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ABSTRACT

Two observations form the basis for a calcite-based
CO2 reservoir geobarometer: 1) Unconsolidated sand or
sandstone reservoirs often produce abnormal amounts of
CO, from the breakdown of carbonate minerals during
theimally enhanced oil recovery. 2) Calcite is one of the
most reactive minerals in these reservoirs; if present, it
will be close to equilibrium with the produced fluids. The
CO2 geobarometer is^based on the equilibrium reaction
calcite + 2H* : Caz* + H2O + CO2. Fluid pressure
in the reservoir may be estimated using the CO2
geobarometer if the reservoir temperature and the
chemistry of the resenoir fluids are known. Reservoir
temperature can be estimated by silica geothermometry.
This temperature estimate is combined with the fluid
chemistry and measurements of the relative masses of
produced water, oil and gas from production wells and
entered into the geochemical code SOLMINEQ.88 to
calculate the reservoir pressure. Use of the calcite
geobarometer is illustrated by calculating teservoir
pressure trends with time during steam stimulation and
steam-drive recovery.

Keywords; geobarometer, calcite, CO2, reservoir, steam'
assisted recovery.

SoutrletnE

Le gdobaromdtre fond€ sur la calcite, utilise pour
6valuer la pression du CO2 dans un r6servoir, repose sur
deux observations: l) Le sable non consolidd ou les
r6servoirs situ€s dans les grbs produisent assez couram-
ment des proportions anomales de CO2 par d6stabilisation
des carbonates pendant la r€cup6ration thermiquement
assist€e du p6trole. 2) La calcite est un des min6raux les
plus r6actifs dans ces r6servoirs. Elle est toujours prds de
l'6quilibre en pr6sence des fluides produits. Le g€obaro-
m0tre est fond6 sur 1'6quilibre calcite + 2H* -- Ca"'
+ H2O + CO2. Il peut servir i estimer la pression de la
phase fluide dans un rdservoir si la temperature et la
composition de ce fluide sont connus. La tempdrature du
r6servoir peut etre 6valu6e i partir du g€othermomdtre
fond6 sur la silice. A la lumidre de ce param0tre, de la
composition du fluide, et des masses relatives mesur6es
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de l'eau, de p6trole, et de gaz 6manant des puits en
production, il est possible de calculer l'6tat de la pression
du r6servoir au moyen du logiciel i caractbre gdochimique
SOLMINEQ.88. Nous illustrons I'utilisation de ce
g6obaromdtre en calculant la variation de la pression du
i6servoir avec le temps au cours d'une stimulation avec
la vapeur et d'une r6cup6ration assist6e par la pression
de la vapeur.

(Traduit par la R6daction)

Mots-clds; g6obarombtre, calcite, C02, r6servoir,
r6cupdration assist6e par la vapeur.

INTRODUCTION

In slow-flowing geothermal systems, the propor-
tion of CO2 is known to be controlled by mineral
equilibria (Giggenbach 1980, 1981' Arndrsson
1985, 1986, Arn6rsson & Gunnlaugsson 1985) by
reactions of the form: plagioclase + CO2 = clay
+ calcite. If flow rates increase in a reservoir as a
result of an increase in permeability or drive
pressure or if mixing of fluids occurs' disequi-
librium may prevail; then only the more rapidly
reacting mineral phases such as calcite will
approach equilibrium with the fluids. Reactions
involving other minerals, such as the above
reaction, will be out of equilibrium and cannot be
used as a CO2 geobarometer. Then COz
geobarometers must be based on reactions of the
form: calcite + 2H+ = C** + H2o + Co2.

Most production wells in steam-assisted thermal
recovery of oil also produce gas' a significant
amount of which is CO2. Until recently, most of
the CO2 produced during this process was con-
sidered to originate either from aquathermolysis
(Hyne et ql. 1984, Hyne 1986) or to have already
been present in the reservoir. Many of these
reservoirs contain carbonate minerals, which react
rapidly (Gunter & Bfud 1988, Talman et al. 1990)
with reservoir fluids compared to silicate minerals
at the elevated temperatures imposed by contact
with steam. Cathles et al. (1987) and Hutcheon el
at. (1990) make use of the r3C isotope signature of* Alberta Research Council contribution 2026.
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FIc. l. Reservoir temperature versus mole fraction CO2 in the reservoir gas. Note
that there is a critical maximum mole fraction of CHa (indicated by solid line),
which decreases with increasing temperature. CO2, CHa and water vapor
represent more than 9890 of the gas fraction.

calcite to argue that the majority of CO2 produced
in steam flooding originates from the breakdown
of carbonate minerals. A consequence of this
breakdown is that CHo, which is a dominant
gaseous component of many oil reservoirs,
decreases with respect to CO, as the temperature
of the reservoir increases (Fig. l). Most reservoirs
containing carbonate minerals become gas-
saturated during the heating of the reservoir and
accompanying breakdown of the carbonate
minerals. At high temperatures, the CO2 com-
ponent typically is greater than 9090 for steam-
heated reservoirs containing calcite (Fig. l). The
CO2 released dissolves in the water and oil, and
also forms a separate vapor phase that can enhance
oil recovery through a solution-drive mechanism.
If equilibrium has been established between the
fluids and carbonate minerals in the reservoir, and
if this condition can be quantitatively described,
the reservoir pressure can be estimated. Chemical
data on the water and gas produced, the tubular
and annulus flow from the production well and the
reservoir temperature are needed for the calcula-
tion. In this paper, such a method is outlined to

determine trends in reservoir pressures during
thermally enhanced oil recovery (EOR).

DATA COLLECTION

The fluids at the production well are produced
in two streams (Fig. 2). Each well consists of two
concentric pipes. The inner pipe is called the tubing
string and typically contains a sucker rod pump.
The larger-diameter outer pipe is called the annulus.
The gas separates from the liquids as the reservoir
fluids enter the well through the perforations
located above the bottom of the production well.
During production, noncondensible gases (normar
ly CO2 and CHa) and steam propagate naturally
upward through the annulus; liquid water and oil
either flow or are pumped downward from the
perforations, upward through the pump and the
tubing string to the surface. The hot liquids from
the tubing string are sampled on the surface at
wellhead temperature and pressure; several pore
volumes of fluid are made to flow through a
stainless steel sampling cylinder, which allows all
the drop in pressure to take place across the
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Frc. 2. Wellhead cross-section showing annulus and tubing for a cyclic steam well
in production mode. Annulus casing is perforated (indicated by stacked dashes)
in payzone to allow oil to flow into the well. The distance from the reservoir
to the wellhead for the samples discussed here ranges from 0.2 to 0.5 km.

regulating valve at the downstream end of the
cylinder. The noncondensible gases are sampled
from the annulus through a train containing a
condensing coil, a coalescing filter and aluminum
sampling cylinder or Teflon sampling bag. The
liquid flow in the tubing is split into an oil and
water component; their ratio is normally measured
by the oil company by periodically diverting the
flow to a test separator. The gas flow in the annulus
is measured by inserting an orifice plate and
differential pressure cell in the annulus line at the
wellhead. Samples collected are separated and
treated in the field; unstable chemical components
are analyzed or preserved for analysis in the main
laboratories (Lico et ol. 1982, Hull el al. 1984,
Gunter & Bird 1989).

MsrHop or Celculerrox

It is necessary to numerically recombine the
fluids produced from the annulus and tubing string
to simulate the equilibrium conditions in the

reservoir in order to solve for calcite saturation. A
critical measurement in the chemical analysis of the
quenched water produced from the tubing string is
the pH at which the TIC (total inorganic carbon)
or alkalinity is measured. The alkalinity titration is
done in the field as soon as the sample has cooled,
whereas the TIC analysis is done up to several days
later at our permanent laboratory site. The
alkalinity titration must be carried out to include
the effect of organic acids (Carothers & Kharaka
1978, Willey et al. 1975). The lab pH taken at the
time of the TIC measurement is usually higher than
the field pH taken at the start of the alkalinity
titration (Fig. 3). This difference in pH is attributed
to escape of CO2. Our standard procedure to
correct for the lost CO, is to use the geochemical
computer code SOLMINEQ.8S (Kharaka et al.
1988) to numerically titrate in enough CO2 to
reduce the lab pH to the field pH. Then the
complete results of the chemical analysis are used
in SOLMINEQ.88 to calculate alkalinity. The
calculated alkalinity is compared to the measured
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The methane and carbon dioxide produced from
the annulus are soluble in both the oil and the water
in the reservoir. Using the Henry Law constanrs
for these gases (and any other gases such as HrS
that may be present in significant quantities) in
water and oil, and the relative masses of produced
water, oil and noncondensible gases, the annulus
gases are numerically titrated back into the warer
and oil until the SI of calcite is equal to zero.
P(H2O) is fixed during titration and is equal to the
water vapor pressure at saturation at the reservoir
temperature. P(CO, and P(CHr) increase as the
titration progresses. The calculated reservoir pres-
sure is equal to the sum of P(CO) + P(CH, +
P(HrO) at a calcite SI of zero. If other gas
components, such as H2S, are important, they
would have to be included in the pressure equation.

As a very rough rule of thumb for reservoirs less
than 500 meters deep, the SI of calcite changes
approximately 0.1 SI units for every 5 bars change
in CO2 pressure at a fixed temperature. The
calculation is very sensitive to errors in measure-
ment of the quench pH and in estimates of reservoir
temperature. An error of one half of a pH unit or
25oC shifts the calculated SI by approximately 0.6.

EFFECT oF GAS SarunaTloN
oN THE GEoBARoMETER

Two cases are distinguished in the calculation of
reservoir pressure: l) gas-saturated (1.e., a free gas
phase exists), and 2) gas-undersaturated (1.e., no
gas phase exists). Existence of a free gas phase
under reservoir conditions is illustrated by the solid
line in Figure 4 for a two-component gas phase,
CO2 and H2O, for the following composition of
water produced from a steamed reservoir; reservoir
temperature: l40oc, field pH: 6.97,lab pH: 7.50,
(the following concentrations, derived from a
chemical analysis, are in ppm) Na 4600, K 120, Ca
130, Mg 76, Fe 1.0, Sr 4.6, Ba 2.1, C17090, Br 86,
so4 58, TIC 340, SiOz 220, B 100, NH3 160, and
alkalinity (as ppm HCO3) 1570. The SI - Reservoir
Pressure curve has a steep slope, which decreases
toward lower values of SI. If the system passes
from gas-saturated at the wellhead to gas-under-
saturated in the reservoir, the SI - Reservoir
Pressure curve falls on the gas-saturated curve at
higher values of SI and abruptly changes to a slope
close to zero when the free-standing gas phase
disappears at lower values of SI (Fig. 4, dotted
line). At this point, all of the available CO, has
been dissolved in the warer and oil. The comlosi-
tion of the water does not change with further
increase in pressure. Only as long as a gas phase
exists will the SI remain very sensitive to pressure.
Consequently, the geobarometer becomes insensi-

o
%oo o9

o

Field pH
Fto. 3. Comparison of field pH and lab pH for wellhead

samples of hot water produced from a steam-drive
reservoir. Circles would fall on 45" line for exact
agreement. Symbol size exceeds measurement enor.

alkalinity. This and charge balance are used as a
measure of the correctness of the chemical analvsis.
a procedure advocared by Merino (1979). Th;
corrected value for TIC is an estimate of the TIC
in the tubing string at the wellhead. Since there are
gradients in temperature and pressure between the
sandface and the wellhead, some CO, has been losr
from the water as it travels up the tubing string to
the surface. This amount cannot be corrected for
easily, but can be ignored as long as the mass of
CO2 produced up the annulus is significantly larger.
Generally this is true for gas-saturated reservoirs.

Calcite is assumed to be present and in
equilibrium with the fluids in the reservoir. The
fluid sampled at the wellhead of the oroduction
well reflects that equilibrium. precipitation of any
scale minerals in the wellbore is assumed not to
occur or is small relative to the total mass of fluid.
Reservoir conditions are simulated by recombining
the annulus CO2 with the tubular water using the
temperature of the reservoir calculated from
calibrated geothermometers (Kharaka & Mariner
1988). These calculations are done stepwise using
SOLMINEQ.88 (Perkins & Gunrer 1989, perkins
et al. 1990) in the following manner. The Saturation
Index (SI is the logarithm of the ratio of the activity
product or reaction quotient, Q, to the equilibrium
constant, K) of calcite is determined at the reservoir
temperature using the reservoir temperature and the
tubing-string-produced water analysis. The SI will
be positive owing to loss of CO2 up the annulus.
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FIc.4. SI - reservoir pressure plot that compares the gas-saturated case (solid line)

to gas-undersaturated case (dotted line) for a pure CO2 gas source. Note that
Dressure effect on the SI is much smaller for the undersaturated case.
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tive for the undersaturated case and is inap-
propriate for use. Since the calculation always
starts with excess gas (i.e., the saturated state), a
minimum reservoir pressure can always be es-
timated. It is the pressure obtained by extrapolating
the gas-saturated portion of the SI - Reservoir
Pressure curve to an SI of zero.

Eprecr oF GAS CoMPoSITION
ON THE GEOBAROMETER

The SI of calcite is not sensitive to P(CH,, as
aqueous CHo is inert and does not affect the pH.
The only effect of CHo is to increase the total fluid
pressure. For a given composition of water,
reservoir pressure and temperature, the value of the
SI depends only on the ratio of CO2 to CH4 in the
gas phase, and is independent of the absolute
number of moles of gas present. Consequently, a
SI - Reservoir Pressure plot can be contoured for
mole fraction COz (solid sloping lines) in the gas
phase and P(CO, (horizontal dotted lines), as done
in Figure 5a for each unique composition of water.
In these plots, lines of constant SI or zero slope
are lines of constant P(CO). The P(CO) isobars

are intersected by the steeply sloping CO2-CH4
contours. These contours evolve from the case of
lowest pressure (i.e., pure CO) to successively
higher pressures as the mole fraction of CHa
increases. If a composition of the gas phase is not
available, the calculation can be made with the
assumption that no CHa is present; a minimum
reservoir pressure thus will be estimated. CHa is
less soluble than CO2 in the aqueous phase, but
approaches the solubility of Co2 in bitumen at
higher temperatures (Fie. 6), Consequently, for
equivalent amounts of CO2 and CHo in the gas
phase, less CHa will dissolve in the liquids, and the
mole fraction of CO, in the gas phase will decrease
as the numerical titration of gas proceeds to higher
pressures. Hence on Figure 5a, the gas-titration
curves for a changing mole fraction of CO2 will
have shallower slopes than the illustrated contours
of constant mole fraction of CO2. The pressure of
CHa can be estimated in Figure 5a from the distance
in bars along the constant P(COt isobar to the
desired constant mole fraction of COr. The effect
of CHo content in the gas phase on the estimate of
SI is less than one might expect; a difference in SI
of approximately 0.3 is calculated in going from

Uolcr Annulua Got/kg HaO

-VZ- l.o5 co2 ovcrroturqtcd
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calcite geobarometer. The procedure for inclusion
of H2S is exactly the same as for CO, and CHa.

Errucr oF CALcrrE CoMPoSITIoN
ON THE GEOBAROMETER

A change in the composition of the calcite (e.9.,
Fe, Mg, Mn and Sr can replace Ca) controlling the
fluid equilibrium also will affect the calculated
reservoir-pressure. The effect of solid solution is
easy to correct for, as can be seen from the

o
+,

0t
L)

m

0.8

0 .6

o.4

0.2

0 .0

-0 .2

-0 .4

o
o
6

d

u0

Frc. 5. a) SI - reservoir pressure plot contoured for P(CO2) and X(COj in lhe gas phase for a gas-saturated reservoir.
b) a(Calcite) - Reservoir Pressure plot contoured for P(CO) and X(CO) in the gas phase for a gas-saturated
reservoir.
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zero CHa to equal molar amounts of CHa and COr.
This change corresponds to a doubling of reservoir
pressure. Oil acts as an additional sink for the
gases. The presence of oil has no effect on the
titration curve if the amount of CH. is very small
(or nil), and a substantial excess of gas exists.

The calculations are more complex if H2S is
present. HrS is very soluble in water and dissociates
readily in basic solutions releasing protons, affect-
ing the carbonate equilibria. However, geochemical
codes such as SOLMINEQ.88 can model the
combined effects of H2S, CH4 and CO, on the

Ftc, 6. Solubility of CH4 and CO2 in waler and oil for a gas pressure of 10 bars.
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expression for SI for the reaction Calcite + 2H*
= Ca2+ + H2o + Co2:
SI : loe(Q/K)

: losa(Ca2*) + loga(H2O) + logP(CO) -
loga(Calcite) + 2pH - loe(K)

The line for SI equals zero is equivalent to an
a(Calcite) of 1.0 U.e., loga(Calcite) : 0l on Figure
5a; if a(Calcite) equals 0.8, [i.e., loga(Calcite) =
-0.11, the SI of zero condition shifts to SI = -0.1
on Figure 5a. Consequently, the activity of the
CaCO3 component in the carbonate solid-solution
[i.e., a(Calcite)] can be substituted directly for SI
on the SI - Reservoir Plot. Figure 5b, an a(Calcite)
- Reservoir Pressure plot, is a duplicate of Figure
5a, except that the ordinate has been replaced by
loga(Calcite), and SI is a constant equal to zero.

ASSUMPTION oF EQUILIBRIUM WITH CALCITE

A packet of fluid has a residence time of days
to months in the reservoir, but only minutes to
hours in the wellbore during production. The
wellbore is a severe environment, going from
reservoir conditions to surface conditions over
several hundred meters. Rapid drops in pressure
can cause boiling off of CO2 and (potentially)
precipitation of calcite, which is partially offset by
the increased solubility of calcite at lower tempera-
ture. Modification of the fluid by formation of a
calcite scale in the wellbore will lead to incorrect
assumptions about the compositions of the reser-
voir fluid based on the chemical composition of
the fluids collected at the wellhead. The experience
gained, after several years of recovery from an oil
reservoir, should be used to identify wells that are
active scalers. In the absence of such historical
data, simple calculations can be made to estimate
a well's scaling potential, and to find out whether
formation of a small amount of scale will alter the
chemistry of the production water enough to affect
the geobarometry calculation. For example, 100
grams of calcite scale will form per day if the
dissolved calcium drops I ppm between the
wellhead and the reservoir in a typical well with a
production rate of 50 cubic meters per day. This
would amount to 36 kg of calcite scale forming in
a year, which normally would certainly restrict if
not halt production. Such wells should be avoided
when sampling for the purpose of calcite
geobarometry.

Equilibrium may not be established between the
carbonate and silicate minerals in the reservoir.
Gunter & Bird (1988) have shown that production
of large amounts of inorganic CO, requires the
reaction of silicate with carbonate minerals. The
silicate minerals supply the acid necessary to break
down the carbonate minerals and release the CO..

Furthermore, the rapid dissolution of calcite
relative to the silicates at elevated temperatures and
its reaction with the silicate phases commonly
prevent the silicate phases from saturating the fluid
until the production of CO2 has slowed down. If
the appropriate silicate mineralogy to provide a
source of acid does not exist, then production of
inorganic CO, will be small. In this case, organic
CO2 formed by aquathermolysis may dominate.
The source of the CO2 is not critical to the
calculation, but regardless of source, the CO2 must
establish equilibrium with calcite in the reservoir if
the calcite geobarometer is to be applied. A
residence time of days for the fluid in the reservoir
normally is a sufficiently long period for equi-
librium to be attained with calcite.

RESERVOIR TEMPERATURES

Extrapolation of wellhead temperatures to reser-
voir temperatures by an account of heat losses and
boiling in the wellbore has not been successful,
owing to the presence of large gradients in
temperature. Temperatures measured aI the
sandface by thermocouples are much closer to
reservoir temperatures but are usually not avail-
able. Silica geothermometers have been used
extensively to estimate temperatures of geothermal
reservoirs (Fournier 1981, 1985). Application to
thermally stimulated oil reservoirs has shown that
the dissolved silica in the produced water increases
with wellhead temperature and is generally close to
being in equilibrium with one of the silica
polymorphs at temperatures above l00oC. In
Figure 7, the fluids produced from ten different
wells on steam drive in a single oil reservoir were
sampled on the same day, and their wellhead
temperatures and geothermometer temperatures
plotted. The reservoir temperatures (predicted by
the silica geothermometer) are approximately 80'C
higher than the wellhead temperatures (measured
with a thermocouple). Seyer & Langdon (1990)
compared the predictions of geothermometers to
directly measured bottomhole temperatures and
found that silica geothermometers gave the best
estimates under stable conditions of production,
generally being within 20'C of the measured
temperature of the reservoir.

The correct form of the silica geothermometer
must be used for each reservoir if reasonable
estimates of temperature are required. Figure 8
shows the large errors involved if the quartz form
of the silica geothermometer is used where the
concentration of dissolved silica in the reservoir is
controlled by a more soluble polymorph of silica.
For example, the use of quartz solubility to
calculate reservoir temperature will result in an
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Ftc. 7. Reservoir temperature predicted from the silica
geothermometer compared to wellhead temperature
measured by thermocouple. Solid line drawn through
data indicates an approximate temperature shift of
+80oC between the surface wellhead and the
reservoir.

of all the silica polymorphs increases with tempera-
ture.

The silica geothermometers used for the two
reservoirs discussed later were calibrated over a
range of temperatures in a series of dissolution
experiments in an autoclave using the reservoir
sands and appropriate simulated formation-fluids.
These results were extrapolated back to the
water/rock ratios in the reservoirs to estimate
minimum residence times of the fluid required to
achieve equilibrium with respect to silica. At
temperatures greater than l00oC, a minimum
residence time of I day is necessary to reach a
steady-state concentration of silica close to equi-
librium for the two reservoirs investigated.
Residence time of the fluid in steam-based
enhanced oil recovery (EOR) is normally one to
two orders of magnitude greater, a condition
necessary to use the silica geothermometers success-
fully.

TRENDS IN RESERVOIR TTUPENATUNT
AND PRESSURT IN EOR

Steam-assisted thermal recovery is a common
technique used to recover viscous oil from heavy
oil and tar sand reservoirs throughout the world.
The steam heats the oil and lowers its viscosity iz
sffa so that it can flow from the reservoir to the
surface. Process conditions range from 13 MPa and
330oC to surface temperatures and pressures. In
highly viscous oils, the first phase of reservoir
exploitation is to establish a communication path
between the injection and production well. This is
normally done by injecting steam and producing
from the same well after a suitable soaking period;
this is a process called steam stimulation, or
huf'n'puf, or cyclic steam. Once the steam chests
of two huf'n'puf wells intersect, a communication
path is established. When this occurs, the process
is changed to steam drive by placing one well on
continuous production and the other on conlinuous
injection. The steam not only acts as the heat source
but also pushes the oil to the production well.

The success of a thermal EOR (enhanced oil
recovery) operation depends on minimization of the
amount of steam injected per unit of oil recovered
and maximization of contact of steam with the oil
in the reservoir. The latter is determined by a prior
knowledge of the distribution of the oil in the
reservoir and by actively monitoring the distribu-
tion of heat in the reservoir. Heat distribution is
determined by observation wells, geophysical and
geochemical monitoring. Geophysical methods
include ground leveling, 3-D seismic and tempera-
ture profiling of wells, whereas geochemical
methods include tracers and geothermometers
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Ftc. 8. Silica geothermometers (after Fournier l98l);

predicted temperature compared to quartz-based
temperature. Quartz-based temperature is based on a
match of the temperature of quartz saturation to the
measured dissolved silica produced from a reservoir
and is only correct if quartz controls the concentration
of dissolved silica in the reservoir.

estimate that is approximately 125'C too high if
amorphous silica is the solid phase controlling the
levels of dissolved silica in the reservoir fluids. The
temperature trends can still be predicted correctly
using the wrong polymorph because the solubility
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(Gunter et al. 1989). Geothermometers and
geobarometers are the cheapest tools to implement
in such a surveillance program. Geobarometers, to
our knowledge, have not been developed for or
applied to EOR previously.

Monitoring of temperature and pressure trends
in the reservoir can be used to detect changes in
the position of the steam front relative to the wells
being monitored. The observed patterns are
different for steam drive and for cyclic steam wells.
Typically in a steam drive, the temperature and
pressure vary slowly with time (a variation of
approximately lZ"C and l0 bars over a six-month
monitoring period is typical: Fig. 9a) and show no
regular trends unless injection and production are
controlled by operator intervention in adjacent
injection or production wells. In cyclic steam (Fig.
9b), there are well-defined patterns in temperature
and pressure. When the well goes into production,
the temperature and pressure steadily drop. The
temperature at the sandface measured by a
downhole thermocouple during production usually
starts out above the reservoir temperature (as
predicted by the silica geothermometer) and then
drops below it as the well moves further into the
production cycle (Gunter & Bird 1989). Near the
end of the cycle, the temperature and pressure in
the reservoir remain relatively constant. In some
cases, the temperature remains constant, but the
pressure increases. This pattern can usually be
attributed to an adjacent well being placed on steam
injection, with the accompanying pressure increase
being transmitted to nearby production wells. With
continued injection, some of the injected water
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would arrive at the production wells, and a
corresponding increase in temperature would be
seen. When injection is stopped and the injection
well is turned around to production, the nearby
wells that are already on production will experience
pressure and temperature decreases. In the example
of cyclic steam shown in Figure 9b, where four
samples were taken over a period of four months
from a production well, this process is seen. When
the first sample was taken, the reservoir tempera-
ture and pressure were l8loC and ll bars. The
pressure increased to 28 bars, but the temperature
dropped 4oC when injection was started in a nearby
well; this was followed by a temperature increase
of 5oC and a further pressure increase of 26 bars
to 54 bars when some of the injected fluid reached
the production well. When the injection well was
turned off, the production well saw a drop in
pressure and temperature to 28 bars and l78oC, as
illustrated in Figure 9b. In the absence of other
active injectors, this production well should revert
to a normal cooling trend in the future. Such
information can be combined with geochemical
tracers to help assess reservoir sweep during
thermally enhanced oil recovery.

CoNcLUSIoNS

The application of the calcite geobarometer to
estimate reservoir pressures relies heavily on the
establishment of equilibrium between the reservoir
fluid, calcite and the mineral used as a geother-
mometer, and the lack of modifications in the
composition of the reservoir fluid before sampling.
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Flc. 9. Plot of reservoir temperature yerslrs reservoir pressure for a) a steam-drive production well over a six-month
period and b) a cyclic steam well on production (lines joining points indicate relative time of sampling),
Temperatures were estimated from a silica geothermometer, and pressures, from the calcite geobarometer.
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Geothermometry is suspect below 100"C owing to
kinetics, and other more direct methods should be
used where available. Experiments are useful to test
the calibration of a specific geothermometer.
Generally, geothermometers will predict the correct
trends in temperature even if the absolute tempera-
tures are in error; then they can be used to predict
pressure trends through the calcite geobarometer.
The slower reaction-kinetics among silicates at
lower temperatures also may allow biogenically
formed COr or that formed from reduction of
sulfate by CHo to be more important than CO2
generated from decomposition of carbonate
minerals. We must emphasize that the source of
the CO2 is irrelevant as long as the CO2 formed
establishes an equilibrium with calcite. The EOR
examples discussed previously were from shallow
reservoirs, less than 0.5 km deep; times for
ascension of the fluid from the reservoir to the
surface for deeper or more slowly flowing wells
may allow the fluid composition to be altered
significantly. Care must be taken to assess the
importance of these changes, and to evaluate
whether a reconstruction of the fluid composition
as it exited the reservoir is possible. In the example
discussed in this paper, separate gas streams and
liquid streams were available for analysis; if the gas
and liquid are contained in a single stream, some
means must be found to take a representative
sample so that the relative masses of gas and liquid
can be determined. If it is known that the reservoir
is gas-saturated, this restriction can be relaxed
somewhat depending on the relative mass of the
free gas phase.

If these conditions are met. trends in reservoir
pressure a.nd temperature can be monitored during
thermally enhanced oil recovery by estimation of
reservoir pressures and temperatures for gas-
saturated reservoirs by a combination of the calcite
geobarometer (calcite must be present in the
reservoir), a detailed chemical analysis of the
produced water from the reservoir, and a silica
geothermometer to estimate reservoir temperature.
In cases where complete data are not available for
such an analysis, some limits may be calculated.
In reservoirs that do not contain calcite, a minimum
reservoir pressure may be estimated by assuming
calcite equilibrium. The presence or absence of a
separate gas phase in calcite-containing reservoirs
can be determined, if one assumes calcite equi-
librium at the reservoir temperature, from a
knowledge of the composition of the water
produced from the reservoir, the composition of
the annulus gas and the ratio of annulus gas
produced relative to produced liquids. If a separate
gas phase is present in calcite-containing reservoirs,
and the reservoir pressure and the chemistry of the

produced water are known, the composition of the
gas can be determined by assuming calcite equi-
librium at the reservoir temperature.

Other applications need testing. Different car-
bonate minerals (e.9., siderite, dolomite, ankerite
or any combination thereof) may control the CO2
equilibria in other reservoirs. The equilibrium
relationships may be calculated if data are available
or established by experiment. In sour gas reservoirs,
H2S dominates the gas fraction, but these reservoirs
also are a target for use of the carbonate
geobarometer. More general applications of car-
bonate geobarometers throughout geothermal or
sedimentary basins may be possible. The calcite
geobarometer has been shown to be useful here for
thermal EOR; potentially it may have a much
broader value in helping to define physical
conditions within the earth's crust.
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