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ABSTRACT 

 

FAULT-CONTROLLED ADVECTIVE, DIFFUSIVE, AND ERUPTIVE CO2 

LEAKAGE FROM NATURAL RESERVOIRS IN THE COLORADO PLATEAU, 

EAST-CENTRAL UTAH 

 

by  

 

Na-Hyun Jung 

 

The University of Wisconsin-Milwaukee, 2014 

Under the Supervision of Professor Weon Shik Han, PhD 

 

 

This study investigated a natural analogue for CO2 leakage near Green River, 

Utah, aiming to understand the influence of various factors on CO2 leakage and to 

reliably predict underground CO2 behavior after injection for geologic CO2 sequestration. 

Advective, diffusive, and eruptive characteristics of CO2 leakage were assessed via a soil 

CO2 flux survey and numerical modeling. The field results show anomalous CO2 fluxes 

(> 10 g m-2 d-1) along the faults, particularly adjacent to CO2-driven cold springs and 

geysers (e.g., 36,259 g m-2 d-1 at Crystal Geyser), ancient travertines (e.g., 5,917 g m-2 d-

1), joint zones in sandstone (e.g., 120 g m-2 d-1), and brine discharge zones (e.g., 5,515 g 

m-2 d-1). Combined with similar isotopic ratios of gas and progressive evolution of brine 

chemistry at springs and geysers, a gradual decrease of soil CO2 flux from the Little 

Grand Wash (LGW; ~36,259 g m-2 d-1) to Salt Wash (SW; ~1,428 g m-2 d-1) fault zones 

reveals the same CO2 origin and potential southward transport of CO2 over 10-20 km.  
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The numerical simulations exhibit lateral transport of free CO2 and CO2-rich 

brine from the LGW to SW fault zones through the regional aquifers (e.g., Entrada, 

Navajo, Kayenta, Wingate, White Rim). CO2 travels predominantly as an aqueous phase 

(Xco2=~0.045) as previously suggested, giving rise to the convective instability that 

further accelerates CO2 dissolution. While the buoyant free CO2 always tends to ascend, a 

fraction of dense CO2-rich brine flows laterally into the aquifer and mixes with the 

formation fluids during upward migration along the fault. The fault always enhances 

advective CO2 transport regardless of its permeability (k). However, only low-k fault 

prevents unconditional upright migration of CO2 and induces fault-parallel movement, 

feeding the northern aquifers with more CO2. Low-k fault also impedes lateral southward 

fluid flow from the northern aquifers, developing anticlinal CO2 traps at shallow depths 

(<300 m). The regional k of the LGW fault in which CO2 flux coincides with the field 

spatial variation is estimated between 0.01Òkh<0.1 md and 0.5Òkv<1 md. The anticlinal 

trap serves as an essential fluid source and conducive environment for intensifying 

eruption at Crystal Geyser. Geyser-like discharge in the simulations sensitively responds 

to varying well permeability and radius, and CO2 recharge rate. Indeed, the cycling 

behavior of wellbore CO2 leakage turns into a constant discharge with time, indicating 

the potential switch of Crystal Geyser to a CO2-driven cold-water spring or even 

fumarole.  
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1. Introduction 

An increasing demand for abating global climate change has led to enormous 

support for scientific studies and projects on reduction of CO2 concentration in the 

atmosphere (IPCC, 2007). Among variable abatement strategies, geologic CO2 

sequestration (GCS) has been regarded as one likely method to diminish anthropogenic 

CO2 emissions to atmosphere (Bachu, 2000; Celia and Bachu, 2003; Gale, 2004; Reichle 

et al., 1999). This includes the injection and storage of CO2 in geologic formations at a 

depth below 800 m. Deep saline aquifers, depleted oil and gas reservoirs, and even coal 

formations are commonly proposed formations suitable for GCS (Anderson and Newell, 

2004; Holloway, 2005; IPCC, 2005). In particular, deep porous reservoirs saturated with 

brine are well known for the most potential GCS sites because of their large storage 

potential and widespread locations throughout the world (Birkholzer et al., 2009; 

Castelletto et al., 2013; Gale et al., 2001; Oldenburg and Rinaldi, 2011). Indeed, deep 

saline formations are estimated to have a global storage capacity of at least 1,000 GtCO2 

and even up to 11,000 Gt, favorably compared with total annual emissions from global 

power production of 24 GtCO2 (IPCC, 2005; White et al., 2003).  

Both industrial and natural analogues have demonstrated that CO2 can be safely 

segregated within subsurface reservoirs for a desirable time spanning at least a few 

hundred years under appropriate management (Allis et al., 2001; Anderson and Newell, 

2004; Benson et al., 2002; Carey et al., 2007; Haszeldine et al., 2005; Korbøl and 

Kaddour, 1995; Rochelle et al., 1999). However, there still remain uncertainties about 

sealing integrity for GCS despite an abundance of research on this promising technology. 
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The main concerns that could significantly threaten the completeness of GCS involve 

potential CO2 leakage; if flow paths (e.g., faults, fractures, and boreholes) unrecognizable 

at the stage of site screening process are present in and/or near stored formations, CO2 

could migrate away from a storage site and eventually reach the surface. Once CO2 

leakage begins, the leakage processes are likely to be amplified by self-enhancing 

feedbacks (e.g., the large mobility of CO2 due to its low viscosity and density, further 

density decrease driven by volumetric expansion with declining pressure, and increase in 

porosity and permeability by mineral dissolution) even though it is also suppressed by 

self-limiting feedbacks (e.g., decrease in fluid mobility under multiphase conditions, 

reduction of porosity and permeability by mineral precipitation, and temperature drop due 

to Joule-Thomson expansion and phase transitions between liquid and gaseous CO2) 

(Gherardi et al., 2007; Pruess, 2008a; Pruess and García, 2002). In other words, a 

significant amount of injected CO2 could emanate back to the atmosphere until it stops by 

self-limiting processes or other external factors. 

CO2 leakage after a failure of stored sites could be accompanied by successive 

contamination of natural reserves such as shallow potable groundwater. For instance, 

although below a hazardous level, a rapid and progressive degradation of shallow 

groundwater was evidently observed after 300 kg/d of CO2 injection for a month through 

a perforated pipe arranged horizontally at 2-2.3 m depths at the Zero Emission Research 

and Technology (ZERT) field site, Montana, USA; pH was lowered from 7.0 to 5.6 while 

the concentrations of the trace metals and BTEX increased (e.g., Ca, 90-240 mg/l, Fe 5-

1,200 ppb, and benzene, 0-0.8 ppb) (Kharaka et al., 2010). In addition, influx of CO2-rich 

brine from depth led to local contamination of groundwater with Na, Cl and trace metal 
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(e.g., Fe, As, U) concentrations exceeding US EPA drinking water standards at a shallow 

sandstone aquifer of the Tesuque Formation of Santa Fe Group near Chimayó in New 

Mexico, USA (Keating et al., 2010).  

While CO2 leakage can result in a vain effort to reduce CO2 emission, adverse 

health effects on the public and the environment could also arise due to spatially and/or 

temporally elevated CO2 concentration (Lewicki et al., 2007). Various examples of the 

lethal effect of CO2 leaks are found around the world: the gas burst at Lake Monoun, 

Cameroon in 1984 (Sigurdsson et al., 1987), the catastrophic CO2 degassing at Lake 

Nyos, Cameroon in 1986 (McCord and Schladow, 1998), and the slow but steady release 

of CO2 gas at Mammoth Mountain, California, USA in 1990 (Farrar et al., 1995; Rogie et 

al., 2001). Therefore, CO2 dynamics in the subsurface must be well understood for a 

proper risk assessment of possible leakage of injected CO2 and a subsequent optimal 

deployment of GCS (Siirila et al., 2012).  

Dynamics of leaking CO2 have been investigated many times over the last two 

decades (IPCC, 2005) via two chief approaches: (1) field-oriented studies of natural and 

industrial analogues such as CO2 natural reservoirs (Allis et al., 2005a; Glennon and 

Pfaff, 2005; Han et al., 2013a; Kampman et al., 2014b; Lewicki et al., 2003; Shipton et 

al., 2005), volcanic and geothermal areas (Lu et al., 2005; Roberts et al., 2011; Rogie et 

al., 2000), and CO2 injection sites (Arts et al., 2008; Carey et al., 2007; Kharaka et al., 

2010; Klusman, 2005; Smyth et al., 2009), and (2) numerical modeling on the basis of the 

governing physical, chemical, and thermodynamic processes (Castelletto et al., 2013; 

Gherardi et al., 2007; Han et al., 2010a; Han et al., 2010b; Oldenburg et al., 2010; 

Oldenburg et al., 2001; Oldenburg and Rinaldi, 2011; Pruess, 2008a; Taku Ide et al., 
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2007; Tueckmantel et al., 2012). Indeed, valuable lessons about the key characteristics of 

long-term CO2 flow behavior can be obtained from both naturally leaking and artificially 

injected fields for GCS, enhanced oil recovery (EOR) or enhanced coal bed methane 

(ECBM), which cannot be replicated readily by laboratory experiments (Benson et al., 

2002; Lewicki et al., 2007; Pearce et al., 2004).  

Numerical modeling approaches can provide a further understanding of post-

injection behavior of CO2 in both space and time. They also present advantageous tools 

that make it easy to handle and test the effects of different parameters (Class et al., 2009; 

Han et al., 2011; Mukhopadyay et al., 2012). However, there have been a few studies that 

thoroughly investigated the main features of CO2 leakage by combining field study with 

numerical modeling. Most of those studies focused on industrial analogues such as EOR 

or ECBM, which have been operated for less than a hundred years. The research 

preferences on industrial repositories may be attributed to abundant data attained from 

detailed investigations during exploration and production of fossil fuels over multiple 

decades at CO2-EOR and -ECBM sites rather than at natural CO2 fields. Nevertheless, 

without such investigation at natural analogues, the accurate and reliable prediction of 

CO2 transport could be problematic over a sufficient time required for GCS (Benson et 

al., 2002; Haszeldine et al., 2005; Lewicki et al., 2007; Pearce et al., 2004). 

The main objectives of this study are to elucidate coupled migration of CO2 and 

CO2-saturated brine in the subsurface, to quantify the roles of faults on CO2 leakage with 

varying hydrogeologic parameters, and to define hydrogeologic conditions and 

mechanisms for the development of eruptive CO2 leakage, i.e. CO2-driven cold-water 

geyser. The crucial results of a field soil CO2 gas survey at Green River in Utah at which 



5 

 

 

 

CO2 has naturally leaked within fault zones for >400 ka (Burnside et al., 2013; Kampman 

et al., 2012) were presented by Jung et al. (2014). They implied the nature of the Little 

Grand Wash (LGW) and Salt Wash (SW) faults as conduits for upflow and barriers for 

horizontal flow of CO2 with low permeability. Nevertheless, a detailed range of regional 

fault permeability was not identified. In this study, different scenarios of the subsurface 

CO2-brine migrations within the LGW fault zone over time were investigated by 

numerical simulations. The  ̀results were validated with the field CO2 flux, allowing 

reasonable estimates of regional permeability of the LGW fault. Finally, the conditions 

for the formation of CO2-driven cold-water geyser were tested with varying 

hydrogeologic parameters, e.g., permeability of well and the surroundings, well radius 

and porosity.  

 

2. Study Area Description 

2.1. Geological Settings 

The research area is one of the prominent sites for studying naturally-leaking CO2 

around the world (Glennon and Pfaff, 2005; Lewicki et al., 2007; Price et al., 2007) and 

located at the northwestern edge of the Paradox Basin near Green River in East-Central 

Utah (Fig. 1). Similarly to typically proposed geologic CO2 sequestration sites (IPCC, 

2005; Shipton et al., 2005), sedimentary rocks constitute of the Paradox Basin with 

multiple aquifers and their intervening aquitards. There exist 6 major aquifers in this area: 

the Permian White Rim Sandstone, the Lower Jurassic Wingate/Kayenta/Navajo 

Sandstones, and the Middle Jurassic Entrada/Curtis Formations (Kampman et al., 2014b; 
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Shipton et al., 2004). Each aquifer is capped by the aquitards such as the Triassic 

Moenkopi/Chinle/Carmel Formations, and the shale-rich lower part of the Entrada 

Sandstone, and the Middle Jurassic Summerville Formation. The region also contains two 

major fault systems: the LGW and SW faults (Fig. 1). The arcuate LGW fault is made of 

two parallel strands nearby the Green River while two normal fault systems of the SW 

fault forms a shallow graben long striking N 70° W. Both the faults cut the gently north 

plunging Green River Anticline, dipping 70-80° south except the southernmost normal 

fault of the SW graben which dips 70-80° north. Timing of continued movement along 

these faults is poorly known, though estimated as Early Tertiary and Quaternary slip 

(Shipton et al., 2004). Though the areas of outcropped faults are very restricted, Dockrill 

and Shipton (2010) found that the faults are dominated by foliated clay-rich gouges (0.7 

to 3 m thick) with highly-fractured damage zones (~20 m thick).  

Interestingly, a series of CO2-driven geysers and springs, active and fossil 

travertines, and carbonate veins are present along both the LGW and SW fault traces 

(Fig. 1), implying fault-controlled CO2 leakage. Crystal Geyser is an abandoned well 

drilled for oil exploration in the mid 1930ôs within the LGW fault zone (Baer and Rigby, 

1978; Gouveia and Friedmann, 2006). It has displayed periodic, intense eruptions of CO2 

and brine (4.77±1.92 x 103 tCO2/yr estimated in Watson et al. (2014)), depositing 

travertines. However, consistent changes in eruption interval, duration, and height from 

the surface suggest that eruption intensity at Crystal Geyser has decreased for several 

decades (Han et al., 2013a; Watson et al., 2014). U-Th dating of travertines and 

embedded veins reveal that CO2 has constantly leaked to the surface for >400 ka; yet 

spatially dispersed travertines with different volumes indicate that the location of CO2 
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leakage has varied depending on permeability alteration of each unit due to mineral 

precipitation, seismic activities, climate changes and regional unloading (Burnside et al., 

2013; Kampman et al., 2012). Consequently, the study area provides an unparalleled 

natural analogue for long-term CO2 leakage after a failure of GCS.  

 

2.2. CO2 and Brine Origins 

Many studies have documented deep crustal CO2 origins in this area using 

chemical and isotopic analyses of CO2 gas and brine, which were emitted from springs 

and geysers, as well as travertines and carbonate veins. Mayo et al. (1991) reported 

enriched ŭ13C of -1.2 ă in HCO3
- at Crystal Geyser and suggested CO2 production by 

thermal decomposition of carbonate rocks. This observation coincides with the fact that 

CO2 gas is produced via thermal decarbonation of the Mississippian Leadville Limestone 

at the McElmo Dome that also lies on the Paradox Basin in southern Colorado (Cappa 

and Rice, 1995). Shipton et al. (2004) found further enriched ŭ13C ranging +4 ă to +5 ă 

from travertines and veins along with Crystal Geyser, Tenmile Geyser, and Torreyôs 

Spring, also indicating thermal degradation of carbonates. Potential CO2 production by 

contact metamorphism in the vicinity of Crystal Geyser, resulting from the heat of 

Tertiary intrusions into marine carbonates deposited beneath the Middle Pennsylvanian 

Paradox Formation, is also possible. Heath et al. (2009) concluded that CO2 was 

generated by thermal decarbonation and/or clay-carbonate reaction in the deep crust 

(>800 m depth), based upon their measurement of relatively high ŭ13C (from -6.42 ă to -

6.76ă) and low 3He/4He (0.3 Ra) of gas samples from every spring and geyser.  
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Chemical profiles of fluid were recently analyzed at a scientific hole drilled ~90 

m north of the main trace of LGW fault and ~285 m west of Crystal Geyer (Kampman et 

al., 2014a; Kampman et al., 2014b). Analyses of in situ water chemistry suggested that 

CO2 may originate from the deep reservoirs (>2 km depth) and migrate through the LGW 

fault mostly as a dissolved phase in brine to feed the local shallow aquifers (Navajo and 

Entrada Sandstones). These aquifers would host free CO2 for the area by exsolution due 

to the reduced solubility of CO2 with decreasing depth (Wilkinson et al., 2009). These 

CO2 degassing processes explain well the enriched ŭ13C values for both brine (from -0.94 

ă to -0.19 ă) and CO2 gas (from -7.55 ă to ï6.61 ă) (Assayag et al., 2009; Kampman 

et al., 2009). Nonetheless, the aquifers are also likely to be fed by CO2-undersaturated 

meteoric groundwater, which recharges from the San Rafael Swell and flows from 

northwest to southeast (Fig. 2) (Baer and Rigby, 1978; Hood and Patterson, 1984).  
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Figure 2. The potentiometric surface (m) for the Navajo Sandstone in East-Central Utah. Note that 

meteoric groundwater recharges by percolation to the exposed Navajo Sandstone along the east side of the 

San Rafael Swell and flows southeastward (pink arrows) to the study area [Baer and Rigby, 1978] 

(modified from Hood and Patterson [1984] and Kampman et al. [2009]). 
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2.3. Historical Variations in Crystal Geyser Eruption 

Crystal Geyser, initially referred to as Glen Ruby #1-X, extends to approximately 

800 m depth near the crest of the Green River anticline within the Paradox Basin, Utah 

(Fig. 1a). It is only cased at the surface, a height of 1.73 m and diameter of 0.39 m. 

Manifesting a very unique feature of massive and periodic eruption of cold CO2-brine 

mixtures, Crystal Geyser has been widely investigated in both quantitative and qualitative 

fashions to figure out its specific mechanisms (Glennon and Pfaff, 2005; Gouveia and 

Friedmann, 2006; Han et al., 2013a; Kampman et al., 2014b; Kelsey, 1991; Shipton et al., 

2005; Watson et al., 2014). Their results indicate that eruption patterns of Crystal Geyser 

have significantly varied over time since it was drilled (Fig. 3a). At first in 1936, the 

geyser was reported to exhibit very intensive and bimodal eruption, reaching a height of 

25-45 m from the surface (Kelsey, 1991). The eruption changed to unimodal with a 

decrease in its intensity (21-27 m high) in 1968 and 1972 when Baer and Rigby (1978) 

tried to prevent saline water discharge from Crystal Geyser to the Green River. Until 

then, an average eruption interval was below 5 hr with a short-duration of <10 min (Fig. 

3a). However, in the late 1980ôs, Murray (1989) reported less intensive eruption with a 

relatively prolonged interval (13-15 hr) and duration (16-25 min). Accordingly, the 

lowest eruption height was reduced (18 m) while the maximum height was still large (40 

m). At present, the eruption still remains unimodal but with a much longer interval (72-87 

hr) and duration (25-28 hr), showing a constant decrease of vigor in eruption (Han et al., 

2013a; Watson et al., 2014) (Fig. 3a).  

Remarkable advances to improve an understanding of CO2-driven geysering 

processes have recently been made via in-well measurements of Crystal Geyser (Han et 
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al., 2013a; Kampman et al., 2014b; Watson et al., 2014). Han et al. (2013a) presented the 

first measurements of in situ pressure and temperature (6 and 14.5 m depth) in 2010 and 

unveiled a consistent cycle comprised of two major and minor eruptions with two 

intervening recharge periods. Watson et al. (2014) also recorded pressure and 

temperature within the wellbore at 6 m depth in 2013, showing a new 4-part eruption 

cycle composed of minor and major eruption (mEP and MEP), after shock (Ae) and 

recharge (R) periods (Fig. 3b). Based on their in situ observations, Han et al. (2013a) and 

Watson et al. (2014) provided a convincing conceptual model of geyser mechanism, 

highlighting a vigorous increase of bubble volume fraction with increasing flash depth as 

eruption proceeds. Kampman et al. (2014b) chemically analyzed temporal fluid samples 

from Crystal Geyser and found rapid declines in salinity, temperature, and radioactivity 

of fluid with the outset of a large-scale eruption, revealing changes in fluid sources from 

the deeper Navajo to shallower Entrada Sandstone.   
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Figure 3. Historical variations in eruption pattern of Crystal Geyser (a) Comparison of eruption intervals to 

durations with their trends (dashed lines) and two photos of Crystal Geyser taken in the 1960ôs (provided 

by John Wesley Powell River History Museum in Green River, Utah) and 2013. (b) Periodicity of Crystal 

Geyser represented by in situ pressure and temperature measured at 6 m depth for 13 days in 2013. Single 

eruption cycle consists of minor eruption period (mEP), major eruption period (MEP), aftershock eruptions 

(Ae), and recharge (R). 
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3. Field CO2 Flux Monitoring  

3.1. Methods 

Soil gas CO2 flux was measured over a period of 8 days in 2010 (August 4-

6/September 1-5) and 24 days in 2013 (May 23-June 15) to identify where the anomalous 

CO2 flux would be found in the fault zones. The survey was undertaken using an 

automated soil CO2 flux measurement system, LI-COR 8100A. An open-bottomed 

chamber was placed on a PVC collar (outside diameter of 21.34 cm, inside diameter of 

20.3 cm, and 20 cm high) partially inserted into the soil; then, an infrared gas analyzer 

(measurement accuracy = 1.5% of its reading) measured the changes in CO2 and H2O 

concentrations in the soil chamber for 2-3 minutes at each site in order for the system to 

be stabilized. Measurements were made consistently during the daytime between 9 AM 

and 4 PM, minimizing diurnal variances of fluxes. The CO2 flux, F (g m-2 d-1), was 

calculated by equation (1)  

( )
( )

[ ]
dt

COd

TRS

WVP
kF 2

0

00

15.273

1000/110

+

-
= ,     (1) 

in which k is a unit conversion constant (3.80 g s ɛmol-1 d-1), V is the system volume 

(cm3), R is the universal gas constant (8.31 m3 Pa K-1 mol-1), S is the soil surface area 

(cm2; herein, 317.8 cm2 for a 20 cm diameter chamber), P0 is the initial pressure (kPa), T0 

is the initial air temperature ( C̄), W0 is the initial water vapor mole fraction (mmol mol-

1), and d[CO2]/dt is the initial rate of change in water-corrected CO2 mole fraction (ɛmol 

mol-1 s-1). 
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Measurement sites for CO2 flux were chosen based upon accessibility, exposed 

or discernible configurations of the faults and joints/fractures, and the presence of CO2-

driven springs/geysers, travertine and carbonate veins. The selected sites included 

structural highs and steep travertine mounds between washes unlike the survey from Allis 

et al. (2005b) whose sites were located solely in washes. A total of 332 (= 0 to 36,259 g 

m-2 d-1) and 140 measurements (= 0 to 1,428 g m-2 d-1) of CO2 flux were taken at 287 and 

129 multiple locations in the LGW and SW fault zones, respectively.  

Raich and Schlesinger (1992) found typical CO2 respiration rates of 10-20 g m-2 

d-1 in temperate grasslands, croplands, and tropical savannas. Allis et al. (2005b) reported 

the background CO2 flux of ~5 g m-2 d-1 in arid regions with poor vegetation; however, 

wet ground with heavy vegetation at Springerville-St. Johns gave higher background CO2 

flux of ~20 g m-2 d-1, which results from shallow root zone activity. In this study, hot and 

hyper-arid weather continued with daytime temperatures from 20 to 34 ̄C throughout the 

survey period and desert vegetation scarcely covered the study area. Therefore, 

background CO2 fluxes resulting from bioactivities in soil were assumed to range from 0 

to 10 g m-2 d-1. In addition, when the measured CO2 fluxes were anomalously high (>10 g 

m-2 d-1), multiple measurements were conducted to assure CO2 flux anomalies and then 

the arithmetic mean was taken as a representative CO2 flux.  

After the survey, CO2 fluxes were analyzed in both north-south and east-west 

directions. Spatial variations of CO2 flux were determined in terms of values of 

maximum, minimum, median and selected percentiles (10%, 25%, 75%, and 90%). A 

correlation with the faults being of the main interest, various factors were simultaneously 

considered with CO2 flux anomalies (e.g., surface elevation, location/age/volume of 
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travertines, joint/fracture/groundwater discharge zones, CO2-spring/geysers). Henceforth, 

an interrelation of CO2 concentration and flux was investigated in each fault zone in order 

to account for a diffusive/advective transport of CO2. Finally, a conceptual model that 

illustrates leakage processes of CO2 on a regional scale was developed in the both LGW 

and SW fault zones. 

 

3.2. Little Grand Wash (LGW) Fault Zone  

In the LGW fault zone, the anomalous fluxes (>10 g m-2 d-1) appeared within 

~20 m of the LGW fault traces (Fig. 4). Indeed, 74% of CO2 flux anomalies were 

localized in the northern footwall of the LGW fault. The extraordinary CO2 flux 

anomalies (>500 g m-2 d-1) were observed in close proximity to both ancient (5-114 ka, 

Burnside et al. (2013)) and actively-depositing travertines, particularly where the dual 

fault traces nearly adjoined to each other. For example, an anomalous range of CO2 

fluxes (25-111 g m-2 d-1) was found near the ancient L1 travertine across the river from 

Crystal Geyser (Fig. 4b). Other flux anomalies (67, 94, and 155 g m-2 d-1) were also 

found where the fault outcropped.  
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Figure 4. The spatial variations of soil gas CO2 fluxes adjacent to travertines, fault traces, Crystal Geyser 

and an oil seep in the LGW fault zone. The fault traces are accentuated in navy blue, ancient travertine in 

yellow and active CO2 springs and geysers in purple (Burnside, 2010). Soil gas CO2 flux data were 

obtained during the field trip of May 23ïJune 15, 2013 (Red) and August 4ï6 and September 1ï5, 2010 

(Green). (a) Overall CO2 flux measurements taken within the LGW fault zone with locations of magnified 

maps (b), (c), and (d). (e) Location of soil CO2 survey field (a) in the LGW fault zone, East-Central Utah. 

 

Additional CO2 flux anomalies were observed in the vicinity of Crystal Geyser 

where travertines are actively depositing due to periodic CO2 and brine eruptions (Fig. 

4d). Anecdotal evidence from local residents suggests that there were mud pots ~5 m east 

of Crystal Geyser; however, water has dried up completely so that the mud pots were no 

longer observed during the CO2 flux survey period. Herein, we refer to them as inactive 

mud pots. The most anomalous flux of 36,259 g m-2 d-1 was recorded at one of inactive 
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mud pots during non-eruption period at Crystal Geyser; moreover, we could hear CO2 

degassing at this mud pot just below the surface. However, soil gas CO2 flux substantially 

decreased (2,124 g m-2 d-1) by up to 94% of its maximum when the small-scale eruption 

occurred at Crystal Geyser. This suggests that the mud pots are connected to the geyser 

probably by a fracture network, allowing high surface CO2 leakage at this location.   

The low-lying surface at the northeastern end of the ancient L5 travertine, 0.5 km 

east of Crystal Geyser, showed the second largest CO2 flux anomaly of 5,917 g m-2 d-1 

(Fig. 4d). Further about 0.6 km to the east, anomalous CO2 fluxes ranging from 84 to 

5,515 g m-2 d-1 were measured along a wash entrenched generally in northwest of the 

ancient L6 travertine (Fig. 4c). These anomalous fluxes gradually increased towards 

downstream wash, closer to the fault traces. In addition to intermittent flow of upstream 

water, a small quantity of brine discharges consistently, prevents sand/mud from drying 

out, and concurrently leaves large amounts of salt deposits in the base of the wash.  

Interestingly, an active petroleum seep lies immediately on the southernmost 

fault strand 80 m southeast of the travertine L8 (Fig. 4c), showing that there are leakage 

pathways for oil (Dockrill and Shipton, 2010; Shipton et al., 2004). However, despite the 

presence of conduits for oil, only background CO2 fluxes ranging from 0 to 14 g m-2 d-1 

were observed around the oil seep. As leakage pathways are highly isolated along the 

LGW fault (Burnside et al., 2013), it can be determined that low surface CO2 leakage at 

this location is resulting from hydrocarbon biodegradation rather than upflow of deep-

sourced CO2. Further isotopic analyses of emitted gases are needed to clearly determine 

the source of CO2 that vents near the oil seep.  
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3.3. Salt Wash (SW) Fault Zone  

 

 

Figure 5. The spatial variations of soil gas CO2 fluxes adjacent to travertines, fault traces, and 

springs/geysers in the SW fault zone. The fault traces are accentuated in navy blue, ancient travertine in 

yellow and active CO2 springs and geysers in purple (Burnside, 2010). (a) Entire CO2 flux measurements 

taken within the SW fault zone. (b) Magnified map in the vicinity of Pseudo-Tenmile, Tenmile Geyser, and 

Small/Big Bubbling Springs. (c) Location of soil CO2 survey field (a) in the SW fault zone, East-Central 

Utah. 

 

In the SW fault zone, most measurements were made proximal to the 

northernmost fault trace (Fig. 5a) since there was no noticeable manifestation of CO2 

leakage in the SW Graben except Tenmile Geyser (Shipton et al., 2005). Anomalous CO2 

fluxes were concentrated in the north side of the graben, whereas very low or no fluxes 

were dominant in the graben and on the southernmost fault trace akin to those found by 

Allis et al. (2005b). The most anomalous CO2 flux with an average of 412 g m-2 d-1 was 

observed at the wet salt deposits on the base of a wash, which lies directly on the northern 



20 

 

 

 

fault trace next to the large ancient travertine S1 (Fig. 5b). Additional anomalous CO2 

fluxes of 78 and 34 g m-2 d-1 were measured at the north fault trace, about 30 m and 110 

m northwest of this location, respectively. These observations suggest that the north fault 

trace in this region behaves as a conduit for upflow of CO2 from the subsurface. 

Elsewhere along the northern fault trace, however, low fluxes of CO2 <10 g m-2 d-1 were 

measured. Similarly, 25 measurements along the southern fault trace gave negligible CO2 

fluxes with an arithmetic mean value of 4.5 g m-2 d-1 except for one spot (24 g m-2 d-1).  

 

 

Figure 6. Bleached Entrada Sandstone in the northern footwall of the Salt Wash Graben by reduction of 

iron-oxide. (a) Extensive reduction of hematite with undulating front in the bottom unit of the Entrada 

Sandstone indicates that change in color is not associated with depositional controls. Upper unit was 

bleached only around fractures. (b) Reduction halos around a fracture in the bottom unit (a mechanical 

pencil 15 cm long). 

 

Similarly to Allis et al. (2005b), CO2 flux anomalies observed in this study do 

not always coincide with mapped fault traces. Instead, more anomalous fluxes of CO2 
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ranging from 27 to 120 g m-2 d-1 appeared around joint zones within the bleached Entrada 

Sandstone exposed in the northern footwall (Fig. 6). Extensive and massive bleaching of 

the Entrada Sandstone from red to pale yellow is attributed to the reduction of hematite 

by reducing fluids (e.g., hydrocarbon) that migrated through fractures and joints (Dockrill 

and Shipton, 2010; Kampman et al., 2009; Wigley et al., 2013a; Wigley et al., 2013b; 

Wigley et al., 2012). Our detailed observations of CO2 flux anomalies therefore indicate 

that CO2 is still released through the fractures, the pathways for ancient reducing fluids. 

Two profiles obtained from Big Bubbling/Small Bubbling Springs traversing the fault 

trace showed similar spatial distribution of CO2 flux anomalies adjacent to Crystal 

Geyser; substantial CO2 was emitted not only from springs but also from surrounding 

ground and washes (Fig. 5b). Specifically, abnormal fluxes generally decreased further 

from springs. However, the profile near Small Bubbling Spring displayed an abrupt 

increase in the flux to 111 g m-2 d-1 at the fault trace and a subsequently sharp drop to 

zero across the fault trace. High fluxes also appeared adjacent Pseudo-Tenmile (25 g m-2 

d-1) but not in the vicinity of Torreyôs Spring.                                   

 

4. Numerical Simulations 

4.1. Modeling Approach 

4.1.1. Description of a Conceptual Model 

As previously indicated by a number of studies, an ultimate driving force of CO2 

migration in the subsurface is buoyancy (Han et al., 2010b; Oldenburg and Unger, 2003; 
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Pruess, 2008a; Pruess and García, 2002; Taku Ide et al., 2007): lower density than water 

gives rise to the tendency for CO2 to ascend buoyantly against gravity, which is 

reinforced by higher volumetric flow rate resulting from lower viscosity. In addition, 

larger compressibility of CO2 compared to water results in much larger volume expansion 

during depressurization (Pruess, 2008a; Vilarrasa et al., 2010), resulting in further density 

decrease and saturation increase along flow paths. However, CO2 upward movement is 

also subordinate to self-limiting effects: adiabatic volume expansion of CO2 upon 

decompression accompanied by Joule-Thomson cooling (Han et al., 2010b; Mathias et 

al., 2010; Oldenburg, 2007; Pruess, 2008b). This cooling could cause phase transitions 

and thereby an evolution of a multiphase system with severe flow disturbance (Pruess, 

2008b). Dissolution of CO2 into water will also increase the amount of CO2 trapped 

within reservoirs because aqueous CO2 is not subject to buoyancy (Kneafsey and Pruess, 

2010). Therefore, CO2 leakage in the subsurface should be understood in terms of its 

thermodynamic, chemical and hydrodynamic properties under a given circumstance 

(Gherardi et al., 2007; Pruess, 2008a).  

In order to demonstrate and characterize CO2 leakage through faults and 

wellbores relating to hydrodynamic properties of faults and geysering processes, 

numerical simulations were performed using a TOUGH2-MP/ECO2N. This is a 

massively-parallel numerical simulator based on an integrated finite difference method 

and can simulate multiphase flow of H2O-NaCl-CO2 under typical reservoir conditions 

(TÒ100 ÁC and PÒ60 MPa) (Pruess et al., 1999; Zhang et al., 2008). Both isothermal and 

non-isothermal conditions were selectively chosen for the purpose of studies. For CO2 

flow through faults without geysering process, an isothermal assumption is legitimate 
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because CO2 migration is not instantaneous enough to maintain adiabatic conditions. By 

contrast, non-isothermal processes are important for simulating the eruption of Crystal 

Geyser (Pruess, 2008a). 

A 2-D numerical model was developed along the north-south cross section 

traversing Crystal Geyser and the LGW fault (Line AB in Fig. 1b), corresponding 

roughly to local geology of the study area (Fig. 7) (Heath et al., 2009; Shipton et al., 

2004; Williams, 2005). The model domain was 1,424 m deep by 9,800 m wide with the 

number of grid blocks assigned 89 and 205, respectively. For numerical simulations, the 

model was discretized in space with ȹz=16 m grid blocks in which ȹx fines from 200 m 

to 1 m in the vicinity of the Crystal Geyser and LGW fault (Fig. 7). This local mesh 

refinement allows use of a small, detailed model in the area of interest. Thus, it is 

possible to minutely resolve processes of CO2-brine migration adjacent to fault and 

geyser. In addition, small grids with a 1 m width are beneficial for geyser simulations 

since they enable pressure to build up in a well by CO2 accumulations, similarly at 

Crystal Geyser at which the borehole diameter is only 0.39 m.  
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Table 1. Hydrogeologic parameters of each geologic formation in the study areaa.  

 

 Formation Abbrb Porosity kh
c (md) kv

c (md) 

C
E

R
Tc  

Cedar Mountain 

Formation 
Ce 0.10 1 0.1 

J
U

R
A

S
S

IC
 

Morrison 

Formation 
M 0.20 1 0.1 

Summerville 

Formation 
S 0.10 0.01 0.001 

Entrada 

Sandstoned 
E 0.30 100 10 

Carmel 

Formation 
Ca 0.20 0.01 0.001 

Navajo 

Sandstoned 
N 0.20 528 52.8 

Kayenta 

Formationd 
K 0.20 1 0.1 

Wingate 

Sandstoned 
Wi 0.20 356 35.6 

T
R

IA
S

S
IC

 Chinle 

Formation 
Ch 0.05 0.02 0.002 

Moenkopi 

Formation 
Mo 0.05 0.02 0.002 

P
E

R
M

IA
N

 Black Box 

Dolomite 
Bl 0.20 0.01 0.001 

White Rim 

Sandstoned 
Wh 0.30 100 10 

P
E

N
N

c  

Honaker Trail 

Formation 
Ho 0.20 0.01 0.001 

 

aData were collated from Allis et al. [2001], Burnside [2010], Hansley [1995], Hood and Patterson [1984], 

and White et al. [2004]. When no data were available, hydrogeologic parameters were hypothetically 

assigned to individual formation, based on their potential as aquifers: (1) high (kh=100 md), (2) 

intermediate (kh=1 md), and (3) low (kh=0.01 md). 

bAbbreviation of geologic formation names used in Figs. 8, 9, and 10 for convenience.  

ckh, horizontal permeability; kv, vertical permeability; CERT, Cretaceous; PENN, Pennsylvanian.  

d5 major aquifers for the region with Curtis Formation incorporated into the Entrada Sandstone. 
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Each geologic formation was assumed homogeneous and anisotropic (Table 1). 

Porosity and permeability values in Table 1 were collated from the literature that 

investigated the study area and/or adjacent fields (Allis et al., 2001; Burnside, 2010; 

Hansley, 1995; Hood and Patterson, 1984; White et al., 2004). A constant heat flux of 

0.053 J m-2 s-1 was applied at the bottom to match the terrestrial heat flow around the 

town of Green River (Heath et al., 2009; Nuccio and Condon, 1996). With an assumption 

of a hydrostatic groundwater condition, initial conditions for all simulations were 

obtained by running a brine-only system until the steady state conditions were reached. 

Brine concentration (mass fraction [XNaCl]=0.011) was taken from our chemistry data on 

brine effluent from Crystal Geyser. 

Consequent pressure and temperature profiles with depth ranged from 0.1 to 13.8 

MPa and 25.0 to 62.5 °C, respectively. Capillary pressure and relative permeability 

parameters for CO2 and brine were taken from the literature (Table 2) (Han et al., 2012; 

Pruess and García, 2002). Note that van Genuchten function (van Genuchten, 1980) can 

overestimate the amount of CO2 gas entry into a caprock due to zero gas-entry pressure 

(Gherardi et al., 2007). For boundary conditions, constant atmospheric pressure and land 

temperature (P=0.1 MPa and T=25 °C) were imposed on the top while no fluid flow 

conditions were given at the bottom boundary (Table 2). As the model contains a part of 

regionally extensive aquifers, hydrostatic pressure and temperature were maintained at 

both lateral boundaries throughout simulations. Further model parameters and conditions 

are presented in Table 2.   
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Table 2. Initial physical parameters and conditions used for numerical simulations in this study. 

 

Number of elements 

Size of each element (m) 

Rock density (kg m-3) 

Rock heat capacity (kJ kg-1 ºC -1) 

Salinity 

Boundary conditions 

x-direction: 205; y-direction: 1; z-direction: 89 

ȹx = 200, 100, 50, 10, 1; ȹy = 1; ȹz = 16 

2650 

1000  

0.011 NaCl mass fraction 

Top: constant pressure (0.1013 MPa) and temperature (25 °C) 

Lateral: constant hydrostatic pressure/temperature  

Bottom: no flow and constant heat flux (0.053 J s-1 m-2) 

Relative Permeability 

Phase Liquida   Gasb  

Functions 
[]( )

2
/1** 11
ý
ü
û

í
ì
ë

--=
ll

SSkrl

lr

lrl

S

SS
S

-

-
=

1

*
 

( )( )22

11 SSkrg --=  

grlr

lrl

SS

SS
S

--

-
=

1
 

Parameters 

457.0

2.0

=

=

l

lrS
 

2.0=grS  

Capillary Pressurea  

Functions Parameters 

[]( )ll --
--=

1/1*

0 1SPPcap
 

lr

lrl

S

SS
S

-

-
=

1

*
 

457.0

0.0

=

=

l

lrS
 

P0 = 19.61 kPa 

 

aRelative permeability of liquid and capillary pressure equations were taken from van Genuchten [1980].  

bRelative permeability equations of gas were taken from Corey [1954]. 
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Based on CO2 origins discussed in the previous Section 2.2, CO2 was released 

from two sources: (1) as a supercritical phase (SCCO2) at the bottom cell (approximately 

1,400 m depth) of the fault and (2) as a dissolved phase at the leftmost cells (600-690 m 

depth) of the Navajo Sandstone (Fig. 7). High saturation of supercritical CO2 (SCO2=0.9) 

was invoked with an assumption that CO2 is generated below the base of the model, 

migrates along the fault and enters to the bottom of fault in the model. CO2-

undersaturated brine (XCO2=0.1) was released in the northernmost part of the Navajo 

Sandstone (Fig. 7), following the regional groundwater flow to southeast (Fig. 2) (Hood 

and Patterson, 1984).  

 

4.1.2. Modeling Scenarios  

The two parallel fault strands were set to be separated by 40 m apart at the surface 

(Burnside, 2010). They were also set to have a constant width of 20 m including damage 

zone (Kampman et al., 2014b) and a total vertical throw of 180 m with no geometrical 

complexity (Dockrill and Shipton, 2010). Due to a lack of data on regional-scale fault 

permeability, variable fault permeabilities (kv=0.01-500 md) were tested corresponding to 

high-, intermediate-, and low-permeable fault. In addition, Bense and Person (2006) 

found that hydraulic anisotropy can vary by two to three orders of magnitude with 

increasing fault throw of ~200 m. Accordingly, various fault anisotropy ratios (kv/kh=ɔ) 

of 1, 10, 50, and 100 were also tested in the simulations. A base case model was chosen 

representing highly permeable faults (kv=500 md and ɔ=50) in order to discuss co-

migration of CO2 and brine within fault zone through time. The models with different 

properties of the LGW fault were also evaluated by matching computed results with field 
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soil CO2 flux measurements at the surface. Then, an approximate range of regional fault 

permeability was determined.  

Finally, an isotropic well with a diameter of 1 m was inserted into the model 

(kv=0.5 md and ɔ=50) in which the computed CO2 fluxes properly coincide with the field 

measurements, demonstrating Crystal Geyser within the northern footwall of the LGW 

fault. The coupled eruption dynamics of CO2-brine mixture were investigated and the 

associated results were compared with the in-well observations of Crystal Geyser (Fig. 

3). For better implications for a wellbore leakage of CO2, sensitivity analysis of geysering 

patterns was also conducted with respect to four different parameters: intrinsic 

permeabilities of a well (kw) and the surrounding matrix adjoining to a well (ka), well 

porosity (ʟ w), and well radius (rw). There have been constant efforts to define 

thermodynamic and hydrogeologic conditions and mechanisms which drive geothermal 

or CO2-driven geysering processes by numerical simulations. For instance, Ingebritsen 

and Rojstaczer (1996) used the porous medium approach (Darcian flow), showing a large 

sensitivity in eruption behavior of geothermal geyser to intrinsic and relative 

permeabilities and pressure gradients in the matrix. However, the connate limitations of 

Darcian model which assumes laminar flow through a relatively small flow path (e.g., 

porous media or tiny cracks in the cement plugs) led to use of drift flux model (Pruess, 

2008b) or pipe approach (Lu, 2004; Lu et al., 2006; Watson et al., 2014) for studying on 

open-hole geyser processes. In this study, pseudo-geysering patterns were observed 

similar to Ingebritsen and Rojstaczer (1996) throughout the simulations due to the 

limitations on accurate description of Crystal Geyser in a regional-scale model (e.g., 

Darcian flow assumption, heterogeneity, well dimension and configuration). However, 
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examination of CO2-driven geyser at a regional-scale could still improve our grasp of 

geysering procedures as previous interpretation of Crystal Geyser (Gouveia and 

Friedmann, 2006; Han et al., 2013a; Kampman et al., 2014b; Watson et al., 2014) was 

grounded on site-specific measurements.  

 

4.2. Simulation Results 

4.2.1. Co-Leakage of CO2 and Brine within the LGW Fault Zone 

4.2.1.1. Free CO2 Leakage 

Spatial Variations of Free CO2 Migration 

The base case (case 1) model represents the LGW fault (kv=500 md and ɔ=50) as 

a favorable CO2 leakage pathway. Fig. 8a illustrates free-phase CO2 migration after 100 

yr of CO2 release for case 1. SCCO2 gradually leaks from the bottom source (1,416 m 

depth) at the north trace of the LGW fault while the hydrostatic pressure is maintained. 

Buoyancy-driven advection appears a dominant mechanism for vertical CO2 mass flow 

(864 kg d-1) within the LGW fault. A certain portion of free CO2 within the fault prefers 

to ascend vertically due to the buoyancy rather than following the diagonal fault plane. 

However, the vertical movement of deep sourced SCCO2 is hampered by the presence of 

several intervening aquitards (e.g., Chinle, Moenkopi, Black Box Dolomite). At 1 km 

depth, for instance, SCCO2 with SCO2=0.24 keeps rising diagonally along the dip of the 

north fault trace (Fig. 8b). By contrast, the remainder of SCCO2 with SCO2=0.46 

accumulates within the White Rim Sandstone between two fault traces under the Black 
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Box Dolomite. The cumulated SCCO2 within the White Rim aquifer then reaches the 

south trace of the LGW fault and begins to leak through it. 

 

 

Figure 8. Computed free CO2 leakage within the LGW fault zone through time for case 1 (high-k fault of 

kv=500 md with ɔ=50) delineated by SCO2 at (a) t=100 yr and (e) t=1,000 yr. (b) A magnified model domain 

of a red box (700 m × 700 m) presented in (a). (c) A magnified model domain of an orange box (600 m × 

600 m) presented in (a). (d) A magnified view of an orange box (600 m × 600 m) shown in (e). The 

presumable location of the SW fault is indicated by black dash lines with a mark of SWF at the right edge 

of the model. 5 major aquifers are denoted by yellow letters (refer to Table 1 for abbreviation). Intervening 

aquitards are represented by white letters for convenience (Table 1). Red arrows portray general 

movements of free CO2. The scale for the size of a domain is given in meters. 
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Interestingly, free CO2 rising vertically from the south fault trace flows into the 

aquifers that are located to the south of the LGW fault since the fault is south-dipping 

while the beddings are dipping north. (Figs. 8a and 8b). High kv (500 md) of the LGW 

fault promotes CO2 entry into to the southern aquifers (Entrada, Navajo, Wingate); for 

example, a CO2 mass flow rate from the south fault trace to the bottom Wingate 

Sandstone was 533 kg d-1. Subsequently, free CO2 within the southern aquifers migrates 

further south and eventually reaches the SW fault about 6 km apart from the LGW fault 

(Fig. 8a).  

Within the Navajo Sandstone, CO2 was released as an aqueous phase (XCO2=0.1) 

at the northernmost cells, considering a southward regional flow of CO2-undersaturated 

brine from the San Rafael Swell to the LGW and SW fault zones (Baer and Rigby, 1978; 

Hood and Patterson, 1984; Kampman et al., 2014b; Wilkinson et al., 2009) (see Figs. 2 

and 7). While CO2-containing brines migrate up-dip on the limb of the Green River 

Anticline through the Navajo aquifer, only a small amount of CO2 exsolves out and forms 

a thin layer of gaseous CO2 plume (SCO2=0.16) below the low-k Carmel Formation (Figs. 

8a and 8c). During migration over a long distance of 4 km, gaseous CO2 within the 

Navajo Sandstone is secured under the Carmel Formation with a very limited vertical 

mass flow rate (5.4 x 10-3 kg d-1). This observation highlights the role of the Carmel 

Formation as an effective seal for CO2 seepage unless there are flaws in it, which is also 

observed from the drilling cores in the field (Kampman et al., 2014b). 

Once CO2 gas enters the north trace of the LGW fault from the Navajo Sandstone, 

it goes through significantly enhanced vertical flow with a higher rate of four orders of 

magnitude (156 kg d-1) (Figs. 8c and 8d). The strong tendency of CO2 gas for upward 
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migration is most likely attributable to higher kv of the LGW fault than that of the Navajo 

Sandstone and the absence of caprocks (Table 1). Besides, nearly doubled CO2 saturation 

(0.30) due to high influx of both deeply-sourced CO2 from the LGW fault and exsolved 

CO2 from the Navajo Sandstone may enhance mobility of gaseous CO2 by increasing 

relative permeability (Bachu and Bennion, 2008; Burton et al., 2009; Krevor et al., 2012). 

In consequence, most gaseous CO2 from both deep and shallow sources escapes to the 

land surface, emphasizing a highly transmissive fault as an effective conduit (Figs. 8c and 

8d). This is comparable to the previous field survey that all of the anomalous CO2 fluxes 

(>10 g m-2 d-1) were localized within ~20 m of the LGW fault traces (Fig. 4) (Jung et al., 

2014).  

 

Temporal Variations of Free CO2 Migration 

CO2 inventory within the model progressively increases over time whereas a 

significant portion of CO2 still escapes to the surface (Fig. 8e). As more free CO2 is 

supplied from the sources, the saturation and relative permeability of CO2 increase along 

the flow paths. Accordingly, more free CO2 rises and gets into the southern aquifers at 

t=1,000 yr (Fig. 8e). For example, more CO2 of the southern Wingate ascends and 

coalesces with CO2 within the overlying Navajo and Kayenta Sandstones, forming a large 

CO2 plume. In addition, the CO2 plume along the fault slightly advances in a lateral 

direction through time.  

The most notable changes in underground free CO2 distribution between 100 and 

1,000 yr appear near the land surface (Figs. 8c and 8d). At t=100 yr, both the north and 
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south traces of the LGW fault emit substantial amounts of gaseous CO2 at high rates of 

98.5 kg d-1 and  207 kg d-1, respectively. However, at t=1,000 yr, CO2 gas is no longer 

leaking through the north trace while still discharging from the south trace at a reduced 

mass flow rate of 163 kg d-1. This shift in spatial CO2 flux with time results from CO2 

plume migration to the south by the combined effects of south-dipping fault structure and 

the buoyant nature of CO2. The CO2 plume at the surface initially extended for about 170 

m involving the north and south traces of the LGW fault (Fig. 8c). As more free CO2 

preferentially migrates vertically rather than following the fault, more CO2 reaches the 

southern hanging wall of the LGW fault. Therefore, the left boundary of the CO2 plume 

also moves 50 m more southward at the surface (Fig. 8d). Moreover, the extent of the 

CO2 plume is almost twice as large (320 m) at t=1,000 yr but CO2 release rate decreases 

in the southern part of the LGW fault.  

 

4.2.1.2. Dissolved CO2 Migration along with Brine 

Most SCCO2 released from the LGW fault at 1,416 m depth dissolves into 

ambient brine during upward migration along the fault (Fig. 9). As a consequence, CO2 

travels predominantly as an aqueous phase (XCO2=~4.5%) rather than a supercritical or 

gaseous phase. Indeed, the dissolution of CO2 into brine leads to a shrinking of CO2 

plume along flow paths and a consequent retardation of free CO2 migration. For example, 

the CO2 plume near the bottom source displays saturation of only ~0.5 despite the 

abundant supply of free CO2 from depth (SCO2=0.9) (Figs. 7, 8a and 8e). The field brine-

meteoric groundwater dilution factors (the ratio of CO2/Cl- between sandstone formation 

fluids and Carboniferous brine) similarly suggested that ~75% of dissolved CO2 in the 
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Navajo is obtained during upward migration of free CO2 and brine from Permian 

aquifers, e.g., the White Rim (Kampman et al., 2014b). It should be noted that the 

dissolution of CO2 may occur more intensely in the real field than in our model because 

we assumed homogeneous brines within each aquifer (XNaCl=0.011) in which salinity 

substantially reduces the solubility of CO2. On the other hand, in the field, meteoric 

groundwater mixing with brines in each aquifer may further accelerate the dissolution of 

free phase CO2 into brines during migration (Kampman et al., 2014a and 2014b).  

 

 

Figure 9. Computed dissolved CO2 leakage within the LGW fault zone through time for case 1 (high-k 

fault of kv=500 md with ɔ=50) delineated by mass fraction (%) at (a) t=100 yr and (b) t=1,000 yr after CO2 

releases into the system. 

 

However, the density of CO2-saturated brine is approximately 10 kg m-3 greater 

than brine with no CO2 (García, 2001; Lindeberg and Bergmo, 2003), resulting in unique 
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feature of its transport. Unlike free CO2, a significant fraction of CO2-sauturated brine 

flows laterally into the northern aquifers (e.g., Navajo, Wingate, White Rim) from the 

fault during up-dip migration (Fig. 9b). Then, CO2-rich brine migrates down-dip along 

the base of each aquifer due to its higher density than ambient pure brine. In fact, inflow 

of CO2-saturated brine from the fault to the northern aquifers occurs slowly because its 

northward movement is impeded by southward flow of the regional groundwater; for 

instance, the velocities of CO2-saturated brine flowing to the Navajo, Wingate, and White 

Rim were 22, 33, and 16 cm yr-1 respectively. Nevertheless, this CO2-saturated brine also 

mixes with the less-dense regional groundwater, enhancing the dissolution of CO2. This 

result elucidates why CO2-saturated fluids were found at the base of the Navajo from the 

drilling core (Kampman et al., 2014b).  

The aqueous CO2 in brine also gives rise to an unstable state where denser CO2-

rich brine overlies less-dense pure brine, particularly within the southern aquifers (e.g., 

Entrada, Navajo, Wingate) (Fig. 9). This density instability could cause convective 

mixing of the fluid, which could greatly facilitate the transfer of free CO2 into the 

dissolved phase depending on Rayleigh number and formation heterogeneity (Ennis-King 

and Paterson, 2003; Hassanzadeh et al., 2005; Kneafsey and Pruess, 2010). The presented 

regional-scale model is not able to capture the convective mixing due to the issues related 

to grid-scale. Nevertheless, based upon linear stability analysis (Ennis-King and Paterson, 

2003), critical time (tc) required for the convective instability to develop within each 

anisotropic aquifer can be estimated as 

Lgk

Dct
t

h

wmix
c

ar

fgmg

D
º

2

1 )(
  (1).  
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Here, tmix is the time (s) for CO2/water mixing to occur calculated from 

( )( )gkLt vwmix rma Dº / , c1(ɔ) is the numerical constant function of the anisotropic ratio ɔ 

(=kv/kh), which can be determined from ( )( )242/1

11 16/1)1(/)( ggg +=cc  where c1(1)å78, 

ɛw is the dynamic viscosity of the fluid (PaĀs), ʟ  is the formation porosity, D is the 

effective diffusion coefficient of CO2 (10-9 m2 s-1), ȹɟ is the density increase by dissolved 

CO2 (kg m-3), g is the gravitational acceleration (9.81 m s-2), Ŭ is the CO2 density ratio 

between the free and aqueous phases, and L is the thickness of the initial layer of free 

CO2 (m). The linear stability analysis of our base model at t=100 yr reveals that the 

gravitational instability within each southern aquifer develops in only a few years: 5.8, 

0.2, and 0.3 yr for the Entrada, Navajo, and Wingate, respectively. Subsequently, it is 

predicted in the field that small convective fingers might form, widen, and coalesce 

together over time, dissolving a large amount of CO2. If there were no more CO2 supply 

from the LGW fault, the CO2 plume within the southern aquifers shown in Fig. 9a would 

completely dissolve into aquifer fluids in a couple of hundred years (tmix): specifically, 

445, 136, and 492 yr within the Entrada, Navajo, and Wingate, respectively. Eventually, a 

substantial portion of CO2 derived from the deep Carboniferous reservoir is transported 

away from the LGW to SW fault zones as an aqueous phase, which was similarly 

indicated by Bickle and Kampman (2013). 

 

4.2.2. A General Estimate of Regional Permeability of the Little Grand Wash Fault 

As shown in the field observations, faulting is a key factor controlling the 

magnitude and location of CO2 leakage (Jung et al., 2014). Therefore, fault zone 
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properties must be identified to understand fluid flow. However, the heterogeneous and 

complex nature of fault zones (e.g., geometry, fault population, and transient properties) 

makes it impossible to accurately predict fluid transmissibility properties along faults 

(Aydin, 2000; Foxford et al., 1998; Knipe et al., 1998). Nonetheless, numerical 

simulations in this study could draw a rough sketch of permeability of the LGW fault, 

which can be used as a good starting point for future studies.  

For comparison with the base case model (case 1) representing a high 

permeability fault, case 2 was chosen with the same ɔ (=50) for delineating a low 

permeability fault (kv=0.5 md). In both cases, SCCO2 from depth undergoes phase 

transition to gas under subcritical conditions (the critical point of CO2 at T=31.04 °C and 

P=7.38 MPa by Span and Wagner (1996)) at depths of 700-800 m. The phase transition is 

followed by drastic drops in free CO2 density from ~530 to ~200 kg m-3 towards the land 

surface, increasing buoyancy and vertical movement of CO2. In case 1, as previously 

addressed, high-k fault does not constrain rapid ascent of free CO2. Consequently, CO2 

leaks only within the southern hanging wall of the LGW fault (Figs. 8d, 8e and 10a).   
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By contrast, the low-k fault in case 2 significantly slows down the free CO2 

movement from depth although it also acts as a conduit similar to case 1. As a result, the 

steady-state conditions for case 2 were acquired approximately 20 ka later than case 1. 

Furthermore, a low-k fault causes more free CO2 to flow horizontally into the relatively 

deep aquifer, the southern White Rim, as the residence time of CO2 in the fault increases 

due to a very low flow rate (e.g., 3 kg d-1 across the bottom source cell) (Fig. 10b). The 

increased CO2 residence time also leads to an enhanced diagonal migration of free CO2 

since its ascent is limited by the low-k fault so that free CO2 moves uniformly in both x 

and z directions. Thus, more CO2 gas reaches the top boundary following the LGW fault 

plane and the resultant leakage is localized more within the northern footwall than the 

southern hanging wall (Fig. 10b). This result from case 2 is compatible with the field 

survey in which 74% of anomalous CO2 fluxes were found in the northern footwall of the 

LGW fault (Jung et al., 2014). 

Indeed, the low-k fault in case 2 also behaves as an effective baffle to cross-fault 

flow of CO2 from north to south. Accordingly, this induces the compartmentalization of 

pore pressures across the fault and the development of an anticlinal trap of CO2 within 

the northern shallow aquifers (the Navajo and Entrada) (Fig. 10b), as implied by Heath et 

al. (2009) and Jung et al. (2014). The pore pressure and CO2 saturation of these aquifers 

obviously demonstrates the discriminations between case 1 and 2, resulting from the 

presence of an anticlinal trap (Fig. 11a). Under this circumstance, the CO2 solubility 

depends largely on the pressure and slightly on salinity (Duan and Sun, 2003); that is, the 

solubility of CO2 in brine is greatly affected by whether an anticlinal trap exists or not 

(Fig. 11a). In case 1 (high-k fault), the Navajo and Entrada are under hydrostatic 
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conditions with almost no gaseous CO2 except at the top of the Navajo. Therefore, the 

CO2 solubility is predicted to decrease towards the surface, which is analogous to the 

theoretical CO2 solubility curve calculated for hydrostatic pressures (see Figs. 12b and 

21d in Kampman et al. (2014b)) based on the equations of (Duan and Sun, 2003). To the 

contrary, excess pressure of ~4 MPa and ~2 MPa builds up within the Navajo and 

Entrada in case 2 (low-k fault), respectively. Increased pressure also causes more CO2 to 

dissolve, resulting in an almost vertical profile of the CO2 solubility within each aquifer 

(Fig. 11a). The predicted CO2 solubility is still smaller within the upper formation 

(Entrada) compared to the bottom formation (Navajo). Moreover, the CO2 solubility 

curve is not continuous between them attributable to the effective sealing of the Carmel 

Formation. High CO2 saturation of ~0.8 in case 2 indicates that large amounts of gaseous 

CO2 exsolves out of CO2-rich fluids ponding within the anticlinal trap.  

Computed CO2 fluxes from case 1 and 2 are now compared with the field results 

in order to validate the model and to assess regional permeability of the LGW fault. Figs. 

11b (case 1) and 11c (case 2) depict the profiles of the field and simulated CO2 fluxes at 

the surface across Crystal Geyser and the LGW fault against the distance from the north 

fault trace. The results obtained from the different anisotropy ratios of the fault (ɔ=1, 10, 

50, 100) with a constant kh are also plotted together for each case. The field survey results 

show that highest CO2 fluxes (~613 g m-2 d-1) appear along the fault traces, particularly 

close to the north fault zone. Distant from the fault traces, the CO2 flux exponentially 

decreases to the background level (<10 g m-2 d-1), suggesting that bioactivities in soil are 

the dominant sources of CO2 in the surrounding area. Correspondingly, the simulated 
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fluxes showed zero values in these areas because CO2 sourcing from bioactivity in the 

soil is not assigned in the model. 

 

 

Figure 11. Differences in characteristics of CO2 leakage between high- (case 1 of kh=10 md) and low-k 

(case 2 of kh=0.01 md) fault models. (a) Pressure (MPa), CO2 saturation and solubility (mol kg-1) in the 

shallow aquifer (Navajo and Entrada Sandstones) with depth when ɔ=50. Colors and sizes of the circles 

delineate pressure and CO2 saturation; CO2 solubility in brine is represented by a solid line for case 1 and a 

dotted line for case 2. Vertical profiles of field (star) and simulated CO2 flux at the surface against the north 

trace of the LGW fault for (b) case 1 and (c) case 2. Negative values for distance are the distances to north 

from the north major fault trace while positive values to south. The north fault trace zone is highlighted in 

red, the south trace zone in blue, and background CO2 flux (<10 g m-2
 d-1) in gray. The location of Crystal 

Geyser is represented by a dashed line. 
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High-k fault cases (case 1) always display the highest CO2 flux at the south fault 

trace (blue box in Fig. 11b) unlike the observation in the field. In addition, the amounts of 

leaking CO2 are much greater than the field; for example, the maximum simulated CO2 

flux of 31,000 g m-2 d-1 is recognized at the south fault trace for case 1 (ɔ=50). However, 

CO2 fluxes at the north fault trace decrease to zero as more CO2 escapes out from the 

southern hanging wall with increasing anisotropy ratio of the LGW fault. In contrast, the 

most anomalous CO2 fluxes are observed at the north fault trace in low-k fault cases 

except the isotropic case (ɔ=1) in which the fault is extremely low-transmissive (kv=0.01 

md) (Fig. 11c). When ɔ=50 and 100, CO2 fluxes appear up to 717 and 1,273 g m-2 d-1, 

respectively, which agree well with the field survey. These cases also show high CO2 

fluxes at the south fault trace akin to the field observation (~178 g m-2 d-1): ~220 and 

~419 g m-2 d-1 each for ɔ=50 and 100. However, CO2 leak is too suppressed when ɔ=10 

with a very low kv (=0.1 md) so that less anomalous CO2 fluxes of ~28 g m-2 d-1 are 

recorded nearby the north trace while only background CO2 fluxes are captured in other 

area. Consequentially, it can be surmised from entire simulations results that the LGW 

fault is likely low-permeable (Shipton et al., 2004) with 0.01 md Ò kh <0.1 md and 0.5 md 

Ò kv < 1 md.  

 

4.2.3. Computed Prediction of Dynamic Geysering Processes 

4.2.3.1. Geyser Eruption Behavior of a Well 

After placing a well (kw=1×104 md) representing Crystal Geyser in the model 

(Fig. 7), CO2 and brine rapidly emanate from the well at a rate of up to 1,447 kg d-1
 until 
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t=7.88×103 s, leading to corresponding sharp increases of XCO2 (0.8 to 1%) and pressure 

(0.6 to 0.8 MPa) at the surface (Fig. 12b). XCO2 and pressure then abruptly drop as water 

is emitted to the surface, which results in a relatively slow increase in SCO2 (0.3 to 0.4) 

(Fig. 12b). A high SCO2 (>0.2) with very limited XCO2 (<0.4 %) indicates that CO2 

escapes predominantly as a gas phase at the surface (the 1st discharge regime in Fig. 

12a). Yet SCO2 begins to diminish after reaching a peak at t=3.47×105 s as CO2 leak 

continues. Then, the well acts like a CO2-spring, consistently emitting both CO2-laden 

brine and CO2 gas. As gaseous CO2 is radically depleted with a limited recharge, the 

single-phase conditions are reached where only brine escapes the well quickly with no 

interference of gas flow at t=6.31 x 106 s (73 d) (the onset of 2nd regime in Fig. 12a). 

Pressure also suddenly decreases in response to a large amount of the fluid discharge, but 

shortly thereafter recovers a hydrostatic state (0.26 MPa) by a rapid feed of pure brine 

under artesian conditions. No CO2 gas is emitted from the well in the following 

incubation period of 8.01×106 s [93 d] (between t=6.59×106 s [76 d] and 1.46×107 s [169 

d]) since entire CO2 recharged from the anticlinal trap of CO2 in the shallow aquifers 

(Entrada and Navajo Sandstones) dissolves into brine, slowly increasing XCO2 of 

~0.35%.  



45 

 

 

 

 

 

Figure 12. Simulated temporal variations of CO2 discharge from the well (kw=1 x 104 md) at the surface. 

(a) Changes in SCO2 (purple line), XCO2 (blue line), and pressure (green line) through time (~3 x 107 s [347 

d]) at the surface with 4 discharge regimes denoted. (b) Magnified view of initial discharge from the well 

(~8 x 104 s [1 d]) shown in (a) by a dotted box. (c) Geyser-like periodic eruption represented by the flow 

rate of brine (blue solid line) and gaseous CO2 (purple dotted line) in the 2nd-4th regime (1 x 107 s [116 d]-

2.5 x 107 s [289 d]). 
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Attaining two-phase conditions again as CO2 eventually exsolves, the well serves 

as a geyser, i.e. the discharge goes through geyser-like periodic cycling with a duration of 

~1.40×106 s (16 d) (the 3rd regime in Figs. 12a and 12c). The onset of geysering is 

characterized by an acute peak of brine outflow rate of ~212 kg d-1 (Fig. 12c). Exsolution 

and coalescence of CO2 gas within the well bolster the discharge, attributed to a large 

increase in buoyancy resulting from volumetric expansion with decreasing average 

density of the two-phase mixture (Pruess, 2008b). However, the favored ascent of CO2 

also rapidly consumes a stream of gas within the well, reducing and eventually 

eliminating the driving force for enhanced emanation. These self-enhancing and -limiting 

procedures repetitively alternate, yielding a series of cyclic eruptions of the well (from 

t=1.46 × 107 s [169 d] to t=2.35 × 107 s [272 d] in Fig. 12a). As more brine is replaced by 

CO2 gas, i.e. SCO2 increases from 0.14 to 0.19 at t=2.40 x 107 s (278 d), the flow rate of 

CO2 also increases significantly to 8 kg d-1 whereas the brine flow rate is reduced even to 

zero (Figs. 12a-c). Subsequently, the well demonstrates no geyser-like eruptions but 

maintains only CO2 gas emission akin to fumaroles (the 4th regime in Figs. 12a and 12c).  
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The almost same processes and cyclic variations are found at different depths 

within the well (Figs. 13a-e). The pressure and fluid flow rates given in Figs. 13a-e are 

chosen from the well at depths corresponding to the top of the each formation and 

surface. The Entrada and Navajo Sandstones were initially present under overpressures of 

~1.1 MPa attributable to focused accumulations of CO2 within the anticlinal trap (Figs. 

10b and 11a), which well agrees with the field overpressure estimation of ~1.3 MPa 

(Kampman et al., 2014b). Under actual field conditions, fractures within the Carmel near 

Crystal Geyser would expedite pressure dissipation and thus the aquifers are less 

overpressured than our model (Hood and Patterson, 1984; Kampman et al., 2014b). After 

putting a well (Crystal Geyser) into the model, overpressures within the well are 

immediately removed by a runaway discharge of CO2-brine mixtures; then, pressures at 

all depths are further reduced (up to 3.4 MPa at Navajo Sandstone depth) under 

hydrostatic states until restored by an inflow of pure brine from the ambient aquifers at t= 

6.78 x 106 s (78 d) (Fig. 13a). Variations in pressure are more severe for the Navajo 

Sandstone because it hosts more CO2 from an anticlinal trap with higher concentration of 

CO2 than the Entrada (Fig. 10b).  

Figs. 13b-e reflect upward migration of both brine and CO2 in terms of the flow 

rate within the well after recharge. The Navajo and Entrada depths show earlier recharge 

of gaseous CO2 than other depths because they gain CO2 rapidly from adjacent CO2-host 

reservoirs; that is, the well at both depths develops two-phase conditions faster so that the 

discharge of brine is substantially suppressed by a gas flow (Figs. 13b and 13d). Then, 

the upflow of CO2 from host reservoirs dissolves into brine as denoted earlier. As a 

result, a gas stream of CO2 appears later (~6.33 x 106 s [73 d]) at the Carmel and the 
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surface than the Navajo and Entrada (Figs. 13b-e). In particular, the flow rate of gaseous 

CO2 sharply rises to ~8 kg d-1 at upper depths (Entrada and surface) when CO2 gases 

from both aquifers combine together at t=2.35 x 107 s (271 d), which is accompanied by a 

rapid reduction in the brine flow rate due to the flow interference.  

 

4.2.3.2. Sensitivity Analysis of Geysering Patterns 

Different parameters imposed on the model provide several useful implications 

for predicting or estimating various CO2 leakage patterns at a well, although the model in 

this study has a few innate limitations. The reference case for sensitivity analysis of 

geysering is presented by a green dotted line in Figs. 14a-d (kw=1 x 105 md; ka=1x10-4 

md, ʟ w=0.2, rw=0.5 m). Varying permeability of a well does not significantly alter 

discharge pattern of a well at the surface (Fig. 14a). The flow rate increases 

proportionally with kw; and therefore, the maximum discharge of gaseous CO2 also 

occurs nearly 10 times earlier with increasing kw by 10 times. Gaseous CO2 recharges 

predominantly from the bottom as the well is almost insulated from the surroundings 

(ka=1 x 10-4 md). Consequentially, the difference in time for gaseous CO2 to reappear is 

only 28 d between the cases of kw=1 x 104 (t=1.46 x 107 s [169 d]) and 1 x 105 md (t=1.22 

x 107 s [141 d]) even though CO2 was completely depleted 74 d earlier in the latter case 

(Fig. 14a). However, upward movement of CO2 gas within a less-permeable well (kw=1 x 

104 md) requires more time and pressure build-up, resulting in more CO2 pockets within 

the well before eruption. Thus, the quasi-cyclic eruption of CO2 gas occurs more 

vigorously in the less-permeable well case (SCO2=0.13-0.15) than more-permeable one 

(SCO2=0.11-0.12).  
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CO2 recharge rate to a well appears as a crucial factor to affect discharge behavior 

(Fig. 14b). When entirely isolated from the surroundings (ka=1 x 10-6 md), the well gains 

CO2 solely from the bottom but not laterally from the adjacent formations, i.e. the time 

interval between the complete depletion and re-discharge of CO2 is more than threefold 

greater (>4 x 107 s [462 d]) than the reference case with a higher ka of 1 x 10-4 md (1.2 x 

107 s [139 d]). With increased connectivity (ka=1 x 10-2 md) between the well and 

adjacent aquifers, more CO2 hosted from the Navajo and Entrada Sandstones inflows into 

the well. In this case, CO2 never depletes within the well in 2 yr and discharges 

continuously at the surface like a CO2-spring rather than a geyser, maintaining SCO2 of 

~0.23. However, ka values assessed in this study are still small enough to limit water 

supply to the well, increasing CO2 gas occupation and then developing more gas-

dominant eruptions. 

Compared with other parameters, differing well porosity (wʟ) does not 

considerably change eruption pattern of a well (Fig. 14c). Increased well ʟw possesses 

more room for the formation of CO2 gas bubbles and allows sufficient supply of CO2 to 

the well. In other words, CO2 bubbles, which are necessary to expel the fluids and create 

oscillatory eruption (Lu et al., 2005), should fill more pores in the higher wʟ case. This 

gives rise to a delay in the onset of pseudo-cyclic eruptions, i.e. redevelopment of two-

phase conditions of CO2 gas and brine. For example, quasi-cycling eruption begins 6.13 x 

106 s (71 d) earlier in the low ʟw case of 0.1 than the reference ( ʟ=0.2) whereas 1.81 x 

107 s (209 d) later in the high ʟ w case of 0.5 (Fig. 14c). But the magnitude (SCO2=0.11-

0.12) and duration (4 x 106 s [46 d]) of eruption remain the same in all cases. 
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Figure 14. The responses of the well discharge behavior to various parameters at the surface: (a) well 

permeability (kw), (b) permeability of the matrix adjoining to the well (ka), (c) well porosity (ʟ w), and (d) 

well radius (rw). The reference case computed with the identical parameters (kw=1 x 105 md; ka=1x10-4 md, 

wʟ=0.2, rw=0.5 m) is shown by green dotted lines in plot (a)-(d). 

 

Lastly, well discharge behavior was tested with varying a well radius (rw). 

Historically, the majority of studies suggest that geothermal-driven hot geysers should 

involve a long, narrow channel attached to a source in order for geysering to occur (Allen 

and Day, 1935; Lu et al., 2005; Nechayev, 2012; Sherzer, 1933; Steinberg et al., 1982). A 
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high ratio of channel length to diameter (30-110) has been also proposed, which assures a 

vigorous cyclic discharge by developing a slug fluid flow regime with the formation of 

Taylor bubbles (Lu, 2004). For CO2-driven geysers, Watson et al. (2014) reported a 

greater eruption height from a well with a smaller cross-sectional area due to a limited 

lateral expansion of CO2 bubbles and consequent increase in vertical acceleration. 

Similarly, no geysering behavior is observed from a well with rw >0.5 m in our model 

since larger amounts of CO2 are required to occupy the well before eruption (Fig. 14d): 

gas slugs (Taylor bubbles) would get more difficult to become large enough to possess 

the entire cross section of the well with a greater rw. 

 

5. Discussions  

5.1. Factors that Control CO2 Fluxes in the LGW Fault Zone 

Spatial variations of CO2 flux in the LGW fault zone were divided into 16 zones 

(the 1st -16th zone from left to right) with ~120 m distance in order to observe the east-

west trend of CO2 fluxes (Fig. 15a). A topographic profile was also developed along the 

north major trace of the LGW fault (Fig. 15b). The maximum (red star), mean (green 

circle) and median (blue rectangular) values of CO2 fluxes in each zone are presented in 

Fig. 15c. Mean CO2 fluxes generally decrease eastwards from 211 g m-2 d-1 (4th zone) to 

0.68 g m-2 d-1 (15th zone) as being further eastward from Crystal Geyser. CO2 gas leaks 

most actively through underground pathways in the vicinity of Crystal Geyser including 

the borehole. Figs. 15b and 15c show that anomalous mean CO2 fluxes were seemingly 

related to the zones with relatively lower elevation (e.g., 28.74 g m-2 d-1 in the 3rd zone 
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whose elevation below 1,240 masl). However, the zones with higher elevation (~1,280 

masl) had the most anomalous CO2 fluxes (e.g., mean CO2 fluxes of 587.30 g m-2 d-1 in 

the 6th and 409.28 g m-2 d-1 in the 10th zones). Therefore, it could be inferred that the 

surface elevation is not directly correlated with CO2 flux anomalies. In addition, Fig. 15b 

and 5c indicate no relationship between CO2 flux anomalies and travertine ages even if  

travertines are the evidences of current/ancient pathways for CO2-rich fluids in the 

subsurface. Rather, larger ancient travertines strongly coincide with CO2 anomalies (Fig. 

16). For instance, based on maximum values within 30 m of each travertine, high CO2 

fluxes of 5,917 g m-2 d-1 and 887 g m-2 d-1 were observed at L5 [69,660 m3] and at L7 

[10,213 m3], respectively (see Fig. 4.14 and Table 4.7 in Burnside (2010) for the volumes 

of travertines in the study area; also see Table 3 for different notions of name for ancient 

travertines in Burnside (2010) and this study). This observation implies that more highly-

transmissive conduits conveyed more CO2-rich fluids to the surface and left larger 

volumes of ancient travertines, but that these conduits were not self-sealed completely by 

mineral precipitation. Hence, CO2 gas still escapes through them even after several 

hundred thousand years (Burnside et al., 2013).  

In contrast, at Crystal Geyser, the eruption height has been significantly reduced 

from 25-45 m in 1936 (Kelsey, 1991) to 1-5 m in 2013 (see Han et al. (2013b) for further 

references and information on changes in eruption patterns at Crystal Geyser). These 

historic observations indicate that the eruption intensity at Crystal Geyser has decreased 

since it was initially drilled in the 1930ôs. Even if continuous decrease in the eruption 

intensity results principally from mineral precipitation, the preferential pathways for CO2 

around the geyser are unlikely to be sealed completely by mineral deposits. Rather, if 
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mineral precipitation prevents CO2 leakage, CO2 gas would take other relatively high-

permeability conduits in the crust and release at different locations (Burnside et al., 

2013). The different positions of ancient travertines with varying ages along the LGW 

faults show evidence of switching in the CO2 leakage pathways over time (Shipton et al., 

2005). 

Six north-south profiles (the 1st~6th profiles from left to right) of CO2 fluxes were 

selected from the 7 zones and plotted against the distance from the north major fault trace 

(Fig. 15d). The highest CO2 fluxes observed next to Crystal Geyser were excluded in the 

2nd profile. They distinctively show that more CO2 flux anomalies are present in the 

northern footwall relative to the southern hanging wall. In addition, the areas where two 

traces of the LGW fault are closely spaced manifest much higher CO2 anomalies. For 

example, the 2nd and 5th profiles in which distances between two major fault traces are 

below 30 m displayed up to 613 g m-2 d-1 and 5,515 g m-2 d-1 of maximum CO2 flux 

anomalies, respectively (Fig. 15d). However, the other profiles where the distances 

between these two major fault traces are above 30 m gave relatively smaller CO2 flux 

anomalies (<100 g m-2 d-1). Hence, it can be inferred that more fracture and joint zones 

might have been developed by the concentrated accommodation of strains as two major 

fault traces developed closely in space. Subsequently, the net permeability in these zones 

became higher relative to the other zones in which the major fault traces were widely 

spaced. As a result, upward transport of gaseous CO2 to the surface may be enhanced by 

the increased net permeability. The presence of more conduits in the zones of closely-

spaced fault traces can be further supported by eruptive or consistent discharge of brine 
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through Crystal Geyser in the 3rd and washes in the 10th zones in Fig. 15a, which 

correspond to the 2nd and 5th profiles in Fig. 15d, respectively. 

 

 

Figure 15. Analysis of soil gas CO2 measurements in the LGW fault zone. (a) The CO2 flux map with 

measurement population in each zone. (b) A topographic profile along the major north fault trace indicated 

by white line in (a) (modified from Burnside (2010); Burnside et al. (2013); Doelling (2002)). (c) Plots 

show calculated maximum/minimum and median values of CO2 fluxes in each zone. Bold numbers with 

red circles indicate the three most anomalous CO2 fluxes. Dashed line represents an upper limit of 

background flux (<10 g m-2 d-1). (d) Vertical profiles of CO2 fluxes in 7 ñdesignated zones in (c) against the 

distance from the north major fault trace. Red and blue dotted lines delineate the north and south fault 

traces, respectively. 
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Figure 16. A cross plot of CO2 flux with travertine volume within the LGW fault zone. CO2 flux generally 

increases with travertine volume except the ancient L6 travertine. This implies that more CO2-rich fluids 

discharge from highly-transmissive subsurface conduits, depositing larger travertine mounds. 

 

   

 

Table 3. Notions of name for ancient travertines around the Little Grand Wash fault in this study compared 

with in Burnside (2010). 

This study Burnside (2010) 

L1 L2.1 

L2 L2.2 

L3 L3.1 

L4 L3.2 

L5 L4 

L6 L5 

L7 L6 

L8 L7 

L9 L8 
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5.2. Soil CO2 Diffusive vs. Advective Transport in the Faults 

Soil CO2 gas transport to the atmosphere can be either diffusive and/or advective 

(Lewicki et al., 2003). Assuming a constant rate of CO2 production across the fault zones, 

a correlation between CO2 concentration ([CO2]) and flux could reveal zones of high/low 

diffusive/advective transport (Lewicki and Brantley, 2000). For example, zones of high 

diffusivity/permeability governed by advective transport should demonstrate a positive 

correlation between [CO2] and flux with consistently high [CO2] as those zones enhance 

both diffusion near the surface and advection at depths. In this section, three groups 

representing zones of diffusive or advective CO2 flux were identified based on the 

correlation of mean [CO2] and flux.  

Fig. 17 illustrates the relationship between mean [CO2] and flux measured in the 

LGW fault zone. Background CO2 fluxes (<10 g m-2 d-1) were observed from 85% of data 

measured at both the south major fault trace and fault splays, indicating no advective 

transport of CO2 (Group 1 in Fig. 17a). Group 1 also showed consistently low [CO2] with 

an average of 432.5 ppm, ranging 388-477 ppm. Additionally, 55% of data observed at 

the north major fault trace also fell into Group 1 with consistently low CO2 fluxes and 

[CO2] (397-457 ppm). A linear regression of Group 1 (slope=0.1864 and R2=0.0004, Fig. 

18a) showed no distinct relationship between [CO2] and flux, reflecting low 

diffusivity/permeability zones dominated by diffusive CO2 transport with no advection.  
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The remaining 15% of the data at both the southern major fault trace and fault 

splays exhibited a positive correlation of CO2 flux anomalies (11-186 g m-2 d-1) with 

moderate [CO2] (405-569 ppm) (Group 2 in Fig. 17a). Within the northern major fault 

trace zone, more CO2 fluxes (38%; 11-155 g m-2 d-1) are positively correlated with [CO2] 

(413-632 ppm). This linear positive correlation of Group 2 between anomalous CO2 flux 

and low [CO2] (slope=0.9323 and R2=0.7503, Fig. 18b) may represent low diffusivity but 

high permeability zones with moderately advective CO2 transport; that is, the LGW fault 

zone selectively provides preferential pathways for CO2 leakage and enhances advective 

transport of CO2 at the same time.  

The remainder (7%) of the data in the north major fault zone and all data 

measured at the pre-mud pots adjacent to Crystal Geyser showed much more anomalous 

CO2 fluxes (301-36,259 g m-2 d-1) and [CO2] (600-37,513 ppm) (Group 3 in Fig. 17a). 

Group 3 displayed the strongest positive correlation between [CO2] and flux, and fit well 

to a linear regression (slope=1.0388 and R2=0.9939, Fig. 18c). These high [CO2] and CO2 

fluxes therefore may imply the zones of high diffusivity/permeability with advective 

transport of CO2 prevailing; furthermore, they suggest that the north major fault trace and 

associated fracture networks adjacent to Crystal Geyser serve as the most crucial 

pathways for CO2 in the LGW fault zone.  
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Figure 18. A linear regression of the correlation between [CO2] and flux with an equation and R2, for (a) 

Group 1, (b) Group 2, and (c) Group 3 shown in Fig. 17a. 

 

Percentile statistics of [CO2] and flux specifically describe differences in CO2 

emission from each type of the LGW fault (Fig. 17b). The 50th percentiles of [CO2] and 



61 

 

 

 

CO2 flux (408.52 ppm and 3.35 g m-2 d-1) in the fault splay zone are slightly higher than 

those in the south major fault trace zone (405 ppm and 0.01 g m-2 d-1). The 75th 

percentiles of [CO2] and CO2 flux are also slightly higher in the fault splay zone (411.09 

ppm and 8.23 g m-2 d-1) relative to the south major fault zone (410.31 ppm and 5.08 g m-2 

d-1) but still manifests low [CO2] and flux at a background level. Compared to the south 

major fault trace zone, the higher [CO2] and flux seen in the fault splay zone may be 

attributed to the influence of the north major fault trace. This may be due to the fact that a 

majority of fault splays were found within the northern footwall adjacent to the north 

major fault trace. However, similar ranges of low [CO2] and anomalous CO2 flux are 

observed at the 90th percentiles for both the south major fault (418.05 ppm and 16.16 g m-

2 d-1) and fault splay zones (414.75 ppm and 16.25 g m-2 d-1). This may be attributable to 

more substantial CO2 degassing through smaller areas of the south major fault trace zone 

relative to the fault splay zone.  

The north major fault trace zone gives much higher values of [CO2] and flux at 

each percentile compared to other fault zones (Fig. 17b). The 50th percentile of CO2 flux 

(9.24 g m-2 d-1) is close to flux anomaly (>10 g m-2 d-1) and the 75th percentile (26.81 g m-

2 d-1) exceeds more than two times the background level of CO2 flux. Furthermore, the 

90th percentile of CO2 flux is much more anomalous (92.60 g m-2 d-1), highlighting the 

potential of the north major fault trace as a conduit again. In contrast, [CO2] appears to be 

very low even at the 90th percentile (496.55 ppm), which means most north fault trace 

have low diffusivity but high permeability intensifying advective transport of CO2 as 

previously addressed.  



62 

 

 

 

 

 

 

  

F
ig

u
re

 1
9
. 
A

n
a

ly
s
is

 o
f 
[C

O 2
] 

a
g

a
in

s
t 

C
O 2

 f
lu

x
 i
n

 t
h

e
 S

a
lt
 W

a
s
h

 f
a

u
lt
 z

o
n

e
. 
(a

) 
P

lo
t 

o
f 

m
e

a
n

 [
C

O
2
] 

v
e

rs
u

s
 C

O 2
 f
lu

x
 s

h
o

w
in

g
 d

if
fe

re
n

t 
c
o
rr

e
la

ti
o

n
s
 b

e
tw

e
e

n
 

th
e

m
. 

G
ra

y
 l
in

e
s
 a

re
 t
h

e
 l
in

e
a

r 
re

g
re

s
s
io

n
s
 f

o
r 

e
a

c
h

 g
ro

u
p
 (

g
ro

u
p

 1
, 

s
lo

p
e

=
1

.2
9

5
8

, 
R

2
=

0
.3

6
3

4
; 

g
ro

u
p

 2
, 

s
lo

p
e

=
0
.8

9
2

2
, 

R
2
=

0
.0

.9
4

9
).

 (
b

) B
o

x-
w

h
is

k
e

r 
p

lo
ts

 o
f 

[C
O

2
] 

a
n

d
 f

lu
x
 m

e
a

s
u

re
d

 in
 n

o
rt

he
rn

 a
n

d
 s

o
u

the
rn

 S
a

lt
 W

a
s
h

 f
a

u
lt
 z

o
n

es
. 

T
h

e
 l
a

rg
e

 b
o
x
 r

e
p

re
s
e

n
ts

 t
h

e
 2

5
th
 a

n
d

 7
5th

 p
e

rc
e

n
ti
le

s
 a

n
d

 w
h

is
k
e

rs
 r

e
p

re
s
e

n
t 
th

e
 

1
0th

, 
5
0th

, 
a

n
d
 9

0th
 p

e
rc

e
n

ti
le

s
. 

 




































































