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ABSTRACT

AN ANALYSIS OF CO-DRIVEN COLD-WATER GEYSERS IN UTAH AND NEW
MEXICO

by
Zach Watson

The University of WisconsiMilwaukee, 2014
Under the Supervision of Professor Dr. Weon Shik Ha

The eruption periodicity, CObubble volume fraction, eruption velocity, flash
depth and mass emission of £®ere determined from multiple wellbore g@riven
cold-water geysers (Crystal and Tenmile geysergjtah and Chimay6 geyser in New
Mexico). Utilizing a suite of temporal water samplatasets from multiple field trips to
Crystal geyser, systematic and repeated trenddflurelet water chemistry have been
revealed. Crystal geyser has a four part eruptygmbeccomposed of a minor eruption
period (mEP), major eruption period (MEP), aftexdhceruption period (Ae) and
recharge (R). Tenmile geyser has a four part evnptycle composed of MEP, drainage
(D), mEP and R. Chimayé geyser has a two part emglycle composed of a MEP and
R. The MEP at Crystal geyser currently lasts fagrad®4 hours highlighting the potential
for a natural geyser to reach quasi steady stathdige. At shallow depths the bubble
volume fraction ranges from 0 to 0.8, eruption edles range from 2 to 20 m/s and flash
depths are predominately shallow ranging from 8Ganeters below the surface. Annual
emission of CQis estimated to be (4.77+1.92)¥106.17+1.73)x18 (6.54+0.57)x1b
tonnes/yr for Crystal, Tenmile and Chimay6 geysegspectively. Inverse modeling of

endmembers for the mEP at Crystal geyser showthieagffluent is comprised of 66%,



33% and 1% the Navajo Sandstone, Entrada SandstohEault Brine, respectively. The
range of input for the Navajo, Entrada and Brinarduthe MEP is 53-57%, 42-45% and
1-2%, respectively. The geyser plumbing geometnsisis of a vertical wellbore which
allows for the upward migration of G@ich fluids due to artesian conditions. The
positive feedback system of a &@riven eruption occurs within the well. Mitigating
high velocity CQ-driven discharge from wellbores will, however, lasier than

mitigating diffuse leakage from faults or into gnulwater systems.
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1. Introduction to CO ,-Driven Cold-Water Geysers

Thermally driven geysers, like Old Faithful in Ya®Nstone, are characterized by
periodic eruptions of liquid water and steam (Keeff 1989; Nicholl et al., 1994).
Conventional subsurface structures are composadlaig conduit connected to a large
chamber at the base (Hurwitz et al., 2012; Hutadnnst al., 1997; Kieffer, 1989;
Rinehart, 1980; Vandemeulebrouck et al., 2013).tiHgaof liquid water in the chamber
combined with the non-convective properties of ¢beduit provide the rapid feedback
process of an eruption (Rinehart, 1980). Anothéemital subsurface structure capable of
producing periodic thermally driven eruptions wasantly revealed by Belousov et al.
(2013). Large porous structures trap steam urgilpfessure of steam within the trap is
greater than that of the liquid water pressurehie@ tonduit. When the eruption is
initiated, the steam immediately releases into ¢baduit and buoyantly accelerates
producing an eruption at the surface. Like theryndliven geysers, C&driven cold-
water geysers also have conduits as a necessaryfphaeir structure. The conduit in the
case of C@driven geysers is typically a manmade wellboree(@@bn and Pfaff, 2005).
Furthermore, although both cold and hot water gsysee driven by a gas expansion
process, gas evolves differently in cold-water geysTemperatures within G@riven
cold-water geysers always remain below the boitiogt of liquid water. In C@driven
geysers, Cqy evolves by the pressure reduction (flashing) ob-@ch fluids (Lu et al.,
2005), not by boiling. Once the internal pressur€0,q becomes greater than that of
the surrounding fluid (&2 > Puig), CO, exsolves causing bubbles to nucleate, grow and

coalesce. Reduction of hydrostatic pressure reguftom increasing C&bubble volume



fraction within the wellbore enhances expansio©6% bubbles while the conduit walls

constrict lateral growth leading to the surfacepénn.

1.1 Introduction to Geologic Carbon Storage

Growing interest in geologic carbon storage (GC&) brought attention to GO
driven cold-water geysers because of its similartyhigh velocity wellbore leakage
processes (Gouveia et al., 2005; Jordan and Be2609, Oldenburg, 2011; Shipton et
al., 2004). GCS has been proposed as a viable ohdétlmoreducing atmospheric GO
emissions. GCS consists of separating, GD power plants, compressing and then
injecting it into highly permeable rock units atptles great enough to keep €@ a
supercritical state. Depleted oil and gas formatianll be the primary target areas for
GCS due to their shown ability to trap gases amwdtdl for geologic time periods.
Successful storage requires that no more than 6fli#e annual injected CQeaks from
the storage formation (IPCC, 2005). At the ideasgure and temperature conditions,
CO, will be in a buoyant supercritical state. Targetianticlinal like structures will
provide geometries which further constrain the @atign of CQ. However, the buoyancy
of CO, will also drive upward migration through permeabketworks or wells if they
exist. Dissolution of caprock minerals by acidic £@h fluids may also generate
permeable pathways for G@ escape through. The various expressions of I€&kage
in form of contaminated aquifers, geysering welésortravertine mounds and anomalous
surface CQflux provide researchers with a suite of datade in determining why CO

is leaking and what could be seen if d8leaking from a GCS facility. Most studies on



carbon storage have focused on large scale difemieage through faults or the near
surface (Allis et al., 2005; Burnside et al., 2038ng et al., 2014; Lewicki et al., 2003;
Shipton et al., 2004). However, many studies emphdsthat the leakage rate of €0
from naturally leaking sites is greatest throughysgeing wellbores (Bickle and
Kampman, 2013; Burnside et al., 2013; Shipton gt24104). Depending upon spatial
density of wells, hundreds of wells could potetyidle impacted by a single G@lume

in commercial-scale demonstrations (Celia et @043. The density of wellbores in
Alberta, Canada has been shown to reach 4 wellkrpein areas of higher density. With
an estimated 5 km radial extent of a Q8ume, 312 wells could be in direct contact at
depth. Geysering within wells could: (1) vent £83 a free gas into the atmosphere (Han
et al., 2013), (2) discharge brine which could po&dly contaminate the surface (Hu et
al., 2012) and (3) enhance mixing between potalatemin shallow aquifers and saline
brine (Keating et al., 2010). The uncertaintiesaunding the potential for wellbores to
develop into geysers demands an analysis of nbtupaturring CQ-driven geysers
(Celia et al.,, 2004; Friedmann, 2007). Thereforhjs tstudy providesin-situ
measurements of pressure and temperature from @@eealriven cold-water geysers
(Crystal and Tenmile geysers in Utah and Chimaygsee in New Mexico) and
elucidates the sequential processes of in-welpgOccupation, eruption velocity, GO
flashing depths and annual g¢@mission rate. A conceptual model and numerical
simulation of the C@driven geysering process is presented with impboa to leakage

of geologic carbon storage.



2. Field Sites of CQ-Driven Cold-Water Geysers

2.1 Green River, Utah

The sedimentary basins of Green River, Utah anan@yd, New Mexico have
become prominent field laboratories for GCS anatogtudies due to the naturally
leaking CQ through faults, springs and wellbores (Han et2013; Heath et al., 2009;
Kampman et al., 2009; Kampman et al., 2014; Keagingl., 2010; Shipton et al., 2005).
The Colorado Plateau is host to numerous accuronktof natural gas, oil and GO
Green River, Utah lies in the northernmost extenthe Paradox Basin consisting of
Pennsylvanian to Jurassic sediments. The northgpigrGreen River Anticline intersects
the east-west trending Little Grand Wash (LGW) &adt Wash (SW) fault systems. The
LGW fault is a south dipping fault comprised of twarallel strands with a total vertical
separation of 180-210 m (Shipton et al., 2005). fdtal penetration depth of the LGW
fault system is unknown. Further to the south & 8W fault system which consists of
two northwest striking normal faults. The faulte aeparated by 15 km forming the Salt
Wash/Tenmile Graben. Like the LGW, the depth tHe SW fault extends to is
unknown. The fault systems act as both conduits marders to the flow of COand
brine to the surface and shallow aquifers. Carlmta@vertine deposits overlie ancient
CO, leakage points. U-Th age dating of travertine dépan this region indicate that
CO; has been leaking for at least 400,000 years witades increased during periods of
climatic warming (Burnside et al., 2013; Kampmanakt 2012). The C@originated
from thermal decomposition of marine carbonatesgciigally the Mississippian

Leadville Limestone (Kampman et al., 2009; Shipttnal., 2004). Brine and GO



migrate upward along the fault systems to entersti@low groundwater systems. The
emitted gas exceeds 95% &£f0r all Green River springs and geysers with #maaining
percentage composed of atmospheric gasgesON and Ar (Heath et al., 2009). The
isotopic 8*C values of CQg) range from -6.61 to -7.55 per mil for the spriraysd
geysers in the Green River region inferring a stharggin (Heath et al., 2009; Kampman
et al., 2009). The primary aquifers are the Jucaaged Entrada and Navajo Sandstones.
The Entrada Sandstone is exposed at the surfaCeystal geyser and Tenmile geyser
and reaches a depth of 150 m where it meets thermmgable Carmel Formation. Below
the Carmel Formation is the most productive uhi, Navajo Sandstone which occurs at
a depth of 200-320 m (Kampman et al., 2014). Pratipn and snowmelt to the
Northwest in the San Rafael Swell recharges thaie an the order of 1.23 x 1en*/yr
where roughly 30% (3.7 x 0n®/yr) of this recharges the Navajo Sandstone, etpriva
to 9 mm/yr (Hood and Patterson, 1984). The elevatetiarge zone produces artesian
conditions throughout the Green River area regyltinformation overpressures ranging
from 0-5 bars for the aforementioned Jurassic ftiona (Kampman et al., 2014).
Crystal geyser is an abandoned oil exploration W&léen Ruby#1-X) drilled during the
mid-1930’s along the north side of the east-weskisg Little Grand Wash fault (Fig.
1A). The total depth of the well is ~800 m, only @dst the surface with a height of 1.73
m above the ground surface and diameter of 0.38 biockage of rocks was observed at
~6 m depth. Tenmile geyser, also an abandoned pibeation well, is located south-east
of Crystal geyser on the hanging wall of the SalsW Graben (Fig. 1A). The depth is

unknown; a 1 m high and 0.23 m diameter casing i@&sthe surface. A camera was sent



into the well reaching a depth of ~45 m where a dbgocks and sticks prevented any

further penetration.
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Figure 1. Map of Green River, Utah and Chimayd, New Mexi@®) The location of
Crystal and Tenmile geysers (red dots) in Utah @)dhe location of Chimay6
geyser in New Mexico. Faults are shown as red likkah and New Mexico
maps are modified from Kampman et al. (2009) andtikg et al. (2010),

respectively. (C) Schematic diagram of well confegion and transducer
installation.

2.2 CO,-driven Springs and Geysers in Green River, Utah
All of the COx-driven springs and geysers except for Crystal gelys along or

nearer to the SW fault. The four known £d¥iven springs are Small and Big Bubbling,
Pseudo-Tenmile and Torrey’s spring which consistadl waters (13-18 °C) bubbling
continuously forming small travertine deposits la¢ tsurface. The travertine deposits
surrounding the springs are typically yellow to ried color due to the presence of
hematite (FgD3). The mineralogical structure is poorly formed damparison to the
aragonite veins which make up the large traveroends elsewhere. Torrey’s Spring is
located along the footwall of the Northern SW fallhe surrounding travertine mound

radially extends 7 m around the emanating poinip{8h et al., 2005). The largest of all



the springs is Big Bubbling spring which extenddialy some 10-15 m. Unlike the
springs, all of the geysers originate from man-madslbores either initially for
residential use or natural gas exploration. They @@yser within the SW Graben is
Tenmile geyser and it is analyzed extensively latethe paper. To the southwest of
Tenmile geyser is Tumbleweed geyser. Tumbleweedeageg essentially a small pond
that erupts for periods of 46-94 minutes with gpietiods of 2-8.5 minutes (Glennon and
Pfaff, 2005). It is said to be an abandoned wedibout no drilling record is known to
exist. Eruptions are mild reaching maximum heigift2 m. Chaffin Ranch geyser, also
referred to as Champagne geyser, was originalliedrin the 1930’s by a homesteading
family to the Southeast of Green River. A fieldptrio Chaffin Ranch geyser was
conducted in June of 2013. Due to the small diamaftehe opening (~ 2 cm), which
may eventually be completely sealed by travertieeinstrumentation of the geyser was
possible. The author arrived and waited ~2 hourerbedn eruption occurred. Preceding
an eruption, water began to discharge rapidly flavaminutes. Then the eruption began
discharging a Cgy-water mixture to heights of 3 m. The day of obaéibn was very
windy and it is assumed that, on a calmer day,geiser could send plumes to heights of
5 m. Eruptions at Chaffin Ranch geyser are the mastdominated eruptions seen at any
of the locations in Green River region where pesioflthe eruption consist only of the
sound of CQ@gas rushing out through the exit hole. The eruptiontinued erratically for
25 minutes, by which time the author ended obsemvalhe mean length of an eruption
is unknown. The witnessed duration of an erupticems wnuch longer than cited by

Glennon and Pfaff (2005) but the interval betweemptons was similar.



2.3 Chimay6, New Mexico

Chimayd Geyser is located in Chimayd, New Mexicthimi the Espanola Basin
(Fig. 1B). The bedrock consists predominately ofdséones cut by north-south trending
faults. Chimayo geyser lies near the Roberts Faudt may cut directly through it. The
source of CQis unknown for the region. The setting is similarthat of Green River,
Utah where C@rich brines migrate upward along faults (Keatirtgak, 2010). The
regional aquifer supplying Chimayo6 geyser is seamfimed. The well was originally
drilled in 1972 for residential water use but endgdtapping into a C&xich water
source and has geysered ever since. It has a d@iaoie0.10 m, depth of 85 m and is

cased with PVC for the entire depth.

2.4 Geyser Instrumentation

Each geysering well was instrumented with a pailSofinst Levelogger Edge
3001 transducers to record the periodic changes isitu pressure and temperature
(Table 1). The transducers were attached to melthR7 cm diameter PVC pipes
connected to each other to prevent excessive obrfitom the eruption activities (Fig.
1C). The transducer depths were selectively chdsero accessibility (e.g., blockage of
rocks within the well), and the measurement intsrwaere chosen between 10 to 60
seconds. Pressure and temperature measurementdeckdry the transducers have an
accuracy of +0.05 kPa and +0.05 °C, respectivegmperature measurements have a

resolution of 0.003 °C.



Table 1. Measurement date, depth, recording interval atad teeasurement time for
each geyser.

Measurement Recording Total
Depth (m) Interval (s) Measurement
Time (Days)
Crystal Geyser
6 and 14 20 8
(12/8-16/2010)
Crystal Geyser
3 and 6 20 18
(5/23 — 6/9/2013)
Tenmile Geyser
11.5and 20.5 10 6
(7/14-19/2011)
Tenmile Geyser
15and 18 20 o
(5/24 - 6/15/2013)
Chimay6 Geyser
30.5 and 32 60 o5

(4/17 — 5/20/2008)

3. Previous Research Activities

The first research project on Crystal geyser wasdaoted in the 1970’s with
aims of preventing the geyser’s saline waters fesrtering the Green River (Baer and
Rigby, 1978). The first recording of the eruptiagripdicity by surficial measurements of
pressure and temperature showed that Crystal geyseeaged 100 minutes of eruptive
time per day and estimated the £énission to be 1.1x%@onnes per year (Gouveia et
al., 2005). Then Han et al. (2013) provided thst fin-well measurements of pressure and
temperature (14 and 6.5 m depth) revealing a cami$-part eruption cycle composed
of minor and major eruptions and recharge periadisike Crystal geyser, Tenmile

geyser has received little attention due to itsrepfient eruptions and difficult
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accessibility (Doelling, 1994; Ross, 1997). Watampling of Tenmile geyser by Heath
et al. (2009) and Kampman et al. (2009) revealedlaiities to the water of Crystal

geyser and surrounding Green River springs.
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Figure 2. Variations of in situ pressure and temperatui@rgstal geyser in (A) 2010 and
(C) 2013. (B) and (D) Variations of pressure anehgerature during a single
eruption cycle from the blue highlighted region(A) and (C), respectively. The
yellow, green, orange and red bars bracket thestioienEP, MEP, Ae and R,
respectively. Air temperature, shown in green ir), (& Crystal geyser. The
selected period of B1 in (B) highlights the pressehange during a minor
eruption and B2 highlights the pressure changenguhe MEP(B). The selected
period of D1 in (D) denotes the minor bubbling ewshich initiates the mEP and
D2 represents the Ae, which occur at the onsethefrecharge period during
observation in 2013.
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4. Periodicity and Eruption Characteristics

4.1. Crystal Geyser: Measurements made in 2010 a2®13

Crystal geyser has a complex eruption cycle, whitt2010, consisted of 6 parts
averaging a net length of 41.4+5.2 hours (Fig. 24 @B). The total eruption cycle was
made up of two minor eruption periods (MEP(A) anBR{C)), two major eruption
periods (MEP(B) and MEP(D)) and two recharge pevitmllowing the major eruptions
(R* and R). The mEP(A) and mEP(C) had mean lengths of 1312ad 6.8+1.4 hours,
respectively, consisting of an average of 23.4#hd 13.5+3.4 eruptions per period,
respectively (Han et al., 2013). The mEP(A) and (@ Feruptions begin and end with
CO, bubbling lasting 2 minutes each and the eruptiasting 5 minutes with water
emitted 2-3 m from the travertine surface. The agerreduction in pressure and
temperature at a depth of 14 m was approximat@ly8MPa and 0.4 °C (17.5°Cto 17.1
°C), respectively. The time separating eruptiongreses throughout the period initially
40 minutes decreasing to 20 minutes prior to thnmeuptions as shown in Figure 7 by
Han et al. (2013). The MEP(B) and MEP(D) begin indrately as the final mEP(A) and

mEP(C) end, respectively.

The MEP consists of a continuous and comparativetye intense eruption.
Images of the MEP are shown in Fig. 3. The MEP({®) ®IEP(D) had an average length
of 1.1+0.1 and 6.0+0.5 hours, respectively. Thersltiecrease in pressure (0.05 MPa)
and temperature (0.6 °C) denote the beginningeofithjor eruption. Eruption intensity is
greatest at the onset with plumes reaching a h&fhi0 m. Specific to the MEP(B),

pressure increases from 0.1 MPa to 0.12 MPa over dburse of the period,
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corresponding to decreasing eruption vigor. In @stf the MEP(D) has no loss in
strength over the eruption period correspondingat@enerally flat-lining pressure
gradient. Oscillations of pressure within the eiuptperiods show the surges of both
COyg) and liquid water, which appear as strong and weaktions at the surface (Fig.
2B). A portion of the discharged water remains pdobround the well during the
eruption period and once the MEP ends this wataindrdirectly back into the well. A

few minutes after water has drained, well waterdigprises (asterisk in Fig. 2B). Then
the water level suddenly drops 1 and 2-2.5 m forP\E and MEP(D), respectively.

Recharge periods follow the major eruption periddsting 2.8 and 11 hours for the
MEP(B) and MEP(D), respectively. Temperature reachiz4 °C at the end of recharge,
increasing 0.4 °C and 0.6 °C throughout the pefidldwing MEP(B) and MEP(D),

respectively.

Instrumentation in 2013 revealed a new eruptionoperity of 4 parts; minor
eruption period (mEP), major eruption period (MERijtershock eruptions (Ae) and
recharge (R) (Fig. 2C and 2D). The total cycle gcmlonger, averaging a length of
102.9+£5.1 hours. The mEP had a mean length of #046kours. Unlike the mEP in
2010, the period now begins with ~15 small-scalebbol events lasting 5.5+0.6 hours
(D1 in Fig. 2D); the pressure reduction of indivadlbubbling events was less than 5 kPa.
The individual eruptions during the mEP in 2013 asmilar to those in 2010 with a
length of ~9 minutes although eruption intensity Haminished; the eruption height is
now ~1 m. The water level rises and falls at theirbegg and the end of the minor
eruption, respectively. Because the area surrogritie well is impermeable travertine, a

portion of this water directly reenters the welliéto water pooling during an eruption
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and then reentering the well afterwards, it ishgligwarmed or cooled due to the current
atmospheric temperature; seen in Fig. 2C whereelh-temperature oscillates ~0.2 °C

during the mEP.

1937 1960’'s Late 1960's

John Wesley Powell John Wesley Powell Rinehart (1980)
River Museum River Museum

2006 2010

Gouveia 2006 Han 2010 Han 2013

Figure 3. Photos of eruptions at Crystal geyser in 1937 18%0’s, the late 1960'’s, 2006,
2010 and 2013.



14

Like the MEP in 2010, the MEP in 2013 is a contimsicand more intense

eruption. Prior to the MEP, the discharge of liquidter from the well increases without

degassing. Then, suddenly, large eruptions drive@®,g slugs occur. The first 20-30

minutes of the MEP produce the highest erupting jeaching a maximum height of 5 m

in 2013; this can be seen in Fig. 2C and 2D wheessure dropped to 0.04 MPa at 6 m

depth. The eruption continues discharging liquidewand CQ at heights of 1-3 m

above the surface. Like the mEP, the MEP has &sn a significant increase in length

averaging 27.320.5 hours in 2013. Temperature datadns follow the same pattern seen

in 2010 with a sharp decrease from 17.4°C to 16(8f&h et al., 2013).
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Figure 4. Comparison of interval to eruption length. (Auption intervals and durations
of Crystal, Tenmile, and Chimayo geysers with theind (dashed) lines. (B) The
magnified view of short eruption intervals and dimas shown in (A). The 2010,
2012, and 2013 eruption interval and lengths astaihygeyser are from Han et al.
(2013), Kampman et al. (2014), and this study, eesypely.

After water drains back into the well following tleed of MEP, the aftershock
eruption (Ae) period begins (D2 in Fig. 2D). Thiswneruption period was not observed
in 2010 and is, essentially, the recharge peri@dmpanied by eruptions only during the
first few hours. Water is initially a few meterslie the surface developing the
minimum hydrostatic pressure condition and sudderdgs driven by C® bubbles
reaching the top of the well casing. The eruptiastd less than a minute initially and
increases in length later. The first few Ae arsighificantly greater intensity where later
Ae are mild and predominately consist of the wiggel rising accompanied by minor

CO, bubbling. Once the final Ae ends, recharge coesnuntil the mEP begins.

The duration and intervals separating eruption€fstal geyser have shown
considerable change over the 35 years of documemtéiEig. 4A and B). Similarly,
Daisy Geyser and Old Faithful Geyser in Yellowstddational Park have shown
variations diurnally, seasonally and annually (Hizvet al., 2014). Following nearby
earthquakes, the intervals separating eruption®ldt Faithful Geyser increased. At
Crystal geyser, the ratio of quiet time to eruptivee was 42:1 in 1978, decreasing to
7.5:1 in 2005 and 3:1 in 2013 corresponding to atinaally decreasing vigor in
eruptions (Baer and Rigby, 1978; Gouveia et al052Man et al., 2013). The reason for

continuous changes in periodicity and intensityn&nown but could be due to reported
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dynamiting of the well (Shipton et al., 2004), giowrock obstructions, nearby seismic
activity (Han et al., 2013), local drilling projecproducing large quantities of GO

charged fluids, interactions between source acuded fault-controlled delivery rates of
CO; to the aquifers (Kampman et al., 2014). Additibpahe geysering periods in 2013
were correlated with barometric pressure and datés revealing no connection during

the measurement period.
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Figure 5. Periodicity of Tenmile geyser. Variations of gese and temperature within
the well of Tenmile geyser in (A) 2011 and (C) 20I8spectively. Air
temperature at the nearby Crystal geyser is shavgreen in (C). (B) Variations
of pressure and temperature during a single enmuptigcle from the blue-
highlighted region in (C). The green, blue, red getlow bars bracket the times
of the MEP, D, mEP and R, respectively. (D) Thespuee and temperature
recorded during one of the “odd” eruptions.
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4.2. Tenmile Geyser: Measurements made in 2011, Z0and 2014

In total, 18, 62 and 29 eruptions were recorded2@il, 2013 and 2014,
respectively (Fig. 5A and C, 2014 is not shown)nméde geyser has a 4-part eruption
cycle (Fig. 5B) which has a relatively consisteniption length of 11.2+0.67 minutes.
The interval between eruptions is comparatively envariable, averaging 8.5£2.6 hours
(minimum and maximum intervals were 4.2 and 18 bpuespectively) (Fig. 4B).
Increased bubbling of GQrom the well initiates the initial MEP (Fig. SEB)mitting jets
up to 2-3 m high (Fig. 6) for ~2 minutes. Then thep&on suddenly ceases and water
rapidly drains back into the well (D in Fig. 5B)fté&r D, the water level begins to rise
accompanied by vigorous G®ubbling. During this time, ascending &&and liquid
water only reach the casing top (1 m). The mEP aviths bubbling ceasing and water

remaining at surface elevation, slowly rising utti¢ next eruption (R in Fig. 5B).

Doelling (1994) Ross (1997) This Study (2013)
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Figure 6. Photos of eruptions at Tenmile geyser in 1994718nd 2013. The photos
highlight the consistency of the eruption height¥enmile geyser throughout its
history.

In the summer of 2014 Tenmile geyser was instruateiwith a suite of 4
transducers at depths of 3.5, 8.2, 12.6 and 19.Below the surface. The recorded
variations in temperature during an eruption rexédhat these changes are primarily a
function of the atmospheric temperature and notettoption itself. As seen in Fig. 7C,
when the air temperature (30 °C) is much greatam the in-well fluid temperature (15
°C), an increase of 0.8 °C is seen at 3.5 m. Csriygrwhen the air temperature (7 °C) is
lower than the in-well fluid temperature (14.5 %lg. 7A), a decrease of 0.3 °C is

observed at a 3.5 m depth.

Additionally the degree of temperature change demme with increasing depth
(Fig. 7). This phenomenon is explained in a masirarlar to the meP at Crystal geyser.
Following an eruption period the water level slowiges and pools around the well at the
surface. Over the course of ~8.5 hours the poolggrntamperature is affected by the
ambient air and ground temperature. Then duringdifagnage period (D) this pooled
water reenters the well and its temperature isrdsmbby the transducers. Thus the best
reference to the temperature change caused sojetheberuption is observed at the
greatest depth (19.7 m) where temperature conslisteicreases a relatively negligible
0.1 °C. Other than the correlation between atmosphend fluid temperature, no

correlations exist between Tenmile geyser peribgdend external forces.

Instrumentation in 2014 revealed three eruptionehmdifferent to the typical

eruption periodicity seen in other years. Fig. 3Dws the pressure recorded during one
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of these “odd” eruptions which the author was luekpugh to witness and record video
for the entirety of the period. The eruption stdrteormally with increased degassing
building into a large eruption. Then a quiet periniiated without the drainage period
which typically follows the MEP. Then the geyseghe to erupt vigorously again lasting
for ~10 minutes. Due to the much larger volume ofewdischarged during this eruption,
the water level following the eruption was belove turface. The cause for these “odd”

eruptions is unknown.
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4.3. Chimay6 Geyser: Measurements made in 2008

Chimayo geyser has a simple 2-part eruption cyahsisting of an MEP and long
recharge period (Fig. 8A and B). Eruption durateaerages 7.8+1.2 minutes (Fig. 4B)
with plumes reaching a maximum height of 20 m. €hgption heights are greatest for
this geyser predominately due to its small crossieeal area (78.5 cfh which drives
preferential vertical volume expansion and furthpward acceleration. Furthermore the
water supply is limited due to the well casing whicauses a more gas-dominated
eruption. The mean recharge length and intervedrs¢ipg eruptions are 10.9+1.2 hours
and 20.4+5.6 hours, respectively (Fig. 4B). Minemperature decreases of ~0.1°C occur
during the eruption and are followed by a 0.7 °Gtease over the course of recharge. No

correlations exist between Chimayo geyser peritdand external forces.
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Figure 8. Periodicity of Chimay6 geyser. (A) Variations pfessure and temperature
within the well of Chimayod geyser in 2008. (B) \atrons of pressure and
temperature during a single eruption cycle from Ihee highlighted region in
(A). The green and red bars bracket the timesefhjor eruption period (MEP)
and recharge (R), respectively.
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5. Methodology and Analyses

The eruption mechanism of a g@riven geyser is a strongly positive feedback
system; CQ@ exsolution, pressure decrease, bubble growthpaogiant migration are all
interconnected parts of the eruption process (Lal.e005; Zhang, 1996). The current
study will determine the bubble volume fractiorgsth depth, flow rate during eruptions

and the eruption/annual G@mission at each geyser.

5.1. Bubble Volume Fraction

As COyaq) XSOlVES, it begins a buoyant ascent as bubbtes. géas occupation
increases towards the surface from the flash peititin the wellbore. The fractional
occupation of CQyg in brine @) is predicted fromin situ temporal pressure and

temperature data measured by two transducersfatetit depths (Lu et al., 2005).

azl—&_

(1)

R-P
gh

Pm = . (2)

Wherea is the bubble volume fractiops, is the mean mixture (G£J) and brine)
density, andp, is the brine (HO-NaCl) density.py, is determined by the pressure
difference over depth where P is pressureX(®), g is gravitational acceleration, and h
is the distance between two transducers. For exantpéo obtained from Chimayo

geyser refers to the bubble volume fraction betwiesmsducers at depths of 30.5 and 32
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m. p; was calculated with the algorithm IBatzle and Wang (1992jsing the measure
concentration of NaCl in 2010; the NaCl molalitysv@.1, 0.17 and 0.0%r Crystal,

Tenmile and Chimay0 geysers, respectiv
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Figure 9. The evolution of bubble volume fraction over theursg of an eruptiolat
Tenmile geyser(left) and how bubble volume fraction is determingdm
transducemstallatior within a well (right).

Figure 9shows how the bubble volume fraction is determimethe well and th
bubble volume fraction during an eruptiat Tenmile geysefThe calculated mean al
ranges ofx are listed in Tabl2. The transition from diffuse bubbling to Taylorldiles

or gas slugs occurs at~ 0.25-0.28 (Lu et al., 2005)Taylor bubbles or slugs are bul
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shaped bubbles that occupy the entire cross satteopa of the well. Bubble volume
fraction (@) values greater than 0.25, and hence the formafistugs, produces vigorous
eruptions. Crystal geyser's mEP(A) and mEP{Was 0.11 between two transducers
(6.5 m and 14 m), suggesting that the formatiorslafjs is above these depths. The
MEP(B) and MEP(D) reached a maximunof 0.70 with both averaging 0.22 throughout
the eruption period; therefore slugs predominafetyn between transducers. Tenmile
geyser has a peakof 0.64 and a mean of 0.11 (11.5 and 20.5 m). @hingeyser (30.5
m and 32 m) can reaehto be 0.75 with a mean eruption value of 0.52s Ihterpreted
that the wells with small cross sectional area (g1 415 cni and Chimayé: 78.5 cih
prevent horizontal expansion of the emitting £ and thus, allow relatively small

amounts of Cgy) to occupy the well rapidly and enhance verticakseration.

Table 2.CO, Emission variables and results.

Eruption Bubble Exit
h(er:]g;ht Well  Volume v(er:]o/g;ty 53;2::82 CO, emission per  Annual CO,
Mean Avea  Fraction: Mean (min): eruption period emission
(Min.- (m) Mean (Min.- Mean (kg) (tonnes)
Max.) (Min.-Max) Max.)
8.05 +3.31) x
Crystal 1(05-2) 0119 0.11 (0- 4.4 (3.2- 9 (1.02 £0.42) x 1B ( 10 )
MEP(A/C) : : 0.16) 6.2)
C | 0.22 (0 10 (6 (6.75 £ 2.70) x
erzyszg) 528 0119 70() - ” (5)' 72 (3.08 +1.23) x 10 107
Crystal 0.22 (0 10 (6 (3.29 £ 1.32) x
MEPD) ~ °@® 0119 574 125) 348 (1.50+0.60) x 10 10°

(6.17 £1.73) x

011(0- 62545 1575  (56341.58) x10 10"

Tenmile 2 (1-3) 0.042 0.64) 8)

(6.54 £ 0.57) x

18 (16 ogg ~ 0:52(0- 185 (17- 8.5 (1.58 £0.14) x 10 10t

Chimayo 20) 0.75) 20)
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5.2. Eruption Velocity

The change in enthalpy over a given depth has hesed to determine the
eruption velocity for hot water geysers and volam@Karlstrom et al., 2013; Kieffer,
1989; Mastin, 1995). Even if temperature playsrgdaole in the solubility of CQOin
water, the small change in observed temperature def@h at each of the geysers infers
that it plays a minor role for the GQ@legassing process during an eruption cycle (i.e.
pressure change plays a much larger role). Inviloik, assuming that the G@low is
compressible and soluble, Bernoulli’'s equation sstrsuitable for determining eruption

velocities of C@-driven geysers. Assuming the Ostwald solubilitgfficient of CQ (A)

is roughly independent of pressure, Zhang (1996ye@ the equation of state for GO

liquid water mixtures p, / p ~1+ AP, / P—4). Furthermore, using Bernoulli’s equation

(eq. 3), Zhang (1996) predicted the erupting fhagdocity caused by degassing of £0

saturated lake bottom waters at Lake Nyos.

I:%+Lq_oudu+jj gdh=0. (3)

Where P is pressure,is the liquid densityy is the eruption velocity, g is gravitational
acceleration, and h is a subsurface depth. Subbscaipdf indicate the flash depth and
surface conditions, respectively. The pressure ignhdfor application in Eq. 3 was
developed by using the mean value over the erupésiod. Fig. 10A shows the input

parameters of temperature and pressure over deEpghtemperature gradient for Crystal
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and Tenmile geysers (21.2 °C/km) was obtained fideath et al. (2009) and the
recorded temperature gradient (36 °C/km) betweamstiucers was used for Chimayo
geyser. The solubility of C£ shown in Fig. 10B, was determined based upon the
concentration of NaCl, mean pressure and temperaturing eruptions using the
algorithms developed by Duan and Sun (2003). Tinsitdeprofile of the NaCIl-C®@H,O

fluid shown in Fig. 10B was determined using Duaale(2008).

Table 3.Fluid density as a function of pressure whergthe density of the NaCl-GO
H,0 fluid in kg/nT andP is pressure in Pascals.

Eruption Fluid Density Equation
Crystal Geyser p(P)=-6x10"*°P?+5x10°P+10031
mEP(A/C)
Crystal Geyser p(P)=-7x10"P?+5x10°P+10032
MEP(B/D)
Tenmile Geyser p(P)=-7x10"P?+5x10°P +10065
Chimayo Geyser p(P)=-2x10"P?+5x10°P +10009

A second order polynomial equation showing the fianal relationship between
the density and pressure of each geyser is showabie 3 for use in Eq. 3. By solving
Eq. 3 with the predicted mixture density) (profiles, the relationship between eruption
velocity (%) at the surface and the depth (h) at which an temupinitiates was
determined (Fig. 10C). The eruption velocity of le@eyser is predicted from a visual
estimate of eruption heightl{ and the ballistic equation,( = \/2gH ). Karlstrom et al.
(2013) utilized particle image velocimetry (PIV)oab with the ballistic equation to
determine the eruption velocity at Lone Star geyséellowstone National Park.

Comparison of these methods suggested that Pl\balidtic methods provided upper



27

and lower bounds for the exit velocity, respeciivédnly when the eruption was steam
dominated did the ballistic equation overestimdte velocity. Such gas dominated
eruption periods do not exist for the geysers sulitiere. Finally, the flash depth (h) was
predicted by constraining the exit velocity withetbbserved minimum and maximum

eruption height (H); the observed H is shown inl&&b
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Figure 10. (A) Interpolated eruption pressure (dashed lireeg) temperature gradients
(solid lines) based on the measured pressure amgetature at two transducers.
(B) CO; solubility profiles (dashed lines) calculated franan and Sun (2003)
and density of the C&NaCl-H,O mixture (solid lines) over depth calculated
from Duan et al. (2008). (C) Calculated relatiopshetween exit velocity and
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flash depth. Stars and error bars represent peetlitash depths of Crystal,
Tenmile, and Chimayo geysers.

Estimates and ranges of the flash depth are showigi 11C. The mEP(A/C) at
Crystal geyser reach mean heights of 1 m witha 4.4 m/s, revealing that eruptions
initiate, on average, 9 m below the surface. Maximeruption heights of 8 m occur
during the MEP(B/D) equating to a maximwmof 12.5 m/s. In most cases, eruptions
predominately reach heights of 2-5 m with a coroesiingv of 6-10 m/s. Therefore the
flash depth has a wide range (10 to 35 m) but aflyienitiates around a 20 m depth. The
eruptions at Tenmile geyser reach a maximum ha&fBtm resulting in @ of 7.7 m/s.
The flash depth required to produce plumes thahtevould be 25 m below the surface
while the mild eruption could initiate at 9 m. Taruptions at Chimayd geyser (16-20 m)
initiate at a depth 31 to 40 m below the surface. &pect that imperfections in conduit
geometry, fractures enhancing lateral expansio@©fg and friction caused by well-
filling rocks (except Chimayo6 geyser, which is ahsdth PVC) could cause an error in

the estimation of the velocity over depth and, sgbgently, the estimation of flash depth.

5.3. Mass Emission
Using the mean bubble volume fraction, eruptioroegy and eruption period, the

mass of CQg emitted was determined with eq. 4.

My, = (A, JpvAt . (4)
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wherem, is the mass of GQx is the mean bubble volume fractianis mean eruption

velocity, p is the density of C&), Ay is the cross sectional area of the well andas the
mean time length of the eruption. Thus the equaBoset to determine the net mass of
COyg) that has passed between transducers and doescmina for CQ exsolution
shallower than this point. The densip) ©f COyq flowing through the measurement
point (mid-point between transducers) was deterchirem the mean pressure and
temperature during an eruption using Span and Wa@®96). The times used are the
mean eruption lengthf); annual estimates are made with the subsequeah mmount
of eruptions per year. The estimate for Crystalsge is based on the eruption data
recorded in 2010. As a whole, all eruptions fronystal geyser are estimated to emit
(4.77+1.92)x18 tonnes annually. The annual €€mission determined by Gouveia et al.
(2005) was 1.1x10tonnes where they used a down-wind grid of Gray smmplers to
measure the CfQOconcentration in the air. The estimate of Gddscharge rate during
single minor eruptions are very similar at 1.7*1@/s and 1.9xI8kg/s for Gouveia et
al. (2005) and this study, respectively (minor ¢ps were referred to as “pre-eruptive
events” in Gouveia et al. (2005)). The primary tepancy between annual estimates is
likely explained by the increase in eruption intdrgince the measurements by Gouveia
and Friedmann (2006) (Fig. 4A) and that Cd&tected by their instruments will have
come not only from the geyser but surrounding gizriand diffuse flux from the ground.
As revealed by Burnside et al. (2013) and Jungl.e(2814), significant amounts of
diffuse CQ gas leaks through the Little Grand Wash faultdsa¢-or example, Jung et al.
(2014) measured G4, flux of 36 kg/nf/day adjacent to Crystal geyser in 2013 which

would accumulate in 1.3x1g/mf/yr. Furthermore, the growing blockages within the
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well presumably act in a manner to retard bubbtevgn and acceleration, diminishing
the net release of Gfg. Thus this estimate of G@mitted is more accurate of Crystal
geyser's present state. Tenmile and Chimayd geysens (5.63+1.58)x1b kg and
(1.58+0.14)x16 kg of CQ for an eruption accumulating in (6.17+1.73)%16nnes and
(6.54+0.57)x16 tonnes annually, respectively. The reason for mhigher estimates at
Crystal geyser is that it not only discharges gneablumes of C@per eruption but also
the ratio of eruptive time to quiet time (Crystal33, Tenmile: 0.02, and Chimayé: 0.01)

is 17-50 times larger (Fig. 4A).

6. Periodic changes in Effluent Chemistry

Determining the mechanisms which cause the periediptions from geothermal
and CQ-driven geysers has been a common objective ameseggarchers in the field
(Belousov et al., 2013; Gouveia and Friedmann, 264k et al., 2013; Hurwitz et al.,
2012; Hurwitz et al., 2014; Ingebritsen and Rojstac 1993; Karlstrom et al., 2013;
Kieffer, 1989; Lu et al., 2006; Vandemeulebrouckakt 2013; Watson et al., 2014).
Investigations with various tools such as in-geysdeo observations, water sampling
and numerical modeling have provided a great déahsights into the operations of
geysers. Utilizing a suite of temporal water sangdéasets from multiple field trips to
Crystal geyser, systematic and repeated trenddflurelet water chemistry have been
revealed. Crystal geyser is the only known geyséichv exhibits these repeating
dramatic changes in water chemistry that coincidé vis unique eruption cycle. The

chemical characteristics of the water suggest tiatsources for Crystal geyser vary
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throughout the eruption cycle. Inverse modelingjziig fluid endmembers is conducted
to determine the fractional contribution from mpi sources during each eruption
period revealing new insights into the subsurfageachics which govern the eruptions at

Crystal geyser.

7. Sampling Methods

Between 2007 and 2014 the &@iven cold-water springs and geysers of the
Green River, Utah region (Fig. 1A) were monitoreald asampled for their water
chemistry. All water samples collected from Crygjalyser were obtained through the
hole at the base of the casing (Fig. 1C) to presanipling the surrounding pool water.
Details of fluid sampling in October 2007 and Segter 2010 (2010a) can be found in
Kampman et al. (2009) and Kampman et al. (20143peetively. Water samples
collected in December 2010 (2010b), May 2013 anthZamples were filtered through
a 0.2 um filter. 2010b samples were acidified in the figldd sent to Los Alamos
National Laboratory for cation analysis. Anions ev@analyzed at the University of Utah.
The May 2013 samples were analyzed using ion chiagrephy and atomic absorption
for anions and cations, respectively, at the UrsiNgof Wisconsin-Milwaukee. None of
the May 2013 samples were acidified preventingysisbf elements like ¢§ Mg** and
SO”. *®0 and D isotopes were analyzed using a Picarro @:21& the University of
Wisconsin-Milwaukee. May 2014 samples were coli@dtea similar fashion as the 2013
samples. Cations were analyzed at Los Alamos Natidaboratory. Anions were

analyzed using ion chromatography at the UniversityWisconsin-Milwaukee. pH
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measurements and alkalinity end-point titrationsenmade immediately after sampling
in the field. In situ monitoring of pH, dissolvedymen and electrical conductivity was

conducted in 2013 and 2014 using a Hydrolab MS5nmdsurements have an accuracy

and resolution of =+

0.2 wunits and 0.01 units, respely. Dissolved oxygen

measurements have an accuracy and resolution of2+nth/L and 0.01 mg/L,
respectively. Electrical conductivity measuremdmdse an accuracy and resolution of +

1 uS/cm and 1x18 units, respectively.
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Figure 11. Chemical speciation within the Entrada, Carmel Bastajo Formations near
Crystal geyser from Kampman et al. (2014). (A) Guoration of Na (orange
circle) and CI (yellow circle) in mmol/L. (B) Conetation of CQq (black
circle) and alkalinity (white circle) in mmol/L. j{CConcentration of Sr (light
green circle) and Fe (dark green circle)umol/L. (D) Concentration of SO
(light blue circle) and K (purple circle) in mmol/L

8. Chemical and Isotopic Composition

8.1 Groundwater

Extensive characterization of the groundwater fleagime and chemical
characteristics can be found in Hood and Patte($684) and Kampman et al. (2014),
respectively. The drilling project, CO2W55, adjaicem Crystal geyser by Kampman et
al. (2014) provided a significant insight in thesatical speciation within the aquifers that
supply Crystal geyser. These aquifers are the &at@andstone (0-150 mbs) and the
deeper Navajo Sandstone (206-322 mbs), separatedhdyimpermeable Carmel
Formation (150-206 mbs). Both downhole and opeme-lsaimples were collected where
downhole (sampled in situ) samples are more acewfthe chemical speciation at the
specific depth. Open-hole samples will experierm®mes contamination as they migrate
upwards and mix with other fluids over depth. Tlardy the downhole samples are
shown here unless noted otherwise. Progressiveheneint in brine-typical elements,
Na', K*, CI and SGQ7, are witnessed towards the base of the Navajoskamel (Fig. 11A
and 11D). Additionally, increasing GOsaturation, decreasing pH and increased
alkalinity highlight the coupled nature of brineda@€0, as they migrate up along the

Little Grand Wash (LGW) fault. The increasing comications over depth in the Navajo
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may be explained by the fluid density differencesaeen CQ@-brine and meteoric water
in addition to the fluids originating from depthh& molar abundance of the major
cations and anions within the groundwater systestief Na* > C&£* > Mg** > K* and
Cl > HCOy > SQ? respectively. Significantly greater concentrasiarf Fé" and St

are seen in the Entrada Sandstone compared taatregdNSandstone (Fig. 11C).

B EntradaFm. (Kampman etal. 2014)
. Navajo Fm. (Kampman et al. 2014)
) Crystal Geyser (Kampman et al. 2009,
This Study 2010)
Salt Wash Springs (Heath et al. 2009,
Kampman et al. 2009, This Study 2010)

* Ismay Brine (Mayhew 1962)

* Paradox Brine (Spangler 1992)

* Paradox Brine (Kharaka etal. 1997)

Figure 12. A Piper plot of the Entrada Sandstone (red squaf@yajo Sandstone (brown
square), Crystal geyser in 2007 (green circle) thedSalt Wash Springs (orange
triangle), Ismay Brine (black star) and the ParaBidre (pink and purple stars).

Considerable variation i&*20 andsD occurs over deptts*20 andsD vary from

-13.09 to -15.63 = 0.2 %0 and -110.1 to -118.2 +%.Prespectively. As seen in Fig. 13,
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these samples deviate from the North American Met&uater Line (NAMWL) towards

a heavier concentration. The relatively normal geonal gradient of 21.2/C/km infers
that excessive heating of groundwater cannot bec#luse of this isotopic enrichment
(Heath et al., 2009). Additionally, it is unlikeljpat significant changes in elevation
during recharge could explain these isotopic vaeanor enrichments. The isotopic
signature of the Ismay Brine from the Paradox F8ma4.0, 2.2, matching well with the
observed deviation of the groundwater samples (@par992). Surprisingly, since GO
and brine seemingly migrate together within theeys the heaviest isotopic signature is

seen within the shallow Entrada Sandstone (Fig. 13)
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Figure 13. 3D and 5'®0 values for the Ismay Brine (pink circle), Salt $&aSprings
(orange circle), Entrada and Navajo Sandstones @ed brown circles,
respectively), Crystal geyser (green circle) arel@reen River (light blue circle).
An interpolated trend line (red dashed line) is vemobetween the Springs,
Geysers and Aquifers to the Ismay Brine. A trenwk lfor just the Springs,
Geysers and Aquifers is shown (solid green linég hset provides a closer view
of the positions of the samples. Additionally, thepth of the Navajo samples are
shown next to their positions in the inset.

8.2 Springs and Geysers

The earliest analyses of Crystal geyser’s efflveate conducted by Barton and
Fuhriman (1973) and Mayo et al. (1991). A numbeadditional trips to sample Crystal
geyser and the other G@riven springs have been conducted since the &20Q’s
(Assayag et al., 2009; Heath et al., 2009; Kampsataal., 2009; Kampman et al., 2014).
The molar abundance of the major cations is theesasrithe Entrada and Navajo; Na
cd* > Mg?* > K*. The molar abundance of the major anions follow ahder of Cl>
HCO; > SQ?. The majority of the C@driven springs (including Tenmile geyser) lie to
the south of Crystal geyser along the Salt Wash)(B8ult where a notable increase in
Na', K*, CI and SG” is seen. In general, the G@riven springs and geysers share a
similar chemical composition as evidenced by tpesitions on the Piper plot (Fig. 12).
The§'®0 andsD values of the geysers, springs, groundwatersGaeen River are shown

in Fig. 13.

Crystal geyser has a range of -14.10 to -15.22-ah2.60 to -115.66 fa5'0 and
oD, respectively (Heath et al., 2009). The Salt Waphngs range from -12.87 to -14.74
+ 0.2%0 and -102.89 to -111.5 + 1.0%0 (Heath et2009). The springs and geysers also

show a deviation from the NAMWL towards a heaviencentration with respect §3°0
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anddD. Consistent with the elevated concentrations &f K*, CI' and SG* seen along
the SW Fault, the SW springs and geysers (oranggesiin Fig. 13) also exhibit
isotopically heavier values. An inferred trend liined dashed line in Fig. 13) was added
between the NAMWL and the Ismay Brine sample shgwirat the input of brine varies
from 0-15% for the springs, geysers and aquifeddig a trend line (green line in Fig.

13) without the Ismay Brine infers a slightly light with respect t6*20, source of brine.

8.2.1 Source of additional salts

The concentration of NaK*, CI'and SG* is greater in the effluent of the springs
and geysers than the Entrada and Navajo Sandstbhes.there must be an additional
source of salts. Three potential scenarios existlwbould explain the discrepancy. A.
Brine may directly reach the well or conduit of therings and geysers through fault
damage zones or fracture networks. Fracture neswverkcountered throughout the
drilling project adjacent to Crystal geyser highlighe high probability of Crystal geyser
penetrating its own set of fracture networks (Karapret al., 2014). B. Crystal geyser is
45 m from the Little Grand Wash Fault and the COBWll is 90 m from the fault,
Crystal geyser may be sampling more brine richdfutlue its closer proximity to the
fault. Or C. Crystal geyser is fed by deeper andensaline waters (Wingate Sandstone)
which were not sampled during the CO2WS55 drillimgject. In conclusion any of these
scenarios or a combination of them could expla dmscrepancy between observed

concentrations at depth and at the surface.
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9. Temporal Variations in Effluent Chemistry at Crystal Geyser and

Tenmile Geyser

Despite the extensive work on geyser dynamicsy Jyew researchers have
attempted temporal eruption cycle water samplingrasvestigative tool (Hurwitz et al.,
2012; Kampman et al., 2014; Noguchi and Nix, 1968)guchi and Nix (1963) were the
very first at investigating the changes of wateeralstry during eruption cycles at five
geysers in Yellowstone National Park. The mosticant trend noted at Old Faithful
geyser was a 12% variation in the concentratio8@f throughout the duration of an
eruption. Further investigation by Hurwitz et &0(12) revealed less dramatic changes in
effluent chemistry from Old Faithful, however tteedest changes were once again,’SO
. Kampman et al. (2014) was the first to reveal thmporal variations in effluent
chemistry from the C@driven cold-water geyser, Crystal geyser, in GrBérer, Utah.
While the revelation was significant, little integpation or analysis was made upon the
results. Here we present an in depth analysis mpdeal water samplings of Crystal
geyser from November 2007 (Kampman et al.,, 2014ptSnber 2010 (2010a)
(Kampman et al., 2014), December 2010 (2010b1 &)dMay/June 2013, May/June

2014 (Appendix A).

The eruption cycle at Crystal geyser has showsidemable variation since it was
drilled in 1936 (Watson et al., 2014). The eruptoytle during the sampling periods
presented here were 6- and 4-part for the sampkmnigds in 2007-2010 and 2013-2014,

respectively. While the eruption cycle has varigdradime the main constituents such as
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the minor eruption period (MEP), major eruptioniger(MEP) and recharge (R) were

present in the varying forms and orders for athaf sampling periods.

9.1 Hydrochemical Variations during the mEP

Just prior to the mEP, temperature rises from bel®8 to 17.2 °C over the
course of ~10 hours. Slight oscillations in temp@etoccur during this period as
discharged water pools around the well and is eitemed or cooled by the current
atmospheric temperature (Watson et al., 2014).riiéan concentration of Nan 2007,
2010b1 and 2014 during the mEP was 168, 164 andtha@l/L, respectively (Fig. 15
and 17). The percent increase in'Maring the two complete sampled mEP in 2014 was
15% and 16%. Ksaw a 9% and 10% increase during the mEP in 2Bitg 17). The
mean concentration of Cin 2007, 2010b1 and 2014 was 126, 113 and 108 famol
respectively. The percent increase in @iring the mEP in 2014 was 15% and 16%.
Matching well with the change in NaK" and CI, electrical conductivity begins to
increase from a base value of 19,Q®)cm at the same time as temperature increases.
The rise of electrical conductivity occurs throughthe first half of the mEP and remains
steady once reaching a value of 21,2B80cm (Fig. 14A). In situ monitoring of pH
reveals oscillations of 0.05-0.15 but generally@ases from 6.3 to 6.4 over the course of
the mEP. During minor eruptions, pH spikes andeaases due to the production of
COyq as shown in the equation below. The consumptioki'otauses the pH of the

solution to increase.

+ _ yilelds
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(2010b1) (B). The eruption height and pressuré@vi as a black line in (A) and
(B) respectively.

9.2 Hydrochemical Variations during the MEP

At the onset of the MEP, temperature drops shaapliyom 17.4 to 16.8 °C. As
revealed in section 4.1 and 4.2, the in-well fltainperature can be affected by the
current atmospheric temperature. Unlike the mE® MEP continually discharges water
preventing the reentry of pooled water back in®wrell. Thus the temperature recorded
by the transducers will be true to what is occgrmithin the well. Joule-Thomson
cooling and endothermic exsolution of ©@as initially proposed by Han et al. (2013) as
the cause of the regular 0.6 °C decrease in temperdoule-Thomson cooling and
exsolution of CQyg) will be dependent on the evolution of bubbles gltme flow path.
The growing rock clog within the well will act tahibit bubble growth and expansion.
The discrepancy between a changing conduit andchsistent temperature trend suggest
the temperature change is due to fluid sourcinghfeoshallower location and not €O
driven cooling. Similar to the sharp decrease mperature, a sharp drop in electrical
conductivity is seen at the onset of the MEP. Eieait conductivity decreases from its
previously steady value of 21,25(/cm to 19,30QuS/cm and then rises slightly to
19,700 uS/cm (Fig. 14B). Following this minor rise it stdgddecreases to ~18,000
uS/cm over the course of the entire MEP. Curioushys oscillation in electrical
conductivity matches perfectly with the changeemperature (Fig. 14B). It should be
noted here that the recorded electrical condugtiviis temperature corrected. The total

change in electrical conductivity throughout the RE over 3,00QuS/cm, similarly the
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electrical conductivity of the fluid in the Navafandstone has been shown to change
over 3640uS/cm from the top to the base of the formation. Notprisingly, the
concentration of Naand Cl declines throughout the MEP. Mean concentratidridad
during the MEP in 2007, 2010a, 2010b2, 2013 andi20dre 150, 153, 151, 125 and 157
mmol/L, respectively (Fig. 15, 16 and 17). The meancentration of Clduring the
MEP in 2007, 2010a, 2010b2, 2013 and 2014 was 12%, 91, 105 and 108 mmol/L,
respectively. The percent decrease ifi, &i, K*, F€* and Sf* over the course of all the
recorded MEP’s are provided in Table 4. Smalleiatems in pH (0.05) and a steady
value of ~6.4 are seen for the entire period (F4J. Yariations in théD ands'°0 values

during the MEP are presented in Fig. 18.
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December 2010 (2010b2) (B) and May 2013 (C). Thacklline represents
pressure in (B) and (C) and eruption height in (A).
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9.3 Hydrochemical Variations during Recharge

During the recharge period the water level withhe tvell continually increases
from a depth of a few meters. As recharge progsesise in-well fluid temperature
remains relatively steady at 16.8 °C. Electricaldiectivity begins to rise immediately as
the MEP ends. Over the course of the recharge ¢gpahe electrical conductivity
increases roughly 10005/cm from 18,000 to 19,0005/cm (Fig. 14A). At the same time
the fluid pH progressively decreases from 6.4 t@856.The increasing electrical
conductivity and decreasing pH further highligh¢ ttoupled nature of GCand brine.
During the recharge period G@ch brine continue to migrate upwards. The desiren

pH can be described as seen below.

yields
H,0 + C0, — H* + HCO3
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Table 4. Percent change in ions during eruption periods.itikesand negative
percentages mean increasing and decreasing coato@mst respectively. ND means No
Data.

MEP MEP MEP MEP MEP mEP mEP

2007 2010a 2010bl 2010b2 2013 2014a 2014b
Na" -43% -21% -5% 20%  -19% 15% 16%
Cl"  -24% -25% -6% 23%  -18% 15% 16%
K* -19% -13% 0% 9% ND 9%  10%
Fe*  -25% -11% -3% 7% ND -44% -6%
Sr** 6% -10% -1% -10% ND 0%  -12%

9.4 Temporal trends at Tenmile Geyser

Like Crystal geyser, Tenmile geyser goes througmesahemical variations
during its eruption cycle, however to a much smatlegree. Prior to eruptions the
electrical conductivity is relatively steady atauwe of 26,25QS/cm (Fig. 19A). During
an eruption the value drops sharply towards zem tduCQ ) engulfing the probes. It
should be noted that the Y axis has been formatbethe minor changes in EC can be
identified. Thus, the sharp drop to zero is nowamdut is inferred by the dashed lines in
Fig. 19B. Once the eruption has ceased angd@as stopped evolving, electrical
conductivity is above 26,4005/cm. The change in electrical conductivity is preably
due to the drawing of deeper more saline watersaatdsvthe surface. The changes in
temperature during eruptions have been extensusiedyacterized in section 4.2. Thus,
the minor changes in electrical conductivity at iéde geyser are not necessarily to
show another geyser going through its own chemviaghtions but more so to highlight

how dramatic the changes are at Crystal geyser.
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9.5 Interpretations of Chemical Variations

The changes presented in the previous sectionigndicant in that no other

geyser has ever been shown to go through suchdperamd systematic changes in

effluent chemistry. The repeating changes in efflughemistry suggest that there is a

change in the contribution of fluid from differesburces coinciding with the eruptive

styles seen at the surface. Specifically, durirey MEP, the temperature and electrical
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conductivity decrease in conjunction with the viaias of certain elements. All of these
changes lend credence to a hypothesis that theadentformation increases its
contribution of fluid during the MEP. Previous hypeses on the source of water from
Crystal geyser have focused primarily on the NaBgodstone and some component of
brine. Thus these changes in chemistry highligbt slgnificant lack of understanding

surrounding the system which drives this geyser.

10. Inverse modeling

Inverse modeling is a method which attempts toveeda solution through the
mixing of endmembers and through fluid-mineral tears to determine the fractional
contribution from each source. PHREEQC attempts regonstruct all possible
combinations of mixing, dissolution and precipoatiwhich could lead to the desired
final solution. Inputs to the models presented Iveeee the measured pH, temperature,
Na', Mg*, C&*, K*, HCOy, CI and SG, 5'%0 andsD. F&€* and St were also included
in the model due to the large differences in cotreéion between the Entrada and
Navajo Sandstone (Fig. 11C). The exact input datshown in Table 5. Measured pH
within the aquifers ranged from 5.1 to 5.4. Howether pH measured at the surface from
these aquifers, which ranged from 6.1 to 6.5, wexsen to help the model develop more
potential mixes. Endmembers included water from HEwrada Sandstone, Navajo
Sandstone and fault brine. Fluid analyses of thaifexg adjacent to Crystal geyser
collected by Kampman et al. (2014) were used toadterize the Entrada and Navajo

Sandstones (Fig. 13).
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Table 5. Input data for Inverse Modeling. All values areaimol/L.

Entrada Navajo Navajo Navajo Navajo Fault

mEP  MEP oo 206m  224m  276m 322m  Brine

Na" 164.74 126.93 47.6 52.6 72.4 92.6 1125 3990

ca* 23.6 22.7 27.6 25.3 23.4 23.4 241  34.7

Mg?* 8.2 7.6 10.7 10.5 10.1 10 10.1 60.91

K* 8.4 7.0 3.3 5.2 6.0 6.6 7.2 107.4

Fe?* 0.192 0.208 0.349  0.027 .024 0.015 0.037 0.006

Sr** 0.157 0.163 0.186 0.119 0.124 0.129 0.135 0.298

HCOsz 78.60 74.40 45.0 50.62 59.24 62.14 63.7 5.1

CI 113.54 98.73 26.8 33.6 50.0 69.4 84.9 4231

SOy 23.63 22.8 17.9 16.6 18.6 19.6 20.7 61.84

60 -149 -15.0 -13.09 -15.63 -15.21 -14.84 -14.7 2.2

oD -114.3 -115.38 -110.1 -116.7 -117.5 1158 -1146 -42.0

A representative profile of the chemical speciatd the Navajo Sandstone was
developed from this dataset revealing large chaonges depth. Due to these variations,
which are predominately a function of depth, sirtiatess were conducted using samples
over depth; 206 mbs, 224 mbs, 276 mbs and 322 @bly. one sample was collected
from the Entrada Sandstone (98 mbs) and is trezge@presentative of the formation’s
chemical speciation. To account for the elevatattentrations of Na K*, CI and SGQ*
at Crystal geyser compared to the Navajo and Eatr®aradox Brine samples from
Kharaka et al. (1997) were used as the third endyeenThe3'®0 andsD values used in
the brine are, however, from the Ismay Brine inRlagadox Zone (Spangler, 1992). Thus
this conceptual model assumes that the fault ltirectly reaches the well. Two output

solutions were chosen, one for the mEP and the MIBB.values used as representing
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the mEP and MEP are from the 2014 data. In totaiX8ng models were developed to

determine the fluid contribution for the mEP (4 rats) and the MEP (4 models).

In order to develop mixing models based on thgdlarumber of input parameters,
larger uncertainties are required. The uncertaniePHREEQC allow for the alteration
of each input in each solution prior to mixing. Fexample, if a sample has a K
concentration of 7.0 mmol/L and the uncertaintyl@%, the model can increase or
decrease this concentration by 0.7 mmol/L priomiging. Thus the resulting mixing
model is based on the mixing of altered input sohg. Ideally the alteration of the
solutions will be small enough to where the mod#l still provide useful results. The
uncertainty within the mixing models is 10% for tieee endmembers and 15% for the
Crystal geyser effluent. The 10% uncertainty carcdresidered quite reasonable for the
Entrada Sandstone because large changes in chepastroccur over depth, as seen in
the Navajo, and only one sample exists for thereritPO m thickness of the Entrada.
Additionally, because the exact chemical speciatbthe brine is not known the 10%
uncertainty is warranted. The averaged mEP and [g&Rples shown in Table 5 are
from the data collected in 2014. The change ifi, ¥4, CI, F€*, SF* from the mEP to
the MEP was 22%, 20%, 15%, 8% and 4%, respectitdbally the change occurring
during mixing should be less than the observed ghat the geyser and mEP and MEP
fluid concentrations should not overlap. For examplthe MEP model increased the CI-
concentration and the mEP model decreased theoGteatration to the point where the
values are nearly equal, the model would fail fmesent what this study is interested in.
Typically the concentrations of Na+ and CI- wouldctease prior to mixing for both

mEP and MEP models, thereby maintaining the chdndii€ferences in the respective
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fluids. In addition to fluid mixing, mineral or galssolution and precipitation can occur

to account for the changes in ionic speciation.piexipitation or dissolution of minerals

is allowed in this model because fluid mixing witlthe well will be rapid and it is not

assumed that the minerals will be dissolving orcipitating as they migrate upwards.

The only reaction occurring during the mixing whs tlegassing of Gdrom solution.

This is certainly a reasonable reaction given @ is constantly leaving solution at

Crystal geyser.

Table 6.Inverse Modeling Results. N206mEP stands for thea dsed from 206 m depth

in the Navajo Sandstone.

Minor Eruption Navajo Entrada Brine
N206mEP X X X
N224mEP 66.02% 32.77% 1.19%
N276mEP X X X
N322mEP 66.34% 32.85% 0.79%
Major Eruption Navajo Entrada Brine
N206MEP 53.71% 44.86% 1.41%
N224MEP 54.66% 43.96% 1.36%
N276MEP 53.63% 45.22% 1.12%
N322MEP 57.20% 41.90% 0.87%
11. Results

Rather consistent results were developed for eaatpgof models for the mEP

and MEP. Due to the large number of inputs andt®wmis, produced mixing models were
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few. Typically each model would produce one mixsagnario where the only reaction
occurring was the degassing of £0he percent contribution from the Navajo, Entrada
and Brine for the mEP and MEP are shown in Table @eneral, the Navajo decreases
from a contribution of 66% to 53% from the mEP he MEP. Conversely, the Entrada

increases from 32% to 45% during the transitiomftbe mEP to the MEP.

12. Inverse Modeling Results Discussion

Contrary to conventional hypotheses, the Entrada&ane supplies a significant
fraction of the water (32-45%). All models implyatithe fault brine consistently delivers
water directly to the well and comprises 0.5-1.58the emanating fluid. Given that the
well is open to the entire Entrada and Navajo Samnasit should be inferred that water is
sourced from all depths. The chemical speciatiothiwithe aquifers supplying Crystal
geyser and the varying trends seen throughout tipgtiens imply that the fractional
contributions of brine and water from the Entradad aNavajo sandstone change
throughout time. Specifically the contribution &fiifl from the Navajo is greater during
the mEP and the contribution from the Entrada iases during the MEP. Whether the
change in effluent chemistry is a trigger or regmorio the eruptions is still not
understood. Watson et al. (2014) proposed thaWiBE at Crystal geyser must be driven
by a gas accumulation due to the extensive lengththie period. This hypothesis in
conjunction with the observed trends in water cttaréstics and the results of inverse

modeling suggest that the gas chamber driving tiePMccurs within the Entrada
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formation. Unfortunately, due to the rock clog witlthe well of Crystal geyser, no

investigation of a gas chamber can be conducted.

The thicknesses of the Entrada and Navajo Sandstqunéers are almost equal in
the location of Crystal geyser. Thus the net voluime&ontribution of the fluids should
be dependent upon the hydraulic conductivity anel pihessure gradient within the
formations. Flow rates into the well with respexttsingle formation should be greatest
near the base due to overpressures increasing dejpith (Kampman et al., 2014).
However, as seen through the chemical variatidms,discharge of fluid into well is
heterogeneous with respect to a single formatiom doth formations. This
heterogeneous flow creates a complex local pressegene which is one of the
predominant controls on the geysering seen atutface. Based on the varying chemical
characteristics of the emanating fluid from Crygalser, interpretations can be made
about the physical interactions at depth. The Na&gndstone aquifer has a hydraulic
conductivity five times greater than the Entradad3one (528 vs. 100 md) (Hood and
Patterson, 1984). As shown by the inverse modetesylts, the Navajo Sandstone
supplies the majority of the water during the mERe greater hydraulic conductivity of
the Navajo Sandstone provides more water-dominatetl mild eruptions. Thus, the
smaller hydraulic conductivity for the Entrada cioiegs the available water supply and
produces more vigorous eruptions during the MERusTime contribution of from each
aquifer based on the chemical speciation of thenatmgg fluid is coherent with the
physical characteristics of the aquifers and theptewn styles. As proposed by the
conceptual model in section 6.1, it is assumeddharge gas chamber drives the MEP.

Based on the chemical variations, temperature dserand results of inverse modeling,
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it should be assumed that this gas chamber occursewhere within the Entrada
Sandstone. Unfortunately, due to the rock clogestigating an open gas chamber

connected to the well is impossible.

13. Discussion and Conclusion

13.1 Geyser Eruption Mechanism

Based on the observation of three cold-water gsysefurther insight is obtained
after the studies of Lu et al. (2006) and Han et(2013). A conceptual model is
presented in Fig. 20 to illustrate the eruption n@ism that initiates by an in-well GO
degassing feedback process. Initially, the artestardition (Rormation > Phydrostaig causes
COy-rich fluids to continually migrate upwards frometlbottom (T1 in Fig. 20). Such
reasoning can be supported by field observationsnfinuously increasing water level
in between eruptions. Additionally, Kampman et (@014) observed that the primary
aquifers supplying Crystal and Tenmile geysers.(&gtrada and Navajo Sandstones)
have formation overpressures ranging from 0-1.3 M#ale Keating et al. (2013)
observed that the aquifers supplying Chimay6é gewseralso heterogeneously over-
pressured. The simulations conducted by Lu et28l06), Pruess (2008) and Pan et al.
(2011) for CQ-H,0 leakage through a wellbore also revealed thaitiems are initiated
by large pressure differences between the formadimh well. Formation permeability
will be one of the primary factors governing thegly rate of CQ@rich water and

subsequently the interval between two separatdiengp Simulations by Ingebritsen and
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Rojstaczer (1993) for geothermal geysers indicatbdt increasing formation
permeability would reduce the duration of an iné¢ras the recharging process to the
conduit is faster. In contrast, Chimay6 geyserlbag eruption intervals (20.4+5.6 hours)
(Fig. 4B) because its wellbore is fully cased amastslows down the recharge process.

The predicted flow rate of water into the well sndted by the length of arrows in Fig.
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Figure 20. Conceptual model of the eruptive process. Greeth lalne colors are
representative of CQOsaturated and undersaturated waters, respectiédyy,
bubbles are shown in white and the flash depth (EMarked by the red dashed
line. Plots showing the pressure (red line), fldsipth (horizontal black dashed
line) and bubble volume fraction (blue dashed limeer depth during the
respective periods below.

As shown in T1 of Fig. 20, prior to eruptions diltbe geysers reach the overflow
point of the well head. No eruptions or degassing waccur untii CQ becomes
supersaturated in the water. Pressure reductioriadtiee upward migration of GAich
fluids will initiate exsolution. The flash depth QF marks the point where Gg
initially begins to exsolve. Above the FD, the dxsd CQ bubbles migrate upwards due
to buoyancy forces that depend on the densityréiffee of liquid water and Cg). Then
the upwardly migrating CObubbles will reach terminal velocity (10-20 crvg)en the
drag and viscous forces are equal to the buoyacé$qBozzano and Dente, 2001) (T2 in
Fig. 20). The geyser eruptions take place as Rbles continue to form by reducing
the hydrostatic pressure, and consequently the édpehs (from the surface) within the
well. CO, bubble amalgamation will cause a rapid changenénimternal pressure and
shape of bubbles which subsequently alters theianerelocity and mass transfer in the
bubbles (Lu et al., 2006). Eventually gas slugsTaylor bubbles will form due to
coalescence and excess £ (T3 in Fig. 20). Taylor bubbles are large cyliroati
bubbles which occupy the entire cross section efwell with rounded heads and flat
sterns (bullet-shaped) with respect to the directbmotion. Recirculation within slugs
will enhance heat and mass transfer at the ligagl-Hgterface (Salman et al., 2006)
(Arrows inside slug in T3). The slugs will effeaiy push parcels of water upwards,
developing liquid “slugs” in between, and creatgovous eruptions as observed in the

three geysers discussed in this study. The develnpwf CQg) or liquid slugs in the
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well is what causes the pulsing or surging erugtiseen. Once the eruption height
reaches the maximum, the bubble volume fraction feasth depth will also reach their
respective maximum accordingly (T3 in Fig. 20). Doesxcessive degassing, eruptions
will cease once the Gy concentration has reached a critical minimum, ingifor
completion of another recharge (T4 in Fig. 20). ISgombined processes of a £0
driven eruption exhibit self-enhancing and selfting characteristics and result in the

periodic eruption scenarios observed.

The MEP at Crystal geyser is a continuous erugiemod (currently lasting ~27
hours) as shown in Fig. 2D. This type of erupti@esl not fit the proposed conceptual
model addressed above because, if it is generatesh bn-well degassing process, the
supply of CQq) takes a considerably longer time to deplete coetpsw the preceding
minor eruptions. Postulating a scenario where thgply of CQ-rich water is suddenly
much greater and continuous is difficult. Additibpathe revelations by Belousov et al.
(2013) and Vandemeulebrouck et al. (2013) in hotewaeysers have shown that
periodic discharge of gas accumulations can drivptens. The discrepancy between
the eruptions of the mEP and MEP at Crystal gettserefore suggests that the MEP
must be driven by an accumulation of compressilil from the sourcing aquifers
where the FD horizontally extends into the aqu{@ed’ in Fig. 20). Periodic discharge of
water and C@ during the mEP leads to a progressive decreaskeirpressure of the
supplying formations. Then, this decreasing pressendition enables Gfg) to form
and accumulate within the aquifers. Fracture ndtevan damaged zones, which might
cross the well of Crystal geyser, could providehhigpermeable pockets for gas

accumulation. Once the pressure of thepg@ccumulation has reached the critical



57

threshold, it will begin to discharge into the wéllrther evidence of a gas accumulation
driving the MEP is provided by observations jusopto the MEP where the discharge of
liquid water (unaccompanied by Gg) rapidly increases for a few minutes and then is
followed by vigorous eruptions. Presumably, thekligging gas slugs from depth push a
large column of water up and out of the well. Kanapnet al. (2014) found that rapid
changes in emanating fluid temperatures and chgmisincide with the onset of the
MEP, suggesting that accumulation of gas occursesdmre within the Entrada
Sandstone formation (0-150 meters below the suxfaghich is shallower than the

Navajo formation considered as the source aquiferkEP.

13.2 Numerical Simulation of CQ-Driven Cold-Water Geysers

In this section a 1-D non-isothermal multiphaseedipw model is formulated to
simulate the C@driven geyser eruptions. The simulations basedhis» model may
provide, at least qualitatively, further detailoabgeyser eruption scenarios and a better
understanding of the proposed conceptual modegépted in the previous section. As an
example, the parameters for Chimayo Geyser are (dsdae 7) since the fluid-flowing
profile in the cased wellbore can typically be ddsex by pipe flow. Exact replication of
the eruption periodicity is beyond the scope of thmodel;, more so it is utilized to
demonstrate how the thermo-physical properties @»-B,0 mixtures affect the
development of the flashing depth, £€Bubble volume fraction and eruption velocity.
Details and discussions about this numerical madel given in Appendix B. Input

parameters are provided in Table 7. Fig. 21A prisséhe simulated relationships
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between the flash depth, @Bubble volume fraction, and mixture velocity plesdi with
the inlet velocity at 100 m depth varying from 1sm6 2 m/s. The profiles can be

considered as snapshots of the in-well dynamicsgan eruption.

Table 7.Cold-water geyser numerical simulation input paramse

Model Parameter Value
Length of Well, (L) 100 m
Radius of Well, Ry) 0.05m
Deviation angle of Well, @) 0°
Overall heat transfer coefficient U,, ) 1.0 J/ms°C
Surface Temperature (T| _, ) and 11.85°C
- 0.101 MPa
Surface Pressure @], )
Bottomhole Temperature (T| ) 15.85°C
- 1.101 MPa
and Bottomhole Pressure @], )
H,O and CO, Mole Fraction 0.96, 0.04
(20 and )
Joule-Thomson Coefficient (HO, COy) -0.22, 11.2 °C/MPa
(1,00 AN Tgco,,))
Heat Capacity (H,O, COy) 4.18, 0.84 J/g°C
(Cpiio) ANAC5 o))
Inlet Ve|ocity (Vm|x:0) 1,1.25,1.5,1.75, 2 m/s

The flash depth can be identified by the Qtubble volume fraction when it
deviates from 0. Phase transition occurs at thghdeshere the pure liquid state of the
mixture turns to two-phase with the presence obOrhis transition causes a sharp

increase in the mixture velocity where the accélenas greatest immediately above the
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flash depth. It can be seen from Fig. 21A that loméet velocities result in shallower
flash depths and lead to smaller gaseous @lume fraction and smaller exit velocities
at the surface. We may take the profile with 1 mlst velocity to be a representative of
T2 in Fig. 20. With this, the hydrostatic pressutecreases constantly as the ,CO
continues to degas above the flashing depth. Bey@)dhe decreasing flash depth and
increasing C® bubble volume fraction enhance the velocity ofhbtte mixture and
inlet. Fig. 21A also shows that when the flash Heptaches the deepest level, the exit
velocity reaches the highest, as illustrated innrBig. 20. It is noted that while the inlet
velocity here is treated to be an input paraméates, natural C@driven geyser it will be
governed by the self-enhancing and limiting proesssf an eruption such as bubble

growth and pressure decrease.
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The temperature profiles of the mixture (£K,0) were investigated to understand the
degree of thermal alteration resulting from the,Q@@gassing and thermal conduction
effect (Fig. 21B). As a reference, Fig. 21B alsesgnts the temperature profiles of pure
liquid water where no degassing effect is involviedr this pure liquid water, the effect
of thermal conduction on the water is greatest whih slowest flow rate (1 m/s). It is
shown that when the water, initially at 15.85 °Cgrates from 100 m depth to the
surface, its temperature would drop around 0.5°%ls Ts because the fluid is warmer
than its geological surroundings (at the bottom fined was set to be at a thermal
equilibrium state with its surroundings); when ibves upwards along the wellbore, the
slower the fluid flows, the more heat it loses.contrast, for the fastest moving liquid
water (e.g., 2 m/s) the temperature only drops 80@3iC because it loses less heat to the
surroundings. This trend is also retained for atunex of HO and CQ before reaching
the flashing depth, as shown in Fig. 21B. After flash depth (10 to 15 m), rapid
reduction of temperature occurs because generatioh growth of CQ@ bubbles are
accompanied by the endothermic effect of,@&solution and Joule-Thomson cooling.
The range of temperature reduction was approximdt&°C in this example. Validation
of the temperature changes simulated within a geys&vellbore by field measurements
has yet to be conducted as it requires a multinfdeeasurement points during a single
monitoring period. This warrants the merit of atlfer study as it could provide another

relationship between the G@riven eruptive behavior and its relevant therotanges.
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13.3 Geysering Wellbores in Carbon Capture and Stage Facilities

As proposed by the conceptual model in Fig. 2@pacal wellbore configuration
would provide the conduit geometry required forpgiens. The hydrologic setting of the
geysers studied here would be analogous to a C&bgpture Storage (CCS) site where
stored CQ has leaked into a shallow aquifer. At a CCS ste,intruding CQ plume
could provide the over-pressures required to d@-rich fluids upwards or cause
supersaturation of CCat the formation depth (Pruess, 2008). The hisdbaccounts and
analysis of the wellbore geysers show that eruptioan be fueled for decades and
possibly centuries but whether the periodicity am@nsity will change over time is
difficult to discern (Fig. 4). The MEP at Crysta¢yger highlights the potential for a
wellbore to develop into continuous leakage. Thoughpropose that to sustain such a
long eruption period, the proper geometry or trapsst exist at depth to allow for the
accumulation of Cg)y). Additionally, because Crystal geyser is not cagduhs a surface
area of 289.8 fin contact with water bearing units (Entrada arav&jo Sandstone)
which help sustain discharge for over 24 hours.n@y0b geyser most accurately
represents the eruptions that would be seen atasit€ primarily due to having a casing

which will limit the supply of HO-CGO, and duration of eruptions.

As evidenced by the large difference in emissionC&»r from the presented
geysers, the degree of leakage will be dependem the casing condition, length and
diameter of wells, the C&saturation of fluids, sourcing aquifer conditiqpsessure and
temperature) and, especially, the ratio of eruptivguiet time. Thus understanding the
hydrologic properties of rock units in which welise screened could provide valuable

data for determining the risk for eruptions to acand be sustained for long periods of
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time. The emission of CGrom Tenmile and Chimayé geysers ((6.17+1.73}xi@ and
(6.54+0.57)x1H t/yr) are comparable to that of slowly forming viestine deposits
(Burnside et al., 2013). As determined by Burngtial. (2013), travertine mounds along
the Little Grand Wash and Salt Wash fault systeads deeposition rates ranging (0.10-
8.71)x1G t/yr and (0.20-8.00)xX0t/yr of CO,, respectively. The rate of deposition
(8.71x1G t/yr) from largest travertine mound analyzed byrriide et al. (2013), L4,
exceeds that of Tenmile and Chimay6 geyser buvés a much larger area. Thus, even
small CQ-driven geysers like Tenmile or Chimayd geyser theate small eruptive to
quiet period ratios present, on a spatial scatestiurces of most rapid leakage. While the
discharge of C@from geysering wells has been shown to reach feignt rates, the
conditions which allow geysering to occur are flegtand will not be sustained like
travertine deposition or fault zone &g flux. Furthermore, C@driven geysers are
surficial expressions of leakage already occurimghe subsurface; a very difficult
problem to mitigate. Thus, while wellbores whichvelep into CQ-driven geysers have
the potential to reach significant leakage rathsy tstill present a smaller risk due to

being point specific and easily identifiable phe o,



63

REFERENCES

Allis, R., Bergfeld, D., Moore, J., McClure, K., Mgan, C., Chidsey, T.C., Heath, J.,
McPherson, B.J., 2005. Implications of results fr&@, flux surveys over known CO
systems for long-term monitoring, The 4th Annualn@oence on Carbon Capture and
Sequestration, Alexandria, VA.

Annamalai, K., Puri, 1.LK., 2002. Advanced Thermodymcs Engineering. CRC Press,
Boca Raton.

Assayag, N., Bickle, M., Kampman, N., J., B., 20G@rbon isotopic constraints on €O
degassing in cold-water Geysers, Green River, UEabrgy Procedia 1, 6.

Baer, J.L., Rigby, J.K., 1978. Geology of the CalsGeyser and environmental
implications of its effluent, Grand County, Utahtad Geology, pp. 125-130.

Barton, J.R., Fuhriman, D.K., 1973. Crystal GeyRegject: A Study of Some Alternative
Methods for Eliminating the Salt Contribution ofyStal Geyser from the Green River.
Center for Environmental Studies, Brigham Younguénsity, 55.

Batzle, M., Wang, Z., 1992. Seismic Properties ofePFluids. Geophysics 57, 1396-
1408.

Belousov, A., Belousova, M., Nechayev, A., 2013da6 observations inside conduits of
erupting geysers in Kamchatka, Russia, and thailogecal framework: Implications for
the geyser mechanism. Geology 41, 387-390.

Bickle, M., Kampman, N., 2013. Lessons in carbarage from geological analogues.
Geology 41, 525-526.

Bozzano, G., Dente, M., 2001. Shape and terminiaicitg of single bubble motion: a

novel approach. Comput. Chem. Eng. 25, 571-576.



64

Burnside, N.M., Shipton, Z.K., Dockrill, B., EllamR.M., 2013. Man-made versus
natural CQ leakage: A 400 k.y. history of an analogue forieegred geological storage
of CO.. Geology 41, 471-474.

Celia, M.A., Bachu, S., Nordbotten, J.M., Gasdd&.SDahle, H.K., 2004. Quantitative
estimation of CQleakage from geological storage: analytical mqdalsnerical models,
and data needs, in: Rubin, E.S., Keith, D.W., Gi|g®.F., Wilson, M., Morris, T., Gale,
J., Thaambimuthu, K. (Eds.), 7th International @oahce on Greenhouse Gas Control
Technologies 5. Elsevier, Vancouver, Canada, pp-64.

Doelling, H., 1994. Tufa Deposits in Western Grabaunty. Utah Geological Survey,
"Survey Notes", 26, 28-13.

Duan, Z., Hu, J., Li, D., Mao, S., 2008. Densit@fsCO,-H,O and CGQ-H,O-NaCl
Systems Up to 647 K and 100 MPa. Energ. Fuel. @261.674.

Duan, Z., Sun, R., 2003. An improved model calaatpCO, solubility in pure water and
aqueous NaCl solutions from 273 to 533 K and frotmo @000 bar. Chem. Geol. 193,
257-271.

Friedmann, S.J., 2007. Geological Carbon Dioxidgugstration. Elements 3, 179-184.
Glennon, J.A., Pfaff, R.M., 2005. The operation gedgraphy of carbon dioxide-driven,
cold-water “geysers”. The GOSA Trans. 9, 184-192.

Gouveia, F.J., Friedmann, S.J., 2006. Timing arebiption of CQ eruptions from
Crystal Geyser, UT. Lawrence Livermore National duatory Technical Report, UCRL-
TR-221731, pp. 1-14.

Gouveia, F.J., Johnson, M.R., Leif, R.N., Friedmar®.J., 2005. Aerometric

measurement and modeling of the mass of €fissions from Crystal Geyser, Utah.



65

Lawrence Livermore National Laboratory TechnicapB®, UCRL-TR-211870, pp. 1-
57.

Han, W.S., Lu, M., McPherson, B.J., Keating, E.Mqore, J., Park, E., Watson, Z.T.,
Jung, N.-H., 2013. Characteristics of £diiven cold-water geyser, Crystal Geyser in
Utah: experimental observation and mechanism aeslyseofluids 13, 283-297.

Hasan, A.R., Kabir, C.S., 2002. Fluid flow and he&ansfer in wellbores. Soc. Petrol.
Eng. J., 181.

Heath, J.E., Lachmar, T.E., Evans, J.P., Kolesaf., PWilliams, A.P., 2009.
Hydrogeochemical Characterization of Leaking, Carbioxide-Charged Fault Zones in
East-Central Utah, With Implications for GeologiarGon Storage, in: McPherson, B.J.,
Sundquist, E.T. (Eds.), Carbon Sequestration andRdtle in the Global Carbon Cycle.
American Geophysical Union, Washington, D.C., pp7-158.

Hood, J.W., Patterson, D.J., 1984. Bedrock Aquiferthe Northern San Rafael Swell
area, Utah, with special emphasis on the Navaja§ane, State of Utah Department of
Natural Resources Technical Publication, 78, pp28-

Hu, L., Pan, L., Zhang, K., 2012. Modeling brinakage to shallow aquifer through an
open wellbore using T2WELL/ECO2N. International k@l of Greenhouse Gas Control
9, 393-401.

Hurwitz, S., Hunt, A.G., Evans, W.C., 2012. Tempovariations of geyser water
chemistry in the Upper Geyser Basin, Yellowstoneidwal Park, USA. Geochem.

Geophy. Geosy. 13, 1-19.



66

Hurwitz, S., Sohn, R.A., Luttrell, K., Manga, M.QP4. Triggering and modulation of
geyser eruptions in Yellowstone National Park bstrepiakes, earth tides, and weather.
J. Geophy. Res.-Solid 119, 1718-1737.

Hutchinson, R.A., Westphal, J.A., Kieffer, S.W.,9¥9 In situ observations of Old
Faithful Geyser. Geology 25, 875-878.

Ingebritsen, S.E., Rojstaczer, S.A., 1993. ContavisGeyser Periodicity. Science 262,
889-892.

IPCC, 2005. IPCC Special Report on Carbon DioxidetGre and Storage, in: Metz, B.,
Davidson, O., Coninck, H.C.d., Loos, M., Meyer, L{kds.), Cambridge University, p.
442.

Jordan, P.D., Benson, S.M., 2009. Well blowoutgated consequences in California Oil
and Gas District 4 from 1991 to 2005: implicatidios geological storage of carbon
dioxide. Environ. Geol. 57, 1103-1123.

Jung, N.-H., Han, W.S., Watson, Z.T., Graham, Xin, K.-Y., 2014. Fault-controlled
CO, leakage from natural reservoirs in the Coloradatddlu, East-Central Utah. Earth
Planet. Sc. Lett. 403, 358-367.

Kampman, N., Bickle, M., Becker, J., Assayag, Nha@man, H., 2009. Feldspar
dissolution kinetics and Gibbs free energy depecelen a CQ-enriched groundwater
system, Green River, Utah. Earth Planet. Sc. 8tt, 473-488.

Kampman, N., Bickle, M.J., Maskell, A., ChapmanJHEvans, J.P., Purser, G., Zhou,
Z., Schaller, M.F., Gattacceca, J.C., Bertier,Ghen, F., Turchyn, A.V., Assayag, N.,

Rochelle, C., Ballentine, C.J., Busch, A., 2014illibg and sampling a natural GO



67

reservoir: Implications for fluid flow and C&luid-rock reactions during COmigration
through the overburden. Chem. Geol. 369, 51-82.

Kampman, N., Burnside, N.M., Shipton, Z.K., Chapmé&hJ., Nicholl, J.A., Ellam,
R.M., Bickle, M.J., 2012. Pulses of carbon dioxielmissions from intracrustal faults
following climatic warming. Nat. Geosci. 5, 352-358

Karlstrom, L., Hurwitz, S., Sohn, R., Vandemeulelmg J., Murphy, F., Rudolph, M.L.,
Johnston, M.J.S., Manga, M., McCleskey, R.B., 2(H®RIptions at Lone Star Geyser,
Yellowstone National Park, USA: 1. Energetics angpgon dynamics. J. Geophys. Res.-
Solid 118, 4048 - 4062.

Keating, E.H., Fessenden, J., Kanjorski, N., Konbg., Pawar, R., 2010. The impact of
CO, on shallow groundwater chemistry: observationsaahatural analog site and
implications for carbon sequestration. Env. Eaxcth &0, 521-536.

Keating, E.H., Hakala, J.A., Viswanathan, H., CaréyV., Pawar, R., Guthrie, G.D.,
Fessenden-Rahn, J., 2013. L@akage impacts on shallow groundwater: Fieldescal
reactive-transport simulations informed by obseovet at a natural analog site. Appl.
Geochem. 30, 136 - 147.

Kharaka, Y.K., Ambats, G., Thordsen, J.J., 1997ewvell injection of brine from
Paradox Valley, Colorado: Potential major precipia problems remediated by
nanofiltration. Water Resources Research 33, 10281

Kieffer, S.W., 1989. Geologic Nozzles. Rev. Geoplds 3-38.

Lewicki, J.L., Evans, W.C., Hilley, G.E., Sorey, IM. Rogie, J.D., Brantley, S.L., 2003.
Shallow soil CQ flow along the San Andreas and Calaveras Faulsdifothia. J.

Geophys. Res.-Solid 108, 2187-2200.



68

Lu, M., Connell, L.D., 2014. Transient, thermal lbefe flow of multispecies carbon
dioxide mixture with phase transition during geatad storage. Int. J. Multiphase Flow
63, 82-92.

Lu, X., Watson, A., Gorin, A.V., Deans, J., 2005eddurements in a low temperature
CO,-driven geysering well, viewed in relation to natugeysers. Geothermics 34, 389-
410.

Lu, X., Watson, A., Gorin, A.V., Deans, J., 2006xpErimental investigation and
numerical modelling of transient two-phase flow an geysering geothermal well.
Geothermics 35, 409-427.

Malekzadeh, R., Belfroid, S.P.C., Mudde, R.F., 20L&nsient drift flux modelling of
severe slugging in pipeline-riser systems. Inkultiphase Flow 46, 32-37.

Mastin, L.G., 1995. Thermodynamics of gas and stbkst eruptions. B. Volcanol. 57,
85-98.

Mayo, A.L., Shrum, D.B., Jr., T.C.C., 1991. Factaemtributing to exsolving carbon
dioxide in the ground water systems in the Color&dateau, Utah. Utah Geological
Association, 335-341.

Nicholl, M.J., Wheatcraft, S.W., Tyler, S.W., Bewkitz, B., 1994. Is Old Faithful a
strange attractor? J. Geophys. Res.-Solid 99, 4593-

Noguchi, K., Nix, J., 1963. Geochemical studies soine geysers in Yellowstone
National Park. Proceedings of the Japan Academ@33375.

Oldenburg, C.M., 2011. Health, safety, and envirental risks from energy production:

a year-long reality check. Greenhouse Gases: S&diTach. 1, 102-104.



69

Pan, L., Oldenburg, C.M., Pruess, K., Wu, Y.-S.120Transient C® leakage and
injection in wellbore-reservoir systems for geotogiarbon sequestration. Greenhouse
Gases: Sci. and Tech. 1, 335-350.

Peng, D.-Y., Robinson, D.B., 1976. A new two-constaquation of state. Ind. Eng.
Chem. Fund. 15, 59-64.

Pruess, K., 2008. On GCiluid flow and heat transfer behavior in the sulece,
following leakage from a geologic storage reservénviron. Geol. 54, 1677-1686.
Rinehart, J.S., 1980. Geysers and Geothermal EnSpginger-Verlag, New York.

Ross, K., 1997. Cold Water Geysers in Southern .Utk GOSA Sput 11, 14-15.
Salman, W., Gauvriilidis, A., Angeli, P., 2006. Ohetformation of Taylor bubbles in
small tubes. Chem. Eng. Sci. 61, 6653 - 6666.

Shi, H., Holmes, J., Durlofsky, L., Aziz, K., Diak,, Alkaya, B., Oddie, G., 2005. Drift
flux modelling of two-phase flow in wellbores. Séetrol. Eng. J. 10, 24-33.

Shipton, Z.K., Evans, J.P., Dockrill, B., Heath, Williams, A., Kirchner, D., Kolesar,
P.T., 2005. Natural Leaking G&harged Systems as Analogs for FailedGeologic
Storage Reservoirs, in: Thomas, D.C. (Ed.), Cabaxide Capture for Storage in Deep
Geologic Formations - Results from the OCapture Project. Elsevier, pp. 699-712.
Shipton, Z.K., Evans, J.P., Kirschner, D., KoledarT., Williams, A.P., Heath, J.E.,
2004. Analysis of C@leakage through "low-permeability” faults from wiatl reservoirs

in the Colorado Plateau, east-central Utah. Geo#ébgBociety of London Special

Publications 233, 43-58.



70

Span, R., Wagner, W., 1996. A new equation of siatecarbon dioxide covering the
fluid region from the triplepoint temperature to 1100 K at pressures up toNba. J.
Phys. Chem. Ref. Data 25, 1509-1596.

Spangler, L.E., 1992. Records of wells in sandstme alluvial aquifers and chemical
data for water from selected wells in the Navajaifgy in the vicinity of the greater
Aneth oil field, San Juan County, Utah. U.S. GeaalSurvey, pp. 1-44.
Vandemeulebrouck, J., Roux, P., Cros, E., 2013. g@lmbing of Old Faithful Geyser
revealed by hydrothermal tremore. Geophy. Res. #6tt

Watson, Z.T., Han, W.S., Keating, E., Jung, N.4H1, M., 2014. Eruption dynamics of
CO2-driven cold-water geysers: Crystal, Tenmilesgey in Utah and Chimayo geyser in
New Mexico. Earth and Planetary Science Letters 203-284.

Willhite, G.P., 1967. Over-all heat transfer cogfnts in steam and hot water injection
wells. J. Petrol. Technol. 19, 607-615.

Zhang, Y., 1996. Dynamics of G@riven lake eruptions. Nature 379, 57-59.

Zuber, N., Findlay, J.A., 1965. Average volumetcicncentration in two-phase flow

systems. J. Heat Transfer 87, 453-468.



71

APPENDIX A

1. Kampman et al. 2014, November 2007

D Time oH Major Cations (mmol/L) Maﬂg:nAODiLo)ns Minor
Na* | K" | ca®* | Mg®* | SO | CI" | HCOs | Sr**| Fe*
CGLl | 12:00 | 6.32| 163.569.35|26.13| 9.63 | 25.58 122.7| NP |0.15| NP
CG2 | 12:30 | 6.38| 164.419.37|26.27| 9.64 | 25.47 124.1| NP |15 ND
CG3 | 13:00 | 6.38| 166.219.46(26.11| 9.61 | 25,57 125.7| NP |g15| ND
CG4 | 13:30 | 6.38 169.299.64|26.31| 9.73 | 26.03 120.2| NP |g15] ND
CG5 | 14:00 | 6.38) 169.699.66|25.84| 9.67 | 25.97 127.8| NP |o15] ND
CG6 | 14:30 | 6.37| 168.389.58(26.03| 9.54 | 25.78 122.2| NP |15 ND
CG7 | 15:00 | 6.31 168.879.52|25.94| 9.52 | 25.87 122.6| NP |o15| ND
cG8 | 15:30 | 6.38 170.819.67|25.71| 9.61 | 26.10 129.6| P |0.15| NP
CGY | 1547 | 6.57| 170.659.61|26.33| 9.56 | 26.07 129.3| NP |0.15| NP
CG10| 1555 | 6.57| 162.509.36|26.45| 9.71 | 25.47 123.4| NP |g15/ ND
CG11| 16:02 | 6.55 160.079.22|26.32| 9.64 | 25.03 120.8| NP [0.15 NP
CG12| 16:06 | 6.57| 158.249.12|26.24| 9.64 | 25.01 121.6| NP |g15/ NP
CG13| 16:10 | 6.55 158.099.14|26.50| 9.70 | 24.91 118.8| NP |o15| ND
CG14| 16:16 | 6.55 156.759.07|26.48| 9.76 | 25.21 116.5| NP |g15] ND
CG15| 16:33 | 6.55 148.578.58|26.73| 9.97 | 24.46 112.3| NP [g15| NP
CG16| 17:00 | 6.53] 133.068.09|26.81|10.21/ 23.33| 96.6 | P [0.16| NP
CG17| 17:30 | 6.56| 127.747.82| 26.67| 10.22| 22.94| 97.9| NP |g16| ND




2. Kampman et al. 2014, September 2010 (2010a)

72

Major Anions

D Time | pH Major Cations (mmol/L) (mmol/L) Minor

Na" | K" | ca® |Mg® | SO | CI' |HCOs | Sr** | Fe**
TS001a| 15:55 | NP | 170.89| 5.65 23.879.00 | 23.35| 14151 NP | ND | ND
TS001b| 16:40 | NP | 172.22| 5.71) 24.669.10| 23.79| 139.86 N° | ND | ND
75002 | 16:55 | NP | 16054 5.51 25.209.35 | 23.20| 126.44 NP | ND | ND
15003 | 17:10| NP | 160.13| 550, 23.919.39| 23.18| 126.3¢ ND | ND | ND
75004 | 17:25| NP | 157.69| 5.45 25.489.32 | 22,96 126.76 NP | ND | ND
75005 | 17:40 | NP | 161.28| 559 21.599.66 | 2325 12579 NP | ND | ND
TS006 | 17:55 | NP | 156.52| 5.40] 24.869.35 | 22.80 124.24 NP | ND | ND
75007 | 18:10 | NP | 155.03| 5.43 25.269.34 | 22.75) 12330 NP | ND | ND
75008 | 18:25| NP | 155.06| 5.42| 25.379.44 | 22.96| 122.49 NP | ND | ND
75009 | 18:40 | NP | 15151 536/ 24.389.37 | 22.40 12079 NP | ND | ND
75010 | 18:55 | NP | 151.60| 5.36] 25.129.39 | 2253 119.27y NP | ND | ND
Tso011 | 19:10 | NP | 15053| 533 24.009.42| 2238 117.90 NP | ND | ND
Ts012 | 19:25| NP | 145.71| 520/ 25.229.39 | 22.03 11603 NP | ND | ND
75013 | 19:40 | NP | 141.47| 510 2458938 | 21.64 11528 NP | ND | ND
TS015 | 19:55 | NP | 138.64| 5.05 2457953 | 2159 107.93 NP | ND | ND
75016 | 20:10| NP | 135.80| 4.98) 25.139.50 | 21.33| 108.82 NP | ND | ND
75017 | 20:25 | NP | 134.46| 4.94 2530959 | 2144/ 10612 NP | ND | ND




3. This Study, December 2010 (2010b1 and b2).

BPR/§3¥2010 and B2 is

73

12/15/2010

Date | Time | pH Major Cations (mmol/L) M?:'g:nAODii)ns (nI:/IanOCIJ/rL)

Na* | K* | ca®* | Mg* | SO | CI' | HCOs | Sr** | Fe**
12/13 | 8:57 | 6.53|169.05| 8.12| 22.54| 8.88 | 18.80| 106.33| 61 | 0.15|0.19
12/13 | 9:27 | 6.55|175.34] 8.39| 23.32| 9.28 | 19.79| 113.42| 95 [ 0.16|0.19
12/13 | 9:54 | 6.55|180.56| 8.59| 25.43| 9.23 | 19.86| 114.84| 63 | 0.15|0.19
12/13 | 10:21 | 6.53 | 129.90| 6.18| 21.58| 7.02 | 20.23| 115.29| 77 |0.13|0.14
12/13 | 10:45| 6.56 | 165.82| 7.87| 21.88| 8.51 | 19.89| 114.93] 67 | 0.14|0.17
12/13 | 12:45| 6.59 | 185.69| 8.87| 26.34| 9.76 | 19.99| 113.85| 77 | 0.16|0.21
12/13 | 12:52| 6.51 | 174.97| 8.69| 26.67| 10.04| 19.33] 107.23| 75 | 0.16|0.21
12/13 | 13:02| 6.51 | 174.71| 8.74| 26.87| 10.08| 19.18| 107.69| 57 | 0.16|0.21
12/13 | 13:12| 6.52 | 175.73] 8.77]| 26.99] 10.08| 19.28| 106.19| 77 | 0.16|0.21
12/13 | 13:22| 6.53 | 174.12[ 8.70| 26.60| 10.16| 19.37| 106.74| 76 | 0.16|0.20
12/13 | 13:32| 6.52 | 176.95| 8.89| 27.08| 10.19| 19.43| 107.33] 92 [ 0.16]0.20
12/15 | 10:18 | 6.57 | 153.82| 7.51| 21.40| 9.94 | 19.95| 113.53] 83 [ 0.16|0.20
12/15 | 10:48 | 6.54 | 179.90[ 9.00| 27.38| 10.40| 16.76| 60.60 | 35 | 0.160.20
12/15 | 11:18 | 6.56 | 173.55| 8.87| 27.22| 10.23| 19.57| 106.72| 77 | 0.16]|0.21
12/15 | 11:48 | 6.58 | 164.13] 8.69| 27.56| 10.58| 18.56| 98.77 | 77 | 0.17|0.22
12/15 | 12:18 | 6.55 | 139.41| 7.34| 26.46| 10.70| 17.92| 92.91| 75 [0.17|0.21
12/15 | 12:48 | 6.57 | 150.19| 8.34| 27.93[ 10.77| 17.45| 90.69 | 60 | 0.17|0.21
12/15 | 13:18| 6.57 | 133.69| 7.33| 26.15] 10.88] 17.42| 89.51 | 57 |0.17|0.21
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12/15 | 13:48 | 6.56 | 147.03| 8.32| 28.38| 10.90| 17.22| 87.97 | 54 |0.17]0.22
12/15 | 14:18 | 6.46 | 137.16| 7.80| 27.07| 11.01| 17.83| 89.21 | 73 | 0.17|0.22
12/15 | 14:33 | 6.58 | 132.56| 7.36| 27.30| 11.18| 16.94| 87.02| 55 | 0.18]0.22
12/15 | 14:48| 6.6 | 143.99| 8.20| 28.11| 11.07| 17.21| 87.85| 62 | 0.17]0.22
4. This Study, May/June 2013

_ _ Major Anions Minor
Date | Time | pH Major Cations (mmoliL) (mmol/L) (mmol/L)

Na* K* | ca®* |Mg* |sO | CI” | HCOs | St | Fe*
5/30 | 13:50| ND| 132.49 ND | ND | ND | ND 497 g9 ND | ND | ND
5/30 | 14:02| NP | 12526 | ND | ND | ND | ND | 15337/ ND | ND | ND
5/30 | 14:13| NP | 12558 | ND | ND | ND | ND | 197 19/ ND | ND | ND
5/30 | 14:26| NP | 130.08 | ND | ND | ND | ND | 17945 ND | ND | ND
5/30 | 14:44| ND | 12905 | ND | ND | ND | ND 110933 ND | ND | ND
5/30 | 14:56| ND | 126,74 | ND | ND ) ND | ND 110957 ND | ND | ND
5/30 | 15:30| NP | 136.09 | ND | ND | ND | ND | 158 86) ND | ND | ND
5/30 | 16:02| ND | 128.44 | ND | ND | ND | 'ND | 197 93 ND | ND | ND
530 | 16:30| NP | 12528 | ND | ND | ND | ND 110629 ND | ND | ND
530 | 17:30| NP | 12173 | ND | ND | ND | ND 110459 ND | ND | ND
530 | 18:00| ND | 117.40 | ND | ND | ND 1" ND | 19389 ND | ND | ND
5/30 | 18:30| NP | 118.88 | ND | ND | ND | ND | 194 64| ND | ND | ND
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530 | 19:07| NP | 119.36 | ND | ND | ND | ND 110515 ND | ND | ND
5/30 | 19:45| ND | 11874 | ND | ND | ND | ND | 19357/ ND | ND | ND
5/30 | 20:36| NP | 12247 | ND | ND | ND | ND 110447/ ND | ND | ND
5/30 | 21:10| NP | 130.417 | ND | ND | ND | ND 1104 46] ND | ND | ND
5/30 | 21:40| NP | 108.39 | ND | ND | ND | ND | 194 35/ ND | ND | ND
5/30 | 22:15| ND | 10831 | ND | ND | ND | ND | 1950/ ND | ND | ND
5/30 | 22:45| ND | 11276 | ND | ND | ND | ND 110559 ND | ND | ND
531 | 9:20 | ND | 106.15 | ND | ND | ND | ND 1191 g5/ ND | ND | ND
5/31 | 10:00| NP | 107.25 | ND | ND | ND | ND 1191 56 ND | ND | ND
5/31 | 10:41| ND | 108.99 | ND | ND | ND | ND 119599 ND | ND | ND
5/31 | 11:35| ND | 107,04 | ND | ND | ND | ND 1191 59 ND | ND | ND
6/3 | 14:40| ND | 13572 | ND | ND | ND | ND | 135 g5 ND | ND | ND
6/3 | 14:53| ND | 12087 | ND | ND | ND | ND |97 57 ND | ND | ND
6/3 | 15.07| ND | 11802 | ND | ND | ND | ND | 14545 ND | ND | ND
5. This Study, May/June 2014
_ _ Major Anions Minor

Date | Time | pH Major Cations (mmoliL) (mmol/L) (umol/L)

Na* K* | ca®™ [Mg® |sO” | CI” | HCOs | Sr*f | Fe*
5130 | 12:35| 6371 12778 7.0 | 22.79 7.6 | 21.74 gg 93| 60.0 | 163| 207
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5130 | 14:a6] 635 | 12409 | 6.9 | 21.97 7.4 | 21.75 gg, | 69.0 | 164] 208
5130 | 1645| 643 | 106.3g | 70 | 22.76 7.6 | 21.87] gg 15| 67.0 | 165 209
5/30 | 1859| 646 | 10965 | 72 | 23.04] 7.8 | 21.34 g5 g5 | 70.0 | 160| 204
5130 | 20.45| 65 | 12659 | 7-1 | 2276 7.7 | 2159 g7, | 71.0 | 164| 213
531 | 900 | 639 | 13879 | 76 | 23.37 8.1 | 21.88 gy 39| 70.0 | 159| 193
531 | 1057| 642 | 138.66 | 7-6 | 2340 8.1 | 22.07 g7 4| 680 | 160| 189
/31 | 1515| 64 | 133.40 | 7-3 | 2231 7.6 | 21.98 g3,1| 68.4 | 159| 191
5/31 | 17.45| 636 | 13g.49 | 7-6 | 2315 7.9 | 22.63 g5, | 70.4 | 160| 196
5131 | 2022| 636 | 13983 | 7-5 | 23.09 7.9 | 2224 g3 gc| 68.4 | 158| 193
61 | 905 | 63 | 13083 | 73| 2182 7.4 | 2215 g, 0, | 724 | 156] 157
6/1 | 1157 | 636 | 14163 | 77 | 23.07 7.9 | 22.04] g, 44| 648 | 157| 145
6/1 | 15:26| 634 | 1390g | 7-5 | 2247 7.6 | 23.01 g9 99| 70.8 | 160| 141
6/1 | 1822| ND | 13934 | 75| 2200 7.4 | 2207 g5,7| ND | 160 214
61 | 21:17| ND | 14866 | 7-8 | 2284 7.7 | 22.49 15354 ND | 159| 216
62 | 911 | 63 | 16043 | 82| 2335 7.7 | ND | p | 744 | 163] 225
6/2 | 12:04| 64 | 16440 | 842339 79 | ND | \p | 780 | 158] 227
62 | 15:00| 638 | 16140 | 82 | 2289 7.6 | 23.63 11, 15 728 | 160| 224
6/2 | 17:58| 658 | 164.05 | 84 | 2322 7.7 | 23.82 113 4| 73.6 | 159] 200
6/2 | 20:53| 651 | 16177 | 82 | 22.96 7.5 | 24.23 115 35| 73.2 | 161| 206
6/a | a5 | 637 | 10602 | 71| 2269 81 | ND | g74,| 69.6 | 161| 228
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6/a | 1045] 64 | 13606 | 7.7 | 2357 86 | 21.78 gggs| 70.8 | 156] 210
6/a | 12.45| 627 | 13351 | 75 | 2325 8.4 | 21.62 gg 44| 736 | 159] 220
6/4a | 16:35| ND | 16401 | 84 | 2382 82 | 2380 11175/ ND | 160| 217
65 | 902 | 632 | 14116 | 77 | 2327 84 | 2240 g4 69| 752 | 160| 223
65 | 12:00| 632 | 13914 | 7.7 | 23.03 82 | 21.86 og,7| 68.8 | 157| 218
6/5 | 15:15| 63 | 14335 | 78 | 2348 84 | ND | p | 784 | 157| 216
65 | 18:15| 633 | 14708 | 79| 2422 86 | ND | p | 768 | 158] 211
65 | 21:08| 635 | 14683 | 79| 2418 85 | ND | \p | 66 | 156| 221
6/6 | 12:02| 633 | 14547 | 79 | 2364 83 | 22.28 45,,| 68.0 | 178| 209
6/6 | 735 | 635 | 15400 | 82| 2313 8.1 | 2311 15543 764 | 158] 191
6/6 | 10:33| 634 | 16277 | 85| 23.88 8.4 | 2311 ;559 76.0 | 157| 191
6/6 | 13:34| 636 | 16465 | 86 | 24.02 8.4 | 2374 11, ., 80.0 | 159] 192
6/6 | 19:44| 635 | 16757 | 86 | 2372 83 | 2332 11394 844 | 158] 191
6/6 | 2322 | 639 | 15977 | 83 | 22.96 7.9 | 23.74] 113 49| 74.0 | 156] 195
6/7 | 14:32| 638 | 16889 | 87 | 23.91 83 | 23.74 11455 76.0 | 157| 196
6/7 | 15:01| 642 | 14906 | 82 | 23.86 8.4 | 22.28 159 45| 69.2 | 152| 206
6/7 | 15:46| 637 | 14868 | 81| 23.69 83 | 22.28 154 57| 76.4 | 162| 204
6/7 | 16:45| 639 | 14602 | 80 | 23.94 85 | 22.28 45,5 | 744 | 158] 205
6/7 | 17:45| 638 | 14182 | 79| 2430 86 | ND | p | 748 | 164] 207
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APPENDIX B
A Non-isothermal Flow Model for CO,-Driven Cold-Water Geysers

1. Basic Assumptions

a)

b)

It is assumed that the fluid in the cold geysex mixture of water and carbon
dioxide. Namely, only water (D) and carbon dioxide (CDare present there
and other fluid species (e.g., other gases), if arg/not considered.

It is assumed that in this fluid mixture @€an dissolve in water, but water does
not dissolve in C@ This assumption can be justified because therlptbcess is
significantly smaller in comparison with the fornmre in the range of
temperature (10~2@) and pressure (0.1 ~ 2 MPa) concerned in this/stud
The content of C@in this mixture is small, i.e., its mole (or mafsiction is
significantly less than 1 (while its volume fractioan be very large because the
density of the gaseous G@ much smaller than that of water).

Flow is one-dimensional (in well).

Strictly, when gaseous G@ present in the mixture, the pertinent gas-phase
velocity is distinct from its liquid-phase countarpbecause of the buoyancy
effect. However, in this study we will neglect 8lg effect between the two
velocities, and use the routine homogeneous muadhéth assumes that the two-
phase mixture moves in the mean velocity withowst effect. A further
discussion on this issue is given in “drift-flux de” in Section 4 of this

Appendix.

2. Flow Equations

The general flow equations can be found in Malekhaet al (2012) and Lu and

Connell (2014). The flow equations given below expressed with the homogeneous

model addressed-above [Assumption (e)]. It is nthetl S.1. units are used throughout

the text unless stated otherwise.

Mass balance equation
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0 0
o (Pan) =0 (5)

Momentum balance equation

d d d _ Ve
E(pmvm)"'&(pmvr%)"'&p:_pmgsme_ fmpArm—R: (6)

In Egs. (5) and (6}, represents timandx denotes the one-dimensional coordinate
along the length or depth of the well, with upwapdsitive and the inlet (the bottom hole
of the geyser) set to be the origim; denote the density of the mixture, which can be

further described by, = f_ p_ +(1- f_ ) ps, Wheref_ is the liquid volume fractiona and

pc the density of water and GQespectively. In Egs. (5) and (&), represents the

average velocity of the mixture apdhe pressuref,, is the frictional coefficient of the

fluid, @ the inclination angle of the well, arig}, the radius of the well.

Energy balance equation

At )

~VinPmSING ———

—M 4y, .
m pm at ”R/vvm

My Moy (D D) 12D
™ at OX

Here,h, denotes the specific enthalpy of the mixtureharacterizes the thermal
exchange between the fluid and its surroundingg;twivill be further discussed in
Section 4 of this Appendix.

To obtain the energy balance equation for this-BgD system, one can formally let

the enthalpy of the mixtura, be expressed by
M = h (PG 4g) - (8)

Here,h. andhg is the specific enthalpy forJ@ and CQ, respectivelydy is the mole

fraction of CQ dissolved in the mixture.

Expanding Eq. (8) with respect fg into a Taylor series, one finds

o =ho (R 2 =0)+ Ol 7 )
Ol o
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with a first order approximation, wherg <<1 (Assumption-c). Clearly,

hn (h..hg ;44 = 0) means no dissolution of Ghto water, and in this case for the
immiscible system it can be expressednyh, ,hs ;44 = 0) =2z h_+z;hs, Wherez, and

Z; stand for the mole fraction of water and carbaxitdie, respectively; Clearly,

z +75=1. oh,/04 in Eq. (9), denoted byh, here, is actually the dissolution heat of LO
in water. Then, Eg. (9) can be described by

h=2h +7h +Ah -7y (10)
Eq. (10) can also be expressed by the mass-basateqoart, and in that casg, , zg
and g are the corresponding mass fractions.
Differentiating Eq. (10) one obtaids,, = z dh +z;dh; +Ah,-d 4, + 4, -dAh, while
dh, =C,dT -7Cpudp, (k=L,G). Here,Cy (k= L, G) are the heat capacities at constant

pressure for water and carbon dioxide, respectialy i (k= L, G) the pertinent Joule-

Thomson coefficients of them. Substitution of thegaations into Eq. (7) yields

0 p P, Mn +Vr2n%:_ ,gsing (11)

T or
FmE'FVmFm&—AmE—VmAm&'FVmE

Here, T, = Cpyn + 44 (0AN /0T ) + Ahg (024 /0T ) @nd A, = B, + A4 (0Ahs /op) + Ahg (624 /0P)
while C,,,=2C, +7;Cyc and g, =z Cp 1 +2:Cpoiic -

It is noted that the dissolution (exsolution) haht, is usually determined by a single

state argument, either by temperature or by pressoerely. Thus one has either
oAh,/op=0 or oAh,/dT =0 accordingly.

3. Equations of State (E0S)

a) For water

d
deL=ZL (PL _pL,O)' (12)
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Here, y, is the compressibility of the water apd, represents the density of water at a

reference state.
b) For carbon dioxide

We use the Peng-Robinson equation of state toibdesitrePVT-behavior of carbon
dioxide. Details of this equation of state can bend in the original work of Peng and
Robinson (1976) or Annamalai and Puri, (2002).

4. Supplementary Relationships

a) Drift-flux model

The flow equations described by Egs. (5) to (7)ased on the homogeneous model
[Assumption-(e) in Section 1 of this Appendix]. Dhetically, since the gas and liquid
phase velocities are distinct, one needs to ingatpoa drift-flux model (Zuber and
Findlay, 1965) into the pertinent flow equation$iere two velocities for gas and liquid
phases are involved (e.g., Malekzadeh et al, 20d8)vever, as discussed in Lu and
Connell (2014), introducing a drift flux model (e.ghi et al, 2005) would lead to
mathematical discontinuity or singularity at trarmsi borders of flow patterns or when
the liquid volume fraction approaches zero. Therefa simplified, decoupled procedure

is presented here to estimate the drift-flux effedtich is addressed below.

1) First, the flow equations described by Egs. (5]Ap[equivalently, by Eq. (11)]
are solved, which allows one to obtain the averagyecity of the bubbly flow and
the liquid volume fraction.

i) Then, the relationship between the superficial wgecity (vy) and the average

velocity v, (e.g. Hasan and Kabir, 2002)

=19 13
T (13)

is used to evaluate the superficial gas velocitfi ad v, are known. HereCo andv.,

are two empirical constants.

b) Dissolution (exsolution) heat of CO, in (from) water
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The equation given in Carroll et al (1991) is usehich is

AgnH (= Ahy) =106.56- 6.2634 1@%+ 7.4%5 i@T—12 (14)
c¢) Dissolution law of CO,

Xco, =H (T)p or Xco, = F’/F)csca)lt2 (T) (15)
Here, x_, is the mole fraction of COdissolved in watertH(T) the Henry coefficient,

and P (T) denotes the saturation pressure curve of. CO

d) Mass balance between components

Let n=n_+ng, wheren is the total mole number of the systamthe mole number of
the liquid phase ands the mole number of gas phase; letn /(n_+ng) denote the

mole fraction of liquid in the liquid-gas systemhén, from the mass balance of

Components one has
(1-2)Yh,0 + AXu,0 = 2, (: zﬂzo), (16)
(1-4)Yco, + AXco, = Zs (: zgozp ) . (17)

Here, x, o, and x, are the mole fraction of water and carbon dioxiudiquid phase,
while y,, o, and y.,, are their counterparts in gas phase, respectivelizgs. (16) and
(A7), z,, and z , are the initial mole fraction of water and carbdioxide,

respectively.

e) Determination of mole fraction of liquid A
According toAssumption- b addressed previously, one has
¥u,0 =0 (H20 does not dissolve in GD 18]
and

Yu,0=0 (gas phase is entirely composed ofLO (129)

Substitution of Eqgs. (18) and (19) into Egs. (16J §17) gives
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AXy,0 = ZEIZO (20)
and

(1-2)+ %o, = 20, (21)

With Eq. (15) one finds

2=(1-2, ) /{-[ p/REL(T) | (22)

Also, one can obtain
Xy,0 = 28120 {l—[ p/pcsgt2 (T)]}/(l— Zgoz) (23)

f) Relationship between gas mass fraction Xmasc and 4

Let m=m +m;, wherem is the total mass of the system, the mass of the liquid
phase andns the mass of gas phase; lgf.; =m;/(m +m;) denote the gas mass

fraction in the liquid-gas system. One can therehav
XmassG = [Wco2 (1_ /1)J/(2802Wco2 + 29 L0 WH p) (24)
Here, w,,, andw, . is the molecular weight of carbon dioxide and watespectively.

g) Thermal exchange effect q

The thermal exchange effect between a flowing fand its surroundings, namely, the
heat flux termq in the relevant energy equation, may play a sicgmit role in
determining flow scenarios in wellbores. The sirspkpproach to its evaluation is based
on the steady heat conduction model (e.g., WillHif67; Hasan and Kabir, 2002), which

can be expressed liy=—27R, U, (T, -T,, ), whereR,, is the tubing outside radius,,
is theoverall heat transfer coefficient, T, is the local temperature of the fluid, amg is

the temperature at the wellbore formation interféeg., see Hasan and Kabir, 2002 for

details).
5. Initial and Boundary Conditions

a) Initial Conditions



85

We use the solution for steady flow to be the ahitiondition. That is, simply letting

a(g)/atzo in Egs. (5), (6), and (11) and then solving theipent flow equations with a
specific geothermal gradient, one may obtain thetem for the steady flow required.
b) Boundary Condition

The boundary flow condition is specified at theetnlof the well, i.e., at the
bottomhole of the well. We assume that the fluidthe subsurface is approximately
under an isenthalpic condition. Then, the variabdbriemperature of the fluid there can

be related to pressure through

d
) _ 0w _ 1 (25)
dr at bottomhole dTWb T

Here, 7, denotes the effective Joule-Thomson coefficierthefHO-CO, mixture.

Suppose that the temperature of the fluid in thlesstface is perturbed (e.g., a

warmer fluid coming in from deeper places), so that
Tuo = T + T (1) (26)

Then pressure will also be perturbed accordinglgcokding to Eqg. (25), we may

(approximately) have

B (1) = Pl + 6T, (1) 27)

m
Here, p%, andT), is the unperturbed pressure and temperature dluide respectively.

Accordingly, the perturbed velocity of fluid can éstimated in terms of
1
Vi (£) = Vi +——5— R To (1) (28)

where . is the unperturbed velocity of fluid, arif}, is the productivity index of the

wellbore.
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