive properties. Smectites have a 2:1 layered silicate structure comprising two 

tetrahedral sheets which are weakly bonded to an octahedral sheet. The tetrahedral sheets 

are primarily composed of Si and Al, while the octahedral sheet is composed of metal 

hydroxides (e.g. Fe3(OH), Al2(OH)6). Smectites can be further sub-divided into dioctahedral 

and trioctahedral depending on how many of the three octahedral units are occupied (Dyar 

et al., 2008). Two of three octahedral units are occupied in the case of dioctahedral smectite, 

usually with trivalent cations including Al3+ or Fe3+. All three octahedral units are occupied 

in trioctahedral smectite, where occupants are usually divalent cations including Mg2+ and 

Fe2+. The cations occupying both tetrahedral and octahedral units in smectite are 

exchangeable, meaning other ions, ideally with the same charge, can act as substitutions and 

occupy the units. If the charge of the sheet is not balanced by substituting ions, due to limited 

availability, an overall negative charge is produced (e.g. Fe2+ substituting Fe3+ in an 

octahedral sheet). The net negative surface charge of a clay mineral attracts the cation of 

H2O, allowing smectite to absorb water and physically expand (Figure 1.5) (Madsen & 

Müller-Vonmoos., 1989).  It is this ability to absorb water into its chemical crystal structure, 

as well as the presence of exchangeable cations, which distinguishes the smectite group from 

other clay groups. It is this characteristic of smectite which negatively impacts the durability 

of some clay-rich sandstones by enhancing physical weathering through cycles of expansion 

and contraction (Sebastián et al., 2008).  
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Table 1.2: Main clay mineral groups, their layer structure, and example minerals with 
chemical composition.  

Clay group Layer structure Example minerals 

Kaolin  1:1 kaolinite; dickite; halloysite; nacrite 

[Al 2Si2O5(OH)4] 

Smectite 2:1 montmorillonite 

[(Na,Ca)0.33(Al,Mg)2(Si4O10)(OH)2 · nH2O]; 

nontronite [Na0.3Fe2((Si,Al)4O10)(OH)2 · nH2O]; 

saponite 

[Ca0.25(Mg,Fe)3((Si,Al)4O10)(OH)2 · nH2O] 

Illite (and other 

clay-micas) 

2:1 illite [K0.65Al2.0[Al 0.65Si3.35O10](OH)2]; glauconite 

[(K,Na)(Fe3+,Al,Mg)2(Si,Al)4O10(OH)2]; phengite 

[KAl 1.5(Mg,Fe)0.5(Al0.5Si3.5O10)(OH)2]; muscovite 

[KAl 2(AlSi3O10)(OH)2] 

Chlorite 2:1:1 clinochlore [Mg5Al(AlSi 3O10)(OH)8] 

; chamosite 

[(Fe2+,Mg,Al,Fe3+)6(Si,Al)4O10(OH,O)8] 

; pennantite [Mn2+
5Al(AlSi 3O10)(OH)8] 
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Exchangeable cations are located between 

layers of expansive clay minerals such as 

montmorillonite. In the case of 

montmorillonite, cations are usually Ca+ or 

Na+.  

 

 

 

 

During interaction with water, the positive 

charge of these ions attracts the negative 

dipole of the water molecules. As the cations 

hydrate, the space between layers becomes 

larger (i.e. there is an increase in d-spacing 

of the 001 plane).  

 

 

 

 

 

 

Different expansive clays have different 

swelling potentials. Montmorillonite can 

experience a volume increase of up to 100% 

 

 Figure 1.5: Intracrystalline swelling mechanism associated with expansive clay minerals. 
The example in the figure is montmorillonite. Blue spheres represent H2O while the smaller 
black spheres represent cations. Figure adapted from Madsen & Müller-Vonmoos (1989). 
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1.6 Climate change in Scotland 

 

The vulnerability of clay minerals to physical expansion and contraction will ultimately be 

influenced by climate change. During the most recent decade (2008-2017) Scotlandôs annual 

average rainfall has increased by 11% in comparison to 1961-1990 (Met Office., 2018) This 

trend looks to continue as the UKCP18 forecast that UK will see increases in average annual 

precipitation of up to 35% (RCP8.5) and increases in the intensity of rain events (UKCP18). 

These changes in precipitation are most noticeable in Scotland and will be part of wetter and 

colder winters (Figure 1.6). More precipitation may lead to periods of prolonged stone 

wetness and accelerate weathering and decay. Moreover, different weathering processes, 

such as chemical weathering, may become more dominant as the climate becomes wetter 

and warmer. Finally prolonged periods of stone wetness may soften clay minerals which 

may have detrimental impacts on the physico-mechanical properties of some stones (Jiménez 

González & Scherer., 2004; Jiménez González et al., 2008). It is therefore important to 

consider the outcomes of the following research chapters in relation to climate change with 

the overall goal focussed towards adapting the built heritage where possible to protect it 

from the effects of climate change. As well the effects of climate and climate change, stone 

weathering and decay is also influenced by the intrinsic properties of the stone, both 

mineralogical and petrophysical. These intrinsic properties in the context of weathering and 

decay are discussed in the following section.  

 

Figure 1.6: Precipitation change for UK for low emission (RCP2.6) and high emission 
(RCP8.5) scenarios. Increasing precipitation change is consistent across all emission 
scenarios. 
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1.7 The role of clay minerals in the decay and durability 

of sandstone 

 

1.7.1 Defining decay and durability 
 

Decay patterns are diverse in both appearance and scale, and the type of patterns that 

manifest depend on the weathering mechanisms responsible for decay, which are themselves 

determined by stone properties and climate.  Decay patterns are usually described through 

visual assessment of a site during the earlier stages of a specific conservation project. The 

ICOMOS-ISCS illustrative glossary on stone deterioration patterns is a global reference 

guide used in the identification of decay patterns. The glossary aids in a consistent approach 

to identifying and describing decay, reducing potential ambiguity of decay-related 

terminology.   

According to the ICOMOS-ISCS glossary, stone deterioration can be subdivided into five 

categories: crack and deformation, detachment, featured induced by material loss, 

discolouration and deposits, and biological colonisation.   Some examples of decay of 

sandstone are shown in Figure 1.7. 

 

 

C D 

A B 
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Figure 1.7: Different types of decay manifesting at historic sandstone buildings around 
Scotland: A) Spalling and flaking of sandstone. Replacement stones visible show extent of 
weathering; B) Spalling and granular disintegration of bedded sandstone; C) Blistering of 
sandstone; D) Aveolization weathering, a common pattern produced through salt weathering. 

The glossary also defines general terms which are often, incorrectly, used interchangeably. 

Table 1.3 provides the definition for several terms which are often used interchangeably in 

the study of stone decay despite having slightly different meanings.  Weathering refers to 

processes leading to modification and/or deterioration while decay is associated with loss in 

value or impairment of use and is therefore used commonly in the context of ornamental 

stone (Table 1.3). 

 

Table 1.3: Definitions for general terms often used in the study of stone decay according to 
ICOMOS-ISCS glossary. Most commonly used words throughout this thesis marked by * 
where **  = very common, * = common. 

Word  Definition  

Alteration*  Modification of the material that does not 

necessarily imply a worsening of its 

characteristics from a conservational point 

of view. For example, a reversible coating 

applied on a stone may be considered as an 

alteration. 

Damage Human perception of the loss of value due to 

decay 

Decay** Any chemical or physical modification of the 

intrinsic stone properties leading to a loss of 

value or to impairment of use.  

Degradation Decline in condition, quality, or functional 

capacity. 

Deterioration*  Process of making or becoming worse or 

lower in quality, value, character, etc.  

Weathering**  Any chemical or mechanical process by 

which stones exposed to the weather undergo 

changes in character and deteriorates.  
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Stone durability can be defined as a stones resistance to weathering, and is influenced by 

intrinsic stone properties, both mineralogical and physical, and the external environment 

(climate) (PŚikryl., 2013).  There is considerable variation in literature regarding the type 

and number of intrinsic properties which have the greatest influence on stone durability. 

Some previous studies have defined durability indices using selected stone properties 

(Winkler 1986; Richardson 1991; Ordonez et al., 1997; Benavente et al., 2004; Yu & 

Oguchi., 2010). Some studies have used as few as two properties to estimate stone durability, 

as in the case with Winkler (1986), who suggested durability could be estimated by 

comparing wet and dry compressive strength of stone. Similarly, Delgado Rodrigues (1988) 

used two key properties, porosity and swelling strain, to estimate durability of carbonate 

rocks. However, it is generally considered that the more intrinsic stone properties 

characterised, the most accurately stone durability can be understood (Benavente et al., 

2008).  Intrinsic stone properties interact with the external environment (climate) to 

influence weathering processes and decay (Figure 1.1). 

 

1.7.2 Stone properties 
 

Intrinsic stone properties can be subdivided into mineralogical and physical properties. 

Mineralogy of sandstone is often assessed using a combination of both Scanning Electron 

Microscopy (SEM) and X-ray Diffraction (XRD) to determine the ratio of major sandstone 

components (quartz, feldspar, and lithics) and characterise the clay fraction and other minor 

components such as micas (Vázquez et al., 2013; Scrivano 2017; Scrivano et al., 2018). 

Moreover, the petrography of the stone including grain size, shape, sorting, cements, bedding, 

distribution of minerals, etc can be obtained through optical and SEM imaging.  

Physical properties of sandstone which have been previously studied in the context of 

sandstone durability in literature include, but are not limited to: density, porosity and pore 

size distribution, water transport properties, hydric/hygric expansion properties, thermal 

properties, stone strength, and durability (resistance to weathering) (Benavente et al., 2008; 

PŚikryl., 2013; Viles., 2013). Pore characterisation is considered one of the most important 

physical properties in the study of sandstone durability (Benavente., 2004). The pore 

network determines how and to what extent water will percolate through the stone, which in 

turn will facilitate weathering processes. Porosity and pore size distribution are typically 

measured using Mercury Intrusion Porosimeter (MIP), and microporosity using nitrogen 

absorption (Çelik & Ergül., 2018; Germinario & Török., 2020; Benavente et al., 2021). 
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Furthermore, additional information on pore shape, connectivity of pores ect can be obtained 

through SEM imaging. Water transport properties including capillary absorption and vapour 

diffusion. Water transport properties define how moisture interacts with stone in different 

states (liquid vs vapour). Capillary water absorption refers to the absorption of water via 

capillary processes and is closely related to the pore structure and porosity of stone where 

stones with larger pores and higher porosity usually exhibit higher rates of capillary 

absorption (Benavente et al., 2007; Ruedrich et al., 2011). Water vapour diffusion resistance 

is also a common water transport property and is commonly characterised before and after 

treatment with consolidants and water repellents. Characterising this property helps to 

determine the óbreathabilityô of the stone; defined by the rate at which water vapour can still 

move freely (Elhaddad et al., 2018; Aslanidou et al., 2018).   

Hygric and hydric expansion properties characterises deformation of stone when in contact 

with water. Hydric dilatation refers to expansion of stone with increasing moisture content 

related to intrusion of liquid water (Ruedrich et al., 2011; Aguilar et al., 2018); while hygric 

dilatation refers to expansion of stone with increasing moisture content related to changes in 

RH between 0% and 95% RH (Ruedrich et al., 2011; Ferrer et al., 2021). Dilatation can be 

measured using several methods which all aim to quantify deformation on a mm-scale using 

some kind of strain gauge or dilatometer. Thermal properties characterise how a stone 

responds to exposure to different temperatures. For example, thermal expansion is a 

commonly studied property in understanding stone durability (López-Doncel et al., 2018; 

Vigroux et al., 2021). The thermal expansion coefficient of a stone is closely related to 

mineralogy (Siegesmund and Dürrast., 2011). Sandstones typically have higher values (in 

the range of 10 x 10-6 K-1) compared to other rock types as they contain mostly quartz, with 

thermal expansion coefficient typically between 9 x 10-6 K-1 and 14 x 10-6 K-1. Similar to 

hydric and hygric expansion, thermal expansion can be quantified using a dilatometer which 

measures deformation on a mm-scale. Stone strength is considered a crucial property 

influencing sandstone durability (Benavente et al., 2004). Uniaxial Compressive Strength 

(UCS) is the most commonly studied rock strength in the study of durability however, other 

types, including tensile and flexural, have been studied in stone conservation studies (Zhou 

et al., 2018; Noor-E-Khuda et al., 2019; Vigroux et al., 2021).  

Finally, weathering experiments are used to define the durability of a stone. Whereas all the 

aforementioned properties influence the durability of stone, resistance to weathering defines 

the durability of stone. Both accelerated lab-based and natural outdoor weathering 

experiments are used as a means of characterising a stones resistance to weathering 
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(durability) and typically occur over several week periods (in a lab setting), although some 

natural outdoor experiments have occurred on a much longer time scale (Behzadtabar et al., 

2019; Dias Filho et al., 2020). Lab-based accelerated weathering experiments are often 

conducted in a controlled environment, most commonly a climate chamber where 

temperature and RH can be maintained at desired conditions. These experiments often 

induce weathering through means of either crystallisation-dissolution of salts, freeze-thaw, 

wet-dry cycles, thermal cycles, or exposure to UV (Zhou et al., 2017; Sbardella et al., 2018).  

As seen from the number of stone properties described above, characterising stone durability 

and identifying causes of decay isnôt a simple problem. This is further complicated by the 

various weathering processes which may be operating at any given site. Below is a 

description of major weathering processes which can act upon clay-rich sandstone with 

varying intensity depending on the durability of stone, with reference to contributing 

intrinsic stone properties where relevant.  

 

1.7.3 Major weathering processes of sandstone 
 

Sandstones are porous and permeable rocks which makes them susceptible to moisture 

ingress (Sun & Jia., 2019). Water acts as a catalyst for physical, chemical and biological 

weathering processes. The following section describes common physical, chemical and 

biological weathering processes associated with sandstone with related case studies from 

literature focussed on understanding the decay and durability of clay-rich sandstones.  

 

1.7.3.1 Physical weathering 

Physical weathering processes commonly exert pressure internal to the stone leading to 

decay. Salt weathering is considered the most damaging type of weathering process and is 

common in porous stones such as sandstone (Charola., 2000). The damage associated with 

salt weathering is caused by cyclic crystallisation and dissolution of salts which exerts 

internal pressure on pore walls and over time leads to decay (Charola & Bläuer., 2015). 

Moreover, the presence of clay minerals in texturally and mineralogically immature 

sandstones, in particular the affect they have on porosity, has been shown to increase 

sandstoneôs vulnerability to decay caused by salt weathering (McGreevy & Smith., 1984; 

Warke and Smith., 2000; Warke et al., 2006). The interaction of clay minerals and salts can 

also enhance decay as described by Sebastián et al (2008) who noted the presence of NaCl 
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in the Tarifa building sandstone, and its ability to enhance osmotic-type expansion of clay 

minerals by acting as an effective electrolyte in solution. 

Hydric and hygric expansion of sandstone when in contact with moisture is commonly 

associated with the presence of clay minerals, especially the intracrystalline swelling of 

expansive smectites (Madsen & Müller-Vonmoos, 1989; Ruedrich et al., 2011). Swelling 

strains of > 1.5 mm/m are considered significant in the context of tensile stone strength, 

while some sandstones have reported values as high as 6.7 mm/m (Esbert et al., 1997; 

Jiménez-González et al., 2008). Outwith the intracrystalline expansion of smectites, 

Ruedrich et al (2011) highlighted that porosity and pore size distribution were contributing 

factors influencing observed swelling strains due to the internal pressures generated inside 

micropores during cyclic wetting and drying. Micropores play an important role in 

determining moisture transport and vapour flow through stone. The Macigno sandstone is a 

common building stone throughout Tuscany which is commonly studied in relation to its 

expansive properties and pore size distribution (Franzini et al., 2007; Scrivano et al 2017; 

Scrivano et al 2018). The sandstone has a clay -rich matrix which comprises ~15 wt % of 

the bulk rock and so the stone classification borders feldspathic litharenite and greywacke. 

The sandstone contains expansive interlayer clay sequences consisting of chlorite-smectite, 

and corrensite. As well as containing expansive smectite, the sandstone has a high abundance 

of micropores which contribute to its sensitivity to expansion, especially in the presence of 

water (Scrivano et al 2017; Scrivano et al 2018). Moreover, the microporous texture of the 

Macigno sandstone makes it more susceptible to salt weathering as greater crystallisation 

pressures are generated in smaller pores (Scrivano et al., 2018). 

As well as leading to cyclic expansion and contraction, the absorption of water and increase 

in saturation degree has been shown to affect the strength of sandstone, particularly stone 

containing clay minerals (Hawkins & McConnell., 1992). The Pennant sandstone is 

commonly studied in the context of understanding how clay minerals impact overall rock 

strength under different degrees of saturation. Forest of Dean, a common building stone in 

the UK and studied in this project, is also part of the Pennant Formation (Vásárhelyi & Ván., 

2006; Shi et al., 2016; Li & Wang., 2019). The clay-rich sandstone shows remarkable 

decreases in Uniaxial Compressive Strength (UCS) reducing by 40-55% when saturated 

(Hadizadeh & Law., 1991; Hawkins & McConnell., 1992). Furthermore, this weakening 

occurs when water saturation is as low as 1%, showing the strength of clay-rich sandstone 

is particularly sensitive to the presence of moisture (Shi et al., 2016). Hawkins & McConnel 

(1992) attribute this sensitivity to the presence of clay minerals found in the matrix and 
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coating rigid quartz grains which soften when wet creating internal stress and overall 

weakening of stone. Other physical properties including porosity, pore size distribution, 

grain size and shape also influence the sensitivity of stone strength to water saturation (Cai 

et al., 2019). 

Sandstone can also physically expand and contract with temperature; a weathering process 

known as thermal cycling. Sandstone expands when subject to relatively higher temperatures 

and contracts when exposed to relatively cooler temperatures. Over time exposure to cyclic 

heating and cooling will contribute to decay and lead to an accumulation of residual strain 

(Steiger & Charola., 2011). Clay-bearing stones can have a negative residual strain upon 

heating due to their contraction caused by dehydration. When subject to high temperatures 

(600-1000oC) clay-bearing stones are some of the most negatively impacted stone types, 

where Sirdesai et al (2019) calculated the porosity of claystone to being x6 higher after 

exposure to 1000oC ï the second worse affected stone type in their study before carbonate-

rich sandstone. However, it is important to note that clay minerals commonly exist in 

sandstones as minor components, so the thermal-related decay effects listed above are 

typically not as severe. 

 

1.7.3.2 Chemical weathering  

Sandstones often contain minerals including feldspars and clay minerals that are unstable 

and readily react in the presence of water (Turkington & Paradise., 2005). Minerals can alter 

or dissolve completely through chemical weathering processes which over time leads to 

decay and potential precipitation of new minerals (i.e. the weathering of feldspar to produce 

kaolinite or smectite) (Figure 1.8). The H+ ion of water is responsible for the onset of 

dissolution and mineral alteration eventually leading to pore waters enriched in ions released 

from reacting minerals. The nature and rate of mineral dissolution depends on: availability 

of liquid water, mineral solubility, and acidity. Minerals with the highest solubility, and most 

prone to weathering, are carbonates (calcite and dolomite), feldspars, and clay minerals. 

When subject to wet-dry cycles, An et al (2020) identified chemical weathering processes 

associated with clay-bearing arkosic sandstone including the hydrolysis of K-Na feldspar 

and formation of kaolinite, and the dissolution of feldspar and kaolinite. Both processes lead 

to changes in porosity and pore size distribution, and formation of microcracks. Other studies 

have shown similar chemical weathering effects on physical stone properties (Scrivano et 

al., 2018; Zhang et al., 2018). Studies like these highlight the important controls chemical 

weathering can have on the physical properties of stone and decay. 
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Figure 1.8: Secondary Electron (SE)SEM images polished thin sections showing a relatively 
fresh and weathered sandstone. Chemical weathering and alteration of relatively less stable 
minerals (e.g. feldspars, clays) and clay-rich cements in sandstone can lead an increase in 
porosity and decrease in grain cohesion making the stone more susceptible to further 
weathering.  

 

1.7.3.3 Biological weathering 

Finally, microorganisms (bacteria, archaea, algae, fungi and lichens) can colonise building 

stone, especially in instances where stone is damp or wet. Biofilms can lead to a blockage 

of pores at the surface, affecting properties including porosity and vapour diffusion rate 

(Sterflinger., 2011). Biofilms also attract more water and can enhance chemical weathering. 

In other instances, microorganisms can create a dark brown/black crusts which amplify 

thermal decay by absorbing more incoming UV radiation (Sterflinger, 2011; Lui et al., 2020). 

Biodeterioration may become more common in Scotland according to Smith et al (2011) 

who suggest a link between enhanced precipitation in the UK associated with climate change, 

and increased risk of biodeterioration and chemical weathering due to periods of prolonged 

stone wetness. 
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