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ABSTRACT

During the most recent circulating flow test
of the Fenton Hill Hot Dry Rock (HDR)} geo-
thermal reservoir, the geochemical behayior of
the produced fluid was monitored continuously
to determine in= concentrations of dissolved
anions and cations and dissolved gases.
Chemistry results have aided in the develop-
ment of reservoir models and in the
determination of potential chemistry-related
operation problems such as corrosion and gas
nandling in future energy extraction tesgs.
Results of two radioactive tracer experiments
suggast flow through a large, highly-fractured
region of rock., This rock volume is equiva-
lent to a sphere of diameter approximately
equal to the separation distance between the
injection and production points in the two
wells,

INTRODUCTION

A 30-day clos=21-199p circulation test of the
current HDR reservoir at Fenton Hill, NM has
been performad o datermine the hydraulic,
seismic, and chemical characteristics of the
reservoir, 1in anticipation of a Jlong-term
energy extraction test scheduled to start in
January 1988. Hendron (1987) summarized this
flow test, focusing on the overall reservoir
performance, The present study examines the
geochemistry and tracer results obtained from
continuous sampling of the production fluid
and the injection of radiocactive tracers to
measure fracture volumes and dispersive char-
acteristics.

GEOCHEMISTRY OF THE FLOW TEST
GEOCHEMISTRY DATA

Sampling Apparatus and Procedures: The ap-
paratus used to collect produced fluid gas and
liquid samptes is shown in Figure 1. Hot,
prassurized fluid from a sidestream off the
production welthead flowed to a small chem-
istry laboratory containing this equipment,
The fluid was cooled under prassure in a heat
exchanger and directed to the various
apparatus in the figure either manually or
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automatically, depending on the

sample being
collected, Filtered and

unfiltered 1liqui

samples were collected manually through
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figure 1. Schematic of the sampling apparatus
for production fluid 1iquids and gases.

the ports labeled 1 and 2, Alternatively,
fluid passed through an instrumented manifold
kept at a pressure sufficient to prevent
degassing. The eH, pH, and electricatl
conductivit¥ of the fluid were recorded
automatically in this manifold. The gas
separation equipment on the right side of the
figure supplied gas samples for the gas chro-
matographic and radon analyses. This
separator was operated continuously, with gas
samples directed periodically to the gas chro-
matograph after passing through a cold trap to
remove any remaining moisture., In addition,
the 1liquid effluent from this separator was
directed to the gamma counter during the
radioactive tracer experiments.

The other gas separation unit was used to
simultaneously measure gas and liquid flow
rates to obtain the gas mass fraction in the
produced fluid. The separator was manually
adjusted to achieve a constant 1liquid Tlevel
and gas flow rate, and the gas and liquid flow




rates were measured simultaneously. Since the
gas was predominantly CO2, the concentration
of €0, (in weight percent) in the produced
fluid was determined directly.

The procedures employed at Fenton Hill for an-

alyzing gas and liquid samgles_ for dissolved
anions, cations, gas concentrations, suspended

solids, and other species is described in
detail elsewhere (Trujillo et al., 1986).

Major Dissolved Specias: Figure 2 shows the
concentration-time behavior of the major dis-
solved anions and cations in the produced
fluid., Table 1 shows the concentrations in a
sample collected six days into the flow test,
after the geochemical behavior had reached a
quasi-steady state. The concentrations of
most species are 2-3 times higher than in
arevious shallower reservoirs, probably be-
cause of higher reservoir temperatures and a
larger contribution from the in situ pore
fluid., The total dissolved soTids value of
4300 ppm, equivalent to ijonic strength I =
0.05 m, is low enough that major brine han-
dling problems are not expected.
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Figure 2. Concentration-time behavior of the

major dissolved species 1in the production
fluid,

Non-Condensable Gas Analyses: Gas analysis
consisted of total gas tlow rate (Figure 3)

and 3as chromatograph analysis of the dry gas
composition, After the initial transient in
the first few days of the flow test, the

average gas flow rate was about 0.2% CO, by

weight., Dismissing the high gas flow rates
during a nitrogen injection experiment on day

20, the highest values were observed during
the experiment start-up. The high valtue of
0.9% is the best estimate of the CO, concen-

tration in the pore fluid. Higher gas

concentrations may have been present during
periods of two-phase flow, but our sampling

apparatus did not enable us to obtain a repre-
sentative sample of the fluid during two-phase
flow.

Gas chromatograph analyses determined the dry
gas to be predominantly CO0z (typically 90-

95%), with lesser quantities of N2, and minute
amounts of H2S, 02, and occasionally CHy and
CoHs.

Table 1.

Typical lon Concentrations
(Sample Collected on Day 6)

Component Concentration {ppm)
As 0.6
B 48
Br 115
Ca 42
Cl 1814
F 104
Fe 2.1
HCO3; 408
K 114
Li 234
Na 1180
pH 5.79
SiO, 452
SO, 183
TDS 4300 I = 0.05m)

INTERPRETATION OF GEQOCHEMISTRY

Time-Depandent Behavior: When fluid of dif-
ferent concentration than the underground pore
fluid s injected into a circulating HOR
reservoir, the resulting produced fluid geo-
chemistry behaviar will he governed by three
mechanisms: 1) displacement of the downhole
fluid by the injected water, 2) rock-water
dissolution, precipitation, or alteration
reactions, and 3) adsorption of chemical
species on the reservoir rock. Throughout
most of the flow test, the downhole, injec-
tion, and makeup fluids were all at similar
concentrations (approximately those listed 1in
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Table 1). Howevar, early in the test the
inlet and outlet concentrations were differ-
ent, and can be interpreted most effectively

by defining a non-dimensional concentration C*
(Grigsby, 1983):

c-¢C
in
C*¥ = ——— (1)

where Cin is the injection concentration and
C0 is the initial produced fluid concentra-
tion, which is the true downhole concentration
of the component if the sample is collected

immediately after the wellbore fluid is dis-
placed. The most common behavior is that of
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Figure 3., Dissolved C02 concentration in the
production fluid,

an inert, nonadsorbing species, which behaves
like a tracer for a negative step change in
injection concentration, Injected fluid

gradually sweeps the concentrated underground
pore fluid from the reservoir until the pro-

duced fluid concentrations approach the
injection values (Figure 4). Chloride ion,
Cl, as well as B, Br, X, Li, Na, alectrical
conductivity, and total dissolved solids all
fall in this category.

Two other characteristic concentration-time
responses are exhibited in Figure 5., The
dissolved silica concentration remained

constant during the initial sweep of pore
fluid from tne reservoir and throughout the

antire 30 day test, Quartz dissolution
supplies a constant source of silica to the
undersaturated injection fluid, allowing the
solution to reach equilibrium in one pass
through the resarvoir, The third type of
time-dependent behavior is for species whose
concentration decreases to a value below the
injection value, This result implies con-
sumption of the component, either by
adsorption on the rock surface or precipi-
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Figure 4. Dimensionless concentration versus
produced fluid volume for inert species during
initial reservoir operation. Concentrations
start at high downhole values and decline to
injection fiail concentration,
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Figure 5, Different types of concentration-
volume behavior observed during initial
reservoir operation.

tation reactions. Divalent cations such as Mg
clearly show a propensity to adsorb on

granite, and, as shown in the figure, fall
into this third category. Calcium, bicarbon
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ate, and iron also exhibit this behavior,
though the mechanisms for these three com-
ponents are as yet unclear, Finally, a few
species such as Ba, Mn, and SOu4 exhibit
anomalous time dependences which have not been
explained.

Sources of Dissolved Species: The origin of
dissolved species in hot dry rock geothermal
fluids has been treated by Grigsby et al.
(1983). The two primary sources of dissolved
species are displacement of downhole pore
fluid and dissolution of minerals., Current
models postulate a continuous extraction of
the original pore fluid from the fractured
rock mass over long periods of time, The most
compelling argument supporting this theory is
the presence and continued supply of chemical-
]{ jnert species such as boron and chioride,
which are not found in the reservoir granite
and hence are not supplied by a dissolution
reaction,

Since most reservoir fluid samples are com-
posed of the original downhole fluid after
dilution with injected fluid, true values of
the pore fluid concentrations are difficult to

obtain., Grigsby (1983) has demonstrated that
even when the pore fluid is dijuted, the
ratios of idons in solution should remain
constant for «conservative species supplied
only by pore fluid, rather than by mineral
3001
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Figure 6. B versus Cl1 for fluid samples
collected in the Fenton Hill HDR reservoir

over the past eight years,

dissolution or alteration. When the concen-
tration of one component is plotted directly
against another, the data should fall on a
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single straight line if the source of the pore
fluid is the same., Figure 6 is a plot of B

versus Cl for the latest flow test and pre-
vious Fenton Hill circulation experiments and
events of the past eight years. The new data
all fall .on the same straight lines as those

for other fluid samples collected at Fenton
Hill, The evidence now even more strongly

supports the pore fiuid hypothesis and sug-
gests that a single underground fluid supplies
the consarvative species found in fluid
samples at the Fenton Hill site.

Rock-water reactions are also important in the

production or consumption of some species.
For example, quartz dissolution controls the
concentration of dissolved silica in the

production fluid, The constant concentration

measured during the flow test implies that the
kinetics of quartz dissolution were rapid

enough for the fluid to reach saturation in

one pass through the system. Robinson (1982)
measured the rate of quartz dissolution as a

function of temperature and rock surface area
and determined the following relation:

E__.‘_C__] = -ka*t

— (2)
¢ - Cin

e =1n[

where a* is the quartz surface area to fluid
volume ratio (qu/b for a flat fracture, where

b is the fracture aperture and f_ is the

fraction of quartz present in the granite), C°
is the saturation concentration, and k is the
rate constant for dissolution, To obtain 2

minimum value for a*, or a maximum value for
the average fracture aperture, the following

values will bhe used:

3 = 0.1 (equivalent to the dissolu-
tion reaction reaching 90% of its
equilibrium value)

t = 10 hr (the residence time at the
peak tracer response)

k = 4.,13x10°8 m/s at 250°C (Robinson,
1982)

f = .

q 0.3

1

These assumptions yield a* = 1550 m or b
0.4 mm. In other words, the average aperture
encountered by fluid should be no greater than
about 0.4 mm, and quite possibly less in order
for the system to reach saturation with re-
spect to quartz 1in one pass through the
reservoir, Future models for the permeability
and tracer behavior of the reservoir must be
consistent with this information.

Another set of reactions affecting the pro-
duced fluid chemistry is the dissolved carbon
dioxide-bicarbonate equilibrium reactions,
which are coupled to the calcite dissolution
reaction, Carbon dioxide is present in the
underground pore fluid and is produced along
with other pore fluid elements. If calcite
(calcium carbonate, CaC03) 1is present, its
solubility is also affected by the presence of



dissolved CO,. For a COp-rich fluid in equil-
ibrium with calcite, the following chemical
reaction applies:

CaC0, + H,0 + COz(g);:: Ca2+ + 2HCO; (3)

with equilibrium constant K_._. equal to

eq
2
Yca Yhco, L[CallHCOs ]
P
co,
The concentrations are in mol/1, the y's, the

activity coefficients, are related to ionic
strength and temperature using the Debye-

Huckel equation (Henley et al., 1984) and
PCOZ’ the partial pressure of C02 is given by

(5)

K

eq (4)

P =K, x

co H ~CO

2 2

where KH’ the Henry's law constant for CO2, is
a function of temperature, and Xco is the
2

fraction of CO2 in the 1iquid. Using the
measured values of all concentrations, and
expressions supplied by Henley et al. (1984)
for K, and the y's, we may iteratively cal-
culatg the equilibrium temperature at which
these dissolved species were produced. For
the 75 samples analyzed, the average calcu-
lated temperature was 211°C, with a standard
deviation of 16°C. These temperatures are in
reasonable agreement with the measured down-
hole production temperature of about 232°C,
suggesting that for a given downhole PC02’

calcite dissolution 1is governing the equili-
brium between dissolved C0,, bicarbonate ion,
and Ca. As significant éﬁanges in downhole

temperatures occur due to thermal drawdown or
exposure of hotter fluid flow paths, corres-

ponding changes in these concentrations should
also occur, However, to use these equilibrium
reactions to evaluate reservoir temperature
patterns, further refinements of the calcula-
tions will be required to explain the 20°C
discrepancy between the actual and average
calculated temperatures.

Geothermometer Readings: Since rock-mineral

dissolution or alteration reactions are temp-
erature dependent, the concentrations of
certain dissolved species will depend on

temperature, The calculations just presented

are_one exampie, Two more commonly used chem-
ical geothermometers which exploit this
temperature sensitivity are the quartz and

Na-K-Ca geothermometers. These two measure-
ments are shown for samples . collected
throughout the flow test in Figure 7. The re-
corded geothermometer temperature for quartz
dissolution of about 250°C agrees fairly
closely with the actual downhole temperature.
The reactions governing the Na-K-Ca geother-
mometer do not reach equilibrium in short
times, however, Thus, since the produced
fluid is a mixture of the injection fluid and
underground pore fluid, these geothermometer
readings are not as precise., The Na-K-Ca

temperatures decrease
known rock temperature to a somewhat lower

value. In future work we will model this
behavior, as well as the carbon dioxide-

bicarbonate equilibrium reactions, as the
mixing of fluids of different concentrations
and temperatures to attempt to determine what
concentrations and flow fractions are required
to match the results.

from essentially the

CHEMICAL EFFECTS ON OPERATIONS

Corrosion Studies: Due to the large number of
metal hardware failures attributed to metallic
corrosion during the drilling of the injection
and production wellbores, corrosion monitoring
was performed during this flow test. Of
greatest concern are the high temperatures,
gas concentrations, and concentrations of cor-
rosive ions such as C1 .
test provided data for future surface
design.,

This one month flow
loop

Corrosion coupons were placed on side streams

off the mainstream flow on both the hot and
cold sides of the heat exchanger. Each sta-

tion contained two coupons attached to a
coupon holder of sufficient length that the

coupons were exposed to a representqtive
sample of the fluid. The coupons were orient-

ed parallel to the fluid flow to avoid
possible corrosion due to erosion. Shutoff

valves placed at both stations allowed the
coupons to be removed periodically. Pressure

taps were placed at the entrance and exit
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"Figure 7, Silica and Na-K-Ca geothermometer

temperatures,

points of the side stream piping to direct the
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fluid flow to the coupons. The coupons were
analyzed periodically for corrosion rate (by
measuring coupon weight loss over a specified

time, typically 150 hr), type of corrosion,
and scale formation,

The corrosion rates at various times during
the flow test are presented in Figure 8., The
more rapid corrosion rates occurring on the
hot side of the heat exchanger are due to the




increased temperature, which 1increases the
attack of metal hardware by elemental species
present in the production fluid. The highest
corrosion rate of 15 mils per year (mpy),
occurring with the second set of coupons, will
be used as the design criterion for the sur-
face equipment for future tests. In the final
set of coupons, the hot-side corrosion rate
decreased dramatically, We attribute this

result to equipment malfunctions which pre-
vented 1iquid flow from reaching the coupons,

The type of corrasion observed on both sample
stations was generalized and uniform, This
behavior is typical of metal exposed to acidic
fluid under flowing conditions. The only
deviation from this pattern was in the final
set of coupons on the cold side, where the
corrosion rata iacreased and extensive pitting
was observed., This anomalous behavior is
probably due to the increase in dissolved
oxygen observed at this time,

When assessing the potential for corrosion
damage in geothermal systems, the type of
corrosion is more important than the rate of
metal dissolution. A high concentration of
€17 or dissolved 0, induces pitting, which
increases potential equipment failures drama-
tically. The tack of heavy pitting on our
corrosion coupons suggests that materials will
not be subjactad to severe corrosive attack.
Nonetheless, surface hardware durability and

performance in future flow tasts can be en-
nanced with appropriate corrosion treatment.
Alternatively, corrosion-resistant wmaterials
or heavy-walled pipe could be used, but in our
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Figure 8, Corrosion rates measured on the hot

and cold sides of the heat exchanger. Each
value is obtainad from a weight loss determin-
ation for a coupon exposed to fluid during the
times labelled.

case the cost advantages of light carbon steel
equipment outweigh the possible benefits of
these approaches, particularly if dissolved
gases are handled properly. To minimize
corrosion during longer periods of operation,
dissolved oxygen in tie injection fluid will
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PRESSURE (psi)

be kept low (in the parts per billion range)
by injecting an oxygen scavenger such as
ammonium bisulfite or hydrazine.

Gas Handling: To keep a geothermal fluid con-
taining dissolved C0p single-phase, the total
system pressure must be greater than the sum
of the partial pressures of CO2 and water:

P>P + P (6)

o, " W

This expression is valid for a closed system

not open to the atmosphere. The partial

pressure of water, Pw, is approximately . equal

to its vapor pressure, The term PCO is a
2

of the concentration of CO, in the

§%ant Kys

as given by Ega. {5). The constant Kq and Pw
are both functions of temperature, Figure 9
shows the minimum pressure required to keep
the solution a single phase 1liquid for

different temperatures and concentrations of
dissolved COZ.

function
liquid phase and its Henry's law con
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Surface Loop P vs. T Behavior
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Figure 9.
H20
concentrations and temperatures.
is a typical (P,T) curve for an
fluid passing through the
equipment.

Pressure required to keep a CO2
solution single-phase for different CO;
Dotted line
element of
surface 1loop

During most of the flow test, dissolved C0»

remained in the liquid phase and was reinjec-
ted after energy extraction. A simple cal-

culation or use of Figure 9 shows why this was
possible,



The dotted line in Figure 9, representing the
pressure-taaperature behavior of fluid in the
surface loop, shows that only fluids with dis

solved CO2 concentrations yreater than 0.7%
will cause flashing. For the typical value of

0.2 0.3%, mixture will remain a single
phase, Occasionally, new regions of the

reservoir were accassad and a transient period
of high CO, concentration occurred. Phase

separation in the production wellbore prevent-
ed us from collecting a rapresentative sample,
but Figure 9 shows that the CO; concentration

must have been about 1% or greater., For
future operations we will install a high
pressure, hiyh tanperature gas separator to
handle these occasional gas surges.

Scale Deposition: The two types of scale
deposition which were of greatest concern

before the flow test were silica and calcite
precipitation. {han  water saturated with
respect to quartz at reservoir temperatures is
cooled, it becomas s:pmrsaturated with respect
to all forms of silica. Hence a driving force
for silica scaling is present, Calcite pre-
cipitation occurs for a different reason.
Flashing of CO0, from solution creates dis-
equilibrium which, according to elementary
chemical  thermodynamics, will cause the
reaction of Eqn., (3) to proceed to the left to
reachieve 2quilibrium. Thus, calcite (CaC0y)
is deposited.

Despite these potential mechanisms, very
little scale deposition was uncovered in a
post-experiment examination of the surface

loop, and this scale did not adversely affect
the performance of the equipment. Only a
small amount of calcium carbonate scale was
faound on a pipe leading to the heat exchanger,
while no silica deposits were found. However,
some magnetite scala was detected in the inlet
manifolds of the heat exchanygars, although we
cannot determine whether it was deposited
during this or a previous flow test, In
addition, a yellowish precipitate containing
about 4% arsenic was detected on the corrosion
coupons on the cold station of the. heat ex-
changer and in the heat exchanger itself,

RADIOACTIVE TRACER EXPERIMENTS

PROCEDURES
Two radioactive tracer experiments, the first
on day 10 and the second on day 25, were

carried out using an irradiated form of the
water soluble salt, ammonium bromide, NH Br.
The tracer, ®28r, a gamma-emitting radio-
nuclide with a half-life of 35.3 hr, has been
used as a conservative (nonreacting, nonad-
sorbing) tracer at Fenton Hill for several

ears (Robinson and Tester, 1984), In each
racer experiment a sample was irradiated in

Los Alanos's Dmega  West nuclear reactor,
assayed, and transported to the Fenton Hill
site. Accounting For radioactive decay during
the  transportation, the injected pulse
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strengths were 81.9 =Ci and 70.2 mCi.
Measurements of gamma activity as a function
of time were obtainad in the mobile chemistry

laboratory by flowin? a liquid sidestream
through a continuous flow cell equipped with a

Nal scintillation counter.
RESULTS

To obtain a residence time distribution (RTD)
curve from a pulse injection tracer experi-
ment, the background radjoactivity must be
subtracted and the resulting vAaii: corrected
for radioactive decay. Then, the RTD f(V) is
given by
_ L)
f(v)= -
p

where C(V) 1is the corrected concentration at
produced fluid volume V, and mp is the mass of

the tracer pulse.

(7)

dhen the produced fluid is recirculated, as in
the first test, the concentration-time
rasponse must also be corrected for the rein-
jection of radioactive fluid wusing a

mathematical deconvolution technique (Robinson
and Tester, 1984). This calculation was

performed for the first experiment, while the
second test was conducted in the open loop
injection mode with production fluid returns
temporarily vented to a holdiang pond, Thus in
the second test the true RTD was obtained
directly from Eqn, (7).

The RTD curves for the two experiments are
shown in Figure 10. The most striking dif-
ference from tracer tests in past Fenton Hill
reservoirs is the low recovery of tracer. The
&7Br tracer experiment is Jimited to 2-3 days
due to its half-1ife, so the low tracer recov-

eries actually imply that a larger percentage
of the fluid %as residence times” longer than™3
days. According to current models of tracer
flow through fractured reservoirs, the present
system must contain flow paths of large volume
which conduct at Tleast half the fluid, In

addition, the modal volume (produced fluid

volume at the peak of the response chve){ a
standard correlating parameter for estimating

the heat transfer capacity of a fractured HDR
reservoir, (Robinson and Tester, 1984) is
larger by roughly a factor of two than previ-
ous Fenton Hill reservoirs at a similar stage
of operation, Hence we expect a longer-
lasting reservoir with more gradual production
fluid temperature drawdown than in the past.

Comparing the two tracer curves, the response
is shifted to larger volumes, and less tracer

was racovered in the second test. This result
is due to the transient state of the reservoir

during the flow test throughout the test,

the difference of the inlet and outlet flow
rates, commonly thought of as water loss, was

in large part going into charging the reser-
voir. Thus a dramatic increase in the

integral mean volune (the volume of all
fractures connecting the two wellbores, re-




gardless of resilsnce time) from 2180 to
8440 m® was observed. The post-experiment

vent of the resarvoir supports the idea that
the observed water Toss was caused by the need

to fill the fracture system., Of the total of
12000 m* net water TJost to the fracture
system, 6400 m3 has rzaturned during the vent.
3oth of these values are rough agreement with
tha fracture volume of 8440 m3 measured in the
second tracer test.

The fracture volume estimates aid in the de-
velopment of conceptual models of the flow
system, Assuming a homogeneous fracture
network of kaown porosity, fracture volumes
may be used to calculate the swept rock
volume, Thz value of fracture porosity may be
bounded between 00,0002 - 0,001, based measure-
ments af saismicity and reservoir
compressibility calculations. For a fracture
porosity of 0.001, th2 rock volumes calculated
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Figure 10. Residence time distribution curves
obtained from the two radiocactive tracer
experiments.

from the two tracer experiments correspond to

a_sphere of diameter 160 m for the first and
250 m for the second. Although the value of

porosity is inexact, the resulting sphere
diameters are of the same order of magnitude

as the wellbore separation distance of 110 m,
Thus the conceptual model of flow through a

large network of fractures with a point source
and sink is a reasonable first approximation,

CONCLUSIONS

1. The g2ochemistry of the production fluid
over the first 5 days of the experiment fol-
lowed three characteristic trends: 1) the
decline of inert species from their initial
concentrations to the injection fluid concen-
tration; 2) no <change in concentration,
indicating a supply of the dissolved species
via dissolution reactions (Si0,); 3) and
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decline of concentration to below the in-
jection concentration, caused by absorption,

8recipitation, or jon exchange reactions.
. The Na-K-Ca and Sid, geothermometers

yielded temperatures which agree well with the
known downhole tamperature. Also in agreement
with these temperatures are the equilibrium
raactions of calcite dissolution and
bicarbonate-dissolved C0,.

3. Corrosion coupon studies found generalized
and uniform corrosion at rates of 13-15 mpy.
One case of pitting was ohserved, which we
attribute to increased dissolved 02, An
oxygen scavenger will be injected in future
operations to minimize pitting corrosion.
Scale deposition was minimal and did not
affect operations.

4. Several periods of nigh dissolved CO2
concentration, estimated at 1% by weight,
created a temporary two-phase flow condition
at a shallow depth in the production wellbore
and in the surface loop. Future operations
will requirz 1 yas sz2parator to handle these
transients,

5. Two radioactive tracer experiments result-
ed in modal volumes about twice as large as
previous reservoirs at Fenton Hill,
Furthermore, tracer racovaries are lower,
indicating flow through a large number of
fractures. The total swapt fracture volume
increased during this flow test as injected
fluid continued to fill the reservoir. The
total swept rock volume, calculated from
tracer-determined fracture volumes and reason-
able estimates of fracture porosity, is
=juivalent to a sphere of diameter equal to
wproximately the wellbore separation
Jdistanca, This agreement lends credence to a
doint-source, point-sink model of flow through
a network of fractures,

ACKNOWLEDGEMENTS

The authors thank George Cocks, Charles
Grigsby, Motoyuki Inoue, Yoshihisa Shida, and
Hideaki Kitamura for their assistance in
collaecting fluid and gas samples, and Joe
Skalski, Lynn Brewer, and Bill Spurgeon for
th2ir help in setting up the sample collection
equipment. Thanks also go to Hugh Murphy for
reviewing this paper and to Cheryl Straub for
typing the manuscript. This work was funded
by the U.S. Department of Energy and the
Government of Japan,

NOMENCLATURE
ax qugrtz surface area to fluid volume ratio
(m?/m*)
b fracture aperture (m)

c concentration (kg/m3)
C* dimensionless concentration in Eqn. (1)
Cin injection fluid concentration (kg/m)

Co initial production fluid concentration
3

o (kg/m3)

C silica saturation concentration (kg/m3)

fq fraction of quartz present in granite

f(V) residence time distribution curve (m~3)



k quartz dissolution rate constant (m/s)
K equilibrium constant

KH Hznry's law constant (bar/mole fr.)
mass of tracer injected (kg)

m
P pressure (bar)
PC02 partial pressure of CO2 (bar)

Pw vapor pressure of water (bar)
t time (s)
v cumulative produced fluid volume (m3)

xC02 mole fraction of CO,

Y; activity coefficient for component i
o dimensionless concentration in Egn. (2)
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