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ABSTRACT

High mole fraction CO2 gases pose a significant risk to hydrocarbon exploration in some areas. The generation

and movement of CO2 are also of scientific interest, particularly because CO2 is an important greenhouse gas.

We have developed a model of CO2 generation, migration, and titration in basins in which a high mole fraction

CO2 gas is generated by the breakdown of siderite (FeCO3) and magnesite (MgCO3) where parts of the basin

are being heated above approximately 330�C. The CO2 reacts with Fe-, Mg-, and Ca-silicates as it migrates

upward and away from the generation zone (CO2-kitchen). Near the kitchen, where the Fe-, Mg-, and Ca-sili-

cates have been titrated and destroyed by previous packets of migrating CO2, gas moves upward without lower-

ing its CO2 mole fraction. Further on, where Fe- and Mg-silicates are still present but Ca-silicates are absent in

the sediments, the partial pressure of CO2 is constrained to 0.1–30 bars and reservoirs contain a few mole per-

cent CO2 as described by Smith & Ehrenberg (1989). Still further from the source, where Ca-silicates have not

been titrated, partial pressure of CO2 in migrating methane gas are orders of magnitude lower. A 2D numerical

model of CO2 generation, migration, and titration quantifies these buffer relations and makes predictions of CO2

risk in the South China Sea that are compatible with exploration experience. Reactive CO2 transport models of

the kind described could prove useful in determining how gases migrate in faulted sedimentary basins.
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INTRODUCTION

It has been known for many years that gas reservoirs contain

significant mole fractions of CO2 gas (i.e. Smith & Ehren-

berg 1989), with some reservoirs containing >90 wt% CO2

(e.g. Wycherley et al. 1999; Leong 2000). The presence of

a few weight percent CO2 in a reservoir decreases the

economic value of the reservoir significantly.

Figure 1 of Hutcheon et al. (1993) shows how the par-

tial pressure (fugacity) in bars of CO2 in reservoirs with

intermediate levels of CO2 (a few up to 10 wt%) depends

on temperature, and compares their semi-log linear trend

to a similar, but much lower, temperature trend of the

CO2 partial pressures measured in geothermal systems such

as those in Iceland. It is immediately apparent from the

data in this plot that there is a large difference between

PCO2
in igneous hydrothermal systems and PCO2

in gas res-

ervoirs in sedimentary basins. For example, at 100�C the

partial pressure of CO2 in the basin gas reservoirs is 3

orders of magnitude greater than that in the hydrothermal

systems in Iceland.

Hutcheon et al. (1993) suggested that the different

levels of PCO2
might be related to a combination of three

factors: (i) the generally very much greater total fluid pres-

sures in sedimentary basins (1000 bars versus <200 bars);

(ii) different fluid–rock interaction histories; and (iii) differ-

ent fluid compositions. Hutcheon et al. showed that PCO2

data from hydrothermal areas and sedimentary basins could

be simulated by mineral buffers containing margarite with

different thermodynamic activity. A margarite activity of

2 · 10)5 simulated observed basin PCO2
versus tempera-

ture, whereas a margarite activity of 1.6 · 10)2 simulated
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observed hydrothermal PCO2
versus temperature trends.

Hutcheon et al. offered no explanation of why margarite

activity should be different in the two systems. They also

computed PCO2
to fit both systems using the geochemical

program EQ6 by taking different starting fluid composi-

tions and assuming quartz as a mineral buffer in sedimen-

tary basins and chalcedony in geothermal systems. They

used only a partial mineral buffer which lacked any calcium

(or iron or magnesium) silicate phase. For this reason, their

starting solution composition was a controlling factor on

PCO2
. It is not clear why reservoirs that have intermediate

levels of CO2 have a different water chemistry from those

much more common reservoirs with negligible levels of

CO2, or from reservoirs with very high levels of CO2. For

example, Hanor (1994) showed that the main controls of

brine chemistry in the Gulf of Mexico (and elsewhere) are

salinity and temperature. Pore fluid salinity does not corre-

late with reservoir mole fraction of CO2.

We argue here that a much better explanation for the

variable CO2 content of gas reservoirs is the one that has

been offered by Wilson (1994). He pointed out that field-

wide variations in the fugacity of CO2 are related to

differences in the detrital mineral assemblage. Very low

CO2 fugacities (partial pressures in the gas phase) are asso-

ciated with sediments containing anorthitic plagioclase

whereas high CO2 fugacities are associated with sediments

lacking a Ca-aluminosilicate mineral. Wilson states: ‘As

basinal fluids with an inferred higher fCO2 flow into the

sandstone, calcite forms at the expense of Ca-bearing

silicates while the fluid equilibrates with the minerals. As

this continues, ultimately the CO2-buffer capacity of the

sandstone is exceeded when Ca-bearing silicates are gone’.

Wilson’s suggestion for aluminosilicate titration is the basis

for the modeling described here.

Our conceptual model is simple: When temperatures in

a basin reach approximately 330�C the partial pressure of

CO2 plus steam exceeds local pore pressure and a separate

gas phase is formed. If this CO2-rich gas steam migrates

upward to shallower and cooler environments the steam

will condense, and if the CO2 has not reacted with the

rock along the migration pathways, it can fill shallow reser-

voirs with nearly 100% CO2 gas and/or vent CO2 into the

atmosphere. If, along the final portion of the path, the Ca-

bearing aluminosilicates are titrated, but Fe- or Mg-alumi-

nosilicates are not, the CO2 partial pressures in the gas

phase will lie along the Smith and Ehrenberg trend in

Fig. 1. If Ca-aluminosilicate exists along the migration

path, the CO2 partial pressure will be very low and CO2

will be an insignificant fraction of the reservoir gas.

In a process sense, CO2 is generated when water reacts

with aluminosilicate minerals to produce clays. The H+ that

is left behind when OH) is used to produce the clay min-

erals attacks any available carbonates and produces CO2. If

the CO2 builds up to equilibrium levels the reaction stops

after only a little clay is formed and carbonate dissolved.

However, if the separation of a CO2 gas phase keeps the

bicarbonate concentration in the pore fluids below satura-

tion, the CO2-generating reaction will persist until one of

the reactants (aluminosilicates or carbonate) is exhausted.

There are many natural and human-induced examples of

this kind of CO2-generating reaction. For example, CO2

has been produced in copious quantities when 300�C
steam was injected at shallow depths to facilitate hydrocar-

bon recovery. In Chevron’s Buena Vista Hills steamflood,

the injection of 2.5 million barrels of 300�C steam resulted

in the venting of 80 million scf (100 million moles) of

CO2 (Cathles et al. 1990). The carbon isotopic signature

of the gas produced leaves no doubt that it was derived

from carbonate dissolution. The reactions involved in this

kind of CO2 generation have been studied in connection

with steam injection into oil sands in Alberta, where it has

been found that clay formation invariably accompanies car-

bonate destruction and CO2 generation (e.g. Boon & Hit-

cheon 1983; Kubacki et al. 1984; Hebner et al. 1986).

Laboratory experiments also confirm this relationship

(e.g. Levinson & Vian 1966; Baylis & Levinson 1971).

Basaltic intrusion in the Salton Sea geothermal area

produced a separate CO2 gas phase when naturally convec-

ting ground waters were heated to approximately 350�C.

In this case the CO2 was trapped in the adjacent Imperial

Carbon Dioxide Gas Field. Between 1934 and 1954 over

18.4 million m3 of CO2 was produced from this reservoir

to make dry ice (Muffler and White 1968).

Fig. 1. Symbols show the logarithm (base 10) of the partial pressure of

CO2 (or fugacity of CO2 indicated by the symbol fCO2
) in bars in sedimen-

tary basins (solid diamonds) and igneous hydrothermal systems (open cir-

cles) compiled by Hutcheon et al. (1993). The PCO2
values predicted by

three mineral buffers (4a–c) are shown by solid lines. The line labeled cal-

cite is calculated from a buffer consisting of calcite, laumontite, kaolinite,

and quartz for pressures lying on the two-phase curve of water. The lines

labeled ‘siderite’ and ‘magnesite’ are calculated for buffers with an Fe- or

Mg-silicate but no Ca-silicate. Both these buffer lines are calculated along

the basin P–T trajectory proposed by Smith & Ehrenberg (1989) in which P

(bars) ¼ 6 (T (�C) ) 25). This P–T trajectory is shown and compared with

others in Fig. 2.

442 L. M. CATHLES & M. SCHOELL

� 2007 Blackwell Publishing Ltd, Geofluids, 7, 441–450



Two issues must be clarified to understand how CO2

might be generated and trapped in sedimentary basins:

First we must understand where and how in basins a sepa-

rate CO2-rich gas phase can be generated. This we do in

the following section by (i) considering the rock-buffered

concentration of CO2 dissolved in the pore fluid as a func-

tion of temperature, and (ii) determining when and where

it could be high enough for a separate CO2-rich gas phase

to be formed. Second, we need to understand what is

required for the CO2 to migrate to shallower reservoirs

without being consumed by carbonate-forming reactions.

In the section following the next, we describe our numeri-

cal approach to this issue.

THE SOURCE OF CO2 GAS

Above approximately 70�C the pore fluids in sedimentary

basins and in igneous geothermal systems are in equilib-

rium with the host minerals (Ellis 1970; Elder 1981; Gig-

genbach 1981, 1997; Arnorsson et al. 1983; Henley et al.

1984; Cathles 1986, 1993; Hanor 2001; Palandri & Reed

2001). This fundamentally important observation means,

among other things, that the chemistry of the pore fluids

can be computed using the mass action equation as a func-

tion of temperature, pressure and salinity, if the set of buf-

fer minerals is specified. The buffer minerals specify the

activity ratios (to H+) of the basis species such as Ca++/

(H+)2, Na+/H+, K+/H+, etc. To obtain the buffered

chemistry of the solution, pH is usually determined by

charge balance and the solution chemistry then calculated

by summing the concentrations of all complexes of the

basis species. In the present case, however, the partial pres-

sure of carbon dioxide, PCO2
, which also equals the activity

of CO2 because the activity coefficient of the dissolved

CO2 is 1, can be directly calculated from the bicarbonate

activity ratio.

The mass action equation states that the stoichiometric

matrix describing the dissolution of the buffer minerals,

Sm multiplied by the log activity of the basis species,

Lab, equals the log K of the buffer dissolution reactions,

LK:

SmL ab ¼ S 0mL 0ab þ SHþLaHþ þ SH2OLaH2O ¼ LK : ð1Þ

In the second expression (right-hand side of the first

equal sign), we have taken the H+ and H2O column vec-

tors out of Sm, defining a ‘pruned’ stoichiometric matrix,

S 0m. The third term in this expression drops out if the activ-

ity of water is unity. Multiplying through by the inverse of

S 0m, gives:

L 0ab þ ðS 0mÞ
�1SHþ � L ar ¼ ðS 0mÞ

�1LK ; ð2Þ

where Lar is a vector consisting of the log activity ratios of

all the basis species. The dissolution reaction for carbon

dioxide gas is: CO2ðgÞ ! Hþ þ HCO�3 �H2O. We take

the activity coefficient of H2CO3 (in solution) to be unity.

We do not consider the impact of solution ionic strength

on CO2 (g) solubility (salting out effect). Pore fluid salinity

is not important because PCO2
depends on the bicarbonate

activity ratio, which is fixed by the rock buffer independent

of pH. The mass action equation for the CO2 (g) dissolu-

tion reaction is thus:

log aCO2
¼ log PCO2

¼ log aHCO�3
aHþ � log KCO2ðgÞ; ð3Þ

and we see that the log PCO2
can be computed directly

from the log of the bicarbonate activity ratio and the CO2

dissolution log K.

Equation (4a–c) expresses eqn (2) in expanded form

for the three buffers we consider here. In these equations

the dissolution log K are evaluated at 200�C using the

HKF equation of state and the SUPCRT thermodynamic

database (see Johnson et al. 1992). In evaluating the

log K for the calcite buffer (4a), we assume that the pore

waters lie on the two-phase curve of water, as is approp-

tiate in hydrothermal systems, so the pressure is 16 bars

at 200�C. For the siderite and magnesite buffers we use

the generalized basin pressure–temperature profile sug-

gested by Smith & Ehrenberg (1989), and the pressure

at 200�C is 1050 bars. The rows and columns of the

stoichiometric matrix are labeled to indicate the buffer

minerals and the basis species they represent. These anno-

tations are, or course, not part of the equation. The stoi-

chiometric matrix describes the dissolution of the buffer

minerals to the basis species, so, for example, laumontite

dissolves:

Ca½Al2Si4O12��4H2O!2Al3þþCa2þþ8H2O�8Hþþ4SiO2:

with the H+ term incorporated in the activity ratio and the

H2O term dropped because the activity of water is unity,

the result is the second row of the stoichiometric matrix in

(4a).

logaAl3þ
�

a3
Hþ

logaCa2þ
�

a2
Hþ

logaHCO�3
aHþ

logaSiO2

2
66664

3
77775

¼

Al3þ Ca2þ HCO�3 SiO2

calcite 0 1 1 0

laumontite 2 1 0 4

kaolinite 2 0 0 1

quartz 0 0 0 1

2
6666664

3
7777775

�1
LK

�0:61

�1:12

�4:87

�2:44

2
6666664

3
7777775

¼

0:01

8:63

�9:23

�2:44

2
6664

3
7775 ð4aÞ
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logaAl3þ
�

a3
Hþ

logaFe2þ
�

a2
Hþ

logaHCO�3
aHþ

logaSiO2

2
66664

3
77775
¼

Al3þ Fe2þ HCO�3 SiO2

siderite 0 1 1 0

daphnite 2 5 0 3

kaolinite 2 0 0 2

quartz 0 0 0 1

2
6666664

3
7777775

�1

�

LK

�2:55

18:23

�3:61

�2:30

2
6666664

3
7777775
¼

0:50

4:83

�7:37

�2:30

2
6664

3
7775 ð4bÞ

logaAl3þ
�

a3
Hþ

logaMg2þ
�

a2
Hþ

logaHCO�3
aHþ

logaSiO2

2
66664

3
77775
¼

Al3þ Mg2þ HCO�3 SiO2

magnesite 0 1 1 0

daphnite 2 5 0 3

kaolinite 2 0 0 2

quartz 0 0 0 1

2
6666664

3
7777775

�1

�

LK

�0:77

28:34

�3:61

�2:30

2
6666664

3
7777775
¼

0:50

6:85

�7:62

�2:30

2
6664

3
7775 ð4cÞ

At 200�C and 16 bars log KCO2
(g) equals )9.23. At

200�C and 1050 bars it equals )9.2. Combining the bicar-

bonate log activity ratios in the above expressions (third

value in last column in 4a–c) with these log KCO2
(g) val-

ues, as shown in eqn (3), gives log PCO2
¼ )0.03, 1.83,

and 1.58 for the calcite, siderite, and magnesite buffers,

respectively. These log partial pressures are plotted on

Fig. 1 at 200�C. Partial pressures at other temperatures

(and pressures) are calculated in a similar fashion and plot-

ted to produce the buffer curves plotted on that figure.

Again, in the calcite buffer case, pressure is chosen so that

the water lies on the two-phase curve of water. In the sid-

erate and magnesite buffer cases, the Smith and Ehrenberg

pressure–temperature relationship shown in Fig. 2 is used

[P (bars) ¼ 6 (T (�C) ) 25)]. Figure 2 shows that this is a

reasonable P–T profile for basins that become overpres-

sured at depth.

The curves calculated and plotted in Fig. 1 match the

data shown in that figure quite well. The hydrothermal

data are matched well by the hydrothermal buffer (4a),

and the Smith and Ehrenberg non-anomalous basin CO2

(S&E) data are matched will by the siderite and magnesite

buffers (4b,c). The reason that the S&E CO2 fugacities are

higher than the hydrothermal CO2 fugacities is that Ca-sil-

icate minerals are absent in the S&E case. Fe or Mg silicate

minerals are present instead. Because silicate calcium is not

available, CO2 cannot be precipitated as calcium carbonate,

but only as iron carbonate (siderite) or magnesium carbon-

ate (magnesite), and the fugacity of CO2 along the S&E

trend is higher than along the hydrothermal trend where

calcium aluminosilicates are present.

Figure 3 plots the ratio of the sum of the partial pres-

sures of the gas phases (steam plus CO2) in equilibrium

with the chemically buffered pore fluid, calculated as

described above, to the total fluid pressure along the P–T

profile [P (bars) ¼ 6 (T (�C) ) 25)] shown in Fig. 2.

When this ratio equals unity, the gas pressure equals the

total fluid pressure, and a separate gas phase can and will

form. Figure 3 shows that this will occur at temperatures

of approximately 330�C where iron or magnesium carbon-

ates are present. PCO2
/Ptot ¼ 1 at 330�C for the siderite,

and at 340�C for magnesite buffer. Coudrain-Ribstein

et al. (1998) show that nearly as high partial pressures of

CO2 can be produced by a buffer that contains two car-

bonates (e.g. disordered dolomite and calcite), so the CO2

source region need not necessarily contain magnesite or

siderite. The essential conclusion at this point is that a sep-

arate CO2-rich gas phase can be produced in sedimentary

basins if the sediments reach temperatures of approximately

330�C.

CO2 MIGRATION AND TITRATION

Because of its buoyancy, a CO2-rich gas phase that is pro-

duced in a basin at approximately 330�C will have a strong

tendency to migrate upward. If this occurs the migrating

Fig. 2. The basin P–T trajectory proposed by Smith & Ehrenberg (1989) in

which P (bars) ¼ 6 (T(�C) ) 25) compares well with ‘more realistic’ P–T tra-

jectories which are shown by dashed lines. In the ‘realistic’ P–T trajectories,

hydrostatic conditions and a geothermal gradient of 20�C km)1 (from a sur-

face temperature of 20�C) pertain to 3 km depth, where a transition over

0.5 km takes pressure to lithostatic levels (660 bars at 220 bars km)1). The

pressure gradient is again hydrostatic below the seal. The thermal gradient

in the half kilometer pressure transition varies from 20� to 100�C km)1 as

indicated. The realistic P–T profiles are not significantly different than the

Smith and Ehrenberg P–T trajectory. This shows the general appropriateness

of the Smith and Ehrenberg P–T trajectory for PCO2
calculations.
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CO2 gas will dissolve, and the concentration of total CO2

in the pore fluids may rise above that which is in equilib-

rium with the sediment (buffer) minerals. Basin pore fluids

are observed to be in local chemical equilibrium with their

host sediments, and so, if this occurs, the CO2-generating

reaction must run in reverse: aluminosilicates must react

and contribute Ca++, Fe++, or Mg++ to the solution. This

will cause calcite, siderite, or magnesite to precipitate until

the pore fluid is returned to chemical equilibrium with the

sediment minerals.

Our combined migration and titration model can be

summarized: As illustrated in Fig. 2, temperatures of

approximately 330�C typically occur in the deep (>8 km)

parts of active rift basins. They can occur at shallower

depths if igneous sills or plutons intrude the basin sedi-

ments. As illustrated in Fig. 4, CO2 is generated at the rate

that this part of the basin is heated above 330�C (by burial

or by an intrusion). In this zone carbonates are destroyed,

Ca-, Fe-, and Mg-aluminosilicate clay minerals produced,

and CO2 generated. As the high mole fraction CO2 gases

generated deep in a basin migrate upward and outward it

may be joined by CH4. As the gases migrate to cooler

environments, the water in contact with them gets super-

saturated with respect to carbonate minerals because of the

high PCO2
in the migrating gas stream. Initially, calcium

carbonate will be most supersaturated, and calcium alumi-

nosilicates will be destroyed to obtain the Ca needed to

restore chemical equilibrium between the fluid and rock.

As long as Ca-aluminosilicate minerals are present the par-

tial pressure of CO2 in any gas phase will be buffered to

very low levels and the appropriate carbon dioxide buffer

level will be that of the calcite buffer in Fig. 1. When Ca-

silicate phases are exhausted and Ca is no longer available,

the CO2 will react with Fe- and Mg-aliminosilicates to

form siderite and magnesite. The buffer levels of the

migrating gas will rise to the siderite and magnesite (S&E)

buffers in Fig. 1 so long as Fe- or Mg-silicates are avail-

able. When Fe- and Mg-silicates are exhausted, the CO2

concentrations will be unbuffered, and gases will move

through the sediments with no loss of CO2 partial pres-

sure.

The zones of reaction will move upward and outward

from the source as shown in Fig. 4. Near the source and

along the pathways through which a great deal of CO2 has

passed, the Ca-, Fe-, and Mg-aluminosilicates will all have

reacted out, and the mole fraction of CO2 in the gas phase

can be very high. Further out, where Ca-aluminosilicates

are gone but Fe- and Mg-aluminosilicates still remain, the

mole fraction of CO2 in the migrating gas will be reduced

to lower, but still appreciable, levels. Still further from the

source, where Ca-aluminosilicates are present, the mole

fraction of CO2 in the migrating gas will be buffered to

negligible levels, and CO2 will not be a significant compo-

nent in the gas that fills any reservoirs.

The CO2 titration and carbonate precipitation cannot

occur in the reservoir, but must rather occur along the

migration pathways, which may be a single broad pathway

as illustrated in Fig. 4, or multiple, narrow fingers of

migration along faults or the most permeable parts of

strata, depending on the local geology. The reason that

Fig. 3. Gas pressure (PCO2
+ Psteam) divided by pore fluid pressure (Ptot) cal-

culated for the calcite, siderite and magnesite buffers as a function of tem-

perature with pressure determined from the S&E P–T trajectory shown in

Fig. 2. When the gas to total pressure ratio reaches 1, a separate CO2-rich

gas phase will exsolve from the pore fluids. High mole fraction CO2 are

produced where basin sediments with siderite or magnesite are heated to

temperature approximately >330�C. The figure suggests that for calcite to

break down temperatures of approximately 500�C would be required.

However, interfingered/mixed calcite and dolomite may produce a CO2-

steam gas at temperatures less than this as discussed in the text.

Titrated of silciate Ca
but not silcate Fe, Mg

Not titrated

A

B

No CO buffer control2
(Ca, Fe, Mg silicates all titrated)

C

>330°C
Source

Fig. 4. Conceptual scheme of CO2 generation and titration during migra-

tion. Carbonates are destroyed to produce CO2 in sediments being heated

to temperatures >330�C. The CO2 migrates outward and upward where it

is titrated first to the ‘S&E magnesite or siderite’ buffer levels and then to

the very low ‘calcite’ buffer levels as first Fe- or Mg-silicates, and later Ca-

silicates are encountered. Reservoirs filled at position A will have no CO2.

Reservoirs at position B will have moderate levels of CO2 (as shown in

Fig. 1). Reservoirs filled at position C could contain 100% CO2 gas.
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the CO2 titration and carbonate precipitation must occur

along the migration pathways is that if titration were to

occur entirely in the reservoir, more intense carbonate pre-

cipitation would be required than is observed. Figure 5

shows the density of several gas phases computed along

the S&E basin P–T trajectory. At basin pressures and tem-

peratures, CO2 is a remarkably dense gas phase. A high

mole fraction CO2 gas will have a density close to

0.8 g cm)3 when introduced to reservoirs at 100 and

200�C and pressures given by P (bars) ¼ 6 (T (�C) ) 25).

The amount of siderite that must be precipitated to reduce

one pore volume charge of CO2 to S&E buffer levels is

shown in Fig. 6. This figure shows that the weight percent

siderite precipitated is approximately equal to the porosity

of the sediment. A sediment with 20% porosity must pre-

cipitate about 20 wt% siderite to reduce the CO2 mole

fraction of a nearly pure CO2 gas charge to S&E buffer

levels; a 10% porosity sediment must precipitate about

10 wt% siderite. Carbonate precipitation this intense is not

generally observed in reservoirs, and we take this as evi-

dence that the titration of CO2 from >330�C kitchens

occurs along the gas migration path, not locally within

gas-charged reservoirs. Siderite and magnesite precipitation

can be less intense if distributed along the migration path-

ways, but might still be marked enough to be observed in

drill core and perhaps by geophysical methods.

INCORPORATION OF THE CO2 SOURCE-
TITRATION MODEL INTO A BASIN MODEL

The conceptual model of CO2 generation and titration

along migration pathways as shown in Fig. 4 can be incor-

ported into a conventional basin model and the processes

we have described thereby quantitatively simulated. The

basin model we use is a conventional one of our own

design. Sediments are added in layers, and the compaction

of underlying sediments due to the increase in effective

stress induced by this added load computed. Pore pressure

is increased by the load and relaxed over the timestep as

allowed by sediment and fault permeability. Temperature is

calculated for geologically reasonable, porosity- and tem-

perature-dependent sediment thermal conductivities sub-

ject to the proscribed heat flow into the base of the basin.

Pore fluids moving from compacting layers or where

expelled by positive-volume hydrocarbon maturation reac-

tions, follow paths dictated by the porosity-dependent

strata permeability and the assigned fault permeabilities.

The model is described in Cathles & Losh (2002) and also

in a user’s manual (Cathles 2003) that is available on the

worldwide web.

CO2 generation and reaction are added to this conven-

tional basin model in the following way: Carbonate in a

finite element is assumed to convert to CO2 as that ele-

ment is heated above 320�C. This CO2 then moves parallel

to the flow of basin fluids, but cannot pass through a

cooler element until enough CO2 has entered the element

to fully satisfy its CO2 titration capacity. CO2 is deposited

in these elements as carbonate, and this carbonate can react

to produce CO2 if the element is subsequently heated

above 320�C. The model does not distinguish the titration

of calcium aluminosilicates from Mg and Fe aluminosili-

cates. It simply identifies paths that are fully titrated of all

CO2-buffering capacity. Along these pathways reservoirs

could be filled with 100% CO2 gas.

Numerical modeling requires estimates of the CO2 gen-

eration and titration capacity of the sediments. These num-

bers vary from basin to basin and should be specifically

Fig. 5. The density of selected gases along the S&E basin P–T trajectory

calculated with the (Behar & Simonet 1985) equation of state.

Fig. 6. The siderite precipitation required to reduce a high mole fraction

gas charge to the S&E buffer limits for sediments with 10% and 20%

porosity.
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estimated for the particular basin being modeled. In the

absence of specific data, the values for a typical shale that

are given in Table 1 can be used. We use these values in

the calculation presented in this paper.

From Table 1 it can be seen that the total titratable

silicate cation content of an average shale is 8.8 ·
10)4 moles cm)3 of sediment (the total reduced oxide cat-

ion content minus the moles tied up in carbonates), and

the CO2-generating capacity of a typical shale is

1.5 · 10)4 moles CO2 cm)3 of shale. We assume that all

the CO2 can be produced from the sediment, but that

about half the overlying sediments would be bypassed and

thus the overlying sediments will be only about half

titrated of CO2-neutralizing silicate cations. The CO2 titra-

tion capacity of typical shale is therefore taken to be

4.4 · 10)4 moles CO2 cm)3 of sediment.

The output of our finite element basin model simula-

tions is (i) the location of the CO2 source regions in a

basin and, (ii) the location of sediments that have been

titrated of their silicate Ca, Fe and Mg content by interac-

tion with CO2. These titrated zones, and their reasonable

geologic extensions, are the areas where the risk is highest

of encountering reservoirs with high mole fractions of

CO2.

MODELING RESULTS AND AN APPLICATION
TO THE SOUTH CHINA SEA

Figures 7 and 8 show the results of incorporating CO2

generation and titration in a basin model. Figure 7 shows,

in a very simple situation, how CO2 generated deep in a

basin can move up permeable structures, and titrate all the

aluminosilicates within them that could buffer CO2 fugac-

ity. Nowadays, the risk of encountering CO2 in gas reser-

voirs over the two fully titrated vertical structures would

be very high.

Figure 8 shows a simulation of CO2 generation and

migration in a cross section whose geology is known from

seismic and drill hole data. The section runs to the north-

east from an area of mud volcanoes in the center of the

Yinggehai basin in the South China Sea. The CO2 gener-

ated in the very deep central parts of this basin has, accord-

ing to the model simulation, titrated a large volume of

sediments of the aluminosilicates that could buffer CO2 to

low levels. The risk of reservoirs having high CO2 over the

deepest part of the basin near the mud volcanoes is great,

but the risk in areas nearer the margin to the east and

north is low, according to our generation-titration model.

These predictions are in accord with documented CO2 in

reservoirs drilled in the area to date (see Huang et al.

2005).

Table 1 Typical shale chemistries from Potter et al. (1980).

Component wt% moles cm)3 sediment

CaO 3.11 5.55 · 10)4

MgO 2.44 3.03 · 10)4

FeO 2.45 1.71 · 10)4

CO2 2.65 1.5 · 10)4

Fig. 7. Simulation of CO2 titration in a basin with two permeable vertical

channels (white columns) and four permeable strata (arrows and ‘p’ anno-

tation on 1.77-Ma section). Sediments are deposited and the section grows

in thickness with time. Age is indicated at the top of each section, and

strata are indicated by black horizontal lines. The arrows indicate water

flow. Their upward increase in size indicates the dominance of compaction

in driving pore fluid flow. CO2 is generated where the growing section

moves across the 320�C isotherm (roughly the elevation of the top of the

colored (mottled in black and white) band in the 1.77 Ma section). CO2

generated in this source zone is focused by the permeable strata (labeled

‘p’) into the vertical channels, and the channels quickly become titrated of

their CO2-buffering capacity, as indicated by their white color. Colors show

where the CO2 titration capacity (initially green and ending in white) has

been reduced by reaction with CO2. Reservoirs at the tops of the vertical

channels at the present day (t ¼ 0 Ma section) would have a high probabil-

ity being filled with gas with a high mole fraction of CO2.

Fig. 8. A 101 km NE–SW section running SW to NE from the middle of

the Yinggehai Basin showing the development of the zone where Ca-, Fe-,

and Mg-aluminosilicates have been titrated by reaction with CO2 generated

in the deeper parts of the basin. Sections are shown at 0, 2, and 5.5 Ma

before present. The section at 0 Ma is based on stratigraphy inferred from

seismic surveys. The other sections are obtained from the first by backstrip-

ping and decompacting as described in the text. The numbers in the lower

left give the thickness of this part of each section.
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SUMMARY AND DISCUSSION

In this paper we have described a conceptual model for

CO2 generation and titration in basins which, when quan-

tified and incorporated into a conventional basin model,

makes CO2 risk predictions that are compatible with explo-

ration experience in at least some areas. The conceptual

model explains why most gas reservoirs contain negligible

amounts of CO2, while some gas reservoirs contain a few

weight percent CO2 which increases logarithmically with

reservoir temperature along what we call the S&E trend.

Moreover, our model explains why some reservoirs contain

gas that is almost 100% CO2, and why the reservoirs with

moderate to high CO2 are associated with particularly thick

sediment accumulations. In the model, CO2 is generated

where carbonates in basin sediments are heated to temper-

atures >330�C. Where this occurs, the partial pressures of

CO2 and steam are equal to the local pore fluid pressures,

and a separate CO2-rich gas phase forms which can

migrate upward into cooler sediments where the CO2

reacts with Ca-, Fe-, and Mg-aluminosilicates to form car-

bonates again. When the Ca-aluminosilicates are destroyed

by reaction, the levels of CO2 in the gas are moderate,

depend on temperature, and lie along the S&E buffer

trend in Fig. 1. When the Fe- and Mg-aluminosilicates are

destroyed by reaction with the CO2 gas, all buffer control

on CO2 concentration is removed, and reservoirs can be

filled with gas that is 100% CO2. We describe how these

concepts can be incorporated into a conventional basin

model, and illustrate the results that can be obtained when

this is done.

The conceptual and numerical models make a number of

assumptions that warrant discussion. First the nature of

CO2 buffers bears some comment. Coudrain-Ribstein

et al. (1998) recently analyzed a set of six mineral buffers

that can match the S&E trend in Fig. 1. In general the

buffers they identify lack a Ca-silicate phase, as we suggest

should always be the case. One of their buffers (disordered

dolomite-calcite-chlorite-zoisite-quartz) shows high fugaci-

ties of CO2 despite the presence of a Ca-aluminosilicate.

However, for this buffer, margarite is supersaturated by

nearly 3 orders of magnitude at 200�C. If margarite is

substituted for their buffer mineral zoisite, kaolinite is

supersaturated by an order of magnitude. Substituting

kaolinite yields a buffer of disordered dolomite-calcite-kaol-

inite-chlorite-quartz which sustains a high PCO2
but does

not contain a Ca-aluminosilicate, and hence does not vio-

late our rules. Valid buffers should not contain supersatu-

rated minerals. Once a CO2-rich gas phase leaves its

source, its fate will depend on the availability of Ca-, Fe-

and Mg-silicates as we have described. We do not seek here

to tailor a set of buffer minerals and their stoichiometry to

that appropriate for a particular locality and show that such

a mineral set exists there. This should be done, but it is

beyond the scope of the present paper. Our purpose here

is only to articulate the concept of a source-titration model

in general terms and show how it can be quantified.

Apart from the nature and operation of the mineral buf-

fers, the most critical assumption we make is probably that

basement rocks will not be a source of CO2. The main

argument for this assumption is that, as all basins cause

rock at some depth into basement to move through the

330�C isotherm, if CO2 could be generated in basement

rocks then all basins should have roughly equal CO2 risk,

and this does not seem to be the case. Rather, risk seems

to be concentrated in active basins with thick sediment

accumulations. There are some good reasons why the base-

ment may not typically be a good source for CO2. The

titration capacity of basement rocks is likely to be large

because they are commonly less weathered than basin

shales and therefore should have higher concentrations of

Ca-, Fe-, and Mg-silicate minerals. At great depth, the

density of CO2 might be greater than water, and CO2

might not be able to escape as easily or at all. Low base-

ment permeability may inhibit the outgasing of CO2, and

the CO2 that does escape may be channeled to major base-

ment faults, and thus pose less of a distributed risk to

hydrocarbon exploration. Deeper basement rocks may typi-

cally have been previously heated above 330�C and their

CO2-generating capacity expended. Nevertheless these

arguments may not be valid in all cases and the possibility

that CO2 might be generated in basement rocks below

basin sediments should not be neglected.

We have also ignored biogenic CO2 generation, and the

thermogenic generation of CO2 from organic material.

Organic CO2 generation could be substantial in some

cases, and its titration would reduce the CO2 titration

capacity of the sediments when CO2 is later generated

inorganically. Seewald et al. (1998) and Seewald (2003)

provide discussion that is also of interest because it involves

inorganic mineral buffering. Moreover, CO2 is commonly

vented from igneous intrusions (e.g. Ballentine et al.

2001). In areas with magmatic activity, this kind of CO2

supply should be remembered.

Finally the models we describe do not couple methane

generation to CO2 migration and titration. Methane gen-

eration could affect the flow paths of the gas by decreasing

its density and promoting buoyant vertical flow. Additions

of methane after a reservoir fills with CO2 could erase

much of the CO2 risk we predict.

Despite all the assumptions and approximations made,

the present model appears to make useful predictions of

CO2 risk. Where applied to date it has produced results

consistent with known CO2 exploration risk with no ‘tun-

ing’. This can be appreciated by comparing Fig. 8 to the

L8-1 profile in Huang et al. (2005). The insights provided

by the model, and the experience we have gained from

basins that we have analyzed to date, suggest that a few

448 L. M. CATHLES & M. SCHOELL

� 2007 Blackwell Publishing Ltd, Geofluids, 7, 441–450



critical parameters can provide an estimate of the CO2 risk

at the location of a particular well. The critical parameters

include the ratio of CO2 generation to total potential titra-

tion at the basin center and at the margin nearest the well,

and the proximity of structures to the well. The numerical

modeling described above thus provides a basis for much

simpler methods of data evaluation and risk management.

The model presented also has interesting and perhaps

important scientific implications. The migration routes of

natural gases in basins are of both practical and scientific

interest. Practically, knowing the migration pathways might

usefully direct exploration to areas where traps would be

less likely to be filled with CO2. Scientifically, we would

like to know how fluids of various kinds move through

faulted sediments. This has proven remarkably difficult,

and there is broad disagreement about even such funda-

mental issues as whether hydrocarbons move in faults at

all, or only in the fractured zones adjacent to faults. Exam-

ining the alteration pattern produced by the passage of a

reactive gas such as CO2 could provide a way to answer

some of these questions, particularly since the source of

CO2 can be highly localized, as it is when the CO2 ema-

nates from or is generated by the heat from an intrusion.
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