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Abstract-The sandstones of the over pressured zone of the Venture Field at 4500 m depth show
abundant authigenic chlorite that can be interpreted to have formed by a reaction between kaolinite
and ankerite. The stability of this mineral reaction in a H20-COrNaCI fluid can be determined from
mineral compositions, thermodynamic data and the solubility of CO2 in saline fluids. The predicted
equilibrium temperatures are approximately J60°C, which is in good agreement with measured
temperatures. The measurement of 13Cfor CO2 and calcite in the gas shows many samples to be in
isotopic equilibrium at reservoir temperature, providing additional evidence that the CO2 in the gas
was derived from calcite dissolution.

The reaction mechanism that produces CO2 in this and other sedimentary basins and in geothermal
wells is not defined by the equilibrium treatment of the stability of clay carbonate reactions. However
examination of temperature-jx.O, trends reported by other authors suggests that silicate hydrolysis
may be the source of hydrogen ions that cause calcite dissolution. This hypothesis can be tested by
examining representative fluid compositions and imposing equilibrium with the appropriate mineral
assemblage to determine the value of pC02 in equilibrium with silicates and carbonates, Calculated
values for pC02 for quartzose sediments containing kaolinite, illite and calcite, used to model pC02
trends in the Gulf Coast, show good agreement with observed data. Reactions with albite, calcite and
analcime, used to model pC02 trends in Iceland, do not show as reasonable agreement with measured
trends of pC02, While not demonstrating unequivocally that CO2 at deeper levels in sedimentary
basins results from dissolution of carbonates, driven by silicate hydrolysis, the evidence to support
this hypothesis is strong,

INTRODUCTION The potential for reactions between clay minerals
and carbonates during late diagenesis and low grade
metamorphism was recognized by ZEN(1959). The
reaction of kaolinite and dolomite (or ankerite) to
form chlorite was described in the Salton Sea hy-
drothermal system by MUFFLERand WHITE(1969),
Reactions between silicates and carbonate to pro-
duce CO2 have been proposed by HUTCHEONet al.
(1980), McDOWELLand PACES(1985) and SMITH
and EHRENBERG(1989), HUTCHEONet al. (1980)
described the potential of univariant reactions be-
tween silicates and carbonates to buffer the CO2
content of an aqueous fluid to the solubility surface
between H20 and CO2 and, potentially, to produce
a COz-rich vapour once the solubility surface was
reached; however, a reaction mechanism was not
proposed, For a fluid containing only H20 and CO2,
and using pure magnesium end-member chlorite
(clinochlore), dolomite and calcite, they calculated
the intersection between the kaolinite-dolomite-
chlorite mineral reaction and the solubility surface
to be at approximately 200°C at 100MPa (1 Kbar).
In general, mineral reactions during diagenesis and
low grade metamorphism take place in a saline
aqueous fluid and the minerals are not pure end-
members, To produce applicable estimates of the
stability of the kaolinite-dolomite-chlorite reaction
relative to the H20-C02 miscibility surface, the cal-
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CARBONDIOXIDEis present in natural gasesin many
sedimentary basins. Studies of the Gulf Coast and
North Sea (LUNDEGARDet al., 1984; LUNDEGARD
and LAND, 1986; SMITHand EHRENBERG,1989)
have shown that the partial pressure of CO2 in-
creases with increasing temperature and, therefore,
depth, The continuous increase observed in these
two basins suggests that the process responsible
for the accumulation of CO2 at greater depths is
progressive and HUTCHEONand ABERCROMBIE
(1989a), by considering the analyses of produced
waters from steam flood pilots, have suggested that
the hydrolysis of silicates produces hydrogen ions
which are consumed by the dissolution of calcite,
releasing CO2. HUTCHEONet al. (1990) have shown
that the isotopic composition of CO2, generated in
steam flood pilots, is consistent with an origin from
dissolution of calcite, In the Venture Field, there is
evidence for the reaction between clays and car-
bonates and the purpose of this paper is: to describe
the conditions under which this reaction might have
occurred; to present some supporting isotopic evi-
dence for carbonates being the source of CO2; and
to propose a reaction mechanism that will produce
CO2and adequately describe the pC02-temperature
relationships noted by SMITH and EHRENBERG
(1989),
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culations should incorporate the effect of NaCl on
the solubility of CO2 and the effect of variations in
the chemical compositions of chlorite and carbon-
ates,

In this paper, evidence is presented for the re-
action of kaolinite and ankerite (or dolomite) to
produce chlorite, iron-bearing calcite and CO2 in
the Venture area of the Scotian Shelf (Fig. 1),Data
from natural gas wells have been used for estimates
of fluid salinity and electron microprobe analyses
have provided the composition of the minerals. The
stability of chlorite, relative to the H20-C02 solu-
bility surface in an NaCl-bearing fluid, has been
calculated from these compositions and thermo-
chemical data. The possibility that reactions be-
tween silicates and carbonates may be a source of
CO2 is examined using the isotopic compositions
of the carbonates and CO2•

The Venture area is an ideal location to examine
mineral reactions during diagenesis at higher tem-
peratures, Gas is contained in highly over pressured
sandstones (up to 120MPa) ofthe Missisauga For-
mation and temperatures may be in excess of
160°C, depending on the depth, The formation'
fluids are saline (approximately 20 wt. percent NaCI
equivalent) and the gas contains CH4 and CO2•

Drilling for natural gas in the area has provided
rock samples from cored boreholes, water salinities
and gas samples for compositional and isotopic
analyses.

GEOLOGICAL SETTING

The locations of wells studied are shown in Fig,
1, Not all wells have been cored and most of the
samples discussed in this paper are from the Mis-
sisauga Formation and were obtained from Venture
B-13, B-43, H-22 and B-52, Arcadia J-16, Olym-
pia A-12, Citnalta I-59, Bluenose G-47 and 47A,
South Venture 0-59, West Venture C-62 and The-
baud 1-93,

The stratigraphy of the Scotian Shelf was first
presented by McIVER (1972) and modified by
GIVEN (1977), Biostratigraphy was presented by
GRADSTEINet al. (1975). The study by GIVEN
(1977) incorporated lithofacies descriptions (PIPER,
1975; SWIFTet al., 1975) and paleogeographic and
structural studies (HAWORTH, 1975; PARSONS,
1975; HOWIEand BARSS,1975; JANSAand WADE,
1975; SMITH,1975). KEEN(1979,1983) and KEEN
and LEWIS(1982) delineated potential zones of or-
ganic maturity on the Scotian Shelf from thermal
data. Organic maturation studies have been com-
pleted by CASSOUet al. (1977), POWELLand
SNOWDON(1979), PuRCELLet al. (1979), POWELL
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FIG. 1. Generallocationmap showingthe positionof
the Venturefieldrelativeto the EasternCoastofCanada
and the locationsofwellsfromwhichrockand fluidsam-
pleswereobtainedin this study,

(1982) and ISSLER(1984). The only diagenetic
studies available are by HERB(1975), which doc-
uments diagenetic cements in the Nova Scotia
Group sandstones of the Missisauga and Logan
Canyon Formations, and NOGUERAURREA(1987),
which examines the diagenetic history of over pres-
sure in the Missisauga and Mic Mac Formations.
Neither study examines the physicochemical con-
ditions of the mineral reactions observed in the over
pressured zone, nor is the relationship between
mineral reactions and CO2 discussed.

The main depositional centre of the Scotian Basin
underlies the eastern part of the Scotian Shelf and
consists of a wedge of Mesozoic to Cenozoic sedi-
ments up to 12 km thick in the vicinity of Sable
Island. Triassic and Lower Jurassic redbeds are
overlain by Middle Jurassic to Lower Cretaceous
deltaic sediments and shelf carbonates. The Verrill
Canyon Formation shales are suggested to be the
source rock for the gas accumulation at the Venture
structure (POWELL,1982).

Depth relationship of temperature and pressure

Pressures in the Venture area are significantly
higher than the hydrostatic pressure ("over pres-
sured"). Fig. 2 shows the variation of pressure and
temperature with depth in well B-43 obtained from
drill stem test data provided by Mobil Canada.
Pressures in this well reach 110MPa (1100 bars) at
5500 m depth and increase significantlybelow 4500
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FIG. 2. Depth vs. temperature and pressure for well B-
43 in the Venture area.
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m, the top of the "over pressured" zone, Rock and
fluid samples are available over the range from
4000-5500 m and temperatures over this interval,
also estimated from drilling data, range from 110
to 160°C. JANSAand NOGUERAURREA(1989) note
that the main over pressure zone is in sandstones
and that the shales show normal compaction trends
and attribute the over pressure to the low geother-
mal gradient, formation of diagenetic seals, gener-
ation of gas and release of water from later stages
of shale diagenesis. ISSLER(1984) shows tempera-
tures ranging up to approximately 160°C at 4800
m depth on the Scotian Shelf. Vitrinite reflectance
has been measured in samples obtained from wells
on the Scotian Shelf by CASSOUet al. (1977) and
DAVIESand AVERY(1984), who show a marked
rate of increase of reflectance with depth in the over
pressured zone. The depth to the over pressured
zone is variable between wells, but is generally in
the range of 4500 m within the Venture area. Over
the entire Scotian Shelf the distribution of over
pressures is variable.

DIAGENETIC MINERALS, COMPOSITION
AND DISTRIBUTION

Observation of the early diagenetic sequence is
limited because core samples are available only at
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deeper intervals. The over pressured zone has been
cored in many of the wells in the Venture area and
petrographic relationships relevant to the clay-car-
bonate reaction are described on the basis of samples
from these wells.

X-ray diffraction analyses of the less than 2 µm
size fraction from sandstones indicates that 14 A-
chlorite is the most abundant clay mineral in the
over pressured zone (Fig. 3), ranging up to 98%by
weight of the clay size fraction. Above this zone,
less than 10%of the clay-size fraction is chlorite;
with kaolinite and illite being the most abundant
minerals. No expanding clays were observed in the
clay-size fraction of the sandstones at these depths.
HUTCHEONand NAHNYBIDA(1990) have observed
smectite in the shales at depths up to 2300 m and
report the details of the analytical procedures used
to identify clay minerals in these rocks. The abrupt
increase in chlorite content in the over pressured
zone can be confirmed by thin section and scanning
electron microscope (SEM) examination.

Thin sections were examined in detail but the
relevant petrographic features are best summarized
by secondary and backscattered electron photo-
micrographs. Authigenic minerals observed with the
SEM include pyrite, quartz overgrowths, illite, ka-
olinite, chlorite, calcite, ankerite, rutile (?) and
sphene. Chlorite is observed lining and fillingpores.
Quartz overgrowths enclose the pore lining chlorite
(Fig. 4a), separating it from the pore filling chlorite.
This is interpreted to represent two stagesof chlorite
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FIG. 3. Clay mineralogy of the less than 2 µm size frac-
tion of sandstones.
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FIG. 4. Petrography of samples examined by scanning electron microscopy. a. Quartz overgrowths
enclose pore lining chlorite. The detailed section on the right shows that euhedral quartz has grown
over the chlorite rims. The chlorite is interpreted to be an early diagenetic event in this context. (4959
m depth) b. Blocky authigenic kaolinite has well developed crystal faces and the morphology suggests
the dickite polytype (4431 m depth). c. Although kaolinite is abundant in some samples, at 4440 m,
just above the over pressured zone, the edges of kaolinite crystals are frayed, interpreted to indicate
reaction of the kaolinite. d. Fine authigenic chlorite plates coat rhombs of iron calcite at 4955 m
depth. This texture is interpreted to be evidence for the chlorite reaction. e. Coarse chlorite rosettes,
up to 20 mm, fill pores and are interpreted to be late diagenetic chlorite formed by the clay-carbonate
reaction (4959 m depth) f. Backscatter electron micrograph of kaolinite, ankerite and chlorite. Note
that ankerite and kaolinite are not observed in contact (4962 m depth).



Clay-carbonate reactions, Scotian Shelf

growth, one early and one later in the paragenetic
sequence. At 4430 m, above the over pressured zone
in B-43, blocky kaolinite, possibly the dickite va-
riety, (Fig. 4b) is observed. At 4440 m, the kaolinite
cleavage flakes are frayed (Fig. 4c), interpreted as
possible dissolution of kaolinite. Authigenic pore
filling chlorite is present at 4955 m as fine platelets
that coat authigenic calcite (Fig. 4d) and at slightly
greater depths (4960 m) abundant rosettes of pore
filling chlorite are observed (Fig. 4e) to be inter-
grown with calcite that contains some iron. Ankerite
appears above this interval as a replacement of pla-
gioclase feldspar. In the zone with abundant pore-
filling chlorite, ankerite is rare. In samples that con-
tain kaolinite, ankerite and chlorite, kaolinite and
chlorite are not observed in contact with ankerite
(Fig. 4f). These textures are interpreted to indicate
a reaction, similar to that documented by HUTCH-
EONet al. (1980), of ankerite and kaolinite to pro-
duce calcite and chlorite.

Using the Fe and Mg end-member thermody-
namic components, this reaction can be described
by the equilibria:

5 CaMg(C03)2 + AI2Si205(OH)4 + Si02

+ 2 H20 # Mg5AIzSi30IO(OH)s

+ 5 CaC03 + 5 CO2 (1)

5 FeC03 + AI2Si205(OH)4+ Si02

+ 2 H20 # Fe5AI2Si30lO(OH)s+ 5 CO2. (2)

Thermodynamic data are available for all the com-
ponents in reactions (1) and (2) in HELGESONet al.
(1978) and WALSHE(1986). Mineral compositions
and a model for the dependence of activity on com-
position are required to examine the phase rela-
tionships of reactions (1) and (2) in CO2-H20-NaCI
fluids. Compositions of chlorite, calcite and ankerite
have been measured by electron microprobe. The
compositions measured were used to calculate the
activities of the Fe and Mg end-members in chlorite
and the activity of FeC03 in calcite, assuming an
ideal solid solution.

Electron microprobe analyses

Mineral compositions were measured on an ARL
SEMQ electron microprobe at the University of
Calgary using mineral standards of known com-
position and wavelength dispersive spectrometers.
A JOEL 733 electron microprobe at CANMET in
Ottawa was also used and analyses were by energy
dispersive spectrometer using mineral standards.
Points for analyses on the ARL were located by
transmitted light optics. In general, operating con-
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ditions were 15kVand 20 nanoamps beam current,
although these were varied depending on the sta-
bility of the material being analysed. Backscatter
electron images, obtained on the JOEL 733, were
found to be useful to identify grains suitable for
analyses of the fine clay mineral particles. Because
the intensity ofthe backscatter image is proportional
to the mean atomic number of the substance under
the beam, fine clay plates, with a high mean atomic
number and oriented nearly vertically in the low
mean atomic number mounting material (epoxy),
were relatively easy to recognize from their relative
brightness. Although edge effectsare a problem with
analysis of fine particles, grains as small as a few
µm could be analysed and yielded reasonable totals
for chlorite (Table 1).The epoxy mounting medium
contains no elements common to chlorite and thus
the X-rays generated from the epoxy should not
substantially affect the analyses.

Composition of chlorite

A number of chlorite grains in various samples
were analysed, and the chlorite compositions from
wells B-43, B-13, B-52 and J-16 are reported in Ta-
ble 1. The calculations in this paper are based on
the compositions in Table 1.The chlorites are gen-
erally iron rich with minor amounts of magnesium,
between approximately 3.7 and 6.2 wt.%. There are
minor to trace amounts of Na20, K20, CaO, Ti02

and MnO. The chlorite grains are relatively ho-
mogeneous at the scale of microprobe analyses and
the backscatter photomicrographs do not show any
bright patches or other indications of inhomoge-
neous compositions. The observation of fractured
samples in reflected electron images shows that
some authigenic chlorites have fine fibres of illite
growing on them. These might be undetectable us-
ing back scatter electrons and could contribute to
the K20 content of the chlorite. Calcite was also
observed to be intergrown with chlorite and this
may account for the CaO observed in chlorite. Fine
grains of authigenic Ti02, presumably remaining
from the destruction of detrital biotite and mus-
covite, were observed and may account for some
of the Ti02 in the analyses of chlorite and other
authigenic phases.

Composition of carbonates

Calcite, siderite, dolomite and ankerite can all
be recognized in the samples examined. Ankerite
replaces plagioclase feldspar and ranges from 30-
50 mol% of the dolomite end-member. Late, pore
fillingcalcite, associated with the pore fillingchlorite
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Table I. Chemical compositions (wt.%) of authigenic chlorite in from the Venture Field determined by electron
microprobe

Depth
Well (m) Mineral s-o Total'

No.
points Na,O K,O CaO AI,O, SiO, TiO, FeO MgO MnO

B-13 4951.0 chlorite
B-13 4951.0 calcite
B-13 4956.0 chlorite
B-13 4956.0 calcite
B-43 4432.0 ankerite
B-43 4670.0 ankerite
B-43 4876.0 ankerite
B-43 4876.0 calcite
B·43 4877.0 calcite
B-43 4877.0 ankerite
B-43 4877.0 chlorite
B-43 4956.65 chlorite
B-43 4956.65 chlorite
B-43 4958.65 chlorite
B-43 4958.65 illite
B-43 4958.65 albite
B-43 4959. chlorite
B-43 4959.0 calcite
B-43 4432.0 albite
B-43 4670.0 albite
B-43 4876.0 albite
B-43 4958.83 chlorite
B-43 4958.83 ankerite
B-43 4958.83 albite
B-43 4963.0 albite
J-16 5159.0 chlorite
J-16 5159.0 ankerite
J-16 5159.0 albite
J·16 5159.0 siderite
J-16 5168.0 chlorite
J·16 5168.0 siderite
J-16 5168.0 albite
B-52 4711.0 chlorite
B-52 5125.0 chlorite
B-52 5125.0 ankerite
B-52 5276.26 chlorite
B-52 5276.26 calcite

(5) 0.0 0.06
(4) 0.0 nd
(3) 0.0 0.32
(6) 0.0 nd
(5) nd nd
(4) nd nd
(3) nd nd
(4) nd nd
(3) 0.10 nd
(6) 0.04 nd
(3) 0.0 0.11
(7) 0.0 0.33
(7) 0.0 0.33

(18) 0.26 0.08
(6) 0.06 9.34
(3) 8.72 0.12
(7) 0.02 0.51
(4) 0.12 nd
(6) 11.23 0.08
(4) 11.85 0.06
(4) 11.68 0.08
(7) 0.0 0.11
(2) 0.0 0.46
(3) 10.10 0.00
(6) 11.39 0.26
(3) 0.35 0.21
(3) 0.24 0.39
(3) 8.88 0.12
(2) 0.0 0.0

(13) 0.55 0.25
(6) 0.0 0.0
(3) 8.63 0.0
(2) 0.0 0.15
(4) nd 0.34
(5) 0.0 nd
(3) 0.37 0.12
(3) 0.0 0.42

0.0 23.12
54.05 0.0
0.10 23.97
53.74 0.01
31.32 0.0
31.23 0.0
31.94 0.0
54.09 0.0
53.88 0.15
30.95 0.11
0.09 23.65
0.30 22.99
0.30 22.99
0.12 22.04
0.12 32.68
0.0 20.23
0.11 23.93
53.63 0.01
0.82 20.01
0.03 19.39
0.08 19.25
0.0 22.5
30.51 0.0
0.0 19.24
0.21 19.55
0.20 22.37
29.66 0.12
0.08 19.39
1.95 0.0
0.23 23.77
2.37 0.0
0.12 19.33
0.0 13.65
0.24 25.33
31.02 0.06
0.0 23.03
54.44 0.0

26.05 0.0
nd nd

28.21 0.09
nd nd
nd nd
nd nd
nd nd
nd nd
nd nd
nd nd

28.97 0.56
24.05 0.56
24.05 0.56
23.71 0.38
49.73 0.21
69.64 0.09
27.69 nd
nd nd

67.40 nd
67.83 nd
68.28 nd
23.33 0.29
0.0 0.0

69.93 0.0
68.73 nd
21.85 0.25
0.33 0.08
70.22 0.18
0.19 0.0
24.46 0.34
0.91 0.0
72.53 0.21
24.78 1.40
27.53 nd
nd nd

23.70 0.27
0.0 0.0

33.47 6.22 0.09
1.16 0.40 0.79

29.85 6.37 0.12
1.07 0.34 0.69

16.39 8.25 0.97
15.29 8.37 1.33
14.06 9.15 1.10
0.80 0.19 0.Q3
1.21 0.38 0.49

15.00 8.89 1.27
30.31 5.69 0.1
32.15 5.12 0.69
32.15 5.12 0.69
33.07 4.84 0.28
1.57 0.04 0.56
0.16 0.0 0.0
30.86 5.76 0.09
0.86 0.50 0.50
0.04 0.0 nd
0.18 0.0 nd
0.03 0.0 nd
32.65 4.92 0.3
13.76 9.55 1.38
0.0 0.0 0.67
0.17 0.0 nd
34.91 4.24 0.29
17.83 7.11 0.72
0.0 0.0 0.0
51.14 7.19 1.76
36.07 3.66 0.42
49.54 6.68 3.26
0.63 0.0 0.0
35.97 6.20 0.36
30.82 4.67 0.07
15.02 8.61 1.27
34.22 4.99 0.38
1.34 0.62 0.32

nd 89.01
0.04 56.44
nd 89.03
0.04 55.89
nd 56.93
nd 56.22
nd 56.25
nd 55.11
nd 56.21
nd 56.26
nd 89.48
nd 86.19
nd 86.19
nd 84.78
nd 94.31
nd 98.96
nd 89.48
nd 55.62
nd 99.58
nd 99.34
nd 99.40
nd 84.10
nd 55.66
nd 99.94
nd 100.31
nd 84.67
nd 56.48
nd 98.87
nd 62.23
nd 89.75
nd 62.76
nd 62.76
nd 82.50
nd 89.00
0.04 56.02
nd 86.45
nd 57.14

* Totals do not include volatiles such as H,O and CO,.

Calgary. The data collected are presented in Table
2. The compositions of gases in wells 0-51, 1-93,
B-13, B-43, B-52, G-47 and H-22 are from KEN-
DALL et al. (1989). Calcite compositions and gas
compositions from C-62 and C-74 were measured
in this study. The (;l3Cof CH4 ranges from - 38 to
-45%0 (PDB), reaching the most enriched (;l3Cin
the over pressured zone (Fig. 5). If the data from
each well are observed separately, there is also a
tendency for the methane to be more enriched in
l3Cwith depth. The (;l3Cvalues for CO2 range from
-2 to -12%0 (PDB), also reaching the most enriched
values in the over pressured zone (Fig. 6). The CO2

from C-62 and B-52 becomes more enriched with
depth, as was observed for methane. A plot of
(;l3CH4 VS. (;l3C02 shows the data from all wells

and interpreted to be a reaction product, contains
approximately 3 to 4 mol% FeC03• Detrital car-
bonate grains are variable in abundance in most
samples and care was taken during electron micro-
probe analyses to select only grains that were ob-
viously authigenic. Some spot analyses of detrital
calcite grains showed them to have similar com-
positions to the cement, suggesting that recrystal-
lization of all calcites has taken place. Analyses of
selected carbonates are reported in Table 1.

Isotopic compositions

Isotopic compositions of CH4, CO2 and calcite
were measured in the Stable Isotope Laboratory in
the Department of Physics at The University of
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Table 2. Isotopic composition of calcite and CO2 from the Venture field. The compositions of CO2 for wells 0-51,
1-93, B-13, B-43, G-47 and H-22 are from KENDALL et al. (1989)

Depth Temp a!3C Depth Temp a!3C
Well (m) (0C) a!3C02 calcite (m) (DC) a!3C02 calcite

C-74 3876.5 110 -5.9 -1.56 3876.5 110 -5.05
C-74 3876.5 110 -5.05 3876.5 110 -3.05
C-74 3922 111 -1.35 3922 III -3.48
C-74 4314.5 121 -6.53 -7.21 4413 123 -3.71 -6.38
C-74 3876.5 110 -5.9 -1.56 3876.5 110 -5.05
C-74 3876.5 110 -3.05 3922 111 -1.35
C-74 3922 III -3.48 4314.5 121 -6.53 -7.21
C-74 4413 123 -3.71 -6.38 4413 -3.49
C-74 4514.5 123 -3.12 -4.61 4689.5 130 -3.86 -5.28
C-74 4754.5 131 -2.61 -5.6
C-62 5021.5 138 17.63 5021.5 138 15.27
C-62 4926.5 136 -10.06 -6.02 4742 131 -12.64 -5.04
C-62 4742 -6.16 4742 -11.62
0-51 4371 122 -8.48
1-93 3916 III -6.67 3928.5 112 2.65
1-93 3998.5 113 -4.12 4086.5 115 -2.69
1-93 4326 121 -0.39
B-13 4694.7 130 -0.72 4696 130 -1.11
B-13 4699 130 -10.2 4699.5 130 -1.24
B-13 4700 131 -I.I 4700.5 131 -0.94
B-13 4721 131 -4.88 4725.7 131 -9.77
B-13 4727 131 -3.59 4730.9 131 -5.67
B-13 4731 131 -6.75 4732 131 -5.05
B-13 4733 131 -4.49
B-43 4431 124 -8.85 4435 124 -27.39
B-43 4436 124 -22.5 4437 124 -7.25
B-43 4439 124 -10.73 4440 124 -8.98
B-43 4443 124 -3.26 4670 129 -7.27
B-43 4671 129 -10.23 4676 129 -4.37
B-43 4951 136 -6.3 4966 137 -3.73
B-52 4719 131 -8.51 -5.28 4719 130 -8.51 -4.47
B-52 4967.5 -11.95 5033.5 138 -7.7 -2.91
B-52 5045.5 -7.82 5072.5 -10.21
B-52 5290 144 -3.86 -3.23 5290 145 -3.86 -4.24
B-52 5290 145 -3.86 -2.43 5728.5 -1.81
B-52 5802 -3.22
G-47 4583 127 -5.3 2.79 5230 143 -1.69 1.91
H-22 5022 138 -8.29 -5.27 5022 138 -8.29 -6.21
H-22 5022 138 -8.29 -2.19
J-16 4869.5 135 -3.56 -1.89 4896.5 135 -3.56 -3.82
J-16 5170 142 -3.92 -0.76 5170 142 -6.52 -3.83

tends to be limited by an a, = 1.04 (Fig. 7) line reactions involving CO2 and H20 can buffer the
from WHITICAR et al. (1986). fluid composition to increasing NaCl and CO2 con-

tents, whereas dehydration reactions tend to buffer

PHASE RELATIONSHIPS OF MINERALS the fluid to more H20-rich compositions. These

IN H20-C02-NaCI FLUIDS conclusions are correct if the dehydration reaction
has the "normal" topology in P-T space, that is,

The stability of chlorite relative to kaolinite and the equilibrium temperature increases as water
carbonate (ankerite or dolomite) can be considered pressure increases. The reaction of kaolinite to illite
by an examination of the phase relationships among is interpreted to be important during diagenesis in
these minerals in a CO2-H20-NaCI fluid. Previous the Venture area and in other sedimentary basins
studies (TROMMSDORFF and SKIPPEN, 1986) have and can be written as a dehydration reaction. It
described the influence of univariant mineral re- does, however, have the reverse topology, that is
actions on the compositions of coexisting fluids in the equilibrium temperature decreases as pressure
metamorphic rocks. They conclude that mineral increases. Reactions of this type also tend to coexist



206

1500

2500

g
.c 3500-Q.
G)

C 4500

5500

6500
-50

o C-74 0 8·52

• C-62 6. G-47

~ .0-51~.
CO

• H·22

-40

813 CH
4

FIG. 5. /i13C ofCH4 vs. depth in meters. Data for wells
other than C-62 and C-74 are from KENDALL et al. (1989).

with a fluid that increases in NaCI and CO2 with
increasing temperature.

Clay-carbonate reactions, specifically with chlo-
rite, have been postulated or described by various
authors (ZEN, 1959; MUFFLER and WHITE, 1969;
HUTCHEON et al., 1980; McDoWELL and PACES,
1985) but the mineral compositions required to
more accurately determine their stability have not
been measured. Further, the phase relationships in
a COz-H20-NaCl fluid, particularly at the limit of
CO2 miscibility in the aqueous phase, have not been
determined.

The data used in the following calculations in-
cludes the thermodynamic properties of the min-
erals, mainly from HELGESON et al. (1978), with
Fe-chlorite data from WALSHE (1986). The solu-
bility of CO2 in H20-NaCl fluids was obtained from
BOWERS and HELGESON (1983), ELLIS and GOL-
DING (1963) and GEHRIG (1980). Using the same
methods as HUTCHEON et al. (1980), the activity
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FIG. 6. /iI3C of CO2 vs. depth in meters. Data for from
KENDALL et al. (1989) were used in addition to data from
C-62 and C-74.
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FIG. 7. /iI3C of CO2 vs. /iI3C of CH4 for all wells with
data for both gases. The line labelled 30 = 1.04 is from
WHITICAR et al. (1986).

coefficients for mixing of CO2 and H20 were ob-
tained on the pseudo-binary at 0, 6 and 20 wt%
NaCI using a two-constant Margules mixing model.
The activity coefficients for H20 in the liquid phase
and CO2 in the vapour phase at the conditions of
interest were found to be close to unity and not to
have a large effect on the calculated stability and
have therefore been ignored in the calculations.

The activities of the components in reactions (1)
and (2) were calculated using an ideal solution
model and the compositions of the appropriate
chlorite and carbonate. The stabilities of the reac-
tions are shown on a pseudo-binary T-XC02 diagram
(Fig. 8), at constant pressure, relative to the solu-
bility of CO2 in 0.0, 6.0 and 20.0 weight percent
NaCI solutions. The reaction equilibria that include
corrections for the mineral compositions are la-

00 0.02

FIG,8. Stability of Fe- and Mg-chlorite reactions in COr
H20-NaCI fluid at constant pressure. Note that the inter-
section of the end member reactions, adjusted for the ac-
tivities of chlorite and calcite (curves labelled "aM'" and
"aFe") intersect the 20 weight percent NaCI curve for CO2
solubility at very similar temperatures.
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FIG. 9. The trace of the intersections of the kaolinite-
carbonate-chlorite reaction with the solubility surface for
CO2 in a COz-H20-NaCI fluid can be shown as functions
of pressure and temperature. The solid lines with the dots
are 0 and 20 weight percent NaCI. The numbers beside
each dot are the mole fraction of CO2 in equilibrium at
the intersection of the mineral reaction with the CO2 sol-
ubility surface. Note that Xco" and thus pC02, increases
with increasing depth and temperature.

belled on the diagram and intersect the 20 wt% NaCl
solubility curve at temperatures between 160 and
170°C, appropriate for a depth of 5000 m or greater
in the B-43 well (Fig. 2). Examination of salinities
from drill stem tests and interpreted from well logs
suggest this is an appropriate salinity for formation
waters in the Venture field.

By repeating the calculations at a number of dif-
ferent pressures it is possible to find the temperature
of intersections of reactions such as (1) and (2) with
the CO2 solubility surface in a CO2-H20-NaCI fluid.
These can then be presented as a P- T diagram with
the locus of the intersections for various NaCI con-
tents and the mole fraction of CO2 noted along the
trace ofthe intersection. Fig. 9 shows such a diagram
and a number of features are evident upon exam-
ination. Firstly, the evolution of a fluid coexisting
with the reactions as written has the appropriate
sense of compositional evolution. That is, the fluid
becomes enriched in NaCI and CO2 with increasing
temperature and pressure. This does not imply that
the solubility of CO2 increases with increasing NaCI
content because the pressure is also increasing. Over
the range of pressures, temperatures and NaCl con-
tents examined here it is apparent that increases in
pressure increase the solubility of CO2 and are suf-
ficient to overcome the decrease in CO2 solubility
imposed by higher NaCI contents. Superimposed
on the diagram are geothermal gradients for 10and
40°C/km. The trace of the intersection between the
CO2solubility surface and the mineral reaction first
intersects the geothermal gradient at a temperature
of about 140-150°C for a solution with 0.0 wt%
NaCl. This is the minimum temperature at which
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the kaolinite-carbonate to calcite reaction will be
in equilibrium on the CO2 solubility surface.

Using the fractionation factors for J3Cbetween
CO2 and calcite and temperature estimates, it is
possible to calculate the expected isotopic compo-
sition of CO2 from the measured calcite composi-
tion and compare it to the measured CO2 compo-
sition. Temperature at various depths has been
measured by Mobil Oil for the wells in this study.
The isotopic compositions of calcitewas determined
as part of this study and the isotopic compositions
for CO2 in the gas that were not available from
KENDALLet al. (1989) were measured, if samples
were available. The results of these calculations are
shown in Fig. 10. Some of the points are not in
good agreement with the predicted value expected
if the calcite were in isotopic equilibrium with CO2

in the gas. Some of these samples, shown as shaded
points in Fig. 10, have considerable amounts of de-
trital carbonate.

BUFFERING

The calculation of the stability of clay-carbonate
reactions does not define the reaction mechanism
that produces the CO2observed in sedimentary ba-
sins. It is possible that other reactions, such as those
involving smectite (GUNTERand BIRD, 1988) or
illite (HUTCHEONet aI., 1980) and mixed volatiles
would be stable at lower temperatures at the same
pressure, and intersect the solubility surface of CO2

in H20-COz-NaCl mixtures at lower temperatures.
Reactions involving smectite or illite may be can-
didates to produce CO2 by calcite dissolution during
the diagenesis of shales.

McDOWELLand PACES(1985) note that reaction
among silicates and carbonates takes place in an

0
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0 -40
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-14 -12 -10 -8 -6 -4 -2 0
Measured 13C02

FIG. 10. The comparison of measured and expected
compositions of CO2. The shaded symbols represent sam-
ples with primarily detrital carbonate.
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aqueous liquid and involves aqueous ions such as
HC03" and Ca2+. Without measured concentrations
of ions in solution it is not possible to calculate the
stability of such reactions in a CO2-H20-NaCI fluid.
Once the aqueous phase is saturated with CO2, fur-
ther dissolution of carbonate will produce CO2 di-
rectly into the vapour phase, Consideration of dif-
ferent reactions raises the question of how carbon-
ates are dissolved and thus the question of how pH
is buffered during diagenesis. SURDAM et al. (1989)
have suggested that the organic acids are the most
effective pH buffers over a considerable range of
diagenetic temperatures. LUNDEGARD and LAND
(1989) have examined the carbonate equilibria in
the presence of organic acids and changing pC02 .
ABERCROMBIE(1989) examined buffering capacities
for the carbonate minerals, dissolved carbonate and
silicate minerals and found that hydrolysis of sili-
cates has the greatest buffer capacity. His calcula-
tions did not consider aqueous organic species.
HUTCHEON and ABERCROMBIE(1989a) show that,
for most of the pH range, acetate solutions of 3000
mg/l have lower buffering capacity than a reaction
between albite and smectite. GUNTER and BIRD
(1988) have observed the production of CO2 during
hydrothermal experiments and suggest that silicate
hydrolysis reactions are the source of protons for
calcite dissolution. HUTCHEON and ABERCROMBIE
(1989a,b) also present evidence from field data
that aluminous silicates, such as kaolinite, func-
tion as "acids" as temperature increases during dia-
genesis. They show that the Na+jH+ and K+jH+
activity ratios of the fluids are in metastable
equilibrium with silicate minerals observed in ther-
mal flooding of heavy oil reservoirs, but that the
Ca2+ j(H+)2 activity ratio was determined by calcite
dissolution.

SMITH and EHRENBERG (1989) show a trend
of temperature and pC02 for the Gulf Coast and
North Sea and suggest the trend may be the result
of hydrolysis reactions among silicates causing
dissolution of carbonates. ARN6RSSON et al.
(1983a,b) have studied the compositions of fluids
from geothermal wells and springs in Iceland
and show fluid saturation with respect to sili-
cates such as albite, smectite and analcime.
They report a similar trend of pC02 vs. tempera-
ture for geothermal wells in basaltic rocks
from Iceland. HUTCHEON and ABERCROMBIE
(1989a) note that the data of ARN6RSSON et al.
(1983b) show a lower pC02 at any particular tem-
perature than the data shown by SMITH and EH-
RENBERG (1989) for sedimentary rocks from the
Gulf Coast.

The dissolution of calcite in an aqueous solution
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saturated with CO2 can be described by the equi-
librium:

At equilibrium, a higher imposed aH+ (lower pH)
would require a higher pC02 to maintain equilib-
rium with calcite. The trend of lower pC02 values
at any temperature for the geothermal fluids from
Iceland suggests that potential silicate hydrolysis
reactions buffering pH are more "basic" than those
of the Gulf Coast. ABERCROMBIE (1988) and
HUTCHEON and ABERCROMBIE(1989b) have con-
cluded from samples of hot fluids recovered from
volcaniclastic rocks that these rocks are in metasta-
ble equilibrium with analcime and smectite.
HUTCHEON et al. (1988) sampled waters from
quartz-rich reservoirs and volcaniclastic reservoirs
and determined that the fluids in quartz rich res-
ervoirs were more "acidic" and in metastable equi-
librium with kaolinite-smectite and the fluids from
the volcaniclastic reservoirs were more "basic" and
in equilibrium with smectite-analcime. Examina-
tion of the phase relationships for Na-AI-Si-O-H
minerals shows that, in general, the smectite-anal-
cime reaction is stable at values ofNa+ jH+ activity
approximately two orders of magnitude (depending
on temperature) higher than the kaolinite-smectite
reaction. At similar Na" activities, the Na" /H" ac-
tivity ratio can only change significantly by changes
in aH+.

The calcite dissolution reaction (3), as written
above, has a value of pC02 that depends on the
activity of Ca2+ and H+ in solution. Typically ac-
tivities of H+ will be 10-5 to 10-7 and the activity
of Ca?" will be approximately 10-2, or three to five
orders of magnitude greater. For reaction (3) the
equilibrium constant is:

Inspection of the equilibrium constant indicates that
very small changes in aH+, which is a squared term
and a very small number compared to aCa2+, will
cause relatively large changes infC02• For example,
a one order of magnitude change in aH+ will be
reflected by a two order of magnitude change in log
fC02 and, therefore, in log pC02' Fig. 11 shows
the temperature-zx'O, trends for fluids from sedi-
ments of the Gulf Coast (SMITH and EHRENBERG,
1989) and fluids from geothermal wells in basaltic
rocks from Iceland (ARN6RSSON et aI., 1983b). The
Gulf Coast rocks would be expected to have more
acidic pH (higher aH+) values imposed by reactions
among kaolinite and smectite or illite, whereas the
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Icelandic fluids would (for similar aNa+) be ex-
pected to have more basic pH (lower aH+) imposed
by equilibria between smectite, analcime and albite.

Rocks in the Gulf Coast are reported to contain
kaolinite and calcite as authigenic phases. To test
the proposition that CO2 partial pressures are de-
termined by calcite dissolution regulated by silicate
hydrolysis, water analyses were selected from the
Gulf Coast (KHARAKAet aI., 1985) and Iceland
(ARN6RSSONet al., 1983a). The analyses from the
Gulf Coast were processed using EQ3 (WOLERY,
1983) with the conditions that the activity of AI3+
be set by equilibrium with kaolinite, aH+ be set by
equilibrium with illite and aHC03" be set by calcite.
Illite was included in the calculations as muscovite
and the resulting pC02 adjusted by considering the
activity of muscovite in illite to be 0.1. The effect
of varying muscovite activity in illite from 1.0 to
0.1 has a minimal effect on the calculations. The
program was executed at temperatures between 25
and 250°C under these conditions, providing cal-
culated values for the fugacity of CO2• The calcu-
lated fugacity of CO2 was used with fugacity coef-
ficients (ANGUSet al., 1976),assuming a geothermal
gradient of 30°C/km and a fluid pressure gradient
of 105 bars per kilometer, to determine the value
of pC02 at each temperature. These values were
plotted as a line on Fig. 11 that is in reasonable
agreement with the data points measured by SMITH
and EHRENBERG(1989). EQ3 calculates high tem-
perature aqueous reactions for pressures determined
by the boiling curve for pure water and clearly the
formation waters of the Gulf Coast have high salin-
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ities. The partial pressure of CO2 has been calculated
only from equilibrium with calcite and all other
variables are essentially imposed by the mineral as-
semblage chosen, thus the salinity effect should not
be significant.

Attempts to saturate different water analyses from
Iceland with smectite, calcite and albite were only
successful up to 200°C (Fig. 11). Above this tem-
perature EQ3 failed to execute successfully. The
thermodynamic data for smectite and analcime are
probably not of as good quality as the other data
in the EQ3 data base and this may explain the lack
of success in achieving numerical solutions to the
problem. The data of ARN6RSSONet al. (1983a,b)
show that in the rocks they examined there are two
different mineral assemblages, smectite-albite below
200°C and chlorite-epidote without smectite above
200°C. Fig. 11 shows a break in the trend of pC02
vs. temperature at approximately 200°C that may
be related to this change in mineral assemblages.
The data in Fig. 10was used to calculate the trend
of log pC02 VS. temperature for the kaolinite-car-
bonate-chlorite reaction in the Venture Field. The
line passes through the higher temperature data re-
ported by ARN6RSSONet al. (1983b) in the tem-
perature range reported for stable chlorite in the
rocks from Iceland.

The trend of temperature with pC02 can be ex-
plained for both sets of data by considering sche-
matically the change in position of the intersection
of reaction (3) with limit of miscibility of CO2 in a
H20-NaCI aqueous solution (Fig. 12). At PI the
intersection of the mineral reaction and the CO2
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FIG.II. Temperature-jx.O, trends fromIcelandand GulfCoast.The linethat passesthroughthe
Gulf Coast data was calculatedusing EQ3 and assumingequilibriumbetweenthe fluid, calcite,
kaolinite,illiteand CO2.
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pC02 (1) pC02(2)

H
2
0 Increasing pC02

FIG. 12. Schematic representation of intersections of
mineral reactions with the CO2 solubility surface as a
function of pC02 and temperature at two pressures, PI
and P2•

solubility surface is at a particular temperature, TI•

At some higher pressure, P2, the solubility of CO2

in the aqueous phase will be higher and there will
be a point of intersection of reaction (3) at some
higher temperature, T2• If aH+ is buffered by a rel-
atively "acidic" assemblage, such as kaolinite-illite,
the corresponding pC02 at any temperature will be
higher than if aH+ is buffered by a relatively "basic"
mineral assemblage such as illite-K-feldspar or
smectite-albite. It is likely that the locus of inter-
sections of the mineral reactions with the solubility
surface for most silicate hydrolysis reactions in rocks
containing calcite (or other carbonates) will produce
a relatively linear trend of temperature VS. logpC02.
Fig. 12 also describes graphically the method used
to calculate the position ofthe intersection between
the chlorite-kaolinite reaction and the miscibility
surface for CO2 as shown in Fig. 9.

CONCLUSIONS

The authigenic mineral assemblages of the sand-
stones in the Venture Field show textural and pet-
rographic evidence that clay-carbonate reactions
involving kaolinite, ankerite chlorite and calcite
probably have taken place. Analysis of mineral
compositions and the application of the composi-
tion, with thermodynamic data and the solubility
of CO2 in H20-NaCI aqueous fluids shows that
equilibria (1) and (2) can be used to determine that
equilibrium temperatures for the clay-carbonate
reaction are about 160°C, which is near the upper
limit of reasonable temperatures for the over pres-
sured zone of the Venture Field, The isotopic com-
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position of calcite and CO2 is consistent with an
origin for the CO2 from a clay-carbonate reaction.

The metastable equilibrium stability of chlorite,
kaolinite and carbonates does not shed any light on
the reaction mechanism. The suggestion that silicate
hydrolysis controls the pH of the aqueous phase
has been tested by considering the compositions of
waters, buffered by silicate hydrolysis reactions, and
calculating the values of pC02 that would result at
any temperature. The calculated pC02 agrees rea-
sonably well with measured trends for fluids from
quartzose sedimentary rocks from the Gulf Coast
and less well with geothermal fluids from basaltic
volcanic rocks in Iceland suggesting that the trends
of pC02 observed in sedimentary basins and hy-
drothermal fluids at temperatures in the range of
300°C, or lower, are controlled by silicate-carbonate
mineral reactions.
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