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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 WisconsiuMilwaukee, 2014
Under the Supervision of Professor Weon Shik Han, PhD

This study investigated a natural analogue fop (@@kage near Green River,
Utah, aiming to understand the influence of various factors ané€a®age ando
reliably predict underground G®ehavior after injection for geologic G&equestration.
Advective, diffusive, and eruptive characteristics of.Gfakage were assessed via a soil
CQO; flux survey and numerical modeling. The field results show anom&l@a$luxes
(> 10 g m? d'}) along the faults, particularly adjacent to £@iven cold springs and
geysers (e.g., 36,259 gd* at Crystal Geyser), ancient travertines (e.g., 5,917gm
1y, joint zones in sandstone (e.g., 120¢adrt), and brinadischarge zones (e.g., 5,515 g
m2 dt). Combinedwith similar isotopic ratios of gas and progressive evolution of brine
chemistry at springs and geysers, a gradual decrease of sdlug¢®om the Little
Grand Wash (LGW; ~36,259 gfa?) to Salt Wasi{SW; ~1,428 g m d}) fault zones

reveals the same G@rigin and potential southward transport of L®er 1620 km.



The numerical simulationsxhibit lateral transport of free G@nd CQ-rich
brine from the LGW to SW fault zones through the regiogalfars (e.g., Entrada,
Navajo, Kayenta, Wingate, White Rin§O, travelspredominantly as an aqueous phase
(Xco=~0.045) as previously suggested, giving rise to the convective instability that
further accelerates G@issolution. While the buoyant free @lways tends to ascend, a
fraction of dense Cg&xich brine flows laterally into the aquifer and mixes with the
formation fluids during upward migration along the fault. The fault always enhances
advective CQtransport regardless of its permeability (Rbwever, only bw-k fault
prevents unconditional upright migration of €&hd induces fauparallel movement,
feeding the northern aquifers with more £0ow-k fault also impedes lateral southward
fluid flow from the northern aquifers, developing antial CO» traps at shallow depths
(<300 m). The regional k of the LGW fautt which CQ flux coincides with the field
spatial variations estimatedetweer0.01k,< 0 . 1 md kyalmmd. TBe.asicinal
trap serves as an essential fluid sourcecamdiucive environment for intensifying
eruption at Crystal Geyser. Geydige discharge in the simulations sensitively responds
to varying well permeability and radius, and £J&charge rate. Indeed, the cycling
behavior of wellbore C@&leakage turns inta constant discharge with time, indicating
the potential switch of Crystal Geyser to aZ&{Biven coldwater spring or even

fumarole.
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1. Introduction

An increasing demand for abating global climate chamgddd to enormous
support for scientific studies and projects on reduction of €@@centration in the
atmospher€IPCC, 2007. Among variable abatement strategies, geologie CO
sequestration (GCS) has been regarded as one likely method to diminish anthropogenic
COp emissions to atmosphefBachu, 2000Celia and Bachu, 200&ale, 2004Reichle
et al., 1999 Thisincludes the injection and storage of d@geologic formations at a
depth below 800 m. Deep saline aquifers, depleted oil and gas resemdies;en coal
formations areommonly proposed formations suitable for G@8derson and Newell,
2004 Holloway, 2005 IPCC, 200%. In particular, deep porous reservoirs saturated with
brine are welknown for the most potential GCS sites because of their large storage
potential and widespread locations throughout the w@&ilckholzer et al., 2009
Castelletto et al., 201 &ale et al., 20010Ildenburg and Rinaldi, 2011ndeed, deep
saline formations are estimated to have a global storage capacity of at least 1,000 GtCO
and even up to 11,000 Gt, favorably compared with total annuakiems from global

power production of 24 GtCQIPCC, 2005 White et al., 2008

Both industrial and natural analogues have demonstrated thata@®e safely
segregated within subsurface reservoirs fdesirablgime spanningt least a few
hundredyeas under appropriate managemghitis et al., 2001 Anderson and Newell,
2004 Benson et al., 20QZarey et al., 200 Haszeldine et al., 200Korbgl and
Kaddour, 1995Rochelle et al., 1999However, there still remain uncertainties about

sealing integrity for GCS despite an abundance of research on this promisiraidgghn



The main concerns that could significantly threaten the completeness of GCS involve
potentialCO, leakage; if flow paths (e.g., faults, fractures, and boreholes) unrecognizable
at the stage of site screening process are present in and/or neafostoatibns, CQ

could migrate away from a storage site and eventually reach the surface. Qnce CO
leakagebegins, the leakage processes are likely to be amplified bgrdsdincing

feedbacks (e.g., the large mobility of €due to its low viscosity and dsity, 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
seltlimiting feedbacks (e.g., decrease in fluid mobility undettiphase conditions,

reduction of porosity and permeability by mineral precipitation, and temperature drop due
to JouleThomson expansion and phase transitions between liquid and gasegus CO
(Gherardi et al., 20QPruess, 2008#&ruess and Garch, 2002n other words, a

significant amount binjected CQ could emanate back to the atmosphere until it stops by

self-limiting processes or other external factors.

CO; leakage after a failure of stored sites could be accompanied by successive
contamination of natural reserves such as shallow mtablindwaterf-or instance,
although below a hazardous leveekapid and progressive degradation of shallow
groundwater was evidentbbservedafter 300 kg/d of C@injection for a month through
a perforated piparranged horizontallgt 2-2.3 mdeptts at the Zero Emission Research
and Technology (ZERT) fieldite, Montana, USApH was lowered from 7.0 to 5.6 while
the concentrations of the trace metals and BTEX increased (e.g.,-240 9g/|, Fe 5
1,200 ppb, and benzeneP® ppb)(Kharaka et al., 2090In addition,influx of CO,-rich

brine from depth led to locabntamination of groundwater with Na, Cl and trace metal



(e.q., Fe, As, U) concentrations exceeding US EPA drinking water standards at a shallow
sandstone aquifer tfie Tesuque Formation of Santa Fe GroaprChimaydin New

Mexico, USA(Keating et al., 2010

While CQO; leakage can result in a vain effort to reduce €Qission, adverse
health effects othepublic andthe environment could also arise due to spatially and/or
temporally elevated C{xoncentratior{Lewicki et al., 200Y. Various examples of the
lethal effect of CQleaks are found around the widr the gas burst at Lake Monoun,
Cameroon in 1984Sigurdsson et gl1987%, the catastrophic CQlegassing at Lake
Nyos, Cameroon in 198@/1cCord and Schladow, 1988nd the slow but steady release
of CO; gas at Mammoth Mountain, California, USA in 19%@rrar et al., 1993Rogie et
al., 200). Therefore, C@dynamics in the subsurface must be well understood for a
proper risk assessment of possible leakage of injecteca@Da subsequent optimal

deployment of GC$Siirila et al., 201

Dynamics of leaking C&have been investigatedany timesover the last two
decadegIPCC, 200% via two chief approaches: (fig¢ld-orientedstudes of natural and
industrial analoguesuch as C@natural reservoirAllis et al., 2005aGlennon and
Pfaff, 2005 Han et al., 2013&Kampman et al., 2014hewicki et al., 2003Shipton et
al., 2005, volcanicand geothermaireaqLu et al., 2005Roberts et al., 201 Rogie et
al., 2000, and CQ injection siteqArts et al., 2008Carey et al., 200Kharaka et al.,
201Q Klusman, 2005Smyth et al., 2009 and (2) numerical modeliran the basis ahe
governing physical, chemical, and thermodynamic procé&seselletto et al., 2013
Gherardi et al., 20Q'Han et al., 201QdHan et al., 2010OIldenburg et al., 2010

Oldenburg et al., 200Dldenburg and Rinaldi, 201Pruess, 2008& aku Ide et al.,



2007, Tueckmatel et al., 201P Indeed, valuable lessons about the key characteristics of
long-term CQ flow behavior can be obtained from both naturally leaking and artificially
injected fields for GCS, enhanced oil recovéE®R)or enhanced coal badethane

(ECBM), which cannot be replicated readily by laboratory experim@&wssson et al.,

2002 Lewicki etal., 2007 Pearce et al., 2004

Numerical modeling approacheanprovide a further understanding of post
injection behavior of C®in both space and tim&heyalso present advantagesdaols
that make ieasy to handle and test the effectdifferentparameter¢Class et al., 2009
Han et al., 201;]Mukhopadyay et al., 20)2However, there have been a few studies that
thoroughly investigatethe mainfeatures of C@leakageby combiningfield study with
numerical modelingMost of those studies focusediaodustrialanaloguesuch as££OR
or ECBM, which have been operated fess than a hundred year$ie research
preferences on industrial repositorreay beattributed tcabundant data attained from
detailed investigations durirexploration and productioof fossil fuels ovemultiple
decades at C&EOR and-ECBM sitesratherthan at natural C&¥ields. Nevertheless,
without such investigation at natural analogues, the accurate and reliable prediction of
CO, transport could be problematwer a sufficient timeequiredfor GCS(Benson et

al., 2002 Haszeldine et al., 200kewicki et al., 2007Pearce et al., 2004

The main objectiveof this studyareto elucidatecoupledmigration of CQ and
COp-saturated brine in the subsurface, to quantify the rdlésutis on CQ leakagewith
varyinghydrogeologigparametes, and to define hydrogeologic conditions and
mechanisms fathe development of eruptive Geakage, i.e. C&driven coldwater

geyser.Thecrucial results of a field soil Cassurvey at GreeRiver in Utah at which



COz has naturally leaked within fault zones $et00 ka(Burnside et al., 20t¥Xampman

et al., 2012were presented bhjung et al. (2014 Theyimplied the nature of theittle
GrandWash (LGW)and &lt Wash (SWaults as conduits for upflow and barrsefor
horizontal flow of CQ with low permeability. Nevertheless, a detailed range of regional
fault permeability wasiotidentified In this study, different scenarios of the subsurface
COr-brine migrationswithin the LGW fault zone over time were invegstied by

numerical simulationsTheresults werevalidatedwith the field CQ flux, allowing
reasonablestimates of regional permeability of the LGW fault. Finally,dbiditions

for the formation of C@driven coldwater geyser eretested with varying

hydrogeologic parameters, e.germeabilityof 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 nateedigg CQ
around the worldGlennon and Pfaff, 20Q0%ewicki et al., 2007Price et al., 2007and
located at the northweshedge of the Paradox Basin near Green River in-Eastral
Utah (Fig. 1). Similarlyto typically proposed geologic C{sequestration sit§PCC,
2005 Shipton et al., 2005sedimentary rocks constitute of the Paradox Bagim
multiple aquifers andheir intervening aquitard3 here exisb major aqifers in this area
the Permian White Rim Sandstone, the Lower Jurassic Wingate/Kayenta/Navajo

Sandstong and the Middle Jurassic Entrada/Curtis Format{&@ampman eal., 2014b



Shipton et al., 2004 Each aquifer is cappday the aquitards such #se Triassic
Moenkopi/ChinleCarmel Formatios, andhe shalerich lower part of the Entrada
Sandstone, and the Middle Jurassic Summerville Formatlmregion also contains ow
major fault systems: the LGW and SW faults (Fig.ThearcuateLGW fault is madeof
two parallel strands nearby the Green Rivlile two normal fault systems ofie SW
fault forms a shallow graben lorggriking N 70° W. Both the faultscutthe gentlynorth
plungingGreen River Anticlinedipping 7080° south except the southernmost normal
fault of the SW grabewhich dips 7680° north Timing of continued movement along
these faults is poorly known, though estimated as Early Tertiary and Quaternary slip
(Shipton et al., 2004Though the areas of anbpped faults are very restrictéackrill
and Shipton (20)found that the faults are domied byfoliated clay-rich gougeg0.7

to 3 m thick)with highly-fractured damage zonés20 m thick)

Interestingly, a series of Calriven geysers and springs, active and fossil
travertines, and carbonate veins are present along both the LGW and Sttaéaslt
(Fig. 1) implying faultcontrolled CQ leakage Crystal Geyseis anabandoneavell
drilled for oil exploration in the mid 1938 within the LGW fault zonéBaer and Rigby,
1978 Gouveia and Friedmann, 200@ hasdisplayedperiodic intense eruptiongf CO;
and bring(4.77+1.92x 10° tCO,/yr estimated inWatson et al. (20)% depositing
travertines. However, consistent changes in eruption interval, duration, and height from
the surface suggest that eruption intensity at Crystal Gegseatdtreased for several
decadegHan et al., 2013aVatson et al.2014). U-Th dating oftravertines and
embeddedeins reveal that Cfhas constantly leaked to the surfacex400 la; yet

spatiallydispersed travertines with different volumes indicate thaloitegion of CQ



leakage has varied depending on permeability alteration of each unit due to mineral
precipitation, seismic activities, climate changes and regional unlogglimgside et al.,
2013 Kampman et al., 20)2Consequentlythe studyareaprovides arunparalleled

natural analogue fdong-term CO; leakageaftera failure ofGCS

2.2. CQ and Brine Origins

Many studies have documented deep cr@aloriginsin this areausing
chemical and isotopic analyses of £§as and brinevhich wereemitted from springs
and geysersas well as travertines and carbonate vevteyo et al. (199)1reported
enrichedi*C of-1 . 2in ICOs at Crystal Geyser and suggestec.@@duction by
thermal decomposition of carbonate rocks. This observation coincides with the fact that
CQ; gas is producedia thermal decarbonation of the Mississippian Leadville Limestone
at the McEImo Dome that also lies on the Paradox Basin in southern ColGagujza
and Rice, 1996 Shipton et al. (2004oundfurther enrichedi*C ranging+4a to+5a
from traverting and veins along with Crystal Geyser, Tenmile Geyser, and Trrey
Spring,alsoindicating thermal degradation of carbonatsential CQ productionby
contact metamorphism in the vicinity of Crystal Geysesulting fromthe heat of
Tertiary intrusionsnto marine carbonates deposited beneath the Middle Pennsylvanian
Paradox Formatigris also possibldHeath et al. (200%concludedhatCO, was
generatedy thermal decarbonation and/or clegrbonate reaction in the deep crust
(>800 m depth), based upon theieasurementf relativelyhigh G*C (from -6.42a to -

6 . 7)@adlow *He/He (0.3R,) of gas samplesom every spring and geyser.
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Chemical profileof fluid wererecentlyanalyzedat a scientific holelrilled ~90
m north of the main trace of LGW fault and ~285 m wepstal GeyefKampman et
al., 2014aKampman et al., 2014bAnalyses ofn situ water chemistrguggestedhat
CO: mayoriginate from the deep reservoirs (>2 km depth) and migrate thtbadtGW
fault mostly as a dissolved phase in brine to feed the $bedllowaquifers(Navgo and
Entrach Sandstones). Theagquiferswould host free Cofor the area by exsolution due
to the reduced solubility of CQvith decreasing depttWilkinson et al., 200Q These
CO; degassing processes explain well the enri¢h&dlvalues forboth brine (from-0.94
a t-l9a )and CQgas (from7.55a ti@6la ) (Assayag et al., 200Kampman
et al., 2009 Nonetheless, the aquifers are also likely to be fed byu@Aersaturated
meteoric groundwater, which recharges from the San Rafael Swell and flows from

northwest to southeast (F@). (Baer and Rigby, 1978ood and Patterson, 1984
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T :
5 Woodside Dome
CO, Reservoir Woodside

Green River

Crystal Geyser

= 400===m Potentiometric Surface
’—‘ Fully Saturated Aquifer L
[:] Partially Saturated Aquifer (>20%) s
Partially Saturated Aquifer (<20%)
C] Missing Aquifer
@ CO, Spring/Geyser

Figure 2. The potentiometric surface (m) for the Navajo Sandstone inEastral Utah. Note that

meteoric groundwater recharges by percolation t@¥pesed Navajo Sandstone along the east side of the
San Rafael Swelnd flows southeastward (pink arrows) to the study @ear and Rigby, 1978]

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

Crystal Geyser, initially referred to as Glen RubyXtlextends to approximately
800 m depth near the cresttbé Green River anticline withithe Paradox Basin, Utah
(Fig. 1a). It is only cased at the surface, a height of 1.73 m ane@iaof 0.39 m.
Manifesting a very unique feature of massive and periodic eruption of colth@@
mixtures, Crystal Geyser has been widely investigated in both quantitative and qualitative
fashions to figure out its specific mechanigi@ennon and Pfaff, 200%ouveia and
Friedmann, 2006Han et al., 2013&Kampman et al., 2014lKelsey, 1991 Shipton et al.,
2005 Watson et al., 2004 Their results indicate that eruption patterns of Crystal Geyser
have significantly varied over time since it was drilled (Fig. 3a). At fir&986, the
geyser was reported to exhibit very intensive and bimodal eruption, reaching a height of
25-45 m from the surfacgelsey, 1991 The eruptiorchanged taunimodal with a
decrease in its intensity (ZI/ m high) n 1968 and 1972 whdBaer 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-glioation of <10min (Fig.
3a) . However , Mumay {L98%repbried less iriteh8ve éruptjon with a
relatively prolonged interval (285 hr) and duration (285 min). Accordingly, the
lowesteruption 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 interv@? (72
hr) and duration (228 hr) showing aconstantecrease of vigor in eruptighlan et al.,

2013a Watson et al., 2024Fig. 3a)

Remarkable advances to improve an understanding ed@@n geysering

processes have recently been made viaahh measurements of Crystal Geyfidan et
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al., 2013aKampman et al., 2014hVatson et al., 20)4Han et al. (2013gresented the
first measurements af situ pressure and temperature (6 and 14.5 m depth) in 2010 and
unveiled a consistetycle comprised of two major and minor eruptions with two
intervening recharge period&/atson et al. (20)4lso recorded pressure and
temperature within the wellbore at 6 m depth in 2013, showing a et £ruption

cycle composed of minor and major eruption (mEP and MEP), after shock (Ae) and
recharge (R) periods (Fig. 3b). Based on tiregitu observatios,Han et al. (2013aand
Watson et al. (200)4rovided a convincing conceptual model of geyser mechanism,
highlighting a vigorous increase of bubble volume fraction with increasing flash depth as
eruption proceed&kampman et al. (2014tchemically analyzed teporal fluid samples
from Crystal Geyser and found rapid declines in salinity, temperature, and radioactivity
of fluid with the outset of a larggcale 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 Iines) and two
by John Wesley Powell River History Museum in Gr&iver, Utah) and 2013. (b) Periodicity of Crystal

Geyser represented bysitu 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), aftershataknsru
(Ae), and recharge (R).
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3. Field CQ Flux Monitoring

3.1. Methods

Soil gas CQflux was measured over a period of 8 days in 2010 (August 4
6/September-5) and 24 days in 2018/ay 23 June 15) tadentify where the anomalous
CQO; flux would befoundin thefault zones. The survey wasdertakenusingan
automated soiCO; flux measurement system,-COOR 8100A An opertbottomed
chamber was placed on a PVC collar (outside diameter of 21.34 cm, inside diameter of
20.3 cm, and 20 cm high) pity inseted into the soil; theran infrared gas analyzer
(measurement accuracy = 1.5% of its readingasured the changi@ CO; and HO
concentrations in the soil chamber fe8 2ninutes at each site order for the system to
be stabilized. Measurements werada consistently during the daytifmetween 9 AM
and 4 PM minimizing diurnal variances of fluxeShe CQ flux, F (g m? d'}), was
calculated by equatiofi)

£ = JOVR(1- W, /1000 d[CO,]
RYT, +27315)  dt

: (1)

in whichk is aunit conversionconstant 8.80g semol* d?), V is the system volume
(cmd), Ris theuniversalgasconstant(8.31m? Pa K! mol?), Sis thesoil surfacearea
(cm?; herein, 317.8m? for a20 cmdiameterchamber)Po is the initial pressuréPa), To
is the initial air temperatureC), W is the initial water vapor mole fractigmmol mol

1y, andd[CQOy]/dt is the initial rate of change imatercorrectedCO, mole fraction(e mo |

mol! s?).
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Measurement sites for G@ux were chosen baseghon accessibility, exposed
or discernibleconfiguratiors of the fauls and joints/fracturesnd the presence of GO
driven spring&eysers, travertine and carbonate velie selected sites includle
structural highs and steep travertine mounds between washes unlike the survligrom
et al. (2005bwhose sites were located solely in waskettal of 332 (= 0 to 36259 g
m?2 d?) and 140measurements (= 0 tg4R8 g ¥ d1) of CO; flux were taken a287 and

129 multiple locations in theGW andSW fault zones, respectively.

Raich and Schlesinger (199®und typicalCO; respiration rates of 220 g n2
d?in temperate grasslands, croplands, and tropical savaktiagt al. (2005h reported
the backgroun€ O, flux of ~5 g m? d in arid regiors with poor vegetationhowever,
wet ground with heavy vegetatian SpringervilleSt. Johngjave higher background GO
flux of ~20 g m? d'!, whichresuls from shallow root zone activityn this study, bt and
hyperarid weathecontinued with daytime temperatufiesm 20 to 34 C throughout the
survey period and desert vegetation scarcely covered the study area. Therefore,
background Cofluxes resulting from bioactivities in soil weassumedo rangefrom O
to 10 g m? d. In addition, when the measured £idixes were anomalously high (>40
m? dY), multiple measurements were condudtedssure Ceflux anomaliesand then

thearithmeticmeanwas taken as a representative,@0x.

After the survey, Cofluxes were analyzed in both nortbuth and easvest
directions. Spatial variations of G@ux were determined in terms of values of
maximum, minimum, median and selected perten(iL0%, 25%, 75%and 90%). A
correlation with the faults being of the main interest, various factors were simultaneously

considered with C&flux anomalies (e.g., surface elevation, location/age/volume of
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travertinesjoint/fracture/groundwater dischagones, C@spring/geysers). Henceforth,

an interrelation of C@concentration and flux was investigated in each fault zone in order
to account for a diffusive/advective transport of CElnally, a conceptual model that
illustrates leakage processes @+®n a regional scale was developed in the both LGW

and SW fault zones.

3.2 Little Grand WasKLGW) Fault Zone

In the LGW fault zone, the anomalous fluxes (1@ d*) appeared within
~20 m of the LGW fault tracd§ig. 4). Indeed,74% of CO» flux anomaliesvere
localized in the northern footwadf the LGW fault The extraordinarZO; flux
anomalies (>50@ n2 d!) were observed in close proximity to bathcient(5-114 ka,
Burnside et al. (203 and activelydepositing travertirg particularly where the dual
fault traces nearly adjoined to each other. For example, an anomalous r@@e of
fluxes (251119 m? d't) wasfound near the ancient L1 travertine across the river from
Crystal Geyse(Fig. 4o). Other flux anomalies (67, 94nd 155 m? d'!) were also

found where the fauttutcropped
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Figure 4. The spatial variationsf soil gas CQfluxes adjacent to travertines, fault trac€systal Geyser
andanoil seep in the LGW fault zon&he faulttraces are accentuated in navy blue, ancient travertine in
yellow and active C@springs and geysers in purgigurnside, 201 Soil gas CQflux datawere

obtained during the field trip of May P3une 15, 2013 (Red) and Augu$tdnd Septembeii b, 2010
(Green). (a) OveralCO; flux measurements taken within the LGW fault zone with locations of magnified
maps (b), (c), and (d). (e) Location of soil £5irvey field (a) in the LGW fault zone, E&Géntral Utah.

Additional COz flux anomalies were observed in the vicinity afy§tal Geyser
where travertineareactivelydepositingdue to periodi€€O, and brine eruptions (Fig.
4d). Anecdotal evidence from local residents suggkstt there were mud pots ~5 m east
of Crystal Geyser; however, water has dried up completely sthithatud pots were no
longer observed during the @@ux survey period. Herein, wefer tothem as inactive

mud pots. Thenost anomalouiux of 36,259 g It d* was recorded at one of inactive
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mud potsduringnoneruption periodat Crystal Geysemoreover, we could hear GO
degassing at this mud pot just below the surfelosvever,soil gasCO» flux substantially
decreased (2,124 gru™l) by up to 94% of itsnaximum when the smadicale eruption
occurredat Crystal Geyser. This suggettatthe mud pots are connected to the geyser

probably by a fracture network, allowing high surface.@akage at this location.

The lowlying surfaceatthe northeastern end of thacientL5 traverting 0.5 km
east ofCrystal Geysershowedhe second large§tO; flux anomaly of 5,917 g rhd*
(Fig. 4d). Further about 0.6 km to the east, anomalous fl@es ranging from 84 to
5,515 g n? d* weremeasuredlong a wash entrenched generally in northwest of the
ancient L6 travertineHig. 4c). These anomalodkixes gradually increased towards
downstream wasltloser to the fault traces. In addition to intermittent flow of upstream
water, a small quantity of brine dischasgensistently preventsand/mud from drying

out, andconcurrentlyleaveslarge amountsf 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 (g, showing that there are leakage
pathways for oi(Dockrill and Shipton, 201,65hipton et al., 2004 However, despite the
presence of conduits for odnly backgroundCO; fluxesranging from0 to 14g ni? d*
wereobservedaroundthe oil seep. As leakage pathways are highly isolated along the
LGW fault (Burnside et al., 20)3it can bedeterminedhatlow surfaceCO; leakageat
this locationis resultingfrom hydrocarbon biodegradation rather than upflow of deep
sourced C@ Further isotopic analyses of emitted gases are needézhtty determine

the source o€0; that vents near the oil seep.



19

3.3. Salt Wash{SW) Fault Zone
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Figure 5. The spatialariationsof soil gas CQfluxesadjacent tdravertines, fault traces, and
springs/geyser® the SW fault zoneThe fault traces are accentuated in navy blue, ancient travertine in
yellow and active C@springs andjeysers in purpléBurndde, 2010. (a) Entire CQ flux measurements
taken within the SWault zone.(b) Magnified map in the vicinity of Pseud@nmile, Tenmile Geyser, and
Small/Big Bubbling Springs. (c) Location of soil @8urvey field (a) in the SViault zone EastCentra
Utah.

In the SW fault zone, most measurements were made proximal to the
northernmat fault trace (Fig. &) sincethere was no noticeable manifestation oCO
leakage in the SW GrabexceptTenmile Geyse(Shipton et al., 2005Anomalous CQ@
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. (2005h. The most anomalouB0; flux with an average of 41¢ m? d'* was

observeditthe wet salt depositsnthe base of a wash, whitibs directlyonthenorthern
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fault trace next to the large ancient travertidgf8g. %). AdditionalanomalousCO;

fluxes of 78 and 3¢ n2 d* were measuredtthe 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 {@n the subsurface.

Elsewhere along the nbern fault trace, however, low fluxes of €€10g m? d* were
measuredSimilarly, 25 measurements along the southern fault trace gave negligible CO

fluxes with an arithmetic mean value of 4512 d except for one spot (2m? d2).

Figure 6. Bleached Entrada Sandstone in tloethern footwall of th&alt Wash Graben by reduction of
iron-oxide. (a) Extensiveeductionof 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 hattGamechanical
pencil 15 cm long).

Similarly to Allis et al. (2005h, CO flux anomalies observed in this study do

not always coincide with mapped fault tradesteadmore anomalous fluxes of GO
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ranging fran 27 to 120y m? d! appearedround joint zonewithin the bleached Entrada
Sandstone exposed in the northern footwrith.(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(jooukrill
and Shipton, 203Kampman et al., 200Wigley et al., 2013aWVigley et al., 2013p
Wigley et al., 201p Ourdetailedobservations of C&flux anomalies therefore indicate
that CQ is still releasedhrough the fractureshe pathways foancientreducing fluids
Two profiles obtained from Big Bubbling/Small BubbliSgringstraversing the fault
trace showe similar spatial distribution of CQlux anomalies adjacent to Crystal
Geyser substantial C@was emitted not only from springs but also from surrounding
ground and washé€g&ig. 5b). Specifically, abnormal fluxes generally decreased further
from springs. However, the profile near Small BubblBmging displaye@n abrupt
increase in the flux to 11 m? d* atthe fault trace and a subsequently sharp drop to
zero across the fauitace. High fluxes also appeared adjacent Ps@etmile(25 g ni?

d) but not in the vicinity of Torre§ Spring.

4. Numerical Simulations

4.1. Modeling Approach
4.11. Description of a Conceptual Model

As previously imicated by a number of studies, an ultimate driving force of CO

migration in the subsurface is buoyar{elan et al., 2010Oldenburg and Unger, 2003
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Pruess, 2008#&ruess and Garch, 2002aku Ide et al., 20Q7lower density tan water
gives rise to the tendency for €@ ascend buoyantly against gravity, which is
reinforced by higher volumetric flow rate resulting from lower viscosity. In addition,
larger compressibility of C&compared tavaterresults inmuch larger volumexgansion
during depressurizatiofPruess, 2008&/ilarrasa et al., 200)0Qresulting in further density
decrease and saturation inceeatong flow paths. However, GOpward movement is
also subordinate to sdilfniting effects: adiabatic volume expansion of {pon
decompression accompanied by Jelimmson coolingHan et al., 2010Viathias et

al., 2010 Oldenburg, 200;/Pruess, 2009bThis cooling could cause phase titoss

and thereby an evolution of a multiphase system with severe flow disturffaness,
2008h. Dissolution of CQ into water will also increase the amount of Gf@pped

within reservoirs because agueous;@Mot subject to buoyangiKneafsey and Pruess,
2010). Therefore, C@leakage in the subsurface should be understood in terms of its
thermodynamic, chemical and hydrodynamic properties under a given circumstance

(Gherardi et al., 20QPruess, 2009a

In order to demonstrate and characterize {@@kage through faults and
wellbores relating to hydrodynamic properties of faults and geysering processes,
numerical simulations were performed using a TOUSGHZECO2N. This is a
massivelyparallel numerical simulator based on an integrated finite difference method
and can simulate mugihase flow of HO-NaCFCO, under typical reservoir conditions
(TO100 AC a (PduesP & &l.0199dImang)et al., 2008 Bothisothermal and
norrisothermal conditions were selectively chosen for the purpose of studies. fFor CO

flow through faults without geysering process, an isothermal assumption is legitimate
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because CoOmigration is not instantaneous enough to maintain adeabatditions. By
contrast, noasothermal processes are important for simulating the eruption of Crystal

GeysernPruess, 2008a

A 2-D numerical model was developed along the nedirth cross section
traversing Crystal Geyser attte LGW fault (Line AB in Fig. ), corresponding
roughly to local geology of the study area (Fig(Heath et al., 20QShipton 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 @z=16
to 1 m in the vicinityof the Crystal Geyser and LGW fault (Fi). This local mesh
refinement allows use of a small, detailed model in the area of interest. Thus, it is
possible to minutely resolve processes ob®@ne migration adjacent to fault and
geyser. In addition, safl grids witha1l m width are beneficial for geyser simulations
since they enable pressure to build up in a well by &0umulations, 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 stud§ area

Formation Abbr®  Porosity  ki® (md) kv¢ (md)

B .
% Cegar Mo_untaln Ce 0.10 1 o1
3 ormation
Morrison
Formation M 0.20 1 0.1
S:g:nrng\g!e S 0.10 0.01 0.001
sgr?éﬁgﬁcé E 0.30 100 10
O
2 [ camel
& Forarlrrgtieon Ca 0.20 0.01 0.001
S
” Navajo
Sandstonfe N 0.20 528 52.8
Kayenta
Formatiord K 0.20 1 0.1
S\gvr:gg?;ifé Wi 0.20 356 35.6
% Fgm';'t?on Ch 0.05 0.02 0.002
0
= M kopi
B F;r?nnatci)c?rll Mo 0.05 0.02 0.002
2 I?Dlifcl:rrﬁt%x BI 0.20 0.01 0.001
=
& grﬁjesgnrg Wh 0.30 100 10
Z HonakerTrail
& Formation Ho 0.20 0.01 0.001
L ormatio

aDatawerecollated from Allis et al. [2001], Burnside [2010], Hansley [1995], Hood and Patterson [1984],
and White et al. [2004]. When no datareavailable, hydrogeologic parameters were hypothetically
assigned to individual formation, based on their potential as aquifers: (1) kdi®9gkmd), (2)

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

PAbbreviation of geologidormation names used ings. § 9, and 1for convenience.
°kn, horizontal permeability; k vertical permeability; CERT, Cretaceous; PENN, Pennsylvanian.

95 major aquifers for the region with Curtis Formation incorporated into the Entrada Sandstone.



26

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 fighls et al., 2001 Burnside, 2010
Hansley, 1995Hood and Patterson, 1984/hite et al., 200% A constant heat flux of
0.053 J it st was applied at the bottom to match the terrestrial heat flow around the
town of Green Rive(Heath et al., 20QNuccio and Condon, 1996With an assumption
of a hydrostatic groundwater condition, initial conditions for all simulations were
obtained by running lrine-only system until the steady state conditions were reached.
Brine concentrationnfass fractionXnac]=0.011) wagakenfrom ourchemistry data on

brine effluent from Crystal Geyser.

Consequent pressure and tempergbuoéileswith depth ranged from 0.1 to 13.8
MPa and 25.0 to 62.5 °C, respectively. Capillary pressure and relative permeability
parameters for C£and brine were taken from the literature (Tablén et al., 2012
Pruess and Garch, 20p2Note that van Genuchten functiGran Genuchten, 198@an
overestimate the amount of €@as entry into a caprock due to zero-gagy pressure
(Gherardi et al., 20Q7For 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 2jhAsnodel 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 migakesimulations in this study

Number of elements x-direction: 205, y-direction: 1; zdirection: 89

Size of each element (m) pPx = 26M1,0,2100;, oy = 1; mz
Rock density (kg ) 2650

Rock heat capacity (kJ K§?) 1000

Salinity 0.011 NaCl mass fraction

Boundary conditions Top: constant pressu(®.1013 MPa) antemperaturg25 °C)

Lateral constanhydrostatic pessuréemperature
Bottom: no flow and constaheat flux (0.053 Jsm?)

Relative Permeability

Phase Liquid? Gag
Functions .. .2 [ 2Rl =2
K, :\/??1- Ql- [S*]ﬂ/ya Keg _(1' S) (1- S )
| y
é: S - Sr
S*:S-Sr 1-Sr_Sgr
1- Sr
Parameters S, =02 S, =02
/ =0.457
Capillary Pressufe
Functions Parameters
P, =-R(sT -1 5 =00
/ =0.457
g=3"% Po=19.61 kPa
1- Sr

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

bRelative permeability equations of gasre taken from Corey [1954].
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Based on Ce@origins discussed in the previous Section 2.2; @6s released
from two sources: (1) as a supercritical phase (S @Qhe bottom cell (approximately
1,400 m depth) of the fault and (2) as a dissolved phake &ftmost cells (66690 m
depth) of the Navajo Sandstone (Fiyy. High saturatiorof supercritical CQ(Sco2=0.9)
was invoked with an assumption that 84©generated below the base of the model,
migrates along the fault and enters to the bottofaut in the model. C®
undersaturated brin&Xco>=0.1) was released in the northernmost part of the Navajo
Sandstone (Figr), following the regional groundwater flow to southg@sg. 2) (Hood

and Patterson, 1984

4.12. Modeling Scenarios

The two parallel fault strands were set to be separated by 40 m apart at the surface
(Burnside, 201 They were also set to have a constant width of 20 m including damage
zone(Kampman et al., 2013land a total vertical throw of 180 m with no geometrical
complexity(Dockrill and Shipton, 201 Due to a lack of data on regiorsadale fault
permeability, variable faujpermeabilitiegk,=0.01-500 md) were tested corresponding to
high, intermediate and lowpermeable fault. In additioBense and Person (2006
found that hydraulic anisotropy caary by two to three orders of magnitude with
increasing fault throw of ~200 m. Accordingly, various fault anisotropy ratidie.€ko )
of 1,10, 50, and 100 were also tested in the simulations. A base case model was chosen
representing highly permeable faults§k6 00 md and 2=50)- in order
migration of CQ and brine within fault zone through time. The models with different

propertes of the LGW fault were also evaluated by matching computed results with field
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soil CO flux measurementat the surfaceThen, an approximate range of regional fault

permeability was determined.

Finally, an isotropic well with a diameter of 1 m wasertedinto the model
(k=0.5 md and 29=50) i _rluxeslproperly cointide with thenfield t e d
measurements, demonstrating Crystal Geyser within the northern footwall of the LGW
fault. The coupled eruption dynamics of £&¥ine mixture were iwestigated and the
associated results were compared withinkeell observations of Crystal Geydgtig.

3). For better implications for a wellbore leakage of2C&&nsitivity analysis of geysering
patterns was also conducted with respect to four diffgr@rmmeters: intrinsic
permeabilities of a wellk{) and thesurroundingmatrix adjoining to a wellKa), well

porosity € w), and well radiusr(). There have been constant efforts to define
thermodynamic and hydrogeologic conditions and mechanisms whichgeateermal

or CO-driven geysering processieyg numerical simulations. For instanéegebritsen

and Rojstaczer (199@ised the porous medium approach (Darcian flow), showing a large
sensitivity in eruption behaviof geothermal geyser to intrinsic and relative
permeabilities and pressure gradients in the matrix. However, the connate limitations of
Darcian model which assumes laminar flow throagélatively small flow path (e.g.,
porous media or tiny cracks ingltement plugs) led to use of drift flux mo@tuess,

20080 or pipe approacfiu, 2004 Lu et al., 2006Watson et al., 2094or studying on
openthole ggser processes. In this stuggeudegeyseringpatterns were observed

similar tolngebritsen and Rojstaczer (1996roughout the simulations due to the
limitations on accurate description of Crystal Geysexr@gionatscale model (e.g.,

Darcian flow assumption, heterogeneity, well dimension and configuration). However,

C
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examination of C@driven geyseat aregionatscalecould stillimproveour grasp of
geysering procedures as previous interpretation of Crystal Ggysaeveia and
Friedmann, 2006Han et al., 2013&Kampman et al., 2014bVatson et al., 20)4vas

grounded on sitgpecific measurements.

4.2 Simulation Results

4.2.1. ColLeakage of C@and Brine within the LGW Fault Zone

4.2.11. Free CQ Leakage

Spatial Variations of Free GO/igration

The base caggase 1) model represents the LGW fault800 md and=50) as
a favorable CQleakage pathway. Fi@a illustrates fregghase C@migration after 100
yr of COp release for case 1. SCeg@radually leaks from the bottom source (1,416 m
depth) at the north trace of the LGW fault while the hydrostatic pressure is maintained.
Buoyancydriven advectiorappears @ominant mechanisior vertical CQ mass flow
(864kg d1) within the LGW fault. Acertainportion of free CQwithin the fault prefers
to ascendrertically due to the buoyanawther than following the diagonal fault plane.
However, the vertical movement of deep sourced S€Bampered by the presence of
several intervening aquitar@s.g., Chinle, Moenkopi, Black Box Dolomite). At 1 km
depth, for instance, SCC@ith Sco2=0.24 keeps rising diagonally along the dip of the
north fault trace (Figdb). By contrast, the remainder of SCO@th Sco=0.46

accumulates within the White RinaBdstone between two fault traces under the Black
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Box Dolomite. The cumulated SCG@ithin the White Rim aquifer then reaches the

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

FreeCO, 0.0 0.1 0.2 0.3 0.4 05 06 0.7 0.8 0.9
B | 7T 7 [ e

saturation
(a)
(b) t=100 yrs (c) =100 yrs (d) t=1,000 yrs
N. trace S. trace
-500 - pyyom— O
s "."._”...; i 00
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200 - [ = S .
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300 |
-g00 [ e
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Figure 8. Computed free C@eakage wihin the LGW fault zone through time for case 1 (kigfault of
k\=500 md witho=50) delineated byd. at (a) t=100 yr an@e) t=1,000 y. (b) A magnified model domain
of aredbox (700 m x 700 m) presented in (a). (c) A magnified model domainabage box (600 m x
600 m)presented itfa). (d) A magnified view of almrange box (600 m 600 m) shown in (e). The
presumable location of the SW fault is indicated by black dashwiitesa mark ofSWF at the right edge
of the model5 major aquifers @& denoted by yellow lettefsefer to Table 1 for abbreviatioriptervening
aquitards are represented by white letters for convenience (Table 1). Red arrowsgeovénay
movements of free COThe scale for the size of a domain is given in meters.
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Interestingly free COz rising vertically from the south fault trace flows irite
aquifers that are located to the south of the LGW fault shreéault is soutidipping
while the beddings are dipping nor{Rkigs. 8aand &). High k, (500 md) of the LGW
fault promotes C®entry into to the southern aquifers (Entrada, Navajo, Wingate); for
example, a C&mass flow rate from the south fault trace to the bottom Wingate
Sandstone was 533 k¢ .dSubsequentlyyée CQ within the southern aquifers migrates
further soutrand eventually reaches the SW fault about 6 km apart from the LGW fault

(Fig. 8a).

Within the Navajo Sandston€O, was released anaqueous phag&Xco=0.1)
at the northernmost cellspnsideringa southward regional flow of G&undersattated
brinefrom the San Rafael Swell to the LGadd SWrfault zones(Baer and Rjby, 1978
Hood and Patterson, 1984ampman et al., 2014hbVilkinson et al., 200P(see Fig. 2
and?). While CQ-containingbrines migrateip-dip on thelimb of the Green River
Anticline through the Navajo aquifeonly a small amountf CO, exsoles out and forns
a thin layer of gaseous G@lume ($02=0.16) below the lovk Carmel FormatioitFigs.
8aand8c). During migration over a long distance of 4 km, gaseouswvithin the
Navajo Sandstone securedinder theCarmel Formation witlavery limited vertical
masdlow rate 6.4 x 10° kg d?). This observation highlights the role of the Carmel
Formation as an effective seal for £€@epageinless there are flaws in which is also

observed from the drilling cores in the fidldampman et al., 2014b

Once CQ gas entes thenorth trace of th& GW fault from the Navajo Sandstone
it goes througlsignificantly enhancedertical flowwith a higher rateof four orders of

magnitudg(156kg d?) (Figs. 8c and8d). Thestrong tendency of Cyas for upward
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migration is mostikely attributable to higherof the LGW faultthanthat of the Navajo
Sandston@ndthe absence afaprockgTable 1).Besidesnearly doubled C&saturation
(0.30)due to high influx of botlleeplysourced C@from the LGW fault and exsolved
COe from the Navajo Sandstone may enhance mobility of gaseowbyi@creasing
relative permeabilityBachu and Bennion, 200Burton et al., 200XKrevor et al., 201p

In consequence, most gaseous,@@m both deep and shallow sources escapes to the
land surfaceemphasiing a higHy transmissive fault as an effective cond#iigs. 8c and
8d). This is comparable to the previous field survey that all of the anomalouBukes
(>10 g m? dt) were localized within ~20 m of the LGW fault tra¢€sy. 4) (Jung et al.,

2014).

Temporal Variations of Free C®igration

COz inventory within the model progressively incremgeertime whereasa
significant portion of CQstill escapes to the surfadéid. 8e). As more free Cois
supplied from the sourcethie saturatiomnd relative permeabilitgf CO; increase along
theflow paths.Accordingly,more freeCQO; rises and gets into the southern aquiérs
t=1,000 y (Fig. 8e). For examplemore CQ of the southern Wingai@scends and
coalesces with CQwithin the overlying Navajo and Kayen&andstonedorming a large
CO; plume.In addition,the CO, plume along the fault slightly advances in a lateral

directionthrough time.

The moshotablechanges in underground free &distribution between 100 and

1,000 y appeamnear the land surface (Bigc and8d). At t=100 y, both the north and



34

south traces of the LGW fault emit substantial amounts of gaseouat@@h rates of
98.5 kg dtand 207 kg @, respectively. However, at t=1,000 €O, gas is no longer
leaking through the north trace while still discharging ftbmsouth trace areduced
mass flowrate of 163 kg d. This shift in spatial C&flux with time results from C®
plume migration to the southy the combinecffects of southdipping fault structure and
thebuoyant nature of COThe CO, plume at thesurface initially extended for about 170
m involving the north and south traces of the LGW fault (Big). As morefree CQ
preferentially migratesertically ratherthanfollowing thefault, more CQ reaches the
southern hanging wall of the LGW fault. Therefore, the left boundattysd@® O, plume
also moves 50 m more southwartdhe surfac€rig. 8d). Moreover, the extent afe

CO, plumeis almost twiceaslarge(320 m)at t=1,000 yr bu€CO, releaseate decreases

in the soutlernpartof the LGW fault.

4.2.1.2. Dissolved C&Migration along with Brine

Most SCCO; releasedrom the LGW faultat 1,416 m deptldissolves into
ambientbrine during upward migration along the faiiitg. 9). As a consequee,CO;
travels predominantly as an aqueous plisse=~4.5%) rather than a supercritical or
gaseous phaséndeed, the dissolution of G@nto brine leads to a shrinking of GO
plume along flow paths and a consequent retardation of freen@®ation. For example,
the CO; plume near the bottom source displagsuration of only ~0.5 despite the
abundant supply of free G@&om depth (502=0.9) (Figs.7, 8a and8e). The field brine
meteoric groundwater dilution factors (the ratio of LD between sandstone formation

fluids and Carboniferous brinsjmilarly suggestethat ~75% of dissolved CGGOn the
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Navajo is obtained during upward migration of free-@@d brine from Permian

aquifers, e.g., the White Riliampman et al., 2014bit should be nted that the
dissolution of C@may occur more intensely in the real field than in our model because
we assumed homogeneous brines within each aquifeef®.011) in which salinity
substantially reduces the solubility of €@n the other handn the field, meteoric
groundwater mixing with brines in each aquifer magheraccelerate the dissolution of

free phase Cg@into brines during migratiofKampman et al., 2014a and 20)4b

Dissolved CO, 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0(%)
mass fraction TN [RENEN

(a) N CO,-undersaturated groundwater flows southward. S

CO,-rich brines from the LGW fault reach another fault zone to south.

b Dense CO,-rich brines flow down-dip of the formations, mixing with groundwater.
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Denser CO,-rich brines invade into pure brines and spread out.

Figure 9. Computed dissolved GQeakage within the LGW fault zone through time for case 1 ¢kigh
fault of k,=500 md witho=50) delineated by mass fraction (%) at (a) t=100 yr ant=@PO0yr after CQ
releasednto the system.

However, the density of G&aturated brine is approximately 101k greater

than brine with no C&(Garch, 2001 Lindeberg and Bergmo, 20Q)3esulting inunique



36

featureof its transport. Unlike free C&a significant fraction of C®sauturated brine

flows laterally into the northern aquifers (e.g., Navajo, Wingate, White Rim) from the
fault during updip migration (Fig9b). Then, CQ-rich brinemigrates ewn-dip along

the base of each aquifdue toits higher density than ambient pure brilrefact, inflow

of COx-saturated brine from the fault to the northern aquifers occurs slowly because its
northward movement is impeded by southward flow of the radjigroundwater; for
instance, the velocities of G@aturated brine flowing to the Navajo, Wingate, and White
Rim were 22, 33, and 16 cmyrespectively. Nevertheleséis CQ-saturated brinalso
mixes withthelessdense regional groundwatenhancing the dissolution of GOrhis

result elucidates why G&saturatedluids were found at the base of the Navajm the

drilling core(Kampman et al., 2013b

The aqueous COn brine also gives rise @n unstable state where denser,CO
rich brine oerlies lessdense pure brine, particularly within teeutherraquifers (e.g.,
Entrada, Navajo, Wingate) (Fig). This density instability could cause convective
mixing of the fluid, which could greatly facilitate the transfer of free @@ the
dissohed phase depending on Rayleigh number and formation heterog@&meitgKing
and Paterson, 200Blassanzadeh et al., 20®neafsey and Pruess, 0. The presented
regionalscale model is not able to capture the convective mixing dihe tissues related
to grid-scale. Neverthelessabed upon linear stability analy$isnnisKing and Paterson,
2003, critical time {c) required for the convective instability to develsphin each
anisotropic aquifer can be estimated as

t o tmixcl(g)g MZD
¢ k,DrgalL

(1).
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Here,tmix Is the time (s) for C&water mixing to occur calculatdcbm

t° (aanV)/(K,Drg), c1(9) is the numerical constant function of the anisotropic matio

(=kv/kn), which can be determined from (g)/c,(2) :(1+g”2)4/(1692) wherecy( 1),47 8
gw is the dynamic viscosity of the fluid (B} is the formation porosityD is the

effective diffusion coefficient of CE(10° m?s?), g is the density increase by dissolved
COz (kg mi®), g is the gravitational acceleration (9.81 1),dJis the CQ density ratio
between the free and aqueous phasesl.amthe thickness of the initial layer of free
CO: (m). The linear stability analysis of our base model at t=108weals that the
gravitational instability within each southern aquiervelops in only a few years: 5.8,
0.2, and 0.3 yfor theEntrada, Navajo, and Wingate, respectively. Subsequénty,
predicted in the field thamall convective fingemnight form, widen, and coalesce
together over time, dissolving a large amounC@k. If therewereno more CQ supply
from the LGW fault, the C&plume within the southern aquifers shown in Bgwould
completely dissolve into aquifer fluids in a couple of hundred yéagks 6pecifically,

445, 136, and 492 yr within the Entrada, Navajo, and Wingate, respedivelytually, a
substantial portion of C&lerivedfrom the deep Carboniferous reservoir is transported
away from the LGW to SW fault zones asamueougphase, whik was similarly

indicated byBickle and Kampman (20).3

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

As shown in the field observatigrfaulting is a key factocontrollingthe

magnitude and location of CGeakaggJung et al., 204 Thereforefault zone
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propertieanust be identified to understand fluid flow. However, the heterogeneous and
complex nature of fault zosée.g., geometryfault population and transient properties
makes it impossible to accurately predict fluid transmissibility properties along fault
(Aydin, 2000 Foxford et al., 1998Knipe 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 pointuture studies

For comparison wit the base case model (case 1) represeatingh
permeabilityfault, case 2 was chosen with the san(re50) for delineatinglow
permeabilityfault (k,=0.5 md).In both casesSCCQ from depth undergoes phase
transition to gas under subcritical conditions (the critical point of &0=31.04 °C and
P=7.38 MPa byspan and Wagner (1996t depths of 70800 m. The phase transition is
followed by drastic drops in free G@ensity from ~530 to ~200 kg ftowards the land
surface, increasing buoyancy arefticalmovement of CQ In case 1, as previously
addressed, higtk fault does not constrain rapid ascent of free.C@@nsequently, CO

leaks only within the southern hanging wall of the LGW fault (Fégs8e and10a).
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By contrast, the lovk fault in case 2 significantly slows dowimefree CQ
movement from depth although it alsosss$ aconduitsimilar to case 1. As a result, the
steadystate conditions for case 2 were acquired approximately 20 ka later than case 1.
Furthermorealow-k fault causes more free G@® flow horizontally into the relatively
deep aquifer, theouthern White Rim, as the residence time of @@he faultincreases
due to a very low flow rate (e.g., 3 kg dcrosshe bottom source cell) i@ 10b). The
increased Ce&residence time also leads to an enhanced diagonal migration of feee CO
since its ascent is limited by the ldwfault so that free COmoves uniformly in both x
and z directions. Thus, more €@as reaches the top boundaryduling the LGW fault
plane and the resultant leakage is localized more within the northern footwalé¢han t
southern hanging wall (Fig. bp. Thisresult from case B compatible with the field
survey in which74% of anomalous CQOluxeswere foundn the northern footwall of the

LGW fault (Jung et al 2014.

Indeed, the lowk fault in case alsobehaves asreeffective baffle to crostault
flow of CO, from north to southAccordingly, this induces the compartmentalization of
pore pressures across the fault and the developmentotiahinaltrap of CQ within
the northern shallow aquifers (the Navajo and Entrada) 1B, as implied byHeath et
al. (2009 andJung et al. (2004 The pore pressure and g€aturation of these aquifers
obviously demonstrates the discriminations between case 1 sgglRing fromthe
presence of an anticlinal trap (Figla). Under this circumstace, the C@solubility
depends largely on the pressure and slightly on sa(ipitgn and Sun, 2003that is, the
solubility of CG in brine is greatly affected by whether an anticlinal trap exists or not

(Fig. 11a). In case 1 (higtk fault), theNavajo and Entradareunderhydrostatic
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conditionswith almost no gaseous G@xceptatthe top of the Navajalherefore, the
COz solubility is predicted to decrease towards the surface, which is analogous to the
theoretical CQ@solubility curvecalculated for hydrostatic pressures (see Figs.all

21d inKampman et al. (2014pbased on the equations(®uan and Sun, 2003To the
contrary, excess pressure of ~4 MPa and ~2 MPa builds up within the Navajo and
Entrada in case 2 (loWw fault), respectivelylncreased pressure also causes morgt€@O
dissolve, resultingn an almost vertical profile of the G®olubility within each aquifer
(Fig. 11a). The predicted C&olubility is still smaller within the upper formation
(Entrada) compared to the bottom formation (Navajo). Moreover, thes@@bility

curve is not comuous between them attutableto the effective sealingf the Carmel
FormationHigh CQO saturation of ~0.8 in case 2 indicatkatlarge amounts of gaseous

CO, exsolvesout of CQ-rich fluids pondhg within the anticlinal trap.

Computed CQfluxes 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 fallt. Fig
11b (case 1) and 1l(case 2)Ylepict the profiles of the field and simulated Gl0xes at
the surlceacross Crystal Geyser and the LGW fagainst the distance from the north
fault trace. The results obtained from the different anisotropy ratios of théfau)t10,

50, 100)with aconstant kare also plotted together for each case field suvey results
show that highest COluxes (~613 g it d1) appear along the fault traces, particularly
close to the north fault zone. Distant from the fault traces, thel@Oexponentially
decreases to the background level (<10%dM), suggesting thaioactivities in soilre

thedominant sourceof CO, in the surrounding area. Correspondingly, the simulated
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fluxes showed zero values in these areas becaussdD@ing from bioactivity in the

soil is not assigned in the model.
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Figure 11. Differences in characteristics of G@akage between higlicase 1 of k=10 md) and lowk

(case 2 of k=0.01 md) fault models. (a) Pressure (MPa),&&uration and solubility (mol Kg in the

shallow aquifer (Navajo and Entta Sandstones) with depth wherb0. Colors and sizes of the circles
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Geyser is represented by a dashed line.
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High-k fault cases (case 1) always display the highestflo®at the south fault
trace (blue box in Figl1b) unlike the observation in the field. In addition, the amounts of
leaking CQ are much greater than the field; for example, the maximum simulated CO
flux of 31,000 g it d! is recognized at the south fault trdoecase 1$50). However,

CQ; fluxes at the north fault trace decretseero as more C£escapes out from the
southern hanging wall with increasing anisotropy ratio of the LGW fault. In contrast, the
most anomalous CQluxes are observed at the north fault trace in-kofault cases

except the isotropic case=() in which the fault is extremely lowansmissive (k0.01

md) (Fig.11c). Wheno=50 and 100, C&¥luxes appear up to 717 and 1,273 g at,
respectively, wich agree well with the field survey. These cases also show high CO
fluxes at the south fault trace akin to the field observation (~178 d’¥n ~220 and

~419 g n? dteach foro=50 and 100. However, GTeak is too suppressed whasiL0

with a very bw k, (=0.1 md) so that less anomalous-Gl0xes of ~28 g nt d*are

recorded nearby the north trace while only backgroungflb&es are captured in other
area. Consequentially, it can be surmised from entire simulations results that the LGW
fault is likely low-permeabléShipton et al., 2004with 0.01 mdOkn<0.1 md and 0.5 md

Oky< 1 md.

4.2.3 Computed Prediction of Dynamic Geysering Processes
4.23.1. GeyseEruption Behavior of a Well

After placing a well kx»=1x10* md) representing Crystal Geyser in the model

(Fig. 7), CO; and brine rapidly emanate from the well at a rate of up to 1,447 kgt
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t=7.88<10* s, leading to corresponding sharp increases@®X(0.8 to 1%) and pressure
(0.6 t00.8 MPa) at the surface (Fig.ld)2 XCQO, and pressure then abruptly drop as water
is emitted to the surface, which results in a relatively slow increase#{(®B3 to 0.4)

(Fig. 12b). A high $o02(>0.2) with very limted XCQ (<0.4 %) indicates that GO

escapes predominantly as a gas phase at the surface (the 1st discharge regime in Fig.
12a). Yet Sozbegins to diminish after reaching a peak at t=8147 s as CQleak
continues. Then, the well acts like a £€pring,consistently emitting both CQaden

brine and CQ@gas. As gaseous G@ radically depleted with a limited recharge, the
singlephase conditions are reached where only brine escapes the well quickly with no
interference of gas flow at t=6.31 x®9(73 d) (the onset of 2nd regime in Figal
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 conditiondo CQ; gas is emitted from the well in the following

incubation perioaf 8.01x1° s[93 d] (between t=6.5910° s [76 d] and 1.4610" s [169

d]) since entire C@rechargd from the anticlinal trap of C£n the shallow aquifers
(Entrada and Navajo Sands&sdissolves into brineslowly increasing XCQ of

~0.35%.
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Attaining two-phase conditions again as £&€ventually exsolves, the well serves
as a geyser,a. the discharge goes through geytser periodic cycling with a duration of
~1.40x1(P s (16 d) (the 3rd regime in Fgl2a and 2c). The onset of geysering is
characterized by an acute peak of brine outflow rate of ~212 kBid. 12c). Exsolution
andcoalescence of CQas within the well bolster the discharge, attributed to a large
increase in buoyancy resulting from volumetric expansion with decreasing average
density of the twephase mixturéPruess, 2008bHowever, the favored ascent of £0
also rapidly consumes a stream of gas within the well, reducing and eventually
eliminating the driving force for emced emanation. These setfhancing andimiting
procedures repetitively alternate, yielding a series of cyclic eruptions of the well (from
t=1.46x 10’ s [169 d] to t=2.3% 10’ s [272 d] in Fig. 2a). As more brine is replaced by
CQO: gas, i.e. oz increases from 0.14 to 0.19 at t=2.40 %x 40278 d), the flow rate of
CQO; also increases significantly to 8 kg @hereas the brine flow rate is reduced even to
zero (Fig. 12a-c). Subsequently, the well demonstrates no gelsereruptions but

maintans only CO, gas emission akin to fumarol@be 4" regime in Fig. 12a and 2c).
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The almost same processes and cyclic variations are found at different depths
within the well (Fig. 13a-e). The pressure and fluid flow rates given in Figia-& 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 overpoéssures
~1.1 MPa attributable to focused accumulations of ®ihin the anticlinal trap (Fig
10b andl11a), which well agrees with the field overpressure estimation of ~1.3 MPa
(Kampman et al., 2014bUnder actual field conditions, fractures within the Carmel near
Crystal Geyser would expedite pressure dissipation and thus the aquifers are less
overpressured than our mod@elood and Patterson, 1984ampman et al., 2014bAfter
puting a well (Crystal Geyser) into the model, overpressures within the well are
immediately removed by a runaway discharge op-Gfihe mixtures; then, pressures at
all depths are further reduced (up to 3.4 MPa at Navajo Sandstone depth) under
hydrostatic sites until restored by an inflow of pure brine from the ambient aquifers at t=
6.78 x 16 s (78 d) (Fig. Ba). Variations in pressure are more severe for the Navajo
Sandstone because it hosts more €@m an anticlinal trapvith higher concentration of

CQO; than the EntradéFig. 10b).

Figs. 13b-e reflect upward migration of both brine and G®terms of the flow
rate within the well after recharge. The Navajo and Entrada depths show earlier recharge
of gaseous Cgxhan other depths because they gain pidly from adjacent C&host
reservoirs; that is, the well at both depths developspiwase conditions faster so that the
discharge of brine is substantially suppressed by a gas flow (Blgantl Bd). Then,
the upflow of CQ from host reservoirs dissolves into brine as denoted earlier. As a

result, a gas stream of G@ppears later (~6.33 x 46 [73 d]) at the Carmel and the
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surface than the Navajo and Entrada $Figb-e). In particular, the flow rate of gaseous
CO; sharpy rises to ~8 kg dat upper depths (Entrada and surface) whep@2@es
from both aquifers combine together at t=2.35 X<L(271 d), which is accompanied by a

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

4.23.2. Sensitivity Aalysis of Geysering Patterns

Different parameters imposed on the model provide seusedililimplications
for predicting or estimating various G@akagepatternsat a well although the model in
this study has a few innate limitations. The referenee &ar sensitivity analysis of
geysering is presented by a green dotted line in Figsd Tka=1 X 1¢ md; ka=1x10*
md,t w=0.2 r\=0.5 m). Varying permeability of a well does not significantly alter
discharge pattern of a well at the surface (FHg)1The flow rate increases
proportionally withky; and therefore, the maximum discharge of gaseousa(G0
occurs nearly 10 times earlier with increaskiadpy 10 times. Gaseous G@charges
predominantly from the bottom as the well is almost insulfxted the surroundings
(k==1 x 10* md). Consequentially, the difference in time for gaseoustG@appear is
only 28 d between the caseskgfl x 10 (t=1.46 x 10's [169 d]) and 1 x fOnd (t=1.22
x 10’ s [141 d]) even though GQvas completely deplede74 d edrer in the latter case
(Fig. 148). However, upward movement of €@as within a lespermeable welll=1 x
10* md) requires more time and pressure buitd resulting in more C£pockets within
the well before eruption. Thus, the quegclic eruption of CQ gas occurs more
vigorously in the lespermeable well case £6=0.13-0.15) than morg@ermeable one

(Sco=0.11-0.12).
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COz recharge rate to a well appears as a crucial factofdctalischarge behavior
(Fig. 14). When entirely isolateddm the surroundingk{=1 x 10° md), the well gains
COz solely from the bottom but not laterally from the adjacent formations, i.e. the time
interval between the complete depletion andiseharge of C®is more than threefold
greater (>4 x 10s [462 d) than the reference case with a highsgofkl x 10* md (1.2 x
10" s [139 d]). With increased connectivityg£1 x 10> md) between the well and
adjacent aquifers, more G@osted from the Navajo and Entrada Sandstones inflows into
the well. In this case, Chever depletes within the well in 2 yr and discharges
continuously at the surface like a &8pring rather than a geyser, maintainirg®f
~0.23. Howeverk, valuesassessed in this study are still small enough to limit water
supply to the well, increasing GQas occupation and then developing more gas

dominant eruptions.

Compared with other parameters, differing well porosity (loes not
considerably change erupii pattern of a well (Fig.4t). Increased weH, possesses
more room for the formation of G@as bubbles and allows sufficient supply of2G®
the well. In other words, C{bubbles, which are necessary to expel the fluids and create
oscillatory eruptia (Lu et al., 200% should fill more pores in the higher, case. This
gives rise to a delay in the onsefpskudecyclic eruptions, i.e. redevelopment of two
phase conditions of C@as and brine. For example, quagcling eruption begins 6.13 x
10° s (71 d) earlier in the low, case of 0.1 than the referenee=0.2) whereas 1.81 x
10" s (209 d) later in # hight w case of 0.5 (Fig.4c). But the magnitude (5=0.11

0.12) and duration (4 x £@ [46 d]) of eruption m@ain the same in all cases.
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Figure 14. The responses of the well discharge behavior to various parametersataoe: (a) well
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Lastly, well discharge behavior was tested with varying a well radilts (

Historically, the majority of studies suggest that geothedmnakn hot geysers should

involve a long, narrow channel attached to a source in order for geysering t¢Ad=sur

and Day, 1935Lu et al., 2005Nechayev, 201.2Sherzer, 1933Steinberg et al., 1932A
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high ratio of channel length to diameter {BD0) has been also proposed, athassures a
vigorous cyclic discharge by developing a slug fluid flow regime with the formation of
Taylor bubblegLu, 2004. For CQ-driven geysersjVatson et al. (20)4eported a
greater eruption height froawell with a smaller crossectional aredue to a limited
lateral expansion of C{bubbles and consequeantrease irverticalacceleration.
Similarly, no geysang behavior is observed fromneell with ry >0.5 min our model
sincelarger amounts of C£are required to occupy the well before erupfibig. 14):

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

the entire cross section of the well with a greater

5. Discussions

5.1. Factorghat ControlCO; Fluxes inthe LGW FaultZone

Spatial variations o€O; flux in the LGW fault zoneveredivided into 16zones
(the B'-16" zone from left to rightyvith ~120 m distancen order to observthe east
west trend ofCO; fluxes (Fig.15a). A topographigrofile was also developedong the
north majortrace of the LGW faulFig. 15b). The maximun(red star)mean(green
circle) and median(blue rectangulanalues ofCO; fluxes in each zone are presented in
Fig. 15c. Mean CQ fluxes generally decreagastward$rom 211 g n? d* (4" zone) to
0.68 g n¥ d* (15" zone) as being furth@astwardrom Crystal GeyserCQO, gas leaks
most actively through underground pathways in the vicinity of Crystal Geyser including
the boreholeFigs. 15b and15c show that anomalous mean £f{Dxes were seemingly

related to the zones with relatively lower elevation (e.g., 28.7Z dhin the 3% zone
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whose elevation below 1,240 masl). However, the zones with higher elevation (~1,280
masl) had the most anomalous &1Dxes (e.g., mean CQluxes of 587.30 g Mdlin

the 8" and 409.28 g midtin the 10" zones) Therefore, it couldeinferredthat the
surface elevation is not directly correlated with.GlOx anomalies. In addition, Fig5b
and5c indicateno relationship between G@ux anomalies andavertine agesvenif
travertines aréhe evidences oturrent/ancienpathwaydor CO»-rich fluidsin the
subsurfaceRather larger ancient travertines strongly coincide v, anomaliegFig.

16). For instance, based on maximum values within 30 m of each travertine, high CO
fluxes of 5,917 g M d ! and887g m? d! were observed at Lf59,660m°] and at L7
[10,213 nd], respectively (see Fig. 4.14 and Table 4.Bimnside (201pfor the volumes
of travertines in the study arealso see Tabl@ for different notions of name for ancient
travertines irBurnside (201Pand this study)This observation implies that moneghly-
transmissiveonduits convegd moreCOp-rich fluids to the surface andft larger

volumes ofancienttravertines, but thahese conduits werot selfsealed comptely by
mineral precipitationHence CO, gas $ill escapeshroughthem even after several

hundred thousand yegBurnside et al., 2013

In contrastat Crystal Geyser, the eruption height has been significantly reduced
from 2545 m in 193gKelsey, 199)to 1-5 m in 2013 (seklan et al. (2013ffor further
references and inforation on changes in eruption patteah€rystal Geyser). These
historic observations indicate that the eruption intensity at Crystal Geyser has decreased
since it was initially drilled irthe 1930s. Even if continuous decrease in the eruption
intensityresuls principally from mineral precipitation, the preferential pathways fop CO

around the geyser are unlikely to be sealed completely by mineral deposits. Rather, if
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mineral precipitation prevents G@akage, C@gas would takethe relatively high
permeabilityconduis in the crust andelease atlifferent locationgBurnside e#l.,
2013. Thedifferentpositions of ancient travertines with varying ages alond @G\/
faults showevidence obwitching in theCO; leakage pathways over ting8hipton et al.,

2005.

Six north-southprofiles (the F~6" profiles from left to rightpf CO; fluxeswere
selected from the 7 zones and plotted against the distance fromrthenajorfault trace
(Fig. 15d). The highest Cofluxes observed next to Crystal Geysareexcluded in the
2" profile. They distinctvely showthatmoreCQ; flux anomalies are present in the
northern footwalrelative tothe southern hanging walh addition,the areas where two
tracesof the LGW fault are clady spacednanifest mucthigherCO, anomaliesFor
example, the ® and 3" profiles in which distances between two major fault traces are
below 30 m displayed up to 613 g?d* and 5,515 g M d* of maximum CQ flux
anomalies, respectively (Fi§j5d). However, the other profiles where the distances
between these two majtault traces are above 30 m gave relatively smaller fG®
anomalies (<100 g ¥d™?). 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 developerlosely 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 oegasCO:; to the surfacenay beenhanced by
theincreasedet permeabilityThe 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 th&and washes in the ¥@ones in Fig15a, which

correspondd the 29and %" profiles in Fig.15d, respectively.
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by white line in &) (modified fromBurnside (201 Burnside et al. (20)3Doelling (2003). (c) Plots

show calculated maxium/minimum and median valsief CO;, fluxes in each zone. Bold numbevih

red circles indicat¢éhe three most anomalous efuxes. Dashed line repressiain upper limit of

background flux (40 g m? d%). (d) Vertical profilesof CQf | uxes i n 7 i deagangthat ed zo
distance from the north major fault traéd and blue dotted lingelineatethe north and south fault

traces, respectively.



56

7000

a o
© ©
S o
© o
|1

CO, Flux (g m2d-)
= N W H

(=]

3

]

\\

P T | |\ L
0 20000 60000 80000
Travertine volume (m3)

Figure 16. A cross plot of CQflux with travertinevolume within the LGW fault zone. GGlux generally
increases with travertine volume except the ancient L6 travertine. This implies that menielCitiids
discharge from highiransmissive 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 CQ Diffusive vs. Advective Transport in the Faults

Soil CO, gas transport to the atmospheambe either diffusive and/or advective
(Lewicki et al., 2003 Assuming a constant rate of €@roduction across the fault zones,
a correlation between G@oncentration ([Cg)) and flux could reveal zones of high/low
diffusive/advective transpo¢Lewicki and Brantley, 2000 For example, zones of high
diffusivity/permeability governed by advective transport should demonstrate a positive
correlation between [Cfand flux with consistently high [CfDas those zones enhance
both diffusion near the surface and advection at depths. In this section, three groups
representing zones of diffusive or advective8I0x were identified based on the

correlation of mean [Cg& and flux.

Fig. 17 illustrates the relationship between mean {{C&hd flux measured in the
LGW fault zone. Background GAluxes (<10 g rif d) were observed from 85% of data
measureat both the south major fault trace and fault splays, indicating no advective
transport of CQ(Group 1 in Figl7a). Group 1 also showed consistently low EC@ith
an average of 432.5 ppm, ranging 3B& ppm. Additimally, 55% of data observed at
the north major fault trace also fell into Group 1 with consistently low fi®es and
[CO;] (397-457 ppm). A linear regression of Groligslope=0.1864 and?R0.0004 Fig.
189 showed no distinaklatiorship between [Cg&) and flux, reflecting low

diffusivity/permeability zones dominated by diffusive £@ansport with no advection.



58

‘sa|uadiad g6 pue ‘Og ‘gul Wasaidal siaysiym pue ss|nuadlad g/ pue G2
ay) suasaldal xoq abue| sypsia [e1sAiD 1e pue adAl Jnejyoes upainseaw xn|y pue [¢09] 1cs101d Jaysiym-xdg) way) usamiaq suone|aliod
1alayIp Buimoys xnji 2 snsigydl ueaw Jo 10|d (B) 'auoz 3ne} ysepn pueis ami ayl ul xnji®D isurebe [©] 1o sisAjeuy 2T ainbi4

(1-p z-w B) xni4 09 (,-p zw B) xn|4 °0D
0oL o_w o_o o_v o_m 0 Ol 0L 0l 0L 0l 0l 0l 20l
ANN_‘V jiney 'N Jofely - 00¥ (ATTT I (TTTT NI BN TTT TN W B B (TTTT R | ___._.... N (TTTT R AR B (11T R A NQF
S _ 0zv © (ueuiwiop podsueny
R T TR i O AI}O2APE-3}RISPOA) /> i
i s gt o) 1] 4 2 ANOID . .
A Aot = B — - :o. L
R S - =
[ N Pl R . E —
* em - o8y 3 prox Atco_w:m.: dA1}09Ape ON) [ 0} m
- —L 00S 0. : dnoio L
0Z 9L 2L 8 ¥ 0 PPy L o1 —
' T T T .._4.%\\\ : ” I\.Ml
(v6) Hne; °s Jofe | S6¢ —_ L0 seshog eyshin (O |E .m
N F% 8 4 skeidgyney — |[F ,0F =
SOp 3:5:::0_9 Jodsueu) . i
[ = \ aARoaApe-yBIH) aoel] jnejiolfew's @ |
(c6) serd Fa - Oly M O - - dnousg aoseu] jynejiolep'N @ |
egystuidsuned L Lgw 3 0} 9s0|o painseaw ejeq |E
- =

sjuswainseaw Jo # (v6) Ll Aﬁv XN|} shojewouy XnJ} punoibyoeg O} va



59

The remaiing 15% ofthedata at both the southern major fault trace and fault
splays exhibited a positive correlation of £idix anomalies (14186 g ¥ d'!) with
moderate [CQ] (405569 ppm) (Group 2 in Fid.7a). Within the northern major fault
tracezone more CQ fluxes (38%; 11155 g n¥ dY) arepositivelycorrelated with [CQ]
(413632 ppm). This linear positive correlation of Group 2 between anomalog8u0
and low [CQ] (slope=0.9323 and®R0.7503 Fig. 18b) may represent low diffusivity but
high permeability zones with moderately advective@@nsport; that is, the LGW fault
zoneselectively provide preferential pathways for GQeakage and enharsadvective

transport of CQat the same time.

The remaindr (7%) of the data in the north major fault zone and all data

measured at the praud pots adjacent to Crystal Geyser showed much more anomalous
CO; fluxes (30136,259 g 1t d1) and [CQ] (600-37,513 ppm) (Group 3 in Fig7a).
Group 3 displayed the stigest positive correlation between [g@nd flux, and fit well
to a linear regression (slope=1.0388 ard®9939,Fig. 18¢). These high [Cg and CQ
fluxes therefore may imply the zones of high diffusivity/permeability with advective
transport of CQprevailing; furthermore, they suggest that the north major feadeand
associated fracture networks adjacent to Crystal Geyser serve as tloeutiabt

pathways for C@in the LGW fault zone.
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Figure 18. A linear regression dhe correlation between [Gand flux with an equation and?Ror (a)
Group 1, (b) Goup 2, and (c) Group $hownin Fig. 17a.

Percentile statistics of [Cand flux specifically describdifferences in CQ

emission from ezh type of the LGW fault (Figl7b). The 50" percentils of [CO;] and
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CO; flux (408.52 ppm and 3.35 g*ful) in the fault splay zonare slightly higher than
those in the south major fault tramene(405 ppm and 0.01 g Ad?Y). The 75"

percentils of [CO2] and CQ flux are also slightly higher in the fault splay zone (411.09
ppm and 8.23 g rhd™?) relative to the south major fazlbne(410.31 ppm and 5.08 g
dh) but still manifests low [Cg) and flux at a background lev&lompared to the st
major fault trace zonehe higher [CQ@ and flux seen in the fault splay zone may be
attributed taheinfluenceof the north major fault trace. This may be due to the fact that a
majority of fault splays were found within the northern footwall adjacetii¢ north

major fault traceHowever, similar ranges of low [GPand anomalous CQOlux are
observed athe 90" percentils for both the south major fault (418.05 ppm and 16.16 g m
2 dYy and fault splay zones (414.75 ppm and 16.25°gif). This maybe attributable to
more substantial C{alegassinghroughsmaller areasf the south major fault trace zone

relative to thdault splay zone

The north major fault trace zone gevauch higher values of [C{and flux at
each percentile compared to otfeult zones (Figl7b). The 50" percentile of CQflux
(9.24 g m? d?) is close to flux anomaly (>10 g fd?) andthe 75" percentile (26.81 g m
2 'y exceeds more than two timese background level of C&X¥lux. Furthermorethe
90" percentile of ©;flux is much more anomalous (92.60 ¢ oht), highlighting the
potential of the nortimajor faulttrace asa conduitagain. Incontrast[CO;] appears to be
very low even athe 90" percentile (496.55 ppm), which means most north fault trace
have low diffusivity but high permeability intensifying advective transport of &0

previouslyaddressed
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