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Abstract 

In order to avoid the damaging climatic consequences of rising atmospheric 

CO2, and reduce current atmospheric CO2 concentrations to pre-industrial levels, 

anthropogenic CO2 emissions must be mitigated by capturing CO2 at power plants 

and storing it for thousands of years. Underground storage within deep geological 

formations, such as depleted gas and oil fields or deep saline aquifers, is the best 

understood solution for storage of CO2. In order for this method to gain more 

public and political acceptance it is important to characterise the potential causes, 

quantities and rates of CO2 release that could result if leakage were to occur from 

anthropogenic storage projects. 

This study examines two sites in the Colorado Plateau where faulted and 

actively leaking CO2 reservoirs provide natural analogues for failed anthropogenic 

storage sites. The two sites in question, the Little Grand Wash and northern Salt 

Wash graben faults are situated at the northern end of the Paradox Basin in Utah 

and represent classic three way traps due to juxtaposition of the shallow, north 

plunging Green River anticline against a set of east-west trending normal faults. In 

addition to active leakage sites in each area there are numerous fossilised 

travertine deposits. Along the Little Grand Wash fault the ancient mounds are 

restricted to the fault trace whereas ancient travertine mounds associated with the 

northern fault of the Salt Wash graben are far more numerous and occur up to 

~530 m into the footwall of the fault. This more diffuse pattern of flow is due to the 

outcropping of unconfined aquifer units at the surface. A total of 45 U-Th dates 

from the majority of these travertine mounds provides a unique data set. The 

oldest deposits from the Little Grand Wash and northern Salt Wash graben faults 

produced ages of 113,912 ± 604 and 413,474 ± 15,127 years respectively. Repeat 

ages show reasonable reproducibility and analytical errors on results are of the 

order of 1% of the ages. The coupling of travertine elevation measurements with 

their radiometric ages gives an incision rate for each site. A rate of 0.342 m/ka for 

the Little Grand Wash fault relates directly to Green River incision and agrees with 

previous work on the Colorado Plateau, providing a further data point for 

characterisation of uplift of the province. For the northern fault of the Salt Wash 

graben a rate of 0.168 m/ka for the tributaries running through the area gives a 

robust method with which to estimate ages for un-dated mounds. 



Abstract 

March 2010  Neil Burnside iii 

The results of radiometric dating and incision rate age estimation of 

travertine mounds shows that leakage can last for timescales of 100,000’s of 

years, while high resolution U-Th dating of an individual mound demonstrated that 

leakage from a single point can last for a minimum of ~11,000 years. A range of 

travertine ages show that leakage to the surface has constantly switched location 

through time, while the presence of three mounds of distinct age at one location 

demonstrate that pathways can become repeatedly re-used over periods of 

~45,000 years. There is no evidence of temporal periodicity in travertine deposition 

but there is a distinct spatial pattern of leakage as shown by localised similarities 

in the initial uranium chemistries of travertine mounds. Initial leakage is proximally 

located to the axial trace of the Green River anticline and subsequent leakage 

spreads from this central point along the fault plane in both east and west 

directions. The switching of fluid flow pathways to the surface can be explained by 

three main mechanisms: mineralisation, 3-phase interference of CO2 related fluid 

flow and seismically triggered alteration in dynamic strain acting upon the 

hydrology of the faults. These mechanisms have differing influences in each area - 

demonstrating that the behaviour of fluid flow switching in a system confined to 

damage zone fractures (Little Grand Wash fault) is different to a system leaking 

through an unconfined aquifer (northern fault of the Salt Wash graben).  

Coupling of travertine ages with estimates of their volumes provided a total 

worse case scenario for quantity of CO2 leakage of 6.2 x 106 ± 1.7 x 106 tonnes for 

the Little Grand Wash fault and 7.4 x 106 ± 2 x 106 tonnes for the northern fault of 

the Salt Wash graben. From these totals time averaged leakage rates of 55 ± 15 

and 47 ± 13 tonnes/year were estimated for each fault. The leakage rate for the 

actively precipitating Crystal Geyser travertine (which is the result of 

anthropogenic exploration drilling) is estimated to be 3,153 ± 851 tonnes/year. 

These total and modern rates provide analogues for leakage via caprock failure 

and catastrophic wellbore failure. Applying them to large scale storage sites such 

as Weyburn and Gorgon revealed that for caprock failure complete leakage of 

these reservoirs will take place over timescales of 105-106 years, while for 

catastrophic failure of a single well complete leakage of these reservoirs could 

occur over as little as 103 – 104 years. This finding has important implications for 

the successful monitoring of anthropogenic storage sites. 
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Figure 5.4: Data from World Stress Map and Location  of major regional faults.  

Image is a 3D topographic image of the states of Ut ah, Colorado, Arizona, and New Mexico 
(SAHRA, 2007) with data from the World Stress Map ( USGS and UGS, 2007; Heidbach et al., 
2008) compiled from various researchers. The yellow  star marks the location of the field 
areas whilst the black dashed outline marks the bou ndary of the Colorado Plateau 
(Pederson et al., 2002). Dated sections of faults m entioned in the text are signified by 
lettering; A- Wasatch Fault; B- Hurricane fault, C-  Parajito fault, D- Calabacillas fault, E- 
Hubbell Spring fault, F- La Jencia fault. Faults C- F are situated within the Rio Grande Rift. 
Fault traces are from the works of Lund et al., 200 2; Chang and Smith, 2002; McCalpin, 2005; 
McCalpin, 2000; Personius and Mahan, 2003; and Mach ette, 1986. Quality of stress data 
record from the World Stress Map is ranked accordin g to the scheme introduced by Zoback 
and Zoback (1989), and Zoback and Zoback (1991), an d refined and extended by Sperner et 
al. (2003). Groupings of this scheme refer to the o rientation of the maximum horizontal 
compressional stress (S H) and are accurate to within ±15° for ‘A’ quality, ±20° for ‘B’ quality 
and ±25° for ‘C’ quality. 
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Geyser periodicity has been observed to be sensitive to small strains (of 

0.01 to 1 microstrain) in the Earth and so can potentially be influenced by 

seismicity, caldera resurgence and deflation, Earth tides, barometric pressure, 

availability of meteoric recharge and wind (Ingebritsen and Rojstaczer, 1996). In a 

field study of Upper Geyser Basin, Yellowstone, Rojstaczer et al. (2003), found 

most of these aspects do not have any influence on eruptive periodicity. No 

statistically significant evidence of Earth tide or atmospheric-pressure influence 

was observed, leading to the conclusion that geyser periodicity was insensitive to 

deformation on the order of less than 20-100 nanostrain. This suggests that in 

order for geyser periodicity to respond to seismic activity an earthquake event 

must be create a strain signal greater than this range of values. 

The Denali earthquake, associated with a surface rupture of 340km and a 

Mw of 7.9, was one of the strongest strike-slip events to be observed in North 

America over the last 150 years (Eberhart-Phillips et al., 2003). Evidence of 

induced seismicity in response to this event was recorded up to 3,385 km from the 

epicentre (Gomberg et al., 2004). More than 200 small earthquakes were triggered 

within 18 hours in Yellowstone, 3,100 km south-east of the epicentre. 

Subsequently more than 1,000 earthquakes were recorded over the course of a 

week, with earthquake swarms occurring simultaneously close to different major 

geyser basins (Husen et al., 2004). These tremors, ranging from Mw 0.5 to 3.0, 

could not be located accurately enough to determine the epicentre or depth of their 

origin (Smith, 2004). Coupled with this triggered seismicity, the alteration in the 

eruption cycle of several geysers was observed within hours of main shock. It is 

likely that these events were induced by the arrival of large amplitude surface 

waves which caused dynamic stresses of up to ~470 nanostrain (Husen et al., 

2004). 

The Landers earthquake, an Mw 7.3 right lateral strike-slip event, occurred 

on the 28th of June 1992 in the Yucca Valley, South California. This was the 

largest seismic event to occur in California for 40 years and was accompanied by 

an Mw 6.1 foreshock and Mw 6.2 aftershock (Hauksson et al., 1993). The main 

event produced surficial offsets of up to 6 m and a rupture length of 85 km (Sieh et 

al., 1993), though it is reported that over 100 km of the sequence was ruptured if 

concealed faults are also taken into account (Hauksson et al., 1993). Seismic 

activity 1,250 km to the north-east at Yellowstone was found to be triggered by the 

main event (Hill et al., 1993). This was the most distant associated activity and 
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occurred in a small cluster 15 km north-west of the Yellowstone caldera within the 

Yellowstone National Park. Static stress changes calculated for elastic models of 

the earthquake, by Hill et al. (1993), appear to be too small to have caused this 

triggering. The authors of this study propose that large dynamic strains associated 

with seismic waves emanating from the main shock may have triggered this further 

and far reaching seismic activity. Stark and Davis (1996) suggest the Landers 

event may have been particularly efficient at generating remotely triggered swarms 

throughout the western United States because of its size and shallow focal depth, 

which would promote large surface waves. 

It should be noted that changes in geyser activity at Yellowstone have not 

been restricted to these two seismic events. Significant changes in eruption 

patterns have also been observed following large regional (<200 km) earthquakes, 

such as Hebgen Lake, Montana, (Mw 7.5, 17th August, 1959) and Borah Peak, 

Idaho, (Mw 7.3, 28th October, 1983). The Borah Peak event, which has been 

estimated to have produced a static strain of 100 nanostrain (Okada, 1992), was 

observed to alter the interval between eruptions at Old Faithful geyser. Rojstaczer 

et al (2003) suggest that this response was due to dynamic ground motions 

affecting in the physical state of the geysers leading to, at least temporarily, 

alteration in local permeability. 

The Denali and Landers events were also observed to affect locations 

closer to the field sites in the present study. Stark and Davis (1996) report minor 

activity in response to the Landers earthquake at Geysers geothermal field in 

California, which is an identical distance from the main shock as the Little Grand 

Wash fault (760 km to 763 km). This event also triggered an earthquake swarm 

near Cedar City in south-west Utah, 490 km from the epicentre and only 290 km 

from the Little Grand Wash fault. More than sixty earthquakes were triggered here 

with at least seven of them felt locally in the Hurricane fault zone (Hill et al., 1993). 

It has also been suggested that the Denali event triggered small quakes in 

northern Utah, occurring near little-known hot springs along the Wasatch fault 

(University of Utah Science Daily release, 2004), which is only 265 km from the 

Little Grand Wash fault. While changes in geyser periodicity appear synchronous 

with major earthquakes in the examples outlined above, it is important to note that 

identification of tectonically induced changes in permeability requires seismic 

events to be synchronous with a period of otherwise relative quiescence in geyser 

eruptive variability (Rojstaczer et al., 2003). 
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5.2.1.6.4 Potential sources for triggering of seism icity at the Little Grand 
Wash and Salt Wash graben faults 

As seismic triggering on distant hydrological systems is well documented 

and the Little Grand Wash and northern Salt Wash graben faults are optimally 

orientated within the present day Colorado Plateau stress regime, potential 

sources capable of triggering variation in hydrology along these faults were 

investigated. Due to the far reaching distance of the recorded affects of the Denali 

and Landers events, it is conceivable that any major earthquake within ~3,000km 

may potentially have had an influence on the permeability of fluid flow pathways in 

the Little Grand Wash and northern Salt Wash graben faults. Due to time 

constraints the investigation of potential triggers focused on the palaeoseismic 

history of large active fault zones within ~500 km of the field sites. The three key 

fault zones within this proximity were identified, all of which were known to have 

hosted large seismic events in the recent past: the Rio Grande Rift in New Mexico, 

the Hurricane Fault in south-west Utah and the Wasatch Front in northern Utah 

(Figure 5.4, Figure 5.5). All of these faults have a normal sense of slip and strike ~ 

north to south, and so are typical of faults in the northeast - southwest extensional 

regime of the Colorado Plateau. The Hurricane fault and Wasatch front are both 

situated within a prominent north-south trending zone of earthquakes within the 

western United States interior known as the Intermountain Seismic Belt (ISB). This 

zone marks an intraplate extensional regime extending 1,300km from Montana to 

Northern Arizona (Smith and Sbar, 1974; Chang and Smith, 2002).  

Dynamic stress change was found to be the trigger of seismicity of the two 

examples discussed above (Section 5.2.1.6.3). It should be noted that this 

mechanism should be enhanced in directions where rupture directivity focuses 

radiated energy (Gomberg et al., 2004). For the palaeo-earthquake examples 

highlighted in this section it is impossible to deduce the direction of the energy 

released from the events, therefore it is hard to say for certainty which, if any, has 

the most potential for triggering permeability changes on the Little Grand Wash 

and northern Salt Wash graben faults. 
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Figure 5.5: Timeline of travertine occurrence again st regional seismic activity.  

The top two rows demonstrate the occurrence of trav ertine in the Little Grand Wash and Salt Wash grabe n. U-Th dated mounds (the errors of which are 
smaller than the width of the bars) shown as red ba rs and age estimated mounds from the northern fault  of the Salt Wash graben shown as blue bars. 
The four separate ages from mound L4 are shown with  the area between them shaded to show the life span  of the mound and with a light green bar to 
show its average age. Seismic activity segment of t he figure shows dated and speculated seismic events  that have occurred on distant faults. (a) Data 
from Chang and Smith (2002) and McCalpin and Nelson  (2001). (b) Data from Lund et al. (2002), Lund et al. (2007), and Amoroso et al. (2004). (c) Data 
from McCalpin (2005). (d) Data from McCalpin (2000) . (e) Data from Personius and Mahan (2003). (f) Dat a from Machette (1986). For details on dating 
techniques used in each case see Appendix C and loc ations of the faults see Figure 5.4 
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The top two rows demonstrate the occurrence of travertine in the Little 

Grand Wash and Salt Wash graben. U-Th dated mounds (the errors of which are 

smaller than the width of the bars) shown as red bars and age estimated mounds 

from the northern fault of the Salt Wash graben shown as blue bars. The four 

separate ages from mound L4 are shown with the area between them shaded to 

show the life span of the mound and with a light green bar to show its average 

age. Seismic activity segment of the figure shows dated and speculated seismic 

events that have occurred on distant faults. (a) Data from Chang and Smith (2002) 

and McCalpin and Nelson (2001). (b) Data from Lund et al. (2002), Lund (2007), 

and Amoroso et al. (2004). (c) Data from McCalpin (2005). (d) Data from McCalpin 

(2000). (e) Data from Personius and Mahan (2003). (f) Data from Machette (1986). 

For details on dating techniques used in each case see Appendix C and locations 

of the faults see Figure 5.4 

It is hard to draw correlations between the timing of activities on these 

distant faults and switching of fluid flow along the Little Grand Wash and northern 

Salt Wash graben faults because the palaeoseismic record is sparse and 

inaccurate (Figure 5.5). The records of each distant fault and the dating 

techniques used to deduce past activity is presented in Appendix C. Information 

gained from the historical record is far too recent to provide an accurate estimate 

of the complete seismic cycle, especially in this case when time scales in the order 

of 100,000's of years are desired. Sparseness of the record is a result of the time 

period involved because relatively few age dating techniques can accurately deal 

with late Pleistocene to Holocene deposits, and even then particular materials 

required for each dating technique must be present. 

Over the distant faults taken into consideration a wide variety of techniques 

were implemented in order to determine past seismic events. Only one 

radiometrically determined event, from 13C on the Hurricane fault, is published 

(Amoroso et al., 2004). The rest of the data are either from qualitative techniques 

that involve large errors on age such as thermo and infrared stimulated 

luminescence, or quantitative techniques like the soil development index (Harden, 

1982) and geologic observations. 

The absence of radiometric ages is not surprising for these faults as 

radiometrically datable materials such as charcoal or volcanic ash are not often 

preserved in critical surface exposure or in excavations dug specifically for dating 
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purposes (Machette, 1986). Of the published luminescence analysis, ages are 

either provided as approximations with no error (McCalpin, 2000; McCalpin, 2005) 

or as rounded ages with up to 20% error (Personius and Mahan, 2003).  

Movement of fault scarps in the literature for these distant faults are often 

estimated from offset of stratigraphy (Chang and Smith, 2002) or the juxtaposition 

of soils with faulted sediments (Machette, 1986; McCalpin, 2005). The technique 

used to date this later aspect; the soil development index (Harden, 1982) has 

many variables and can only provide an estimate of age of scarp forming events. 

The huge inaccuracy of these techniques, excluding the single radiometric date, 

makes them poor methods to compare and correlate events across numerous 

faults. 

5.2.2 Climatic Effects 

A second possible external influence on the switching of pathways along 

the Little Grand Wash and northern Salt Wash graben faults is climate. Relatively 

warm and cold periods during the history of the area will have had a direct 

influence on precipitation rates which in turn could potentially affect water table 

height and supply of water to the springs that deposit the travertine mounds. In 

order to compare the travertine mounds in this study to any climatic information we 

must be certain that the mounds can potentially reflect climatic cycles.  

If change in ground water discharge is not the result of seismic activity then 

spring-deposited travertine growth could potentially reflect climatic fluctuation as 

travertine has been reported to represent effectively wetter periods than the 

present (Livnat and Kronfeld, 1985). Past climate records, stretching back tens of 

thousands of years are well established on a global scale, with δD data from the 

Vostok ice core and δ18O record from SPECMAP (Winograd et al., 1992; Lorius et 

al., 1985). However the climatic record for this region and indeed the Colorado 

Plateau in general is sparse over the time frame of travertine deposition in this 

study. Dendrochronology, the science of tree-ring dating, on conifers from the El 

Malpais National Monument, New Mexico, has produced an accurate short term 

record of rainfall for the last couple of thousand years (Grissino-Mayer et al., 

1997). Beyond this record one must rely upon various studies that may lack 

precision but nevertheless can provide some information to the past climate of the 

Colorado Plateau.  
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5.2.2.1 The past climate of the Colorado Plateau 

Situated between the Rocky Mountains to the east and north, and the Basin 

and Range to the west and south, the Colorado Plateau is a unique 

physiographical province (Figure 5.4). It presently straddles the transition between 

summer-wet and summer-dry climatic regimes to the south and north-west 

respectively (Anderson et al., 2000). This coupled with the topographic diversity 

has led to the production of diverse environments and plant communities. The 

palaeo-ecological record of the plateau is poorly known, but there are numerous 

potential sources for analysis. Records are mainly split into two varieties, both of 

which provide a record of the last ~35 ka; stratigraphic deposits and animal traces.  

Stratigraphic deposits mainly come from high elevation locations (>2,200 m) 

and include sediments from lakes, bogs, alluvium, and caves. From 34-30 ka 

depositional hiatuses in lake deposits indicate a dry period of minimal rainfall 

(Anderson, 1993). Water levels in lakes were higher than present day between 

~30-24 ka suggesting a wetter climate, whilst temperature records also indicate a 

cooler climate (3-4ºC colder than present). Change in vegetation recorded 

between 18 and 14 ka indicates a drop in temperature to a colder climate (5ºC 

cooler than present), with near modern vegetation being established by 12.4 ka.  

Animal traces, such as pack-rat middens and bat guano, are common at 

low elevations (<2,200 m). Changes of vegetation found within middens suggest a 

full glacial climate between 27.5 and 17 ka (Long et al., 1990; Thompson et al., 

1990). This agrees well with radiocarbon dates of rock varnish in the Sierra 

Nevada, California (Dorn et al., 1987). Late glacial type vegetation became 

dominant between ~18 to 14 ka. Finally, increasing temperature and increased 

rainfall between ~14 to 10 ka instigated a transitional period toward modern 

vegetation occurred (Jackson et al., 2005). Isotopic δ13C and δD values recorded 

in guano from the Grand Canyon confirm this pattern of warming through to the 

early Holocene until ~9 ka (Wurster et al., 2008). Decrease in both isotopic values 

around 8 ka suggests a rapid change in atmospheric circulation and a cooler and 

dryer climate. 

Anderson (2000) suggests that the highest elevations of the Colorado 

Plateau (above 3,600 m) were probably ice covered for much of the duration of the 

last Ice Age (from ~110 to 13 ka). These changes in atmospheric circulation are 
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the result of the size and position of the Laurentide ice sheet, which covered much 

of Canada and the northern United States during this time (Bartlien et al., 1998; 

Dyke et al., 2002). Simulation models by COMAP (Kutzbach et al, 1993) between 

~18 and 14 ka suggest that the polar jet stream reached ~20º south of its present 

position. Coupled with stronger inshore upper level winds along the west coast 

these conditions produced colder winters and summers than present, and greater 

winter precipitation. The warming of the climate since this time can be attributed to 

northward shift of the jet stream as continental ice sheets retreated (Thompson et 

al., 1993; Shuman et al., 2002). 

A further climatic record available in the Colorado Plateau comes from 

measurement of palaeo-recharge. This measurement reveals variability in spring 

discharge, which has been reported to respond to precipitation trends on multi-

year time scales (King et al., 1994). Palaeo-groundwater-flow records from Black 

Mesa, northern Arizona, suggest that between 31 and 11 ka recharge rates were 

higher than today, with the maximum pulse of 2-3 higher than today occurring 

between 17 and 14 ka (Zhu et al., 1998) (Figure 5.6). This coincides with evidence 

for retreating ice sheets seen elsewhere (section 5.2.2.1). Numerical simulations 

of ground water flow executed by these authors suggest that thousands of years 

are required for water levels to fully respond to changes in recharge. It is therefore 

possible that any climatic record recorded by spring deposited travertine may be 

delayed in relation to changes in climate. 

Figure 5.6: Timeline of travertine occurrence again st climatic records. 

Timeline includes both regional and world-wide reco rds. Colour coding of travertine 
occurrence in the Little Grand Wash and Salt Wash g raben areas is the same as in Figure 
5.5. Grey boxes highlight potential overlap of timi ng of precipitation in each field area, after 
Figure 4.17. (a) Eastern Grand Canyon travertine da ta from Szabo (1990). This information is 
included as the occurrence of mounds is attributed to period of increased relative wetness. 
The source of error on younger ages is not discusse d in Szabo (1990), while samples with 
age errors in excess ±10ka are calculated from isoc hron plot ages using data from both acid 
soluble and acid insoluble derived residue fraction s. Blue lines represent the average age of 
each group of travertine provided by Szabo (1990). (b) Data from Anderson (1993) and 
Jackson et al. (2005). The yellow represent key cha nges in vegetation on the Colorado 
Plateau whilst the grey box highlights dry period i ndicated by lake sediments. (c) Data from 
Zhu et al. (1988). (d) Data from Anderson et al. (2 000). (e) Data from Winograd et al. (1992). (f) 
Data from Rahmstrof (2003). Heinrich events are cau sed by a ~1,470 year cycle in dramatic 
climate variation. (g) Milankovitch precession is i ncluded as the gaps between deposition of 
several mounds in the Little Grand Wash fall close to the precession cycle period of ~21.6 to 
25.7 ky (generally 23 ky). (h) Data from Lisieki an d Raymo (2005). This information is a 
section of the climate record constructed by these authors using benthic δ

18O records from 
57 globally distributed sites, the grey bars indica te interglacial periods. 
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5.2.2.2 Comparison with regional and global climati c records 

Figure 5.6 shows a timeline comparing the occurrence of travertine on the 

Little Grand Wash and northern Salt Wash graben faults with both regional and 

global records. If climate is having an effect on the switching of these travertine 

mounds then it would be likely that a similar pattern of deposition/precipitation will 

be seen in the Little Grand Wash and Salt Wash graben field areas, and with 

spring deposits elsewhere in the region.  

A study on travertine deposits by Szabo (1990) from the Grand Canyon 

produced thirteen travertine U-series dates, of which nine cover a similar timescale 

to the mounds in the present study. Szabo (1990) divides these nine dated 

mounds into three distinct groups which he attributes to being controlled by long-

term fluctuations in the regional climatic pattern, especially in periods of increased 

effective wetness. As can be seen from Figure 5.6 at first glance there appears to 

be a potential overlap of the mounds in the present study with the groups of Szabo 

(1988). However, the youngest group of Szabo (1990) spans a ‘gap’ in the 

potential overlap of precipitation between the Little Grand Wash and Salt Wash 

graben field sites. Plus the timing of travertine mound precipitation in the present 

study occurs throughout the predicted dry spells of Szabo’s travertine groupings. It 

is also apparent that travertine deposition has occurred throughout a period of arid 

conditions in the region as highlighted by dried out lake sediments (Jackson et al., 

2005). 

Further to a lack of a trend with local climate records, the statistical analysis 

carried out in section 4.7.6.1 showed no evidence of periodicity in either area. This 

random distribution of travertine precipitation through time should rule out climatic 

influence which tends to have a periodic pattern due to the influence of 

Milankovitch cycles such as obliquity and precession (Martinson et al., 1987). 

However, for any climate signal to be apparent in the travertine it must be 

remembered that the mound will reflect a climatic signal of the precipitation 

supplying the mound, which, as highlighted above may take thousands of years to 

travel from its source (Zhu et al., 1998). Analysis of lab precipitates from modern 

waters from both areas may represent the travel time of the meteoric water 

supplying the springs from its source ~35 km to the west (section 4.4.4). The ages 

provided by this analysis ranged from 223 ± 2 to 285 ± 5 years. This apparent 

time-lag is small enough to quickly demonstrate any climatic signal and so seems 
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to further suggest that climate is having little influence on the timing of travertine 

deposits. 

Figure 5.6 demonstrates the lack of correlation between fluid flow history on 

these faults and available climate records. This finding further backs up the results 

of statistical analysis from Section 4.7.6.1, which shows the timing of travertine 

deposition at the surface to be random. 

5.3 Internal forcing factors 

5.3.1 Fault structure and fluid flow effects 

In this section the internal features of faults will be examined in order to 

investigate their potential influence on the spatial and temporal distribution of 

travertine mounds along the Little Grand Wash and northern Salt Wash graben 

faults. The following subsections will deal with three main aspects; variation in fault 

structure, variation in fault permeability and potential fluid flow regime. As part of 

these subsections structural control on spring location, maintenance of fracture 

permeability, and the effect of CO2 on fluid flow will be discussed.   

5.3.1.1 Variation in fault structure 

Despite its importance, vertical fluid flow in faults is still not completely 

understood (section 1.3). The generally accepted three component fault zone 

model, discussed in section 1.3.2, views faults as comprising a generally low 

permeability core, surrounded by a generally high permeability damage zone of 

fractured rock that grades into undamaged protolith (Chester and Logan, 1986b; 

Antonellini and Aydin, 1994; Caine et al., 1996). Faults have been demonstrated to 

be highly heterogeneous and have complex permeability structures whose 

properties can vary both spatially and temporally (Smith et al., 1990; Forster and 

Evans, 1991; Bentley, 2008; Wibberley et al., 2008). Fluid outflow from faults 

occurs most commonly at areas of high fault propagation and interaction which 

forms sites of elevated stress termed breakdown regions (Curewitz and Karson, 

1997). This concentration of stress can lead to active fracturing and continual 

reopening of fluid-flow conduits, permitting long lived flow despite potential 

clogging of fractures due to mineral precipitation (section 5.3.2). 
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5.3.1.2 Structural setting of springs  

Modelling and field studies of fault related springs suggest that spatial 

variation in permeability strongly influences spring location (Rowland et al., 2008). 

Curewitz and Karson (1997) suggest six specific structural settings within fault 

zones which can instigate low permeability and provide ideal locations for springs; 

(1) fault terminations; (2) fault overlaps or double tip interaction; (3) ‘locked’ fault 

intersections; (4) ‘slipping’ fault-intersections; (5) fault traces; and (6) asystematic 

with respect to the fault (Figure 5.7). Examples of these regimes can be found 

throughout the central part of the western U.S. Both ambient and hydrothermal 

fault related fluid flow within southern Utah and the Basin and Range province of 

north-west Nevada are reported to be preferentially associated with areas of fault 

intersection, overlap and termination (Fossen et al., 2005; Faulds et al., 2006; 

Hintz et al., 2008). 

 

 

Figure 5.7: Structural settings of springs associat ed with faulting.  

Stars indicate the location of springs in each sett ing with breakdown regions highlighted by 
shading. (A) Fault tip, (B) Fault tip interaction a rea, (C) Locked fault, (D) Fault trace, (E) 
Slipping fault intersection, (F) Asystematic. Setti ngs A-C dynamically maintained, D-E 
kinematically maintained. After Curewitz and Karson  (1997) and Anderson and Fairley 
(2008). 
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In the present study ancient and modern travertine deposits along the Little 

Grand Wash and northern Salt Wash graben faults are mainly located in the 

immediate footwall. Fault traces mark the intersection of fault planes with the 

Earth’s surface and can show the topographic expression of an active fault or 

deep levels of an inactive fault exposed by erosion. In addition to occurring on the 

fault trace travertine mounds in the Salt Wash graben occur significant distances 

away (up to 530 m) from the fault. These deposits fall under the asystematic 

regime of Curewitz and Karson (1997) as they are not closely associated with the 

northern Salt Wash graben fault trace. The host rock for these mounds is the 

highly porous Entrada Sandstone (Table 5.1). It is likely that this exposed aquifer 

unit is providing high permeability conduits for fluid flow away from fault. This 

theory is supported by the close proximity of travertine deposits to reduced host 

sandstone which suggests previous fluid flow (Dockrill and Shipton, 2010). 

5.3.1.3 Variations in fault permeability 

Previous work carried out to characterise permeability variations within fault 

zones is sparse (Lopez and Smith, 1996). Concentration of flow through areas of 

structural complexity is demonstrated by work on an active fault zone in the Great 

Basin extensional province in Idaho by Fairley et al., (2003), Fairley and Hinds 

(2004a; 2004b), and Anderson and Fairley (2008). Although active, the faults 

described in this area are analogous to those in this study as they are all normal 

dip-slip faults with a predominantly low permeability fault zone. Springs are found 

above a relatively few, spatially discrete, high permeability channels. Variation in 

temperature of both springs and soil in the area of the Idaho faults highlight the 

presence of these channels. Temperature in this case was treated as a proxy for 

permeability, as the two are roughly proportional, at least over a limited range 

(Fairley et al., 2003; Fairley and Hinds, 2004b). Variogram modelling, indicator 

kriging and Gaussian simulation allowed for a geostatistical analysis and the 

production of a composite image of the temperature distributions emanating from 

the discharge of hydrothermal fluids along the faults (Anderson and Fairley, 2008). 

As permeable pathways in hydrothermal systems are generally maintained by 

fracturing (Hintze et al., 2008), high temperature areas were postulated to 

correspond to areas of increased fracture propagation. Even with this advanced 

information on fault structure and fluid flow in comparison to the present study, 

Anderson and Fairley (2008) found this data to still be insufficient to uniquely 
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determine the structural setting of the springs. They base their final conclusion on 

the observed distribution of temperatures, which is consistent with the location of 

the study area in a fault tip-line region or a releasing step with in an obliquely 

slipping fault interaction area (Anderson and Fairley, 2008). 

5.3.1.4 Maintenance of fracture permeability 

Fault slip can give rise to anisotropic permeability as bands of fault gouge 

and cataclasite develop into highly fractured conduits of rock parallel to the fault 

zone (Scholtz and Anders, 1994; Dockrill, 2006; Wibberley et al., 2008). This 

mechanism may create fracture permeability along irregular fault surfaces and 

promote the channelling of fluid flow vertically up the fault zone to the surface 

(section 1.3.2.3).  

The permeability of fluid flow channels in faults can be maintained by one of 

two main mechanisms- ‘dynamic’ or ‘kinematic’ (Figure 5.7, Curewitz and Karson, 

1997). Fracture permeability maintained by kinematic systems is limited to the 

immediate vicinity of the fault and depends on active slip of the fault to re-open 

pre-existing fracture networks. Of the structural setting discussed earlier (section 

5.3.1.2) Curewitz and Karson (1997) state that slipping fault intersection and fault 

trace regimes are maintained by this system. Dynamic maintenance of fluid flow 

pathways is dependant on continued fault propagation or interaction. As this 

system leads to stress concentration and fracturing away from the fault it is usually 

associated with the fault propagation, fault interaction and locked fault intersection 

regimes (Curewitz and Karson, 1997). 

The location of spring deposits along the normal faults in the present study 

is mainly indicative of a fault trace structural regime. As highlighted above this is 

regime is mainly associated with kinematic fracture maintenance, which relies on 

continual fault movement. However, as discussed previously (section 5.2.1.1) both 

geomorphological and radiometric evidence suggests there has been no 

movement on the faults in this study for at least 190 ka, ruling out this method of 

pathway maintenance. Evidence for stress build up in dynamically maintained 

cases can include microearthquake swarms, aftershock concentrations and arrays 

of microfaults and fractures (Curewitz and Karson, 1997). Historical records of 

activity on both faults are poor and the subsurface structure of the faults is poorly 

understood, as such there are no specific data for stress build up on either fault. 
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Due to the evidence against recent movement on these faults (section 5.2.1.2) and 

the lack of evidence for continual fracture propagation it is unlikely that the fluid 

flow pathways in this study are being dynamically maintained. There must be 

some other mechanism at play which allows for maintenance of the fluid flow 

pathways in static fault conditions. Fracture analysis along the Little Grand Wash 

fault demonstrate higher fracture density around relay zones than in structurally 

simpler sections of the fault (Dockrill and Shipton, 2010). Travertine mounds on 

the clay rich host rocks of the Summerville and Morrison Formations are also 

restricted to fault bends and relay zones. Both of these observations suggest that 

permeability pathways are preferentially associated with more structurally complex 

sections of the fault (Dockrill and Shipton, 2010). It is possible that irregularities on 

the fault plane are creating small pressure shadows with small shear strain in 

comparison to the rest of the fault (Gartrell et al., 2003). Relief of shear strain 

around these zones of structural complexity may allow for the maintenance of 

fracture width within them and lead to the promotion of fluid flow.  

5.3.1.5 Potential fluid flow regime 

Fluid flow patterns can be affected by both pressure and temperature 

gradients and the permeability of the rocks encountered by the fluids (Xu et al., 

2003). Mathematical and numerical models constructed by Lopez and Smith 

(1995; 1996) to map permeability space provide four possible fluid flow regimes 

within a fault zone: conductive, advective, steady convective and unsteady 

convective. The regime present in a particular fault zone depends on the 

permeability of both the protolith and the fault zone components. Conduction can 

only occur at low fluid velocities because molecule motion in the fluid becomes 

less random and more directed by higher fluid flow rates. Further increase in 

velocity of fluid flow leads to an advective regime in which fluid flow in the protolith 

is directed towards the fault plane and fluid is discharged vertically at the fault 

trace. As the fault zone becomes more permeable convective circulation is 

established. This can take one of two forms which depend on the permeability of 

the fault zone. Steady convection dominates at lower permeabilities and can 

establish a large scale steady flow pattern whereas unsteady convection creates 

smaller more chaotic fluid flow cells at high velocities. Lopez and Smith plot the 

relationship of these regimes in a base diagram of country rock permeability 

against fault rock permeability (Figure 5.8). 
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Figure 5.8: Plot of protolith against fault permeab ility for fluid flow regimes 

Figure expanded from the base case of Lopez and Smi th (1995). The four different regimes 
are shown constrained by the range of permeabilitie s of the protolith and fault that support 
them. The permeability of the Navajo aquifer is sho wn by the red line. Boundaries between 
the regimes can vary with length, depth and width o f the fault zone. Even with changing the 
parameters of the fault zone, the Navajo aquifer al ways plots in the advective regime. 

 
The average permeability of the Navajo aquifer, the main source of waters 

to the springs in both the Little Grand Wash and Salt Wash graben (Section 3.4.2), 

is 4.5 x 10-13 m2 (Table 5.1, Figure 5.8). When this is plotted against the base 

diagram of Lopez and Smith (1995) it occurs in the advective regime for all fault 

permeabilities. This may form a good approximation of the fluid flow regime in the 

Little Grand Wash and northern Salt Wash graben faults as Lopez and Smith 

(1995) state that as permeability is the dominant factor, results plotted in 

permeability space can provide general guidance in anticipating large scale 

hydrologic features of a fault zone. However, solely taking the permeability of the 

Navajo aquifer as the bulk protolith value provides only an idealised homogeneous 

case when in reality vertical fluid flow up the Little Grand Wash and northern Salt 

Wash graben faults encounters a series of stacked aquifers separated by 

impermeable limestone and clay rich shales. The fact that both faults in the 

present study demonstrate evidence of heterogeneous permeability along strike 
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(Dockrill and Shipton, 2010) adds further complications to any generalisation of 

fluid flow regime. In a second paper Lopez and Smith (1996) do add anisotropic 

fault permeability to their fluid flow model by altering vertical permeability with 

respect to horizontal permeability. However, permeability variation in either of 

these orientations is not modelled or discussed. 

For heterogeneous faults with isotropic permeability the location of springs 

in the advective regime is determined by the large scale alignment of higher 

permeability zones in the dip direction of the fault. This alignment of higher 

permeability zones can be defined in terms of connected pathways along which 

the permeability is everywhere greater than the effective permeability of the fault 

zone (Silliman and Wright, 1988; Lopez and Smith, 1996). A combination of the 

spatial variation in permeability, the depth of the fault zone and the spatial 

distribution of fluid input from the country rock could form a control on the spacing 

between springs at the trace of a fault zone. Smaller lengths between permeable 

pathways lead to more defuse flow, with closely spaced discharge sites having a 

relatively lower rate of groundwater discharge. The travertine of the northern fault 

of the Salt Wash graben may reflect this pattern as their locations are more tightly 

spaced in comparison to Little Grand Wash fault travertine (Figure 4.2), they are 

generally smaller and thinner than the Little Grand Wash travertine (section 4.7.3) 

and they are also the result of more diffuse flow to the surface due the porous 

Entrada Sandstone host rock (section 5.3.1.2).  

5.3.1.6 The effect of CO 2 on fluid flow 

The fluid flowing to the surface of the field areas is rich in CO2 therefore it is 

crucial to take into account the effects that the various forms of CO2 could be 

having on the fluid flow system. Three different phases of CO2: aqueous, liquid 

and gas can be present in several different combinations in a water-CO2 system 

above freezing point (Figure 5.9). At typical subsurface conditions of temperature 

and pressure, CO2 is always less dense than aqueous fluids, therefore buoyancy 

forces will tend to drive CO2 upward towards the land surface whenever increased 

vertical permeability is available in areas of increased fracture density (Agosta et 

al., 2008; Pruess, 2005). 

An analogue for CO2 migration in a fault associated hydrological system is 

provided by the modelling of Pruess (2003; 2005) which investigates CO2 injection 
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into a geological disposal reservoir. Pruess implements numerical modelling of an 

idealized homogeneous fault zone with the simple assumption that leakage from 

the primary storage reservoir will cause the CO2 to be present at a constant 

overpressure in a small subvolume of the fault zone. The parameter of upward 

CO2 migration through permeable formations is input at rates so small so as to 

cause negligible disturbance of the in-situ pressure and temperature conditions of 

a typical crustal setting (i.e. a hydrostatic gradient of ≈10 MPa/km, and a 

geothermal gradient ≈ 30˚C/km). Geothermal gradients measured near the study 

sites provide a mean of 27.8˚C and reflect this typical value (Reitler et al., 1979; 

Smouse, 1993; Nuccio and Condon, 1996). 

 

Figure 5.9: Possible phase conditions of two compon ent water- CO 2 systems. 

Figure adapted from Pruess (2005). Letters stand fo r; a- aqueous, l- liquid CO 2, g- gaseous 
CO2. There are a total of seven separate phase combina tions including three single phase 
states (circled), three two –phase states (in squar es) and a three-phase state (large circle in 
middle). 

 
The timescale of these models is up to ~1 ka, which is two orders of 

magnitude shorter than the fluid flow history of the Little Grand Wash and northern 

Salt Wash graben faults. As discussed above in section 5.3.1.5 neither of these 

faults are as simple as an idealized homogeneous fault zone as they are 

heterogeneous with respect to vertical permeability and cut through stacked 

aquifers and caprocks of widely variable permeabilities. This model also does not 

explain the behaviour of CO2 migration pathways through fracture dominated 

caprock. Nonetheless, the models of Pruess are based on numerical simulations 

of the behaviour of water-CO2 mixtures in permeable media under typical 

temperature and pressure conditions, and therefore can provide insights to what 

happens during leakage of a CO2 charged system through a permeable pathway. 
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Figure 5.10: CO 2 saturation line and fluid pressure- temperature pr ofiles for a setting with 
typical geothermal profile. 

Figure altered from Pruess (2005). The red lines sh ow hydrostatic profiles for surface 
temperatures of 5°C and 15°C. As can be seen the pr ofile for 15°C does not pass through 
the CO 2 saturation line so flow is continual to the surfac e. For the profile of 5°C the 
saturation line is reached at a depth of ~630 m. At  this point two phase flow become three-
phase (see text) and fluid mobility drops impeding flow to the surface. 

 
When temperature at the land’s surface is increased to 15˚C in the model of 

Pruess (2005) the hydrostatic profile of rising CO2 does not pass the saturation 

line (Figure 5.10). This migration negates the liquid phase meaning that CO2 can 

pass from supercritical to gaseous conditions without a phase change. Absence of 

a 3-phase zone in this case means there is no region of severely reduced fluid 

mobility; therefore no resistance to up-flow of CO2 occurs (as seen in the early 

stage T1 of Figure 5.11). This is especially apparent near the centre of flow where 

phase interference had been the most severe during modelling of a surface 

temperature of 5˚C. As a consequence to this less plume broadening was 

observed and CO2 fluxes to the land surface had a more pronounced and 

persistent maximum flux above the CO2 leakage point. Variation in mobility of 

upwelling fluids caused by changes in ambient temperature at the surface 

suggests that climatic variation may have a direct effect on the evolution of 

pathways. As discussed in section 5.2.2.2 however there is no climatic signal 

evident in the travertine deposits of the Little Grand Wash or northern Salt Wash 

graben faults. 



Chapter 5  Implications for fluid flow 

March 2010  Neil M. Burnside 205 

 

 

Figure 5.11: Flow through time for CO 2 rich fluid 

Figure based on a hydrostatic profile with surface temperature of 5˚C. T1- Flow is 
uninterrupted to the surface. CO 2 is initially present as the liquid phase in the up welling 
fluid and boils into the gaseous phase as it reache s the CO 2 saturation line at a depth of 
roughly 630 m. T2- As latent heat is absorbed by th e phase change process and Joule-
Thompson effect cause further cooling which interru pts phase change from liquid to 
gaseous CO 2 and a third phase, aqueous CO 2, results creating a three phase zone. As the 
size of this three phase zone increases the interfe rence between the separate phases 
strongly reduces fluid mobility and flow is impeded . T3- With time this three phase zone 
increases further and gives rise to lateral plume b roadening. An increased volume of 
upwelling fluid gets diverted around the three phas e zone and leads to more dispersed 
pattern of leakage at the surface. T4- Eventually t his diversion of flow reduces the flux of 
CO2 and cooling rates in the three phase zone. This al lows temperatures to recover, and 
boiling of liquid phase CO 2 resumes. CO 2 flux is increased and more focused as 
thermodynamic conditions return to a two phase syst em. 
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In these conditions, modelled with a surface temperature of 5˚C, CO2 

migrating from depth will remain in the liquid phase until it reaches the CO2 

saturation line (which is at temperature/pressure conditions of 31.04˚C and 7.4 

MPa- Vargaftik, 1975), where it boils into gas (Figure 5.10). This transition causes 

a large increase in volume and decrease in viscosity (Pruess, 2005). If this 

process occurs at a finite rate, it will cause formation temperatures to decline as 

latent heat is absorbed by the phase change process. Additional temperature 

decline occurs from Joule-Thompson cooling as the gaseous CO2 depressurizes 

and expands as it migrates toward the surface. As there is always an aqueous 

phase present, the region with liquid-gas CO2 conditions becomes a 3-phase 

zone. Due to temperature decline from Joule-Thompson cooling and associated 

condensation effects, the volume of this 3-phase zone increases with time. 

Interference between the separate phases leads to a decrease in the relative 

permeability of each phase and strongly reduces fluid mobility. As a consequence, 

up-flow in the CO2 charged system is impeded locally in the three phase zone 

reducing flow rate in the vertical direction and slows advancement of the liquid 

CO2. This gives rise to lateral plume broadening and over time an increasing 

fraction of the up-flowing CO2 is diverted sideways around the zone giving rise to 

dispersed CO2 discharge at the land surface. This diversion of flow reduces the 

flux of CO2 and cooling rates in the 3-phase zone, allowing temperatures to 

recover by heat conduction from the wall rocks, causing liquid CO2 to boil away. 

This will cause thermodynamic conditions to return to a two-phase system 

(aqueous-gas), increasing fluid mobility and CO2 flux. The result is a temporal 

trend in 3-phase conditions which leads to a periodicity in CO2 flux and fluid flow to 

the surface (Figure 5.11). 

Leakage rates within these models may be affected by phase change of 

CO2 as density is much lower for the gaseous than for the liquid state. A transition 

to gaseous conditions greatly increases the buoyancy forces and could accelerate 

fluid leakage, as well as causing a rapid increase in fluid pressures at shallower 

levels. This increase in fluid pressure would inevitably lead to an increase in the 

ambient pore pressure of the system. Build up of pore pressure is limited by the 

least principal stress plus the tensile strength of the pathway hosting rock (Nur and 

Walder, 1992). If this limiting stress level is exceeded hydrofracture may occur 

creating short lived but significant pathways for upward migration of fluid. This is 

accompanied by a short episode of fluid expulsion or pressure pulse followed by a 
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drop in pore pressure and sealing of the system. After another build up period, 

hydrofracture can once again occur, taking advantage of pre-existing fractures 

creating a periodic pattern in permeability of the pathway and leakage to the 

surface. Dimensional analysis of Nur and Walder (1992) estimates that these 

‘pulses’ of migrating fluid can last for 103 – 105 years which is more than adequate 

for the maximum duration of travertine deposits in the Little Grand Wash and Salt 

Wash graben. 

5.3.2 The potential effects of mineral precipitatio n 

Mineral precipitation is very efficient at filling fractures and void spaces. 

Significant mineral precipitation may occur over hundreds of years and lead to a 

reduction of permeability in fractures, inhibiting fluid circulation, and ultimately 

block discharge in the absence of any physical mechanism of permeability 

maintenance (Sibson, 1987; Anderson and Fairley, 2008; Eichhubl et al., 2009). 

The abundance of calcium carbonate in the waters leaking to the surface in along 

the Little Grand Wash fault and the northern fault of the Salt Wash graben is clear 

to see in the field with the presence of numerous travertine mounds in both 

locations. As these waters are rich with respect to calcium carbonate they provide 

a large volume of mineralising agent for the potential clogging of subsurface 

pathways.  

5.3.2.1 Mineralisation observed in the field  

Fluid pathways can become blocked by the precipitation of carbonate 

through degassing of fluid migrating from depth. Upon blockage of a pathway the 

upwelling fluid finds the next point of least resistance and flows to the surface 

along that pathway until it becomes blocked and so on. An indicator of 

mineralisation driven switching could therefore be a continuous fluid flow history 

along the Little Grand Wash fault and the northern fault of the Salt Wash graben. 

The timelines for the history of mound occurrence (e.g. Figure 5.6) demonstrate 

gaps in deposition between deposits which initially suggests that there have been 

periods of time were there has been no fluid flow to the surface. However, the 

gaps in the record have been discussed previously in section 4.7.6.2, and it is 

possible that they are actually due to one of the following factors:  
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• It is unsure how long each travertine mound has been active for as 

radiometric ages provide only a single point in time during which 

each dated mound was active. 

• An estimated minimum lifespan is available for mound L4, but the 

preservation of other mounds varies and so it is difficult to use the 

size of a mound to estimated length of activity. 

• Possible that mounds have been completely eroded away meaning 

that gaps in the record may reflect periods non-preservation rather 

than non- precipitation. 

If the gaps in the time line truly reflect time intervals of non-leakage at the 

surface then they could potentially be explained if it takes an extended period of 

time for up-welling fluid to find and exploit a new pathway once a previous 

pathway has become completely blocked by mineral precipitation. 

Investigation of travertine deposits in the northern Salt Wash graben fault 

field site gives insights to where mineralised blockage of pathways to the surface 

may be occurring. If the blockage was occurring near the surface then flow of CO2-

charged waters to the surface would be diverted around a particular leakage point 

but would remain localised to the blocked pathway due to the highly permeable 

host rocks of the Entrada Sandstone and Curtis Formation. This would give rise to 

nearby or subsidiary mounds of slightly younger age than the original spring 

deposit. There is only one location in the Salt Wash field site where there is 

evidence of similarly aged mounds in close proximity- mounds S7 and S8 (Figure 

4.2). These two deposits are 100,378 ± 562 and 106,088 ± 660 years in age and 

separated by a distance of ~ 20 m. Despite there being several other locations 

where separate mounds are found within 20 m of each other there is no further 

evidence of similarly aged mounds next to one another. The overall trend therefore 

suggests that any potential blockage of pathways is likely to be happening below 

the Entrada Sandstone and in the fault-associated damage zone fractures within 

the low permeability shales and limestones of the Carmel Formation which caps 

the Navajo aquifer. 
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5.3.2.2 Previous work on precipitation 

Published work looking at precipitation rates of veins has mainly focused on 

silica; however some of these findings along with work carried out on calcite can 

be applied to the present study. The amount of vein precipitation from a given 

volume of fluid can be influenced by several factors including; pressure, ambient 

geothermal gradient, initial saturation state, flow velocity, activity coefficients of 

ions, relative concentrations of dissolved components, the presence of reaction 

inhibitors, and in the specific case of calcite veins, PCO2 (Xu et al., 2003; Lee and 

Morse, 1999)  

Analogues for natural precipitation can be found in the work of Lowell et al. 

(1993) who use analytical models to look at isolated fractures in hydrothermal up 

flow zones and the effects of silica precipitation within them. Temperature was 

kept constant, both spatially and temporally, during this modelling in order to 

investigate the effects of both fluid flow velocity and saturation state of waters with 

respect to silica. Whilst constant temperature is not realistic in the hydrothermal 

systems that Lowell et al. (1993) are considering it may be an appropriate 

assumption for the system in the present study which is of a normal geothermal 

gradient. Precipitation rate was found to be mainly driven by degree of fluid 

supersaturation with respect to silica which in turn was found to be dependant on 

the average velocity of fluid flow as this controlled the flux of silica to the site of 

precipitation. For high flow velocities, large fracture widths, or slow reaction 

kinetics the dissolved silica gradient is diminished and no precipitation occurs. 

5.3.2.3 Precipitation rates 

Calcite is a common vein-filling mineral in rocks; however, due to a lack of 

data from subsurface fracture systems and an incomplete understanding of the 

kinetics of vein-filling, the fluid volumes and timescales required for calcite vein 

formation are hard to predict (Morse and Mackenzie, 1993). Lee and Morse (1999) 

try to resolve this situation by looking at the time and fluid volume necessary to 

form calcite veins in a synthetic situation. Their long term experiments, carried out 

at constant pressure and temperature conditions, were conducted to simulate 

calcite precipitation in veins at various flow velocities and initial solution saturation 

states with respect to calcite. The results showed that the solution to calcite 

volume ratio dramatically decreased with increasing solution saturation state for a 
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constant flow velocity. This indicates that extremely large volumes of fluid are 

required to precipitate calcite at low saturation states.  

When veins develop by fracture-channelled flow, the velocity of fluid flow 

must be fast enough to prevent uneven flow distribution along a fracture and the 

fluid has to be slightly saturated with respect to calcite with natural veins typically 

having solution to calcite volume ratios of 105 - 106 (Lee et al., 1996). Factors such 

as solution carrying capacity, the rate constant k and vein size can all influence the 

solution to calcite volume ratio (Lee et al., 1996). Taking these factors into account 

Lee and Morse (1999) suggest that timescales for vein precipitation for a given 

flow velocity may vary by an order of magnitude and so estimate precipitation 

rates of 102 ± 1
 years for cm-scale veins and 104 ± 1 years for meter-scaled veins. 

This range of estimated time scales agrees with work carried out by Fisher and 

Brantley (1992) who suggest that mm scale crack-seal veins can develop over 102 

to 104 years.  

In the present study the inner and outer edges of a 2.5 m thick vein from 

mound L4 were sampled and dated in order to determine the length of time 

required for its precipitation. The radiometric age results demonstrated that the 

vein had been precipitated over 4,298+604
-901 years (Section 4.3.3). This timescale, 

which is of the order of 4.3 x 103 years, agrees within error to the estimates of Lee 

and Morse (1999) for meter scale veins. The time averaged rate of precipitation of 

this vein, 0.51- 0.74 mm/year, may therefore represent a good approximation of 

the length of time required to completely seal fractures within the Carmel 

Formation and force up-welling CO2 charged waters to find an alternative route to 

the surface. 

5.4 Summary: The likely causes of switching 

Upon looking at the aspects discussed above it is clear that there may be a 

number of interacting factors having an effect on the switch of fluid flow along the 

Little Grand Wash and northern Salt Wash graben faults. An in-depth look at the 

climatic history of the surrounding region reveals evidence of distinct periods of 

temperature change causing intermittent periods of relative wetness. Work by 

Szabo (1988) suggests that travertine mounds deposited in the Grand Canyon 

reflect this climatic signal. Plots of the timing of travertine mounds in the present 

study against various regional and global climate records show that the timing of 
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travertine in both field sites does not seem to be concurrent with observed 

changes in the climate. As evidenced from other studies (Winograd et al., 1992; 

Zhu et al., 1998) time-lags in climatic signals due to the length of time required for 

meteoric waters to travel from their source in the San Rafael Swell to the site of 

precipitation some 35km to the east could potentially cause this discrepancy. 

However, even taking this into consideration, results of statistical analysis on the 

history of travertine deposition along both the Little Grand Wash and the northern 

fault of the Salt Wash graben do not show any evidence of periodicity in the timing 

of mounds. As no periodicity in travertine deposition exists and there appears to 

be no correlation between travertine mounds and major climatic events, this 

external forcing factor is completely ruled out as a cause of switching of pathways. 

Seismic activity on the Little Grand Wash and northern Salt Wash graben 

faults also appears an unlikely cause as radiometric and geomorphological 

evidence suggest there has been no surface rupturing on the Little Grand Wash 

fault for a minimum of ~ 137 ka and on the northern fault of the Salt Wash graben 

for at least ~190 ka. However, evidence from Yellowstone and the Geysers 

geothermal field demonstrate that large scale earthquakes can alter the 

hydrological systems up to 3,100 km distant. In order for these systems to have 

been affected the stress change resulting from seismic events must have been 

greater than 20-100 nanostrain (Rojstaczer et al., 2003). Elastic models of the 

Denali earthquake show that the resulting static stress change would have been 

too small to exceed this threshold and cause any triggering effects (Hill et al., 

1993). Large amplitude surface waves from both the Denali and Landers 

earthquakes are therefore most likely cause of triggering as they instigated 

dynamic stresses of up to 470 nanostrain (Hill et al., 1993; Rojstaczer et al., 2003; 

Husen et al., 2004). 

As both the Little Grand Wash fault and the northern fault of the Salt Wash 

graben are optimally orientated for failure in the present day ambient stress field of 

the Colorado Plateau they are potential candidates for seismic triggering. As such 

the timing of travertine mound deposition was compared to the palaeoseismic 

record of several major faults in the local region (Figure 5.5). However, due to the 

poor availability of dateable materials the palaeoseismic record for each of these 

faults has a real paucity of data extending back over the timeframe of travertine 

deposition.  
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Although it is hard to draw any correlation between earthquake events on 

these faults with switching of travertine location along either the Little Grand Wash 

or northern Salt Wash graben faults, seismic triggering is not ruled out as a 

potential cause. This is because of the sheer distance that the effects of seismic 

events can reach. It is very possible that earthquakes on faults outwith the 500 km 

radius of distant faults investigated in the present study could have created 

enough dynamic stress change for alteration of the hydrological systems in 

question, provided the seismic event’s radiated energy was focused in the 

direction of the Little Grand Wash and northern Salt Wash graben faults. 

The structure of the Little Grand Wash and northern Salt Wash graben 

faults are no doubt playing a sizeable role in at least the formation of fluid flow 

pathways. Areas of increased fracture density around fault bends and relay zones 

create regions of relatively high permeability which provide sub-vertical channels 

for migrating fluid to reach the surface. As permeability pathways are preferentially 

associated with more structurally complex sections of fracture interaction active 

pathways to the surface have potentially been maintained by zones of low shear 

strain in relation to the rest of the fault plane. 

Fluid flow effects may be a major factor in pathway switching especially with 

the hydrological systems in question being rich in CO2. Numerical modelling of 

fault related fluid flow regimes has been carried out by Lopez and Smith (1995; 

1996). Permeability is the dominant factor in these models, so results plotted in 

permeability space should provide guidance in anticipating the large scale 

hydrologic features of fault zones such as the Little Grand Wash and northern Salt 

Wash graben faults. When the Navajo aquifer is plotted on Lopez and Smith’s 

(1995) base diagram of country rock permeability against fault rock permeability it 

plots in the advective regime for all fault permeabilities. The same result occurs 

when the Navajo is plotted on the updated anisotropic version (Lopez and Smith, 

1996) which has vertical permeability four times greater than horizontal 

permeability.  

However, it should be taken into consideration that although the Navajo is 

the main source for the springs in the present study, the geological stratigraphy of 

the field area is far to complex for a singular bulk value of protolith permeability to 

be considered for accurately predicting a fluid flow regime to the surface. 

Comparisons of the fluid flow system in the present study, and indeed any system, 
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therefore require consideration of the site specific conditions for both the protolith 

and fault zone. In the case of the Little Grand Wash and northern Salt Wash 

graben faults variability in protolith values is due to the presence of strata of 

varying thickness (ranging from ~ 10-150 m for each unit- section 3.3.1) and 

composition (ranging from shales to sandstones- section 3.3.2). For the faults 

themselves the physical properties of the fault zone, such as width, depth and slip, 

and their effect on the heterogeneity of the faults permeability need to be known. 

This is discussed and speculated in sections 3.2 and 4.7.5 for the Little Grand 

Wash and northern Salt Wash graben faults, however far more detail and further 

measurement is required in order to give a conclusive answer on the fluid flow 

regime taking place. 

The various phases that fluid can take on in a water- CO2 system can play a 

key part in migration of the fluid to the surface. Numerical simulations by Pruess 

(2003; 2005) suggest that CO2 leaking along heavily permeable pathways from 

deep accumulations may demonstrate cyclical behaviour. As upwardly migrating 

liquid CO2 reaches the CO2 saturation line and it boils into gas leading to an 

increase in volume plus a decrease in viscosity. The resulting cooling of the Joule-

Thompson effect and phase interference between liquid, aqueous and gaseous 

CO2 results in a strong reduction of fluid mobility. CO2 flux above the original 

leakage point declines and up-welling fluid is diverted around the 3-phase zone 

creating new leakage points at the surface. Diversion of flow allows temperatures 

to recover in the 3-phase zone, which leads to a reestablishment of two-phase 

flow to the original leak point. The simulation timescales of Pruess (2003; 2005) 

are two orders of magnitude shorter than the fluid flow history recorded along the 

Little Grand Wash and northern Salt Wash graben faults, however they are long 

enough to provide an insight into the localised switching of pathways between 

mounds of similar age (i.e. <10,000 years). Above the CO2 saturation line 

increased pore pressure caused by the build up of gaseous CO2 may lead to 

hydrofracture of any blockage and the re-activation of mineralised pathways. 

Given the normal pressure and temperature conditions demonstrated by 

measurement from near the field sites (section 5.3.1.6) it is likely that the local 

CO2 saturation line will be at a similar depth, ~630 m, to that used in the 

simulations of Pruess (2003; 2005). As the depth of the Navajo aquifer is between 

600 – 800 m (Shipton et al., 2005) it is likely that the Carmel Formation will be 
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below the CO2 saturation line and that hydrofracture by this method is therefore an 

unlikely mechanism in the present study. 

Precipitation effects could also have a significant influence in the switching 

of pathways by clogging viable pathways to the surface and forcing upwelling fluid 

to find alternative routes. The histories of travertine deposition in both field sites do 

not show a continuous record of flow to the surface, however gaps in the timelines 

may be due to one or a combination of: preservation issues, uncertainties around 

the lifespans of deposits or the removal of mounds from the record by erosion. 

Alternatively these gaps may be explained if it takes considerable periods of time 

(up to 1,000s of years) for up-welling fluid to establish a new pathway to the 

surface. Work by Lee and Morse (1999) and Fisher and Brantley (1992) suggest 

that calcite veining can completely infill fractures on time scales of 102 ± 1 to 104 ± 1 

years. Radiometric dating of the inner and outer edges of the main vein of 

travertine mound L4 from the Little Grand Wash supplies an age of 4,298+604
-901 

years, which agrees with this range. The calculated lifespan of 10,740+3,544
-4,403 

years from multiple radiometric age analysis of this deposit may provide an 

analogue for how long it can take for pathways to become completely blocked by 

mineralisation at depth within the Carmel Formation. This is a minimum estimate 

for the lifespan of L4, so it is likely that this mound was actually active for longer 

than this timeframe. However, as L4 is by far the largest mound in the field, even 

with taking erosional affects into consideration, its lifespan can be taken to be the 

maximum possible age of all other travertine deposits across both field areas and 

therefore the longest timeframe required to block pathways by mineralisation. 

From the reasoning above there are realistically three separate 

mechanisms for switching of fluid flow pathways along the Little Grand Wash and 

northern Salt Wash graben faults: mineralisation, 3-phase interference and 

dynamic strain. In order to determine which of these factors was the most likely the 

timing between switching of successive travertine deposits was plotted against the 

distance between these successive mounds for both field areas (Figure 5.12). 

Upper limits of each mechanism were deduced and plotted onto the graphs in 

order to highlight zones in which they may be having an affect. The limits of the 3-

phase interference zone were based on the distance of displacement of CO2 flux 

to the surface from the longest running model of Pruess (2003). Mineralisation was 

deemed to influence switches of any distance as it is solely a ‘switching off’ 

mechanism. An upper time limit is placed on this zone by the minimum lifespan of 
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mound L4 plus its positive error (14,069 years – sections 4.3.3, 4.6.2). As dynamic 

strain is an external influence it is possible that any section of the hydrological 

system in either field site could be affected, therefore this mechanism is deemed 

capable of causing a switch in pathway of any length or any distance. 

 

Figure 5.12 shows that 3-phase interference is having a minimal effect on 

the pathways of the Little Grand Wash fault, but may be playing a decisive role 

along the northern fault of the Salt Wash graben. Eight possible switches between 

leakage points at the surface at this site occur within this zone. Examples include 

the switch sequences from mounds S7 - S35 - S8 and S2 - S28 - S26. The 

 

Figure 5.12: Plot of potential switching mechanisms . 

Plots of the age difference between successive trav ertine deposits against the distance 
between them. Each deposit was given the same maxim um lifespan (i.e. the lifespan plus 
the positive error) as the longest lived mound in e ach field area (14,069 years from L4 and 
3,593 years from S37- section 4.6.2) in order to pr ovide an estimate of the smallest possible 
time-gap between deposition of successive mounds. L ifespans that overlapped were given 
an age difference of zero. The potential mechanisms  that may have instigated the switching 
of pathway to the surface are shown by colour coded  zones. The red and green zones 
highlight the potential reach of influence of 3-pha se interference and mineralisation 
respectively (note that these overlap in the bottom  left corner). Dynamic strains, which are 
triggered by distant seismic events, are capable of  causing a switch in pathway of any 
length or any distance. Demonstration of how these switching events can occur and 
possible examples of each are given in Figure 5.13.  For clarity two switches of pathway 
from the northern fault of the Salt Wash graben hav e been omitted from the plots. These 
gaps are both >93ka and so plot solely in the dynam ic strain regime. 
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difference in the potential role of 3-phase interference in each field area is not 

surprising. This is because the flow to the surface in the Little Grand Wash will be 

restricted to damage zone fractures due to the presence of several low 

permeability sealing units between the Navajo aquifer and the surface. The 

northern fault of the Salt Wash graben is less restricted as once flow has 

penetrated the sealing Carmel Formation it only has to pass through the Entrada 

Sandstone, and unconfined aquifer unit, to reach the surface. 

As it is solely a ‘switching off’ mechanism mineral precipitation is the 

simplest method to explain changes in flow to the surface and it is likely to be the 

main cause of switching between mounds less than ~10 ka apart. This is shown by 

Figure 5.12 which shows that most of the switches in both field areas fall within 

this zone. Switches with zero time gap (when lifespans are taken into 

consideration) between precipitation of one mound and the next suggest periods 

of ~ continual flow to the surface and are the most likely to have been caused 

blockage of pathways due to mineralisation. 

Dynamic strain can affect any switch shown by fluid flow pathways in both field 

areas. What is interesting from Figure 5.12 is that there are several switches in 

pathway outside of the zones of precipitation and 3-phase interference which 

implies that four of the switches on the northern Salt Wash graben fault and one of 

the switches on the Little Grand Wash fault are likely to be the result of triggering 

by dynamic seismic strain. This suggests that for these switches dynamic strain 

isn’t only unblocking mineralised fractures associated with the current leakage of 

CO2 charged ground waters, but is creating new pathways for the present fluid 

flow system. It is possible therefore that induced seismicity may be able to further 

rupture tight fracture sets or previous episodes of veining with the caprocks (which 

are not associated with the current fluid system) of the Little Grand Wash and 

northern Salt Wash graben faults. 

Though it should be noted that the zones only provide guidelines on what 

mechanisms could be causing the switching of pathways the fact that there is 

potentially a difference in the dominance of mechanism in each field area 

highlights an important point. Most modelling of fluid flow and fault systems looks 

at ideally homogenised faults within a single, usually permeable media or protolith. 

As discussed above this is not representative of natural systems which will show 

significant variation in structure and permeability. The case presented here shows 
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that the behaviour of fluid flow switching in a system confined to damage zone 

fractures, the Little Grand Wash fault, and a system leaking through an unconfined 

aquifer and perhaps analogous to previous modelling attempts, the northern fault 

of the Salt Wash graben, may be different. This means that a large number of 

previous simulation and modelling on fault systems are inappropriate for cap rock 

failure within systems of more complicated stratigraphy. The present study also 

provides an insight as to how fracture controlled permeability can evolve in space 

and time and shows that fluid flow pathways can switch along multiple locations on 

faults, therefore demonstrating that leakage through sealing lithology doesn’t 

necessarily have to be restricted to a single point. 

 

 

 

Figure 5.13: Methods for switching of fluid flow pa thways. 

Conceptual models for switching of pathways via min eral precipitation, 3-phase interference 
and dynamic strain. (A) Precipitation of calcite wi thin the damage zone fractures of the 
Carmel Formation, the sealing lithology of the Nava jo aquifer, can lead top blockage of fluid 
flow pathways at depth and abandonment of travertin e precipitation at the surface. As 
shown from Figure 4.19 leakage starts at a central point around the axis of the Green River 
anticline and spreads outwards in both directions a long strike of the faults with time. This is 
consistent with the central point of the anticline supporting the thickest accumulation of 
CO2 charged ground water and therefore the greatest he ad. (B) Phase interference between 
gaseous, aqueous and liquid CO 2 within the up-welling groundwaters can lead to a z one of 
low fluid mobility around the CO 2 saturation line due to the temperature drop associ ated 
with the boiling of liquid CO 2 and the Joule-Thompson effect. This can divert flo w of up-
welling fluid to the surface. Drop in flow to the c entre of the zone of phase interference 
allows temperatures to recover and the 3-phase zone  to dissipate, allowing for fluid flow to 
resume along the original pathway. Eventually the p athway will become blocked by 
mineralisation within the Carmel Formation. A possi ble example of this method of switching 
is shown by mounds S7, S8 and S35 (Figure 4.2B) alo ng the northern fault of the Salt Wash 
graben. (C) Dynamic strain, induced by dynamic wave s from distant seismic events can lead 
to the unblocking of mineralised pathways and the r e-establishment of former fluid flow 
pathways. This can allow once abandoned sites to be come re-activated at the surface. 
Mounds L5, L6 and L7, which all occur within ~50 m of each other along the Little Grand 
Wash fault (Figure 4.2A) demonstrate that fluid flo w pathways may become re-used. 
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Figure 5.13: Methods for switching of fluid flow pa thways. 
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6 Calculation and risk assessment of CO 2 leakage 

6.1 Introduction 

Dating and measurement of the physical dimensions of travertine deposits 

along both the Little Grand Wash and northern Salt Wash graben faults has 

allowed approximate values for proportion and rate of CO2 leakage to the surface 

to be determined for both field sites. These values come with an appreciation of 

the large errors involved with the estimation of the volume of travertine deposits 

(which include area and thickness measurement- section 4.6). This chapter will 

demonstrate the necessary calculations in section 6.2 before going on to discuss 

the results for both the faults in the present study and their implications for 

anthropogenic storage sites in section 6.3 . Finally, to conclude, section 6.4 will 

form a risk assessment of the leakage along the Little Grand Wash fault and the 

northern fault of the Salt Wash graben and go on to present general findings 

applicable to the consideration of leakage in anthropogenic CO2 storage sites. 

6.2 Quantity and leakage rates of CO 2  

6.2.1 Total volume of leaked CO 2  

To convert the volumes into CO2 mass leaked to the surface, a series of 

basic calculations need to be conducted (Dockrill, 2006). Firstly, the total mass of 

travertine along each fault is calculated by: 

3330 CaCOCaCOCaC VM ρ=  

Equation 6.1 

 

Where ρCaCO3 equals the average density of calcium carbonate (2,800 

kg/m3) and VCaCO3 is the total volume of travertine. The total proportion of CO2 

within this mass is calculated as follows; 
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Where MMCaCO3 is the mass of travertine, MMCO2 is the molar mass of 

carbon dioxide (44 g) and MCaCO3 is the molar mass of calcium carbonate (100.1 

g). The total mass of CO2 that has leaked to the surface along each fault is 

calculated by: 

2

2
2

CO

CO
TCO X

M
M =  

Equation 6.3 

 
Where MCO2 is the mass of CO2 precipitated in the travertine and XCO2 is the 

proportion of CO2 leaked to the surface that is precipitated as travertine. 

Geochemical modelling using measured water chemistry from the Crystal Geyser 

by Heath (2004) suggests that approximately 10% of leaked CO2 is precipitated 

while the remainder is either vented as a free gas into the atmosphere or retained 

in solution. This value is based on the assumption that no free phase CO2- gas is 

present and that there is no calcite in solution, which may be appropriate due to 

the likely hood of the Navajo aquifer being below the CO2 saturation line. Heath 

(2004) used Phreeqc 2.8 to model the solution, which was equilibrated with 

respect to calcite and atmospheric CO2 (PCO2 = 10-3.5 atm). Although no errors on 

this estimate are provided a sensitivity of ± 5% (equal to an error of ± 50%) on 

Heath’s (2004) XCO2 is applied to the results of the present study in order to 

produce a likely range for fixation of CO2 during precipitation of travertine mounds. 

The results of these calculations for total and modern leakage in both field 

areas are presented in Table 6.1 and Figure 6.1. Also included within these results 

are the leakage estimates of mound L4 and for the last ~113 ka of the northern 

fault of the Salt Wash graben, which was calculated to provide further comparison 

between the two field sites. The estimated total amount of CO2 to have leaked 

(taking XCO2 = 10%) along the Little Grand Wash and Salt Wash graben faults 

since the precipitation of the oldest remaining travertine deposits each area is 1.3 

x 106 ± 3.6 x 105 tonnes and 9.8 x 105 ± 2.7 x 105 tonnes respectively. For the last 

~113 ka the total CO2 to have leaked from the Salt Wash graben is 7.4 x 105 ± 2 x 

105 tonnes, a total that is just over half of the volume of CO2 leaked from the Little 

Grand Wash fault over the same time period. Indeed the total amount of CO2 

leaked from mound L4, 8.6 x 105 ± 2.3 x 105 tonnes on the Little Grand Wash fault 

is greater than this. These conservative estimates of leakage, due to all ancient 

mounds having been eroded to a varying degree, may be demonstrating that less 
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CO2 has been leaked to the surface in the Salt Wash graben or, as discussed 

previously in the thesis, that erosion may have had a greater affect on travertine 

along the northern fault of the Salt Wash graben (sections 3.5.4.1 and 4.7.3).  

In order to give a maximum value, and test the two theories above, worst 

case scenarios for proportion of leakage in both field areas were estimated by 

attributing each mound across the two field areas with the same dimensions as 

that of the largest mound in each area (L4 and S37). The results of these 

calculations, which are presented in Table 6.2, were deduced by considering every 

ancient mound to have the same dimensions as that of the largest deposit in each 

field area. The results of this scenario produced a total leaked mass of CO2 almost 

five times greater than the minimum estimate for the Little Grand Wash fault (6.2 x 

106 ± 1.7 x 106 tonnes) and over seven times that of for the northern fault of the 

Salt Wash graben. (7.4 x 106 ± 2 x 106 tonnes). These estimates of maximum 

volumes of leakage show that the Salt Wash graben could have leaked a greater 

mass of CO2 into the atmosphere over its entire history than the Little Grand Wash 

fault. However, when only the last ~113 ka of Salt Wash graben leakage (5.3 x 106 

± 1.4 x 106 tonnes) is compared to the Little Grand Wash it can been seen that for 

the same timescales of worse case leakage scenario that the Little Grand Wash 

has still leaked a larger amount of CO2. 

Larger scale leakage on the Little Grand Wash fault is also reflected by the 

amount of CO2 leaked from currently active travertine spring deposits. The mass 

of CO2 leaked from the Little Grand Wash (2.2 x 105 ± 6 x 104) is over five times 

greater than that of the northern fault of the Salt Wash graben (4.1 x 104 ± 1.1 x 

104), despite there only being one site of active leakage there in comparison to six. 

This may be an unfair comparison as mound L1, the Crystal Geyser, is definitely 

the result of anthropogenic drilling as evidenced by drilling records of the Glen 

Ruby #1-X exploration well (section 3.4.5). Though it is not totally certain whether 

all of the active Salt Wash graben deposits are man-made or natural, the presence 

of well casing around mound S45, the Ten Mile Geyser, and the low estimated 

lifespans (<87 years) of the rest of the deposits suggests that are all the result of 

exploration drilling (section 4.7.4). Nevertheless drilling records for any of these 

sites are non-existent so total depths and the stratigraphy they intercept is 

unknown.  
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Table 6.1 CO 2 leakage and flux estimates. 

Totals are derived from the calculations of equatio ns 6.1 – 6.4. Every value based on the volume of de posits is attributed with a ±27% error, 
whilst flux is attributed a total error of ± 46% as  it is calculated from volume of CO 2 leaked (±27%) and the area of deposits (±19%). Lea ked CO 2, 
CO2 leakage rate and CO 2 flux are all presented with the estimation of Heat h (2004) for CO 2 precipitated within travertine mounds ( XCO2 = 10%) 
and also with a sensitivity of ±5% on this value. F lux was considered for switching on/off of leakage at the surface by taking into account the 
sum of all the mound lifespans in each field area a nd using this value for time in the flux calculatio n. This value is therefore the time averaged 
flux for the minimum length of time of travertine p roduction through out the history of leakage. 
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Table 6.2: Worst case scenario for leakage and flux  of CO 2. 

To determine the worst case scenario figures for le akage from ancient travertine every 
mound was attributed with the same volume and area of that of the largest deposit of each 
area, L4 (69,660 ± 18,808 m 3/ 11,610 ± 2,206 m2) and S37 (14,768 ± 3,987 m 3/ 6,296 ± 1,196 
m2). Intermittent flux is calculated by superimposing  the lifespans of mounds L4 and S37 on 
the rest of the travertine mounds from the Little G rand Wash and northern Salt Wash graben 
fault field sites respectively. 
 
6.2.2 Leakage rates and Flux 

The estimates of CO2 mass leaked to the surface along the Little Grand 

Wash and northern Salt Wash graben faults carried out above enables calculation 

of leakage rates and flux for both ancient and modern travertine deposition. The 

maximum travertine age for each field site combined with the calculated mass of 

leaked CO2 gives a time averaged leak rate of 11.6 ± 3.1 tonnes/year and 2.4 ± 

0.6 tonnes/year for each fault, while taking only the last 113 ka for the northern 

fault of the Salt Wash graben, a timescale which matches the total length of 

activity for the Little Grand Wash fault, a leak rate of 6.5 ± 1.8 tonnes/year is 

apparent (Table 6.1, Figure 6.1). Taking the worse case scenarios into account the 

Little Grand Wash fault (55 ± 15 tonnes/year) and the last 113 ka for the northern 

fault of the Salt Wash graben (47 ± 13 tonnes/year) produce similar results (Table 

6.2). This suggests that natural leakage in both areas may have progressed at a 

similar rate over time.  

The leakage rate of mound L4 was estimated as radiometric dating of 

multiple samples provided a minimum lifespan for this deposit (section 4.3.3). This 

individual mound provides a CO2 leakage rate of 79.8 ± 21.6 tonnes/year which is 
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eight times more than the time averaged leakage rates for all mounds over the last 

114 ka along the Little Grand Wash. As the total represents the leakage rate for 

the entire lifespan of a deposit it may provide a good estimate of actual leakage 

rate during natural travertine deposition. This would suggest that individual 

mounds represent leakage rates that can vary widely from the overall leakage of 

the faults.  

Modern leakage rates are far in excess of the leakage rates provided by 

ancient deposits (Figure 6.1). Mound L1, the Crystal Geyser, produces a leak rate 

of 3,153 ± 851 tonnes/year, whilst the combined total for the six active mounds of 

the northern fault of the Salt Wash graben gives a rate of 578 ± 156 tonnes/year. 

As this latter rate is far in excess of the worse case scenario for the northern Salt 

Wash graben fault and that calculated from the ancient L4 mound it further 

suggests that these deposits are man-made in nature. 

An alternative measurement of CO2 leakage commonly used in risk 

assessment is flux (Oldenburg and Unger, 2005). Flux is a measure of the rate at 

which CO2 passes out of the ground per unit area; 

tAMFLUX //=  

Equation 6.4 

 
Where M is the leaked mass of CO2, A is the area of emission at the 

surface defined by the areal extent of travertine deposits and t is the total duration 

of leakage. The time averaged CO2 flux over the entire histories of the Little Grand 

Wash and northern Salt Wash graben faults are 1.1 ± 0.5 and 0.07 ± 0.03 

g/m2/day respectively. Over the last 113ka, flux for the northern fault of the Salt 

Wash graben increases to 0.26 ± 0.12 g/m2/day. As the flux values for each area 

are time averaged values they represent an underestimate due to the forced 

assumption that all travertine sites were active after initiation. Additionally, the fact 

that the cross-sectional area of the vent at each mound will be smaller than the 

total mound area makes these values lower bounds to the total time-averaged flux.  
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Figure 6.1: Plots of total leakage and leakage rate s. 

For both plots data from the Little Grand Wash faul t is shown in green and data from the northern faul t of the Salt Wash graben 
in red. (A) Plot of total leakage. (B) Plot of leak age rates. Note that the y-axis is logarithmic in scale in order to show all r ates.  
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By taking the sum of all the estimated lifespans of travertine in each area an 

appreciation of flux during only periods of travertine deposition can be obtained. 

This is shown in Table 6.1 as the flux value for the switching on and off of leakage 

to the surface (as the totalled lifespans are less than the recorded history of 

leakage along each of the faults), and results in an increase flux value for both 

field sites. In the worst case scenario for leakage shown in Table 6.2 these 

switching on and off flux values are severely reduced because the summed 

lifespan of all the mounds (which have all been attributed with the same lifespans 

of that of the longest lived travertine deposits) in this scenario are far greater than 

the sum of estimated lifespans in Table 6.1. Perhaps a far more useful tool in this 

case for flux during the precipitation of natural travertine deposits is the CO2 flux 

result for mound L4, 18.8 ± 8.7 g/m2/day. The estimated CO2 flux of modern 

springs along both the Little Grand Wash (1,472 ± 677 g/m2/day) and northern Salt 

Wash graben (180 ± 83 g/m2/day) faults provide an indication of the present day 

flux values and are again far greater than the flux calculated from the ancient 

deposits (Table 6.1). 

6.3 Discussion 

6.3.1 Comparison with other leakage rate estimates on LGW 

A contemporary study using aerometric measurements to quantify the mass 

of CO2 emitted from the Crystal Geyser estimated a discharge rate from 48 hours 

of observation of ~12,000 tonnes of CO2 per year (Gouveia et al., 2005). The 

discrepancy between this estimate and the values found in the present study could 

be down to various factors. The leakage rates within the present study have used 

a value of 10% from the modelling of Heath (2004) for the proportion of CO2 

leaked that is precipitated within the travertine mounds. It is possible that this 

could be an over-estimation. When a sensitivity of 50% is taken into consideration 

for Heath’s (2004) results and the amount of leaked CO2 considered to be 

captured by travertine deposition is lowered to 5% then a leakage rate of 6,307 ± 

1,703 tonnes/year is resultant for mound L1 (Table 6.1). However, this is still half 

the rate found by Gouveia et al. (2005) so other effects must be taken into 

consideration. There is also evidence that suggests not all the CO2 migrating to 

the surface comes from discharge of the Crystal Geyser. Soil flux measurements 

from along the Little Grand Wash fault showed anomalies above background 



Chapter 6  CO2 leakage 

March 2010  Neil M. Burnside 227 

coinciding with the fault trace (Allis et al., 2005). The highest flux, >700 g/m2/day 

CO2, which translates to >256 tonnes/year from this single point, was located on 

an outcrop of L2 close to the active L1. Supporting evidence for leakage of gas to 

the surface comes from the observation of gas bubbles along a ~50 m stretch of 

the Green River from the fresh travertine below the geyser to the remnant of 

mound L2 on the opposite shore.  

Alternatively the rate found by Gouveia et al. (2005) may be an over-

estimation as the sampling of the Crystal Geyser was only carried out over 48 

hours. It is possible that this was a particularly active 48 hours in comparison to 

the long term or even yearly average. Clarification of this difference could 

potentially be solved through more in-depth monitoring and measurement of 

emissions of the Crystal Geyser over a longer time period, say several months to a 

year, to gain a more accurate estimate. 

6.3.2 Comparison with other natural CO 2 sources 

Despite the relatively high modern leakage rates outlined in section 6.2.2 

the impact of CO2 leakage to the surrounding environment of both the Little Grand 

Wash and Salt Wash graben is minimal. To put this leakage into perspective, the 

various flux measures are presented in Table 6.3 in comparison to flux rates 

reported from other sedimentary basins, geothermal fields and observation of 

other natural sources of CO2 emission. 

The Mátraderecske field, situated in northern Hungary, leaks gas with 95% 

CO2 content from a strongly weathered Eocene andesite aquifer from a depth of 

~500m (Streit and Watson, 2004). Leakage to the surface mainly occurs vertically 

through fault conduits in the overlying Eocene and Oligocene clays and sands, 

and the CO2 is thought to originate either from nearby deep polymetallic copper-

zinc mineralisation (Pearce et al., 2002) or from volcanic CO2 (Streit and Watson, 

2004). The CO2 in this field is leaking from a largely unconfined aquifer unit with 

sections of missing local sealing lithologies that allows gas to escape directly 

(Pearce et al., 2002). The average CO2 flux to the surface in the area is 235 - 470 

g/m2/day (Pearce et al., 2002). 
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The Rapolano fault forms the eastern border of the Siena-Radicofani basin 

in Tuscany. This is one of the most vigorous CO2 leakage sites in Italy due to the 

highly permeable Pliocene sandstones and high CO2 pressure gradients due to a 

deep geothermal reservoir (Etiope et al., 2005). Leakage of CO2 is unconfined in 

this area as confining Pliocene clay caprocks found elsewhere in the Siena-

Radicofani basin are absent (Etiope et al., 2005). The source of the CO2 is thought 

to be sourced from low enthalpy geothermal fluids (Etiope and Lombardi, 1995; 

1997). Similar to the present study, previous leakage of CO2 to the surface is 

evidenced by ancient travertine deposition in the form of a 150m long ridge along 

the fault at Terme S. Giovanni (Etiope et al., 2005). CO2 flux from this fault is of 

the order of 2.3 – 3,076 g/m2/day (Morner and Etiope, 2002) whilst leakage rates 

solely from gas vents is estimated to total ~ 7,900 tonnes/year (Etiope et al., 

2005).  

The Rekjanes geothermal area is the western most system in Iceland’s 

western neo-volcanic zone. CO2 emissions from this area are localised around 3-5 

elongated north-south trending fault zones which are all thought to support a right 

 

Table 6.3: CO 2 flux measurement comparisons.  

Table showing comparison of CO 2 flux results from the present study and those foun d for 
various CO 2 sources in previous works. (a) Flux shown for tota l leakage of the northern fault of 
the Salt Wash graben is for the last ~113ka. (b) Fl ux estimates converted from µmol/m 2/s 
format to g/m 2/day format for the purpose of comparison.  
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lateral strike-slip sense of motion (Fridriksson et al., 2006). Degassing of mantle-

derived magma at a depth of 1,000 – 1,200 m is the sole source of CO2 in the area 

(Ármannsson et al., 2005). The area is devoid of any sealing units as the 

stratigraphy between the CO2 source and the surface consists of hyaloclastites 

and highly permeable Holocene lavas (Fridriksson et al., 2006). Three general 

pathways; soil diffuse degassing, steam vent discharge and gas bubbling through 

heated pools; are responsible for CO2 emissions in the Rekjanes area 

(Ármannsson et al., 2005). The combined leakage of CO2 to the surface from 

these pathways is 5,060 tonnes/year, which relates to a flux of 6,849 g/m2/day 

(Fridriksson, 2006). 

The flux measurements from the above sites are generally far greater than 

the estimated time averaged flux from the faults in the present study (Table 6.3). It 

should be noted that CO2 leakage is happening on a far larger scale at these sites 

due to the lack of confining caprocks above the CO2 sources. Further to this the 

Rekjanes geothermal area and the Rapolano fault both display enhanced CO2 

fluxes across wide areas as the leaking CO2 is actively being produced directly 

and indirectly via magmatic sources. Despite the unconfined nature of the leakage 

and the continual supply of CO2 displayed by the sites above it is interesting to 

note that the flux rates (235 to 6,849 g/m2/day) and leakage estimates (~5,060 to 

7,900 tonnes year) are of the same magnitude to that of modern day 

anthropogenic leakage at the Crystal Geyser (1,472 ± 677 g/m2/day and 3,153 ± 

851 tonnes/year) on the Little Grand Wash fault (Table 6.3).  

At maximum and minimum time averaged flux rates of 1.1 ± 0.5 to 1.7 ± 0.8 

g/m2/day for the Little Grand Wash and 0.3 ± 0.1 to 0.7 ± 0.3 g/m2/day for the Salt 

Wash graben for the last ~113 ka, natural leakage along these faults is 

comparable to natural flux from vegetated areas. An individual flux of 18.8 ± 8.7 

g/m2/day for the lifespan of mound L4 is still less than CO2 background soil flux 

recorded from highly vegetated areas above effectively sealed natural CO2 

reservoirs at Farnham Dome, Utah, and Springerville - St. Johns, Arizona, and 

towards the lower end of flux levels recorded from forest floors (Table 6.3). 

However, it must be emphasised that the flux measurements are calculated 

assuming the entire mound area rather than the vent area (which cannot be 

measured for the majority of the ancient mounds), so these are lower bounds.  
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Modern anthropogenic leakage since the drilling of exploration wells in each 

area is much higher at 1,472 ± 677 g/m2/day for the Little Grand Wash fault and 

180 ± 83 g/m2/day for the northern fault of the Salt Wash graben. Despite these 

relatively high leak rates, comparative with fumerole activity and tree kill (Table 

6.3), there appears to be no plant mortality around any of the leak sites; in fact 

slightly enhanced growth of salt tolerant plants is actually evident at some modern 

leakage sites because of the increase in water at the surface in this desert 

environment (Shipton et al., 2005). In addition there are no reports of human 

casualty in the local historical record in relation to CO2 leakage at the Crystal 

Geyser even though the area has been popular with locals and tourists since 1935 

(Shipton et al., 2005). This all suggests that CO2 leakage, even with the relatively 

high modern rates, along both the Little Grand Wash and northern Salt Wash 

graben faults poses no threat to the local ecosystem or human activity. 

Before using examples from natural accumulations in order to gain data to 

predict possible outcomes of long term anthropogenic storage, the difficulties in 

comparing different CO2 accumulations should be appreciated. This is highlighted 

by the examples used in this section because each location has different sources 

and volumes of CO2, with some leakage sites still being driven by active, present-

day production of CO2 at depth. The geology and pressure gradients are also 

different in each case, with the presence or lack of competent seals and depth of 

CO2 reservoir both having huge effects on leakage rates and flux. It is therefore 

important to note that each of these cases are likely site-specific. For a true 

appreciation of leakage potential in future engineered storage sites, good base line 

data are essential, for instance; reservoir volume, pressure gradients, porosity, 

permeability and mechanical strength of potential pathways (caprock failure, 

damage zone failure, wellbore failure), natural in-place CO2 volume and 

generation. 

6.3.3 Implications for anthropogenic storage sites 

In order to meet global demand for reduction of CO2 emission several 

geological storage projects have been implemented and many more planned in 

order to investigate the suitability and effectiveness of CO2 capture and storage for 

cutting CO2 emissions into the atmosphere whilst allowing for the continued use of 

fossil fuels. By comparison of the Little Grand Wash and northern Salt Wash 
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graben fault systems with current anthropogenic storage sites the leakage rates 

found within this chapter can be placed further into context. Three main examples, 

the Sleipner, Weyburn and Gorgon projects, will be used within the following 

section to discuss the possible implications of the leakage rates calculated from 

the present study. These three have been chosen due to the availability of data 

and their different geological situations. In order to discuss potential leakage in 

better detail for these examples the leakage rates calculated above can be 

considered as end member analogues for caprock failure and well bore failure for 

total and modern leakage rates respectively. Since the initiation of leakage, 

migrating CO2 charged waters have used fractures within impermeable sealing 

lithologies in the damage zones of the two faults- this makes the calculated total 

leakage rates an ideal representation of leakage via caprock failure above a CO2 

storage reservoir. Although storage site may have been chosen in areas where 

fractures within caprock are deemed unlikely, such as those thought to be devoid 

of faulting, there may be previously undetected structural heterogeneities within 

the reservoir that only become apparent after injection. There is also the possibility 

of overpressuring depleted reservoirs during injection and inciting hydrofracture of 

once competent sealing lithologies. As modern leakage of mound L1, the Crystal 

Geyser, is far greater than the active mounds along the northern fault of the Salt 

Wash graben and it is definitely attributed to anthropogenic drilling- the leakage 

rates calculated from this deposit are treated as a proxy for catastrophic well 

failure. 

The Sleipner field, located in the North Sea and operated by Statoil, is used 

to store CO2 separated from natural gas production at the Sleipner West facility in 

Stavanger, Norway. Since 1996 around 1 million tonnes of CO2 have been 

injected into the base of an off-shore saline aquifer, and by the end of 2008 almost 

11 million tonnes had been stored (Hermanrud et al., 2009, Chadwick et al., 2009). 

The storage reservoir being used, the Utsira Formation is a 200-250 m thick 

massive sandstone formation located at a depth of 800-1000 m beneath the 

seabed (Chadwick et al., 2004; Zweigel et al., 2004). This is a similar depth and 

thickness to the Navajo aquifer supplying the springs in this study. Taking the 

worst case scenario for total leakage from the Little Grand Wash, it would take 

18,298 ± 4,940 years for every 1 million tonnes of CO2injected to escape from the 

storage reservoir and 201,278 ± 54,345 for the storage reservoir to become 

completely emptied via caprock failure of the sealing lithology. Taking modern 



Chapter 6  CO2 leakage 

March 2010  Neil M. Burnside 232 

leakage rates, it would take 317 ± 86 years for every Mt CO2 injected or 3,488 ± 

942 years for the entire reservoir to come up a single well that failed in the style of 

the Crystal Geyser. 

The Weyburn oilfield, situated in Saskatchewan Canada, is currently being 

subjected to CO2 injection for enhanced oil recovery (EOR). Injection was initiated 

in the year 2000 and is expected to continue in phases until 2015 (Preston et al., 

2005). Currently 5,000 tonnes of CO2 are injected per day and taking into 

consideration the full length of the project it is expected that 20 million tonnes will 

be stored in the Weyburn reservoir. The injected CO2 is anthropogenically sourced 

and transported via pipeline from a coal gasification plant in Beulah, North Dakota 

320 km to the southeast. The CO2 is injected into unconformably capped Midale 

Beds reservoir, which consists of Mississippian-aged shallow marine carbonates 

1,300-1,500 m below the surface. CO2 injection is carried out to increase recovery 

of heavy oil from about 35% to 50% (Cantucci et al., 2009). Recycled CO2 

accompanying produced oil is re-captured and re-injected into the reservoir in an 

attempt to permanently store the anthropogenic CO2 in the subsurface (Jensen et 

al., 2009). The Weyburn site currently has a total of 963 active and 146 

abandoned wells within the oilfield. Although most of the estimated 20 million 

tonnes of total stored CO2 should be sequestered in left behind heavy oil, it is still 

worth noting that if one of the many active wells failed or one of the abandoned 

wells was reactivated by some means (e.g. corrosion) then it would take 1.6 ± 0.4 

years to leak back a days worth of injected CO2, or as little for 6,342 ± 1,712 years 

for the total intended stored CO2 to leak back to the surface. Should caprock 

failure occur above the reservoir at some point it would take 91 ± 25 years for a 

days worth of injection and 365,961 ± 98,809 years for the total stored CO2 to leak 

from the reservoir. 

The Gorgon project, operated by Chevron with ExxonMobil and Royal 

Dutch Shell as stake holders, is a Liquefied Natural Gas (LNG) development 

currently under development offshore of the northwest coast of Australia and is 

due to be operational within the next five years (Cook, 2009). The goal of this 

project is to tap into 40 trillion cubic feet of natural gas reservoirs within the Jansz 

and Gorgon fields to supply gas to the Western Australian domestic market 

(Reidy, 2008). Liquefaction for easier subsequent transport is carried out on the 

remote Barrow Island which is over 1,200 km from Perth, the nearest logistical 
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staging point (Flett et al., 2009). Up to 14% of the gas transported to Barrow Island 

from the reservoirs is CO2, which has to be removed as CO2 becomes solid and 

can damage equipment during the LNG process. The CO2 will be injected into the 

sandstones and siltstones of the 500 m thick Dupuy Formation at the northern end 

of Barrow Island 2,300 m beneath the surface. The Dupuy Formation is a saline 

aquifer overlain with a thick shale caprock seal, and is intersected by the Barrow 

Island fault at the Southern end of the island. It is planned that a total of 125 

million tonnes of CO2 will be injected into the Dupuy aquifer over the lifetime of the 

project at a rate of 3.3 million tonnes per year (Cook, 2009). Although the CO2 will 

be injected at a depth of 2.7 to 3 km (and so will behave as a super-critical fluid) 

well away from the fault, should the CO2 manage to reach the fault and leak 

through fractures in the caprock at any point during active storage then using the 

rates from this study it would take 60,384 ± 16,304 years for a years worth of 

injection to escape. Should leakage occur at some point in the future after 

completion of the project it would take a total of 2,287,255 ± 617,559 years for the 

stored CO2 to completely leak to the surface. However, should the injection well or 

any sealed exploration wells in the area fail then leakage for a years worth of 

injected CO2 would take only 1,046 ± 283 years or 39,640 ± 10,703 for complete 

escape of the planned total of CO2 to be stored. 

6.3.4 Monitoring and verification of leakage 

The perfect reservoir and trap rarely exist; with most reservoirs capable of 

leaking to some degree- monitoring of anthropogenic storage sites during and 

after completion of CO2 injection is therefore vital in order to confirm the durability 

of specific sites and the feasibility of CO2 storage in geological media as a whole. 

Although monitoring is obviously already a key component of current and planned 

storage projects the leakage results from the faults in the present study may 

provide further information which can help aid the monitoring process and provide 

further guidance as to what to look out for in terms of potential leakage patterns. 

There is a range of monitoring techniques currently in use for CO2 storage projects 

(Chadwick et al., 2007) the following paragraphs discuss the efficiency of some of 

the main processes, which are applied remotely, in the subsurface or from the 

surface, in light of the findings of the present study. 
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Time lapse gravity and seismic profiles of storage sites are two methods 

that have been commonly implemented to provide a detailed characterisation of 

CO2 bodies, or plumes, and the evolution of the geology of storage reservoirs and 

caprocks in response to stored CO2 (Arts et al., 2004a; 2004b; 2008; Riddiford et 

al., 2005; Juhlin et al., 2007; Loseth et al., 2009). For offshore storage sites, such 

as Sleipner, 4D seismic can be utilised for monitoring. However, this process is 

relatively expensive and is hard to implement for onshore storage sites due to 

problems with changing weather, soil humidity and contact conditions (Michael et 

al. in press). 4D gravity is a cheaper monitoring method which works well for 

quantitative estimates of CO2 saturation in the subsurface (Arts et al., 2004a). This 

method requires a detailed understanding of the geology surrounding the storage 

site and a well characterised model for the entire geological system (Michael et al., 

in press). The scale of these methods provides a problem for the channelled and 

discrete leakage of CO2 that is evident in the present study. Seismic scan lines 

have a resolution on a scale of 10’s of meters which may miss even meter scale 

heterogeneities in structures such as faults and would certainly overlook the 

discrete pathways in this study which are likely to be of sub-meter scale. 

Microseismic monitoring is a possible way to increase resolution but this would 

involve an increased number of monitoring wells in close proximity (Teanby et al., 

2004) which may be impractical due to the scale of a storage project or inhibitively 

expensive to operate. 

Methods that rely on monitoring wells in addition to injector wells such as 

temperature and pressure profiling, geophysics and tracer fingerprinting have also 

been investigated for use in monitoring (Prevedel et al., 2009). 4D vertical seismic 

profiling and pulsed neutron logging are just two examples of geophysical methods 

(Muller et al., 2007; Daley et al., 2008) which allow for quantitative tracking of CO2 

plumes. Geophysical methods such as these run into problems when application 

to commercial scale projects with larger CO2 plumes are considered as the 

transmission distance between injection and monitoring wells may become too big 

to provide desired levels of resolution for monitoring (Chadwick et al., 2009). 

Fingerprinting of stored CO2 with non-reactive elements such as noble gases 

(Gilfillan et al., 2008; Lafortune, 2009) can allow for the verification of CO2 break 

through at monitoring wells and in various environments between the storage 

horizon and the ground surface (Stalker et al., 2009). The sheer number of wells 

required in these methods to provide a good coverage of leakage monitoring 
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above a CO2 storage site could again be impractical and costly. In addition the 

geology of the storage site would have to be intimately known so that specific 

locations where leakage is more likely to occur can be highlighted and monitored 

more intensively. 

Monitoring of CO2 leakage at the ground surface is non-invasive and can 

vary from technologies as diverse as soil flux measurement to satellite imagery. 

Soil flux has been discussed in previous sections of this chapter. Work by Allis et 

al. (2004) show CO2 soil fluxes above proven CO2 reservoirs including the field 

areas within the present study. Ordinary soil flux above Farnham Dome suggests 

that there may not be any leaking CO2, however normal fluxes are also generally 

found above St.Johns and both the Little Grand Wash and northern Salt Wash 

graben fault sites which all have evidence of leakage in the shape of travertine 

deposits. Anomalous flux levels are found next to clear examples of leakage at 

active travertine sites but the flux measurements elsewhere along the fault do not 

highlight any major leaking of gaseous CO2 to the surface. Satellite imagery, such 

as Interferometric Synthetic Aperture Radar (InSAR) had been proven to show 

increases in surface elevation in the order of 5 mm/year above CO2 injection wells 

(Mathieson et al., 2009; Onuma and Ohkawa, 2009). This method may have 

application for detecting forced increases in volume of shallower reservoirs due to 

increased pore pressures instigated by injection, which may lead to either failure of 

the injection well or hydrofracture of caprocks. However any possible variations in 

surface deformation brought about by discrete channel of leakage to the surface, 

such as demonstrated by the leakage patterns in the present study would be so 

small that they would be hard to distinguish from background variations. 

Leakage of onshore storage reservoirs will lead to CO2 release directly into 

the atmosphere. For offshore storage reservoirs, or reservoirs with large lakes 

above possible leakage, additional monitoring techniques may be required. If 

overlain by water it is possible that CO2 could dissolve upon leaking and then 

eventually discharge into the atmosphere by diffusion (Nihous et al., 2005), these 

steady leakage events would need to leave evidence of gas-release pockmarks on 

the seafloor large enough to pick up or geophysical surveys or subsurface 

pathways at a detectable scale for seismic survey (Ligtenberg, 2005; Cartwright et 

al., 2007) in order to be detected. If the leakage took place in water deep and cold 

enough then it may form hydrates on the seafloor or large supercritical bubbles of 
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CO2 which should be detectable from the monitoring of pH (Shitashima, 2008). For 

sufficiently high leakage rates CO2 may bubble through the water column and be 

discharged directly into the atmosphere (Benson and Hepple, 2005). As well as 

monitoring for pockmarks and pipes in this case satellite or aerial surveillance may 

be able to detect bubble streams to the surface. 

From the above discussion it can be seen that although several different 

technologies exist that can be used to monitor CO2 leakage from a number of 

different angles, however, taken in isolation these technologies are inadequate for 

full scale monitoring of an anthropogenic CO2 storage site during injection or after 

completion of the project. Taking the footprints of leakage only for the immediate 

area of travertine deposition surrounding the faults (~2.3 x 106 and ~6.9 x 106 m2 

for the Little Grand Wash and northern Salt Wash graben faults) in the present 

study it is evident that travertine only covers between 1 to 1.5% of each area. This 

number is even smaller when considering the well failure analogue of modern 

leakage which is between 0.1 to 0.3%. Taking these leakage patterns ground 

penetrating methods such as 4D seismic simply do not have the resolution to 

confidently detect leakage along discrete channels of high permeability. Detection 

techniques that require multiple intrusive monitoring wells also produce problems 

as without a large quantity of wells through out the storage reservoir it would be 

hard to detect leakage pathways. By introducing more wells more potential 

channels of leakage are also being introduced to a storage reservoir. This could 

be countered by having a detailed knowledge of the surrounding geology of the 

reservoir so a few key site of likely leakage can be identified and less wells need 

to be used. Surface based detection methods such as soil flux may be 

complicated by relatively high natural CO2 fluctuations within the biosphere and 

atmosphere, plus again a detailed geology must be known, especially of 

subsurface structures, so that measurement can be concentrated above likely 

areas of leakage. 

6.4 Leakage risks for storage sites 

Calculation of total leakage and leakage rates of CO2 from the Little Grand 

Wash and northern Salt Wash graben faults and an analysis of monitoring 

techniques allows for conclusions to be drawn for risk assessment of the leakage 

of CO2 in the present study, which may have important implications for 
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consideration of leakage in anthropogenic storage sites. Assessing the risk of CO2 

leaking from a storage site and the consequences of this leakage are of 

paramount importance to ensure that a geological storage reservoir is both safe 

and effective. All of the information available to a project must be used 

systematically in order to identify the sources of potential CO2 leakage and 

estimate the probability and magnitude of leakage.  

6.4.1 Site characterisation 

Both engineered and natural systems can be a very complex association of 

the geology of the reservoir unit and the stratigraphy surrounding it, structural 

features, groundwater flow regimes, fluid phase characteristics and varying well 

types. A detailed knowledge of the properties of each of these factors and the 

interaction between them should be known. Although it is desirable to select 

storage reservoirs that are structurally homogeneous it is hard to find areas 

completely devoid of faulting. Increasing formation pressures due to the injection 

of CO2 can potentially open fractures and cause slip on faults that exist in the 

reservoir (Wiprut and Zoback, 2000: Streit et al., 2005). As this can potentially lead 

to the formation of highly permeable conduits for leakage of CO2 it is especially 

important that any potential fault slip is identified. This can be achieved by 

geomechanical modelling providing that the frictional strengths of both the fault 

and protolith are known (Streit and Hillis, 2003). Firstly the state of stress, 

including stress orientation and magnitude, should be determined for all faults to 

determine if they are optimally orientated for failure within the ambient stress 

regime of the reservoir area. An analysis of pre-injection slip tendency on any 

present faults can then be carried out. If the faults are favourably orientated for 

reactivation the maximum sustainable pore fluid pressure that can be sustained 

during injection without reactivating the existing faults or inducing new fractures in 

sealing lithologies within the reservoir can be estimated (Streit and Hillis, 2003). 

The determination of factors that may affect the storage of CO2 should not 

stop at the planning stage, but rather should continue through to the completion of 

injection. This is supported by the findings of continual site characterisation of the 

Weyburn reservoir, which despite being subjected to numerous investigations of 

hydrological, geological and geochemical factors during the planning and early 

implementation phase from 2000 - 2004 (Khan and Rostron, 2004; Preston et al., 
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2005; Cantucci et al., 2009) is still being built upon by new work resulting from the 

latest phase which focuses on continual injection and monitoring. Use of additional 

wells has allowed for further information on hydrology and connectivity of 

Mississippian aquifers and the variably thick anhydrite and dolostone zones that 

cap the reservoir to be implemented into previous fluid flow models investigating 

long term fluid behaviour in the Midale Formation aquifer (Jensen et al., 2009). 

Continual characterisation is also important as features that may have originally 

gone undetected, such as subsurface and subseismic scale faulting, may be 

present and interact with the reservoir during the desired lifespan of storage to 

allow leakage. 

6.4.2 Escape scenarios 

As geological CO2 storage is a developing technology there is currently a 

lack of knowledge from which to extract historical data on all leakage risks. 

However, this should not stop potential storage sites from attempting to have as 

great an appreciation as possible for escape scenarios from the storage reservoir. 

In order to achieve this an analysis of features, events and processes (FEP) can 

be carried out (Arts and Winthaegen, 2005). Features are the physical 

characteristics of a system that can change with time such as rock, 

hydrogeological and CO2 properties. Events are discrete occurrences influencing a 

system such as seismic activity, climate change and future drilling activities. 

Processes identify the physics of a change within a system such as diffusion of 

CO2, dissolution of minerals and groundwater chemistry. The FEP’s identified for 

the present study are presented in Table 6.4. 

Some of these aspects have been discounted throughout this thesis; 

however, they were all taken into consideration for possible leakage scenarios and 

studied thoroughly in order to constrain the likelihood that they were having an 

effect on the Little Grand Wash and northern Salt Wash graben fault systems. For 

example fault activity and climatic changes have been found to be playing a 

minimal role, if any at all, on the leakage of CO2 charged water along these fault 

systems (section 5.4). The present study also demonstrates that the above factors 

can vary through time and therefore may not be constant. This is especially 

important to consider when attempting to forecast the behaviour of reservoirs once 

storage projects have been completed.  
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Table 6.4: FEP analysis for the faults in this stud y. 

 

6.4.3 Risk assessment and lessons for anthropogenic  storage 

In order for storage sites to be deemed safe and effective it must be proven 

that they can store captured CO2 on the order of thousands of years. The scale of 

the total volume of CO2 leaked from the Little Grand Wash and the northern Salt 

Wash graben fault systems (105 – 106 tonnes) is of a similar scale to the desired 

volumes of storage for small to medium scale anthropogenic sites. The worst case 

scenario for total leakage rates for these two systems over the lifespan of Little 

Grand Wash leakage is 55 ± 15 and 47 ± 13 tonnes/year and the modern day 

leakage rates of active precipitation is 3,153 ± 851 and 578 ± 156 tonnes/year. 

These two separate leakage rates provide analogues for leakage via caprock rock 

failure and for catastrophic wellbore failure as they represent the leakage of the 

natural systems and of anthropogenic exploration.  

The time averaged flux of CO2 for both field areas, even for the scenario of 

switching on and off of leakage through time, is within the rates of flux 

demonstrated by areas of natural vegetation. Salt tolerant plants thrive around 

active precipitation sites and there have thus far been no reports of human 

casualty in relation to CO2 release at the most active leakage point, the Crystal 
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Geyser. It is therefore apparent that leakage of CO2 along the Little Grand Wash 

and northern Salt Wash graben faults, even at the relatively high modern rates, 

has no adverse effect on the local environment. It should also be noted that of the 

total CO2 leaked to the surface ~10% is immediately sequestered within travertine 

deposition. This provides a relatively stable storage facility of this fraction of leaked 

CO2 although eventual erosion of mounds may lead to its eventual release into the 

atmosphere. 

Although the leakage at the Little Grand Wash and Salt Wash graben field 

sites has had no short term effect on the environment surrounding the sites, the 

radiometric dating of travertine mounds suggests that leakage has been 

consistently occurring for time periods spanning 100,000s of years. The 

recognition of this potentially constant leakage and the rates of leakage calculated 

for the present study give important information on the effects of two different 

kinds of leakage, caprock failure and well failure, on potential storage sites. Taking 

the calculated leakage rates and applying them to large scale anthropogenic 

storage sites such as Weyburn or Gorgon, which plan to capture up to 125 million 

tonnes of CO2 during their lifespans, reveals that for caprock failure complete 

leakage of these reservoirs will take place over timescales of 105-106 years. For 

catastrophic failure of a single well complete leakage of these reservoirs could 

occur over as little as 103 – 104 years. 

These figures suggest that monitoring should focus on leakage via well 

failure as the rates of leakage for caprock failure are so minimal that they are 

unlikely to compromise the net storage of a reservoir over the desired effective 

storage timescales. This is an important result for monitoring purposes as caprock 

failure could occur at any location of structural heterogeneity, which may or may 

not have been characterised in the potential storage site, and could support 

variable or switching leakage pathways over multiple locations through time, like 

those found in the present study. Even for potential storage sites of high borehole 

density the locations of abandoned wells are likely to be well documented and so 

high risk leakage sites should be readily identifiable and monitored intensely 

during and post injection of CO2.  

Several monitoring techniques should be used in order to give the best 

possible means with which to detect any leakage. The variety of monitoring 

techniques suited for a particular site can be determined from a FEP analysis of all 
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the possible leakage scenarios. For example in the present study the key feature 

of leakage to the surface is the integrity of the Summerville Formation caprock. 

Chapter 5 discussed in detail the possible causes of switching of the leakage 

pathways through time and found that new leakage pathways may be instigated by 

either mineral precipitation of other more high permeability fractures or dynamic 

stress induced by distant earthquakes refracturing calcite mineralised blockages or 

rupturing tighter low permeability fracture sets. Of the monitoring techniques 

described in section 6.3.4, only microseismics would be able to detect the non-

surface rupturing seismic waves from distant earthquake events, whilst none 

would be able to detect mineralisation at depth which would lead to a new leakage 

pathway. For monitoring of borehole failure detection of leakage is much easier as 

simple pH detectors could be utilised. This places further onus on active and 

abandoned wells as not only do they present the highest risk for leakage and are 

easier to monitor due to their known locations, the requirements for monitoring 

them are much simpler than for caprock failure. 

Leakage of any kind is not desirable for anthropogenic CO2 storage sites. If 

monitoring successfully detects leakage then remediation will need to be carried 

out in order to abate emissions into the atmosphere. Several remediation 

techniques are available depending on the type of leakage encountered. For the 

present study for example remediation of leakage from the storage reservoir and 

leakage from wells would have to be addressed. For remediation of leakage from 

the storage reservoir the pressure in the storage formation, the Navajo aquifer 

could be reduced (Benson and Hepple, 2005). This could be achieved by 

removing water from the reservoir or by injecting water or brine above the leakage 

point and increasing the upgradient pressure. This would help to stop the leaking 

by reducing the pressure gradient driving the CO2 charged water out of the Navajo 

aquifer and allowing pressure build-up on fractures within the Summerville 

Formation to dissipate which may allow them to close. 

Attempted remediation for the leakage from the abandoned wells could 

follow one of several methods, such as the injection of heavy mud or cement, 

developed for the repair of wells in the oil and gas industries (Benson and Hepple, 

2005). Alternatively research from the geotechnical industry has demonstrated that 

biological remediation of groundwater contamination can be effective (Warren et 

al., 2001; Ferris et al., 2004). These studies show that ureolytic bacteria can 
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rapidly precipitate calcite during the hydrolysis of urea. Sampling of waters during 

field work (section 4.4.4) and subsequent analysis has confirmed the presence of 

urea hydrolysing bacteria at all active leakage locations (Vernon Phoenix, personal 

communication). If also present at depth at the bases of the abandoned wells all 

that would be required would be the injection of urea to instigate calcite formation 

and blockage of the borehole. This technology may provide a better and more long 

term solution to the blockage of wells at CO2 sequestration sites as heavy mud is 

only a short term solution and cement is susceptible to degradation by factors 

such as sulphate attack, mechanical fatigue, leaching and carbonation (Preston et 

la., 2005). 
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7 Concluding remarks and suggestions for future 

work  

7.1 Conclusions 

The conclusions resulting from the work carried out within this thesis span a 

wide range of topics from radiometric dating, to geomorphology, and to vertical 

fluid flow in faults but come together to provide information about quantities and 

rates of leakage of CO2 from geological reservoirs. As the geological reservoirs in 

this study provide natural analogues for anthropogenic storage sites, the 

conclusions gained from this study have important implications for the engineered 

storage of CO2. The following general conclusions have resulted from this study. 

• Preliminary work carried out in the Gulf of Corinth, Greece, allowed for an 

evaluation of the U-series dating technique on C. caespitosa and for a slip 

rate of the South Alkyonides fault segment to be calculated. The resultant 

coral ages do not closely match sea level highstand ages. The 0δ
234U 

values of samples do not match that of seawater and get progressively 

larger with age. This shows that C. caespitosa samples form an open 

system with respect to 234U decay, a trend that appears throughout the 

published literature. Despite this trend previous works have neglected the 

anomalous chemistries and simply correlated the U-Th of coral the nearest 

sea level highstand. However, C. caespitosa specimens do not produce 

robust samples for U-series dating and can not be used in solitude for 

highstand correlation. A detailed investigation into the accuracy of sea level 

curves and of growth depth of C. caespitosa produced sizeable areas of 

uncertainty around sea level highstand age, which allows for coral of initially 

non-matching ages to be correlated to highstands. This information may 

allow coral specimens in future work to be correlated to highstand with 

more confidence. For the present study it allowed a slip rate to be 

calculated, which showed that slip rate has increased from 290 - 175 ka to 

175 - 125 ka in agreement with the results of Roberts et al. (2009). 

• There are a total of fifty-four currently active and fossil travertine deposits 

associated with the Little Grand Wash and northern Salt Wash graben 
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faults. All travertine mounds are located within the footwall of the faults and 

the geochemistry of modern spring waters are significantly different to north 

and south of each fault (Heath et al., 2009), demonstrating that the two 

faults are acting as barriers to across-fault fluid flow. The ancient travertines 

of the Little Grand Wash fault appear to be associated with areas of 

increased structural complexity, such as fault bends and relay zones. This 

suggests that fluid flow is being channelled sub-vertically up discrete 

pathways of relatively high permeability in the damage zone of the fault. 

Travertine deposits associated with the northern fault of the Salt Wash 

graben are not solely restricted to the trace of the fault due to the presence 

of unconfined aquifer units at the surface. This may explain the greater 

number of travertine deposits and more diffuse flow pattern shown by this 

area. All travertines that occur away from the fault are closely associated to 

the axial trace of the open, shallowly north-plunging Green River anticline. 

• Travertine is a terrestrial carbonate deposit formed by the emergence of 

CO2-rich groundwaters at the surface from a combination of abiotic (de-

gassing) and biotic (bacterially mediated) effects. The travertine in this 

study is composed of five distinct lithofacies, four of which are unsuitable for 

U-Th age dating as they form an open system with respect to decay of 234U 

or are prone to detrital contamination which introduces non-radiogenic 230Th 

to potential samples. The white banded vein facies provides excellent 

samples for U-Th dating as it meets all the desired criteria for geologically 

useful chronometers and is abundant in all fossil mounds. Dating of all 

travertine deposits along the Little Grand Wash fault indicates that this fault 

has facilitated the leakage of CO2-charged waters for at least 113,912 ± 604 

years, whilst dating of over half the mounds along the northern fault of the 

Salt Wash graben suggests that leakage has occurred for at least 413,474 

± 15,127 years. 

• The increasing 0δ
234U of dated samples from west to east indicates that the 

main source of 234U in the waters is likely to be leaching from the sandstone 

units of the Navajo aquifer as meteoric water travels from its source, in the 

San Rafael Swell 35 km to the northwest, to the location of precipitation in 

the field sites. This further backs up previous work which suggests that the 

source of the springs is mainly meteoric with a small contribution of brine 
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(Heath et al., 2009; Wilkinson et al., 2008; Kampman et al., 2009). The 

model of spatial pattern that best suited this scenario further suggests that 

pathways are emanating from several different locations of fracturing in the 

Navajo aquifer’s caprock, the Carmel Formation. 

• Detailed dating of a single mound (deposit L4) shows that leakage points at 

the surface may be active for a minimum of 10,740 +604
-1,486 years. This 

suggests that when fluid flow pathways are channelled through discreet 

zones of relatively high permeability in the damage zone of a fault they may 

naturally last for at least this amount of time before they become inactive. 

The dating of the inner and outer edges of the main vein from the same 

deposit gave a time average precipitation rate of 0.51 to 0.74 mm/y. This 

rate agrees with previous work on fracture sealing vein precipitation (Fisher 

and Brantley, 1992; Lee and Morse, 1999) and therefore may represent a 

good approximation of the length of time required to completely seal 

fractures within low permeability sealing lithologies, such as the Carmel 

Formation, above sub-surface aquifer units. 

• Because some mounds along the northern fault of the Salt Wash graben 

are completely devoid of layered mats, U-Th dating of this facies was 

carried out in order to quantitatively determine how closely they are 

associated with white banded veins. Ages for layered mats from Little 

Grand Wash travertine were up to 41.2% older than white banded veins 

from the same mound. This coupled with the high [230Th/232Th] of layered 

mat samples rendered this facies inappropriate of dating purposes. 

However, relatively closely matching 0δ
234U of white banded vein and 

layered mats from the same mound indicate that they were formed from the 

same waters and geochemically prove their intimate association. The 

mounds of the northern fault of the Salt Wash graben that are devoid of 

layered mats are therefore confirmed as travertine deposits.  

• The presence of carbonate-cemented river gravels within travertine mounds 

allowed for the calculation of local incision rates. These provided results of 

0.342 mm/y for incision of the Green River in the Little Grand Wash and 

0.158 mm/y for the incision of Green River tributaries in the Salt Wash 

graben. The former rate provides a further data point for river incision rates 

across the Colorado Plateau and can therefore contribute to studies on the 
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uplift of this province. The latter allowed for the ages of un-dated mounds 

along the northern fault of the Salt Wash graben to be estimated and 

therefore extended the data set for study of patterns of fluid flow to the 

surface. 

• Study of relict terraces of the Green River in the Little Grand Wash and long 

profile of the Big Bubbling tributary in the Salt Wash graben coupled with 

radiometric dating of travertine mounds rules out recent movement on both 

faults. The un-offset nature of dated travertine along the Little Grand Wash 

and northern fault of the Salt Wash graben confirms there has been no 

surface offset for at least 113,912 ± 604 and 116,788 ± 691 respectively on 

these faults. Determination of incision rates for each area allowed age 

estimates to be made for river terrace M5 in the Little Grand Wash and the 

un-dated S33 mound in the Salt Wash graben which further stretches back 

evidence of quiescence on the Little Grand Wash fault to ~ 137,000 years 

and on the northern fault of the Salt Wash graben to ~ 190,000 years. 

• Radiometric dating coupled with estimated ages (from incision rates) of 

travertine along the Little Grand Wash and northern Salt Wash graben 

faults show that the locations of fluid flow to the surface have switched 

repeatedly through time. Along the Little Grand Wash fault timing of leakage 

decreases away from a central point proximal to the axial trace of the Green 

River anticline. This suggests that initial leakage occurs from the structural 

high of the three-way trap provided by the juxtaposition of the Green River 

anticline with the Little Grand Wash fault. The northern fault of the Salt 

Wash graben demonstrates a similar pattern; however, unlike the Little 

Grand Wash fault younger deposits do not solely occur with progressive 

distance from the initial central leakage point but crop up throughout the 

area covered by travertine precipitation. The proximal occurrence of three 

mounds of distinct elevation and age, ranging ~45,000, suggests that fluid 

flow pathways can also be repeatedly re-used over time scales of tens of 

thousands of years. 

• Estimation of travertine volumes, by using thickness and area 

measurements, allowed the deposits of the Little Grand Wash and the 

northern Salt Wash graben faults to be compared. A similar volume of 

travertine has been deposited along each fault with the Little Grand Wash 
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fault having a total volume of 1.1 x 105 m3 and the northern fault of the Salt 

Wash graben having a total volume of 0.8 x 105 m3. Comparison between 

individual mounds in both areas shows that the average area of travertine is 

similar (2,303 ± 437 m2 for the Little Grand Wash and 2,275 ± 432 m2 for 

the Salt Wash graben). However, there is a distinct difference in the 

average thickness of mounds with Little Grand Wash deposits being over 

twice as thick (2.1 ± 0.2 m in comparison to 0.8 ± 0.1 m) which also leads to 

Little Grand Wash travertine having a greater average volume (8,932 ± 

2,412 m3 in comparison to 963 ± 260 m3). The fact that some of the 

northern Salt Wash graben travertine mounds are devoid of layered mats 

facies initially suggests that they may be less resistant to erosion. The 

comparative thickness of white banded vein between the two largest 

deposits in each area (with L4 measuring 2.5 m in comparison to 0.5 m of 

S11) also indicates that travertine along the Little Grand Wash fault have a 

longer lifespan. It is therefore likely that the effects of erosion are similar in 

both areas and it is the initial smaller volume of Salt Wash graben travertine 

that makes it easier to be completely removed by erosion. 

• The switching of leakage points at the surface through time is likely to be 

the result of three separate forcing mechanisms: mineralisation, 3-phase 

flow interference and dynamic strain alteration by distant earthquake 

events. Mineralisation is the simplest mechanism as it solely provides a 

‘switching off’ effect and is likely to be the main cause of pathway switching 

events less than 10 ka apart but don’t permit the re-using of pathways. 3-

phase interference has a minimal effect on pathways of the Little Grand 

Wash fault but may play a decisive role along the northern fault of the Salt 

Wash graben. This is because flow to the surface in Little Grand Wash fault 

is restricted to the damage zone (due to the presence of several low 

permeability sealing units in the stratigraphy), while flow in the northern fault 

of the Salt Wash graben only has to penetrate a single sealing lithology (the 

Carmel Formation) before migrating to the surface through unconfined 

aquifer units. Seismically induced changes in dynamic strain have far 

reaching affects and so can potentially cause any of the switches between 

leakage points. Analysis of the time between successive leakage events 

suggests that at least five observed switches are the result of this 

mechanism, this means that it is creating new pathways for fluid flow either 
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by rupturing tight fracture sets or previous episodes of veining within the 

caprocks. 

• The work within the present study demonstrates that the behaviour of fluid 

flow switching in a system confined to damage zone fractures, the Little 

Grand Wash fault, and a system leaking through an unconfined aquifer, the 

northern fault of the Salt Wash graben, may be different. This means that a 

large number of previous simulation and modelling on fault systems, which 

look at ideally homogenised faults within a single, usually permeable media, 

are inappropriate for cap rock failure within systems of more complicated 

stratigraphy. The present study also provides an insight as to how fracture 

controlled permeability can evolve in space and time by showing that fluid 

flow pathways can switch along multiple locations on faults and 

demonstrating that leakage through sealing lithology doesn’t necessarily 

have to be restricted to a single point. 

• The total volumes of CO2 to have leaked from the Little Grand Wash and 

northern Salt Wash graben faults are estimated as 1.3 x 106 ± 3.6 x 105 and 

9.8 x 105 ± 2.7 x 105 tonnes respectively. The worst case scenario for each 

area, calculated by attributing the dimensions of the largest mound in each 

area to every other travertine, gave a total leaked volume of 6.2 x 106 ± 1.7 

x 106 tonnes for the Little Grand Wash fault and 7.4 x 106 ± 2 x 106 tonnes 

for the northern fault of the Salt Wash graben. If leakage for the northern 

fault of the Salt Wash graben is only considered over the same timescale 

as leakage along the Little Grand Wash fault then the total CO2 leaked 

equals 5.3 x 106 ± 1.4 x 106. This suggests that for the same timescale a 

similar volume of CO2 has been leaked from each fault.  

• Calculation of time averaged leak rates for the worst case scenario of 

leakage along the Little Grand Wash and northern fault of the Salt Wash 

graben faults produced 55 ± 15 and 47 ± 13 tonnes/year respectively. 

Leakage rates for actively precipitating travertine (which are the result of oil 

exploration drilling) are estimated to be 3,153 ± 851 tonnes/year for the 

Little Grand Wash fault and 578 ± 156 tonnes/year for the northern fault of 

the Salt Wash graben. If these fault systems are treated as analogues to 

current anthropogenic storage sites then the total and modern leakage 

rates from the Little Grand Wash fault can be taken as analogues for 
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leakage via caprock failure and catastrophic wellbore failure respectively. 

Taking the calculated leakage rates and applying them to large scale 

storage sites such as Weyburn or Gorgon, which plan to capture up to 125 

million tonnes of CO2 during their lifespans, reveals that for caprock failure 

complete leakage of these reservoirs could take place over timescales of 

105-106 years if similar along-fault pathways exist at these sites. For 

catastrophic failure of a single well complete leakage of these reservoirs 

could occur over as little as 103 – 104 years. 

• The relatively high modern rates of leakage appear to have no adverse 

effects on the local environment and there is no historic evidence of human 

fatality as a result of release of CO2 from active sites. However, the 

radiometric dating of travertine suggests that leakage has been consistently 

occurring for time periods spanning 100,000’s of years. If CO2 is allowed to 

leak from anthropogenic storage sites over these time scales then the net 

storage of these sites will be compromised. Monitoring of storage sites is 

therefore very important. The results of this study emphasise that 

monitoring should focus on areas where well failure is possible as this is the 

largest risk with concerns to leakage. This is a positive result for monitoring 

as the locations of active and abandoned wells are likely to be well 

documented for potential storage sites (especially offshore). This means 

high risk leakage sites should be readily identifiable and can be monitored 

closely during and post injection of CO2. The results of this study also 

demonstrate that the physical characteristics of a storage system, such as 

rock, hydrological and CO2 properties, can vary through time. This is 

especially important to consider when attempting to forecast the behaviour 

of reservoirs once storage projects have been completed. 

7.2 Future work 

Several topics for further work emerged throughout the multiple topics that 

are addressed within this thesis. However, if the multiple lines of enquiry could be 

further pursued then some of the themes discussed could become better 

developed and provide a greater insight into the causes of switching of fluid flow 

pathways and understanding of CO2 leakage. Detailed below are several 
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suggestions for future work that would build on the results found in the present 

study. 

7.2.1 Future work at the Utah field sites 

• Further U-Th dating of travertine deposits could be carried out in order to 

achieve a full coverage of ages for the un-dated mounds of the northern 

fault of the Salt Wash graben. This would allow a more confident history of 

travertine occurrence, and therefore leakage to the surface, to be 

developed. It would also confirm whether the incision rate calculated in the 

present study provided a good method for estimation of ages. Dating of 

multiple samples from a range of individual mounds would also allow 

travertine lifespan estimations to be further developed and provide a true 

basis for comparison across the Little Grand Wash and northern Salt Wash 

graben fault travertine.  

• It is speculated within this thesis that U-Th ages obtained from travertine 

precipitated in the lab from water samples may record the time taken for the 

precipitating groundwaters to migrate from their source. Further dating of 

spring waters by more conventional groundwater dating techniques could 

provide a check on this speculation and determine its merit. One such 

technique is 14C dating which utilises the ratio of radioactive atmospheric 
14C to dissolved 12C acquired by meteoric water as it percolates through soil 

and rock its way to an aquifer. The ~50 ka age limit of this technique 

(Frolich, 1990) should be more than adequate to date the travel time of the 

waters in question. 

• Though layered mats in general provide poor samples for dating due to 

their open system behaviour with respect to decay of 234U decay, dating of 

a layered mat sample from the oldest deposit along the Little Grand Wash, 

mound L4, produced a result that was within 5.1% of the average age of the 

deposit. Whilst the difficulty of calculating a single value of [230Th/232Th] to 

correct for the presence of non-radiogenic 230Th, due to the variable 

possible sources, has been documented (Garnett et al., 2004) the 

closeness of the age of the layered mat sample and white banded vein 

samples from L4 leaves room for further investigation. If a solution could be 

found then dating of travertine in areas where only layered mat facies is 
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present, such as above the proven CO2 reservoir at St. Johns in Arizona 

(Figure 7.1), could potentially be carried out. 

 

Figure 7.1: Travertine deposit from the St.Johns ar ea. 

 
• Dating of the river gravels associated with mounds and deposited in 

terraces by the Green River on its western shore bank in the Little Grand 

Wash by luminescence techniques, such as optically stimulated 

luminescence, would aid incision rate studies for these areas and provide 

further quantitative evidence for the minimum period of non-movement on 

the Little Grand Wash fault. For gravels associated with travertine mounds it 

could also possibly provide a further dating technique with which to confirm 

the validity of U-Th ages. 

• Further information on the causes of switching between points of leakage 

could be achieved with more detailed field investigation of the presence of 

brown banded vein facies in travertine mounds. This rare facies was only 

noted in a handful of mounds as it wasn’t particularly being sought out in 

this study. The focus of field work was the locations of the mounds and 

determining the presence of layered mats and gravels. As brown banded 

vein facies consists of alternating layers of aragonite and iron-rich 
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laminations it represents fluctuations in fluid flow and the terminal stages of 

travertine mound development. Their presence would indicate that flow to a 

mound slowly switched off and would rule out the mechanisms of triggered 

dynamic strain and 3-phase flow, which should instigate relatively rapid 

switching off of pathways, for switching between that particular leakage 

point and the next.  

• Further developed statistical analysis which combines position (in relation to 

the fault) and timing of travertine mounds would allow for a greater 

understanding of the pattern of leakage which would lead to better 

determination of the causes for switching between pathways. Despite 

posing this idea to several statisticians and asking for aid at the 2009 EAGE 

Faults and Top Seals conference no one has been able to aid me in 

developing such a statistical test for the data provided by the travertine in 

this study. 

• Better characterisation of the sub-surface geology of the field sites would 

potentially allow for an accurate depth of the Navajo aquifer and the volume 

of CO2 at depth to be determined. The top of the Navajo aquifer is currently 

thought to be at a depth of ~ 600 to 800 m (Shipton et al., 2005) but no 

accurate measurements exists for the depth of this aquifer in either of the 

field areas. Knowledge of the depth of this aquifer would allow for better 

determination of the possible phases of CO2 present within in and provide 

further information on the viability of 3-phase interference for switching of 

pathways. A conservative estimate of 0.6 to 6.3 million tonnes for the total 

CO2 storage capacity of aquifers within the aquifers sealed by the Little 

Grand Wash fault was produced by Dockrill (2006). However, this was 

based on the assumption that CO2 is present as a free gas within the 

aquifers. Subsequent work on the geochemistry of the groundwaters by 

Wilkinson et al. (2008) suggests that there is no free gas present at depth. 

Work in this study, given the normal geothermal profile of the local area, 

agrees with this finding as the CO2 saturation line (at a depth of ~ 600 m) 

will be above the Navajo aquifer. Attempted characterisation of the 

subsurface geology has been attempted using seismic lines- however these 

yielded no results due to poor coupling with the host rock (Peter Vroljik, 
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personal communication). Geophysical surveys may be a good option for 

these locations due to the simple stratigraphy. 

• Better sub-surface characterisation of faults would provide more information 

on the potential pathways that CO2-charged waters are using to reach the 

surface. Measurement of pore fluid pressures and the normal and shear 

stresses acting upon the Little Grand Wash and northern Salt Wash graben 

faults would allow for an analysis of fault slip tendency to be carried out 

which would accurately determine if these faults are primed for failure. 

Stress data could be measured by obtaining image logs and analysing the 

orientation of borehole breakouts and integrating information from density 

logs over depth, while pore pressures could be measured using drill stem or 

repeat formation tests (Streit and Hillis, 2003). 

• Further and long term monitoring and measurement of emissions of the 

Crystal Geyser (mound L1) would allow for more detailed active leakage 

rates to be determined. This would allow for better estimation of how long it 

would take for anthropogenic storage reservoirs to become completely 

depleted in the event of catastrophic wellbore failure. The best method for 

this would be aerometric measurements, such as carried out by Gouveia et 

al. (2005), carried out over a time period spanning several years. 

7.2.2 Future work on CO 2 leakage in general 

• Formation of a database containing detailed baseline data of all naturally 

leaking CO2 storage sites would provide a good source of reference when 

attempting to predict long term integrity of potential anthropogenic storage 

sites. The problem at the moment is that each natural location has a 

specific set of conditions particular to that site. Good baseline data for 

numerous natural locations; including aspects such as local geology and 

stratigraphy, knowledge of local stress field and presence of structural 

features, volumes and source of CO2, and depth and pressure gradient of 

the reservoir; could provide a valuable source of information for a range of 

conditions. This data can then be combined (using multivariate statistics) to 

provide statistically significant predictive tools which can then be applied to 

predictions for anthropogenic sites. 
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• Field scale experiments where CO2 is injected into a reservoir and tracked 

back to the surface would allow leakage rates to be better constrained. This 

could be achieved by finger-printing injected CO2, and measuring the time it 

takes to return to the surface; or by close investigation of the fate of injected 

CO2 via a monitoring technique such as seismic surveys. Finger-printing 

could be achieved by addition of un-reactive components, such as 

perfluorocarbon tracers or noble gases, to any injected CO2 (Smith, 2004; 

Gilfillan et al, 2008). A project utilising finger-printed CO2, sponsored by the 

U.S. Department of Energy, is currently underway at West Pearl Queen field 

in south-eastern New Mexico (Pawar et al., 2006). In this case 

perfluorocarbon tracers are being used and monitored for by capillary 

absorption tube samplers at the surface (Smith, 2004). Seismic surveys are 

also currently in use to monitor the movement of plumes from the CO2 

injected at the Sleipner field (Baines and Worden, 2004; Arts et al., 2008); 

however the resolution is not good enough to provide accurate leakage 

rates though the reservoir. 

• Greater appreciation of errors on CO2 leakage and flux estimates are 

crucial for inputs to modelling, site safety cases and estimation of any 

leakage impacts. Future work on CO2 leakage should follow the examples 

set by this thesis in attempting to show all possible sources of error and 

including these in the final results. Currently most published work either 

provides rough estimates or show no errors on measurement whatsoever. 

In addition, standardised units of measurement for leakage and flux of CO2 

should be used across the globe. At the moment several different 

measurement units are used which makes it hard to compare results 

between sites. 

• Any injected CO2 will eventually leak within geological timescales. 

Therefore a greater understanding of the impact of CO2 leakage to the 

surface must be obtained in order to understand the potential risks and 

consequences of leakage from storage reservoirs. This has economic 

implications for companies injecting CO2 as they must weigh up the 

financial implications of storage of CO2 verses how long it is likely to be 

competently stored for. 
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• Additionally further work must be done to establish the role of local CO2 

emissions to both the atmosphere and the local environment. The case in 

the present study demonstrates a scenario where there is no detriment to 

the local environment due to leakage of CO2. However, it must be 

remembered that leakage in this case is in a desert environment with very 

little cover and therefore easy dispersion by the wind. Salt tolerant plants, 

which thrive in this environment, take advantage of the presence of water at 

the surface to flourish. In lush environments where forests and greater plant 

coverage is present plant mortality may occur. If CO2 was leaking into an 

environment of little wind or into a well shielded area then deadly plumes of 

CO2 may accumulate at the surface. This has been demonstrated at sites 

such as the Rapolano fault in Italy (Etiope et al., 2005), so it is paramount 

that great care is taken to assess the potential hazards in the specific 

environment above an anthropogenic storage site. 

 
 
 



Appendix A  Standard data 

March 2010  Neil M. Burnside 256 

Appendix A 

Standard data for uranium and thorium analyses 

A-1 Uranium standards 
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A-2 Thorium standards 
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Appendix B 

XRD results of C.caespitosa  samples 
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Appendix C 

Seismic record of major regional faults 

C-1 The Hurricane fault 

The Hurricane fault is one of the longest and most active of several large, 

late Cenozoic, west-dipping normal faults within the 150 km wide structural and 

seismic transitional zone between the Colorado Plateau and Basin and Range 

physiographic provinces (Lund et al., 2007). The fault comprises six segments, 

and is 250 km long stretching from Cedar City, Utah, to south of the Grand 

Canyon, Arizona (Figure 2). Displacement on the fault is over 2,500 m in Utah, 

where it cuts into the Colorado Plateau (Lund et al., 2002). Palaeoseismic 

investigations have recently been carried out by the Utah Geological survey in 

order to assess the seismic hazard of the Hurricane fault in response to 

construction and population boom in south-western Utah and nearby areas of 

north-western Arizona and south-eastern Nevada (Lund et al., 2002; 2007). No 

ages of seismic events resulted from this study, though a long term slip rate of 

0.44 to 0.57 mm/yr was calculated, decreasing to <0.01 - 0.35 mm/yr in the late 

Pleistocene and Holocene. This slowing of slip rate on the Hurricane fault, which is 

thought to have begun more than 350 ka, suggests that fewer surface-faulting 

earthquakes have been generated in more recent geologic time. A single 

radiocarbon date for activity on this fault, from the central Shivwits section, of 

9300+1070
-430 ka has been produced by Amoroso et al. (2004). They go on to 

suggest that a further two rupture events occurred between 15 and 78 ka, and 

state that the penultimate event was likely to have been ≤10 (e.g. equal to or less 

than the time since the most recent event), and provide a recurrence rate of 9 to 

15 ky for M 7.0-7.2 events. The Earth Science Association, 1982 (as reported by 

Lund et al., 2002) state a recurrence rate of 1 to 10 ky for large surface faulting 

earthquakes (M 7.5) for the entire Hurricane fault, based on historical seismicity 

and existing geologic data.  
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C-2 The Wasatch Front 

The Wasatch Front consists encompasses the 370 km long N-S trending 

Wasatch fault and surrounding faults in central Utah. Some of the highest 

extensional slip rates in the Western U.S. (1-2 mm/yr for the Holocene) come from 

the Wasatch fault zone (Machette et al., 2000). The main fault consists of 6-10 

individual segments of which at least 6 have shown activity during the Holocene, 

with the youngest surface rupturing about 600 years ago on the Provo segment 

(Hecker, 1993). Ages and locations of the Wasatch fault palaeoseismic data imply 

17 single or 11 multisegment ruptures in the past 5.6 ky (Chang and Smith, 2002). 

McCalpin and Nishenko (1996) suggest an average recurrence interval of 350 

years for M> 7 earthquakes on the fault for this time period. They prefer the multi-

segment model because historically most of the large normal faulting earthquakes 

within the ISB have been multisegment ruptures. The most recent 

paleoearthquake investigation on the Wasatch fault, the 1999 ‘mega trench’ is 

reported by McCalpin and Nelson (2001). This deep trench exposed 26m of 

vertical section across a 30 m wide zone containing two sub-parallel scarps of the 

Salt Lake City (SLC) segment. The study revealed a 6.0 ± 1.2 ky period of no 

scarp-forming earthquakes, suggesting fault inactivity between ~9.0 and 15.5 ka. 

This period corresponds to the unloading of the hanging wall during the 

desiccation of Lake Bonneville; the lake was at its highest about 15.5 ka ago and 

dropped almost 1,000 feet by 9 ka. This quiescence is four to five times longer 

than the average M6.6 earthquake recurrence of 1.4 ± 1.2 ky for the last 5.6 ky of 

this segment suggested by Chang and Smith (2002) by using seismic, geologic 

and geodetic observations. This magnitude is used as it is the commonly used 

minimum-threshold magnitude of surface-ruptured earthquakes in the Basin and 

Range province (de Polo, 1994). 

C-3 The Rio Grande Rift 

The Rio Grande Rift (referred to as RGR for the rest of this appendix) is an 

east tilted half graben stretching north from Mexico, near El Paso, Texas through 

New Mexico into central Colorado (Keller and Baldridge, 1999). It is dominated by 

large-displacement normal faults that form a prominent footwall uplift comprising 

the Sandia, Manzanita and Manzano Mountains east of Albuquerque in north-

central New Mexico (Personius and Mahan, 2003). Most Quaternary faults in the 
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rift have low slip rates (<0.2 mm/yr, but commonly 0.01-0.02 mm/yr), consistent 

with occurrence of primarily low- to moderate-magnitude earthquakes that have 

been recorded or felt historically in New Mexico (Machette, 1998). Average slip 

rates on the most active faults in the rift are commonly <0.1-0.2 mm/yr, which may 

be typical of faulting in extensional regimes of the Western U.S. (Wong and 

Humphrey, 1984). The palaeoseismic record for the RGR is much better than that 

of any other faults investigated here as scarp forming events have been recorded 

on several segments. The following paragraphs provide a brief discussion of 

published work from some of these segments in order of north to south.  

C-4 The Pajarito fault  

The Pajarito fault is located on the western margin of the RGR in north-

central New Mexico. McCalpin (2005) provides data from a total of 14 trenches 

along this complex fault zone, with two on the main fault scarp and the rest from 

minor subsidiary faults. These two main trenches provide evidence of 7 events 

and 8 scarp forming events respectively. Only one event (~25 ka) seems to have 

been record in both trenches. Dates are from radiocarbon and luminescence 

analysis on disturbed soils, and from also using the soil development index (SDI) 

of Harden (1982). McCalpin (2005) does state however that event horizons are 

inefficiently preserved to identify and date paleoearthquakes with confidence. This 

preservation issue is mainly due to overprinting of the homogeneous colluvium 

with other strong textural soil horizons. This perhaps explains why only one event 

is record across both main scarp trenches.  

C-5 The Calabacillas fault  

A 40 km long east dipping normal fault, trending N-S and located on the 

western edge of the Llano de Albuquerque. Palaeoseismic data is provided from 

OSL analysis of offset aoelian sands by McCalpin (2000) of samples from a 27 m 

high east facing fault scarp. The four ages provided by this study, 14, 32, 77 and 

151 ka are approximations and no errors are supplied.  

C-6 The Hubbell Spring fault  

A 16m wide faults zone located on the eastern margin of the RGR. 

Personius and Mahan (2003) suggest there have been four large surface rupturing 
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earthquakes at this location. Using displacements and rupture lengths they 

postulate the palaeomagnitude of these earth quakes to be 6.8-7.1. Three of the 

suggested four events have been dated successfully, at 56 ± 6, 29 ± 3 and 12 ± 1 

ka, by a combination of thermoluminescence and infrared-stimulated 

luminescence. Given numerous assumptions (and a precision on TL of 5-20%, 

Forman et al., 2000 reported in Personius and Mahan, 2003) incorporated into 

these analyses rounded ages and 10% errors were used to estimate probable 

ages. The authors estimate the oldest event to have occurred 92 to 244 ka.  

C-7 The La Jencia fault 

The La Jencia fault is a 35 km long major basin-marginal fault that bounds 

the west edge of the RGR as reported by Machette (1986). This fault consists of 6 

segments that have produced a minimum of 5 separate scarp forming events 

between 3 to 33 ka, though this is potentially 6 if movement along the different 

segments is non-synchronous. These events over an interval of about 30 ka 

produce an average recurrence interval of between 6 and 7.5 ka. The SDI appears 

to have been used to date these younger events, though this is not stated in the 

text. The author suggests previous events based on offset of stratigraphy at 150 

ka and 500 ka, with the event at 150 ka has being supported by colluvium dating. 

Machette calculates the magnitude of these events as MW 6.9-7.1 based on the 

length of rupture and amount of surface offset. No explanation of errors is 

provided.  

The palaeoseismic record for the mid-western United States is sparse and 

inaccurate. Information gained from the historical record is far too recent to provide 

an accurate estimate of the complete seismic cycle, especially in this case when 

time scales in the order of 1000s of years are desired. Sparseness of the record is 

a result of the time period involved because relatively few age dating techniques 

can accurately deal with late Pleistocene to Holocene deposits, and even then the 

particular materials required for each dating technique must be present. 

Radiometrically datable materials such as charcoal, bone, and volcanic ash are 

not often preserved in critical surface exposure or in excavations dug specifically 

for dating purposes (Machette, 1986). Movement of fault scarps are often 

estimated from offset of stratigraphy, more specifically the juxtaposition of soils 

with faulted sediments. Soils are ubiquitous in surficial deposits, and their degree 

of development can reflect their age- to this end Harden (1982) developed the soil 
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development index (SDI) for use as a tool in age determination of seismic events. 

It is an index based on several soil characteristics which help to differentiate 

between young poorly developed soils of recently eroded sites, and older well 

developed soils associated with more geomorphologically stable landforms. The 

SDI may provide a valuable tool in the estimation of earthquake recurrence for 

faults with no dateable material but with so many variables involved and the 

inaccuracy of ages reported from this technique, such as seen in Machete (1986) 

and McCalpin (2005), it is not a great method to compare and correlate events 

across numerous faults. 
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Appendix D 

GPS reference points for travertine mounds 

 All GPS information is given as UTM grid values using the NAD83 datum. In 

Appendix D-2 travertine mounds are colour coded as followed: white- ancient 

mounds complete with layered mats; yellow- ancient mounds devoid of layered 

mats; blue- actively precipitating travertine mounds. 

D-1 The Little Grand Wash fault 
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D-2 The northern fault of the Salt Wash graben 
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