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Abstract—Low-molecular-weight (LMW) aqueous organic acids were generated from six oil-prone source
rocks under hydrous-pyrolysis conditions. Differences in total organic carbon–normalized acid generation are
a function of the initial thermal maturity of the source rock and the oxygen content of the kerogen (OI).
Carbon-isotope analyses were used to identify potential generation mechanisms and other chemical reactions
that might influence the occurrence of LMW organic acids. The generated LMW acids display increasing13C
content as a function of decreasing molecular weight and increasing thermal maturity. The magnitudes of
observed isotope fractionations are source-rock dependent. These data are consistent with�13C values of
organic acids presented in a field study of the San Joaquin Basin and likely reflect the contributions from
alkyl-carbons and carboxyl-carbons with distinct�13C values. The data do not support any particular organic
acid generation mechanism. The isotopic trends observed as a function of molecular weight, thermal maturity,
and rock type are not supported by either generation mechanisms or destructive decarboxylation. It is therefore
proposed that organic acids experience isotopic fractionation during generation consistent with a primary
kinetic isotope effect and subsequently undergo an exchange reaction between the carboxyl carbon and
dissolved inorganic carbon that significantly influences the carbon isotope composition observed for the entire
molecule. Although generation and decarboxylation may influence the�13C values of organic acids, in the
hydrous pyrolysis system described, the nondestructive, pH-dependent exchange of carboxyl carbon with
inorganic carbon appears to be the most important reaction mechanism controlling the�13C values of the
organic acids. Copyright © 2002 Elsevier Science Ltd

1. INTRODUCTION

Organic acids occur naturally in formation waters, with the
dominant species being short chain (C2-C8) aliphatic carboxy-
lic acids (Carothers and Kharaka, 1978; Means and Hubbard,
1987). These organic species can play an important role in the
primary migration of petroleum and natural gas (Cordell, 1972;
Palmer and Drummond, 1986b), mineral diagenesis, and the
formation of secondary porosity in sedimentary basins
(MacGowan and Surdam, 1990; Barth and Riis, 1992; Giles et
al., 1994). Low-molecular-weight (LMW) organic acids have
been proposed as a source of natural gas and carbon dioxide
(Carothers and Kharaka, 1978; Kharaka et al., 1983; Kawamura
et al., 1986; Cooles et al., 1987; Andresen et al., 1994) and as
indicators of thermal maturation (Carothers and Kharaka,
1978), oil proximity (Zinger and Kravchik, 1973; Kartsev,
1974; Collins, 1975; Carothers and Kharaka, 1978), migration
pathways (Workman and Hanor, 1985; Palmer and Drummond,
1986b), and biodegradation (Cozzarelli et al., 1994; Manning,
1997). Although the occurrence of LMW organic acids in
reservoir fluids is well documented, their generation during
catagenesis and subsequent geochemistry are topics of active
discussion.

Several generation mechanisms have been proposed for the

occurrence of LMW organic acids in oil-field waters. The loss
of oxygen from kerogen during early catagenesis (Tissot et al.,
1974) and the observation of a low activation energy required
for the generation of acetic acid from oil-prone source rocks
(Barth et al., 1989) prompted the hypothesis that LMW organic
acids were bound in kerogen through weak, noncovalent bonds
(Barth et al., 1989). However, kinetic results from Barth and
Nielsen (1993) and more recently Knauss et al. (1997) suggest
that organic acid generation is more consistent with C-C bond
cleavage. In short, kinetic studies of organic acid generation
remain inconclusive with regard to suggesting specific gener-
ation mechanisms. Additional reaction mechanisms suggested
for explaining the generation of LMW organic acids include the
release of acids that were trapped or incorporated in the kero-
gen matrix during diagenesis (Kawamura et al., 1986), gener-
ation by catalytic oxidation of suitable acid precursors
(Kawamura et al., 1986; Siskin and Katritzky, 1991; Lewan and
Fisher, 1994), pyrolytic reactions (Cooper and Bray, 1963;
Barth et al., 1988), and the hydrolysis of hydrocarbons at the
oil–water interface (Helgeson et al., 1993).

Carbon-isotope analyses of individual organic acids should
provide constraints on their mechanism of generation and post-
generation chemistry. Each generation reaction is potentially
accompanied by a characteristic carbon-isotope fractionation.
For example, reactions involving the cleavage of a C-C bond
should show evidence of a primary kinetic isotope effect,
whereas those involving ionic interactions may not. Previous
studies on the carbon-isotope values of organic acids are scarce
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and have primarily focused on either analytical technique (Vo-
gler and Hayes, 1979; Dias and Freeman, 1997) or various
biologic processes (Meinschein et al., 1974; Vogler and Hayes,
1979; Monson and Hayes, 1980, 1982; Blair et al. 1987;
Gelwicks et al., 1989).

Franks et al. (2001) provided a first look at the �13C com-
position of organic acids in formation waters from the San
Joaquin Basin, California, USA. They observed apparent in-
tramolecular fractionation in organic acids such that the car-
boxyl carbons were significantly 13C-enriched relative to the
alkyl carbons and that the �13C value of the alkyl carbons were
isotopically similar to the parent oil, whereas the �13C values of
the carboxyl carbons were more similar to dissolved inorganic
carbon (DIC). Previously, intramolecular isotopic fractionation
in organic acids was shown to arise from various biologic
processes (mentioned above), thermal decarboxylation
(Kharaka et al., 1983) or as a function of thermodynamic
equilibrium (Galimov, 1973). The observations of Franks et al.
(2001) mark a significant departure from past proposed frac-
tionation processes and suggest that the organic acids can react
with DIC to so as to acquire a more isotopically enriched signal
by incorporating the DIC at the carboxyl position. Although to
our knowledge Franks et al. (2001) is the only available field
study, the suggested cause of intramolecular isotopic heteroge-
neity of oil-associated organic acids and the potential to pro-
vide information about the parent oil through interpretation of
organic acid �13C values clarifies the need for a comprehensive
study of the �13C compositions of organic acids in petroleum-
related waters. To that end, in this work, we evaluate the
carbon-isotope values of LMW organic acids generated from
six different source rocks during simulated catagenesis to iden-
tify possible generation mechanisms and postgeneration reac-
tions that influence their occurrence and isotopic composition.

2. EXPERIMENTAL

2.1. Hydrous Pyrolysis

Hydrous pyrolysis was used to simulate catagenesis. This technique
involves heating coarsely ground source rocks in the presence of liquid
water at subcritical temperatures (T � 374°C) (Lewan et al., 1979;
Lewan, 1983). Hydrous pyrolysis generates free-flowing liquid pyro-
lyzates that are compositionally and physically similar to natural crude
oils (Lewan et al., 1979; Lewan, 1983, 1985). Additionally, hydrous
pyrolysis of source rocks and kerogens generates suites of organic acids

similar to those found in petroleum-associated formation waters
(Kawamura et al., 1986; Cooles et al., 1987; Eglinton et al., 1987;
Lundegard and Senftle, 1987; Barth et al., 1988, 1989; Barth and
Bjorlykke, 1993; Kharaka et al., 1993; Borgund and Barth, 1994).

Six thermally immature source rocks representative of kerogen types
I, II, IIS, and III (Table 1) were subjected to hydrous pyrolysis condi-
tions. Efforts were made to ensure source-rock homogeneity (Lewan,
1983). Although all source rocks used in these experiments are con-
sidered thermally immature, there are significant differences in thermal
maturity between the samples as measured by Tmax (Table 1). Typi-
cally, 200 to 300 g of crushed (0.5 to 1.5 cm in diameter), whole source
rock chips and 200 to 300 mL of distilled and deionized water were
loaded into a 1-L Parr reactor vessel (carburized 316-stainless steel or
carburized Hastelloy-C). After sealing, the reactor was evacuated and
2.4 bar of helium was added as a headspace gas. The weighed reactor
was heated to a predetermined temperature (between 200 and 360°C)
for 72 h. At the end of each reaction period, the reactor and its contents
were allowed to cool to room temperature (�12 to 18 h). After
weighing the reactor again, all phases (gases, expelled oil, water, and
thermally altered source rock) were sampled for subsequent quantita-
tive and carbon-isotope analyses.

2.2. Organic Acid �13C Analysis

The distributions and 13C contents of the organic acids in the
pyrolysis waters were determined at Penn State University by means of
methods described by Dias and Freeman (1997). A 20-mL water
sample was treated with 4.6 N NaOH (until pH � 10), then extracted
three times with 20 mL of dichloromethane to remove nonpolar organic
compounds. A 4-mL aliquot of the extracted water was acidified to pH
� 2 with 12 N hydrochloric acid to protonate the organic acids. The
acidified solution was allowed to equilibrate with a Carbowax solid-
phase microextraction needle (Supelco) for 15 min, where extraction of
the organic acids occurred. The organic acids of interest (as well as a
host of other unidentified, higher-molecular-weight compounds) were
thermally desorbed from the fiber into the gas chromatography (GC)
inlet of an isotope ratio-monitoring GC mass spectrometer (IRM-
GCMS) system for both isotopic and quantitative analyses with a
Finnigan-MAT 252 mass spectrometer (Ricci et al., 1994; Merritt et al.,
1995; Leckrone and Hayes, 1997). Chromatographic conditions were
as follows: J&W FFAP column, 30 m � 0.32 mm � 0.25 �m film
thickness; 60°C initial temperature, hold for 1 min, then ramp to 240°C
at 5°C/min and hold for 30 min; injector temperature of 240°C in a
splitless mode for 1 min.

Carbon-isotope values for the organic acids were determined relative
to an in-house carbon dioxide standard that was calibrated vs. NBS-19
and are reported relative to PDB. These values were corrected to
organic acid standards, the �13C values of which were determined via
off-line closed tube combustion techniques and used as syringe-in-
jected external standards in separate IRM-GCMS determinations (Dias
and Freeman, 1997). Organic acid �13C values are single analyses,

Table 1. Geological and geochemical information for the six source rocks used in the hydrous pyrolysis experiments.

Rock Unit Green River Green River Ghareb
Limestone

Ghareb
Limestone

New Albany
Shale

Wilcox/Calbert
Bluff

Member Mahogany
shale

Black shale
facies

— — Clegg Creek —

Location (basin) Utah (Uinta) Utah (Uinta) Jordan (Dead
Sea)

Israel (Dead
Sea)

Indiana (Illinois) Texas (Gulf
Coast)

Age Eocene Eocene Upper
Cretaceous

Upper
Cretaceous

Mississippian-
Devonian

Paleocene

Lithology Marlstone Claystone Limestone Limestone Claystone Lignite coal
TOC (mg/g rock) 15.23 5.86 18.33 14.14 15.12 57.96
Tmax (°C) 438 427 413 403 426 418
HI (mgH/g TOC) 962 734 819 759 486 259
OI (mgO/g TOC) 27 46 20 46 6.5 2.8
Kerogen typea I I IIS IIS II III
Kerogen �13C (‰) �30.1 �30.4 �29.1 �28.6 �29.4 �26

a As characterized by a modified VanKreuelen diagram (Tissot et al., 1974).
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Table 2. Amounts of organic acids generated from each of the source rocks under hydrous pyrolysis conditions.a

Temperature (°C) pH

Aqueous organic acids (mg/g TOC)

C2 C3 C4 C5 C6 Total

Mahogany shale
270 7.6 1.05 0.013 1.06
285 7.7 1.65 0.330 0.031 2.01
300 7.7 1.95 0.464 0.039 0.055 2.51
315 7.6 2.87 0.633 0.073 0.105 3.68
330 7.5 4.22 0.90 0.000 0.132 0.183 5.44
345 7.6 5.08 1.07 0.228 0.186 0.260 6.82
350 7.6 7.18 1.32 0.269 0.219 0.306 9.30
355 7.1 5.58 1.27 0.290 0.246 0.343 7.73
360 7.2 5.27 1.33 0.309 0.291 0.350 7.55

Black Shale
285 7.1 4.41 0.60 0.098 0.052 0.056 5.22
300 7.2 4.83 0.73 0.136 0.071 0.071 5.84
310 7.0 6.56 1.01 0.176 0.098 0.101 7.94
320 7.2 5.80 0.97 0.182 0.100 0.099 7.15
330 NA 6.76 1.15 0.233 0.123 0.116 8.38
340 7.2 7.53 1.38 0.283 0.145 0.139 9.48
345 7.0 6.96 1.31 0.281 0.150 0.147 8.85
350 7.1 6.43 1.31 0.333 0.191 0.184 8.45
355 7.1 6.05 1.31 0.333 0.202 0.194 8.09
360 7.1 8.49 1.45 0.325 0.167 0.135 10.56
365 7.1 11.05 2.11 0.488 0.274 0.243 14.17

New Albany Shale
270 6.6 0.774 0.016 0.79
285 6.5 1.27 0.617 0.027 0.018 1.93
300 6.7 1.78 0.898 0.033 0.022 2.73
310 6.7 2.14 1.06 0.081 0.038 0.026 3.34
320 6.9 2.47 1.15 0.095 0.043 0.026 3.78
330 6.9 3.44 1.36 0.111 0.042 0.026 4.98
340 7.1 3.13 1.17 0.108 0.041 0.023 4.47
350 7.2 3.44 1.05 0.122 0.041 0.021 4.67
360 7.3 3.42 0.99 0.106 0.041 0.021 4.57

Ghareb—Israel
200 7.0 2.74 0.677 3.42
240 6.9 3.37 0.659 0.045 0.046 4.12
280 7.5 8.75 1.92 0.431 0.109 0.188 11.40
300 7.4 9.60 2.13 0.515 0.217 0.218 12.68
310 6.8 16.16 3.33 0.692 0.259 0.204 20.65
320 6.8 11.79 2.83 0.000 0.376 0.377 15.36
330 6.8 11.74 2.55 0.000 0.270 0.270 14.83
340 6.8 14.84 3.37 1.04 0.505 0.504 20.26
350 7.8 13.62 3.11 1.03 0.453 0.425 18.64
360 7.5 18.38 3.13 0.705 0.232 0.169 22.62

Ghareb—Jordan
240 6.5 1.05 0.00 0.000 0.032 0.024 1.11
280 6.5 2.39 0.00 0.115 0.077 0.065 2.65
300 6.6 3.38 1.10 0.283 0.158 0.141 5.06
310 6.7 4.06 1.34 0.223 0.131 0.106 5.86
320 6.7 4.74 1.52 0.314 0.161 0.136 6.88
330 6.7 7.27 1.82 0.421 0.221 0.179 9.91
340 6.8 8.15 2.14 0.514 0.279 0.234 11.32
350 6.8 10.63 2.59 0.647 0.340 0.274 14.48
360 6.8 11.36 2.45 0.642 0.262 0.263 14.98

Wilcox Coal
210 6.7 0.41 0.000 0.000 0.000 0.0000 0.41
246 6.4 2.77 0.306 0.000 0.000 0.0000 3.07
280 5.1 10.76 1.13 0.086 0.016 0.0059 11.99
300 5.0 8.22 0.978 0.087 0.018 0.0067 9.31
310 5.1 7.18 0.900 0.083 0.018 0.0062 8.18
320 5.3 8.27 1.03 0.099 0.021 0.0079 9.44
330 5.5 8.63 1.06 0.102 0.021 0.0084 9.82
340 5.0 10.40 1.22 0.124 0.025 0.0091 11.78
350 5.3 11.86 1.12 0.118 0.023 0.0078 13.13
360 5.1 10.80 0.976 0.117 0.026 0.0092 11.93

a The pH of the waters was determined at room temperature after cooling the reactor to room temperature and subsequent sampling. NA � not
available.
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except where noted in Table 3. The error associated with single
solid-phase microextraction determinations of �13C values and concen-
trations for organic acids are typically �0.20‰ and �5%, respectively
(Dias and Freeman, 1997).

2.3. Carboxyl-Carbon �13C Analysis

The 13C content of organic acid carboxyl-derived carbon was deter-
mined by gas chromotography pyrolysis isotope ratio mass spectrom-
etry (GC-Py-IRMS) (Dias et al., 2002). This is a new continuous-flow
isotopic technique that uses a palladium reactor under reducing condi-
tions that allows for the �13C analysis of just the carboxyl group of an
organic acid. Chromatographic conditions were similar to those de-
scribed above for the total acid �13C determinations. The 13C content of
the carboxyl-derived carbons are reported in standard delta notation
(�13C, ‰), relative to PDB.

2.4. CO2 �13C Analysis

Carbon isotope values of the CO2 in the headspace gas for the
Ghareb limestone and the Wilcox coal samples were determined by
IRM-GCMS. The �13C values were determined as described above,
corrected to a natural gas standard, NGS-2A (Chevron Petroleum
Technology Co.), and are reported relative to PDB. GC conditions were
as follows: GS-Q column, 30 m � 0.53 �m (J&W Scientific); 30°C
initial temperature, hold for 2 min, then ramp to 240°C at 20°C/min,

hold at 240 for 10 min; split mode injection at 10 to 1 to 20 to 1 split,
depending on injected sample size (10 to 20 �L).

Carbon dioxide �13C values for the Mahogany, Black, and New
Albany shales were determined at the U.S. Geological Survey (Denver)
by conventional dual-inlet isotope ratio mass spectrometry, after sep-
aration by packed-column chromatography, combustion, and vacuum-
line purification.

2.5. Kerogen �13C Analysis

Kerogen carbon-isotope values for the six source rocks were deter-
mined via off-line, closed-tube combustion techniques, and �13C values
represent the average of two determinations. Weight percent total
organic carbon (%TOC), hydrogen index (HI), OI, and Tmax were
determined by Rock-Eval analyses on the original, thermally immature
source rock at the U.S. Geological Survey (Denver).

3. RESULTS

3.1. Organic Acid Quantitation

The amounts of TOC-normalized C2-C6 aqueous organic
acids generated from the hydrous pyrolysis experiments are
summarized in Table 2. Aqueous organic acids from C2 to C6

were quantified; organic acids as high as C12 were present.

Fig. 1. Normalized acid generation (maximum) for each source rock plotted against thermal maturation parameter Tmax

(°C). The number in parentheses is the corresponding oxygen index (OI) from Table 1.
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Typically, acetic acid accounts for more than 70% of the total
organic acids (C2-C6) analyzed for any given source rock.
Although TOC-normalized total organic acid concentrations
are of a similar order of magnitude for each source rock
regardless of kerogen type, differences in concentrations exist.
The New Albany shale produced the lowest amounts of organic
acid (1 to 5 mg/g TOC), whereas the Israeli-Ghareb limestone
produced the highest levels of organic acid (3 to 23 mg/g TOC)
over the entire thermal range. The total amount of organic acids
generated shows a general correlation with initial source rock
maturity as measured by Tmax (Fig. 1).

Source rocks with lower initial maturity generate more or-
ganic acids during pyrolysis experiments than those with higher
initial maturity. Notable exceptions are the type I Mahogany
and Black shale samples. These two source rocks generate
more organic acids than the type II New Albany shale, even
though the latter has a lower starting thermal maturity. The

kerogens in these rocks do, however, have higher initial oxygen
contents (OI, Table 1) than the New Albany shale. Thus, the
quantity of organic acids generated is not entirely a function of
%TOC and initial maturity, but is also a function of kerogen
type.

The concentrations of organic acids generated in our exper-
iments are consistent with those found in natural samples.
Figure 2 plots the log of the concentration of propionic acid vs.
the log of the concentration of acetic acid from each of our
experiments together with data from natural systems. A slope
of 1.5 is the theoretical relationship between acetic and propi-
onic acid proposed by Shock (1988). Our concentration data
show a slope of 0.68, not 1.5. However, this slope is strongly
influenced by our Wilcox coal data, which lie well outside the
concentration range proposed for metastable equilibrium. The
data for all other samples are largely consistent with the con-
centration range identified for mestastability.

Fig. 2. Log–log plot of acetic (C2) and propionic (C3) acid concentrations for each source rock used in this study (after
Shock, 1988). The area bounded by two dashed lines defines the range of metastable equilibrium (slope of 1.5) proposed
by Shock (1988). Each point represents one set of hydrous pyrolysis conditions (time/temperature combination) for a given
source rock. The solid line represents the linear regression through this data and has a slope of 0.68. The points representing
natural samples are taken from the following literature: Barth and Riis (1992); Kharaka et al. (1983); Workman and Hanor
(1985); MacGowan and Surdam (1990); Means and Hubbard (1987); Fisher (1987); and Hanor and Workman (1986).
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In these experiments, organic acid concentrations generally
increase with increasing reaction temperature. The observed
increase in acid concentration (Fig. 3) concurrent with increas-
ing total oil yields (Lewan et al., 1995; Ruble, 1996) is con-
sistent with a model in which the generated acids migrate out of
the source rock with the oil and then partition into the sur-
rounding water phase. Lewan and Fisher (1994), who identified
comigration of oil and acids as an important transport mecha-
nism, reported similar observations for the Monterey and Phos-
phoria Retort shale.

3.2. Carbon-Isotope Values: Organic Acids

Carbon-isotope values for C2-C6 organic acids generated
under hydrous pyrolysis conditions for each source rock are
shown in Table 3. In Figure 4, the effects of source-rock type
and increasing thermal maturity are observed in the �13C values
for acetic acid. Acetic acid carbon-isotope values span an
approximate 12‰ range from �28.4‰ for the Wilcox coal to
�16.7‰ for the Mahogany shale at the highest reaction tem-
perature (360°C). At high levels of thermal maturity, the Ma-
hogany and Black shales show the most enriched carbon-
isotope values (�19 to �16.7‰), whereas the other source
rocks show systematic depletion in 13C relative as a function of
kerogen type: IIS, �24 to �21‰; II, �28 to �26‰; III, �30
to �28‰.

With the exception of the Mahogany and Black shales, the
acetic acid generated at the lowest reaction temperatures (200
to 260°C) is isotopically depleted relative to the starting kero-
gen. Low concentrations of acetic acid at lower temperature for
the Mahogany and Black shales prevented isotopic analyses.
From 270°C, acetic acid becomes more enriched in 13C, to
various extents, with increasing reaction temperature for each
source rock. For example, the New Albany shale shows a
continuous 7‰ enrichment over a large temperature range (270
to 360°C). In contrast, acetic acid released from the Black shale
only shows a 3‰ enrichment over a 30° temperature interval
(280 to 310°C) and maintains a relatively constant �13C value
from 310 to 365°C. Acetic acid from the Wilcox coal exhibits
isotopic depletion relative to the kerogen from 200 to 240°C,
consistent �13C values from 240 to 310°C and then increases to
more 13C-enriched values from 310 to 360°C. Acetic acid from
the Jordanian-Ghareb limestone shows a combination of more
constant �13C values relative to the kerogen at low tempera-
tures, and increasing 13C enrichment from 280 to 360°C. The
Israeli-Ghareb limestone shows an initial isotopic depletion
relative to the starting kerogen at 200°C, followed increasing
isotopic enrichment up to 310°C, then rather consistent �13C
values from 310 to 360°C. Although in general, 13C enrichment
of the organic acids occurs with increasing temperature, each
data set displays unique structure.

Fig. 3. Normalized total organic acid generation for each source rock plotted as a function of reaction temperature. All
hydrous pyrolysis reactions were for 72 h.
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Table 3. Carbon-isotope values for organic acids and CO2 generated from the source rocks of interest under hydrous pyrolysis conditions.

Temperature (°C)

Aqueous organic acids (�13C)

CO2 (g)C2 C3 C4 C5 C6

Mahogany Shale
270 �22.3 �26.2 3.1
285a �19.3 �21.2 �26.3
300 �17.3 �19.8 �24.4 �27.8 1.3
315 �17.4 �20.1 �25.4 �28.3 1.5
330a �17.3 �20.1 �24.6 �25.5 �27.4 1.4
345 �17.4 �20.2 �19.8 �26.8 �29.8 �0.1
350 �17.8 �20.3 �20.4 �26.5 �29.5 �3.3
355 �17.1 �20.4 �20.1 �26.2 �29.1 �1.3
360 �16.8 �21.1 �19.9 �26.9 �27.1 �4.5

Black Shale
285a �21.2 �25.2 �23.9 �27.6 �29.1 0.2
300a �20.2 �24.7 �19.7 �26.2 �28.6 �1.1
310 �18.6 �24.0 �22.0 �25.6 �28.0 �0.8
320 �18.4 �22.1 �21.4 �25.4 �27.7 �1.3
330a �18.8 �22.5 �22.2 �24.2 �27.5 �2.0
340 �19.0 �22.3 �22.1 �25.4 �27.8 �2.5
345 �18.8 �22.2 �21.8 �25.3 �27.8 �2.1
350 �18.5 �21.6 �22.5 �25.7 �28.1 �2.3
355 �18.8 �21.2 �20.8 �25.7 �28.4 �2.4
360 �19.1 �21.2 �21.4 �25.2 �27.6 �2.1
365 �19.0 �21.9 �22.1 �25.8 �28.0 �5.1

New Albany Shale
270a �33.3 �30.5 �11.8
285a �32.6 �30.0 �30.3 �30.4 �13.6
300 �31.1 �27.8 �30.1 �29.9 �14.6
310 �28.5 �26.3 �28.7 �27.3 �29.8 �15.5
320a �28.1 �29.0 �29.4 �28.3 �29.3
330 �27.5 �27.2 �27.6 �27.3 �27.6 �17.2
340a �27.1 �26.4 �27.6 �28.4 �27.8 �17.2
350 �26.3 �27.0 �24.9 �24.8 �25.9 �14.7
360 �26.0 �26.3 �25.3 �25.0 �25.5

Ghareb—Israel
200 �31.2 �29.1 �15.1
240 �30.3 �29.1 �27.6 �32.2 �15.5
280 �28.3 �28.1 �28.8 �30.3 �30.3 �6.3
300 �23.9 �26.4 �28.0 �28.9 �29.4 �1.9
310 �21.4 �25.0 �27.4 �27.9 �3.4
320 �21.9 �25.3 �27.6 �28.2 �4.7
330 �22.6 �25.9 �27.9 �28.5 �5.8
340 �21.8 �23.8 �26.5 �26.4 �26.1 �7.2
350 �21.8 �23.1 �25.9 �25.5 �26.2 �10.4
360 �21.6 �22.6 �25.3 �24.2 �25.2 �10.4

Ghareb—Jordan
240a �29.2 �28.5 �26.5 �30.2 �30.7 �7.9
280a �28.6 �29.4 �27.7 �29.7 �28.9 �4.5
300 �27.3 �28.2 �27.6 �28.4 �28.5 �2.1
310 �24.7 �26.7 �28.8 �27.8 �28.1 �3.7
320 �23.8 �26.1 �23.0 �27.1 �27.5 �6.5
330 �23.3 �24.8 �25.4 �26.7 �27.2 �6.9
341 �23.9 �24.9 �25.9 �26.2 �26.5 �8.0
350 �22.4 �23.1 �23.9 �25.0 �25.5 �10.9
360 �21.9 �23.9 �24.7 �24.3 �24.4 �11.6

Wilcox Coal
210 �28.1
246 �31.4 �26.8 �25.0 �20.9
280 �31.4 �27.0 �24.5 �25.7 �26.4 �21.5
300 �31.6 �27.6 �26.0 �24.4 �25.9 �21.2
310 �31.6 �26.9 �25.4 �25.3 �24.9 �21.9
320 �30.3 �25.4 �24.9 �25.1 �25.6 �21.7
330 �30.1 �26.6 �25.0 �25.3 �26.7 �21.8
340 �29.6 �26.0 �25.2 �25.6 �25.8 �21.2
350 �28.7 �24.8 �24.2 �24.6 �25.9 �21.3
360 �28.7 �23.6 �23.4 �24.1 �24.8 �21.4

a Denotes the average of duplicate acid isotopic analyses.
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Propanoic through hexanoic acids are also progressively
enriched in 13C as a function of increasing reaction temperature
for all but the Mahogany and Black shales. Organic acids from
the Black shale sample show relatively constant �13C values
with increasing reaction temperatures, whereas C5 and C6 acids
from the Mahogany shale become more isotopically depleted.

An important general trend in the carbon-isotope data is the
tendency toward more 13C-depleted values as the alkyl chain
length increases from C2 to C6, especially for acids liberated
from the Green River and Ghareb rocks. This trend is attenu-
ated and possibly reversed in acids from the New Albany shale
and Wilcox coal samples. Figure 5 plots the �13C values of the
LMW organic acids from each source rock after hydrous py-
rolysis conditions of 350°C for 72 h (at or near peak oil
generation for each kerogen). The �13C values of the longer
alkyl-chain acids (C5, C6) approach the carbon-isotope compo-
sition of the bulk kerogen, whereas the �13C values for acetic
acid tend toward that of DIC (calculated from ambient head-
space CO2 below).

3.3. Carbon Isotope Values: Headspace CO2 and DIC

The �13C value of headspace CO2 at ambient temperature
conditions after reactor cooling are shown in Table 2. These

values were used to estimate the �13C values of CO2(aq) and
HCO3

� at reaction temperature by applying a temperature cor-
rection to the isotopic fractionation (�HCO3-CO2(g)

) between bi-
carbonate and gaseous CO2 (Mook et al., 1974):

13�HCO3(CO2(g)) � (�9483/T) � 23.89%, (1)

where T is the hydrous pyrolysis reaction temperature in
Kelvin. A similar isotopic correction was made for dissolved
CO2(aq) after Vogel et al. (1970):

13�(CO2(g)) � (�373/T) � 0.19%. (2)

Eqn. 1 was shown to be reliable to 200°C; thus, we have a high
confidence in calculating the �13C for bicarbonate at elevated
temperature. However, the correction for dissolved CO2 was
based on experiments conducted at or near room temperature,
and we therefore have a lower confidence in those calculated
�13C values.

3.4. Carbon-Isotope Values: Carboxyl-Derived Carbons
from the Organic Acids

The �13C values of carboxyl-derived carbons for selected
hydrous pyrolysis samples are listed in Table 4. Additionally,

Fig. 4. The carbon-isotope values for acetic acid generated by each of the six source rocks under hydrous pyrolysis
conditions.
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the �13C values of the total organic acids and those of the
alkyl-derived carbons are shown. The carbon-isotope compo-
sition of the alkyl group for each acid was calculated by means
of the following mass balance equation:

�13Ctot � �13Calk(nalk/ntotal) � �13Ccarb(1/ntotal), (3)

where ntotal and nalk are the numbers of carbon atoms in the
total acid and the corresponding alkyl group, �13Ctot, �13Ccarb,
and �13Calk are the isotopic compositions of the total acid, the
carboxyl-derived carbon and the alkyl-derived carbons.

With the exception of the organic acids from the Wilcox
coal, the �13C values of carboxyl-derived carbons are isotopi-
cally enriched relative to the �13C value of the total, parent
acids by as much as 22.8‰ (hexanoic acid, Mahogany shale).
And the calculated �13C values of the alkyl-derived carbons are
isotopically depleted relative to the �13C values of the total
acids by as much as 13.8‰ (acetic acid, Black shale). In
addition, the methyl carbon of acetic acid in all samples is the
most depleted of any other alkyl group by as much as 10.5‰.

Figure 6 plots the �13C values of the total acid, carboxyl-
derived carbon and alkyl-derived carbon as a function of car-
bon number for acids from the Black shale. The carbon-isotope
composition of the carboxyl-derived carbon is intermediate of

the �13C value of the aqueous carbon dioxide and bicarbonate.
Additionally, the calculated �13C values for the alkyl-derived
carbons are generally coincident with the measured �13C values
of the thermally immature kerogen.

4. DISCUSSION

Three general isotopic trends are present in the organic acids
generated from each of the source rocks: (1) �13C variation as
a function of source rock, (2) 13C enrichment due to increasing
thermal maturity, and (3) 13C enrichment as a function of
decreasing molecular weight of the organic acid. Each of the
trends must be considered in the context of constraining poten-
tial generation and postgeneration reactions.

4.1. Potential Organic Acid Generation Mechanisms

Proposed generation mechanisms for LMW organic acids
include pyrolysis of fatty acids (Cooper and Bray, 1963),
oxidation of an ester, unsaturated fatty acid or other suitable
acid precursor (Kawamura et al., 1986; Siskin and Katritzky,
1991; Lewan and Fisher, 1994), the release of “caged” organic
acids during early kerogen breakdown (Kawamura et al., 1986),
the cleavage of ionic bonds (Barth et al., 1989), and hydrolytic

Fig. 5. . Carbon-isotope values of C2-C6 organic acids generated from each source rock at hydrous pyrolysis conditions
of 350°C for 72 h. Additionally, the calculated �13C values for the associated aqueous bicarbonate and the �13C value of
the respective thermally immature kerogen are plotted for each sample.
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disproportionation of light hydrocarbons (Helgeson et al.,
1993). Our isotope data provide no evidence that any one
mechanism is more responsible than any other for the genera-
tion of organic acids by hydrous pyrolysis. In addition, the
carbon-isotope data provides no evidence to suggest that a
generation mechanism is solely responsible for the observed
isotopic trends with thermal maturity, source-rock type and
organic acid molecular weight. For example, during the oxida-
tion of hydrocarbons or other suitable precursors, it is envi-
sioned that 12C would be more easily oxidized, leading to an
isotopic depletion in organic acids with decreasing molecular
weight. As for the release of caged or ionically bound acids, we
would expect little or no fractionation because no covalent
bonds are broken. The carbon-isotope values of the caged or

ionically bound acids would primarily be controlled by sedi-
mentary input and subsequent diagenesis. Our isotopic data
could only then be explained by the unlikely release of isoto-
pically distinct pools of organic acids at increasing tempera-
tures.

Acetic acid �13C values for the Ghareb shales, New Albany
Shale, and Wilcox coal at low reaction temperatures are gen-
erally lower than the initial �13C values of the respective parent
kerogens. This suggests that acids may be covalently bound in
accordance with preferential breakage of 12C-12C bonds. The
observed trends with initially depleted acid �13C values are also
consistent with the generation of acids by oxidation and hy-
drolytic disproportionation. However, reactions of model com-
pounds under similar hydrous pyrolysis conditions suggest that
ester hydrolysis may be responsible for organic acid generation
and the observed low apparent activation energy of acid gen-
eration (Dias, 2000).

4.2. Postgeneration Reactions: Degradation

LMW organic acids undergo decarboxylation as a main
degradation pathway (Jurg and Eisma, 1964; Carothers and
Kharaka, 1978; Kharaka et al., 1983; Andresen et al., 1984;
Kawamura et al., 1986; Palmer and Drummond, 1986a,b; Bell,
1991; Bell et al., 1994). As the reaction involves the cleavage
of carbon-carbon bonds, a primary kinetic normal isotope effect

Table 4. Carbon-isotope values for measured carboxyl carbon, mea-
sured total acid, and calculated residual alkyl carbon for selected
samples.

Temperature (°C) o.a. �13Ctot �13Ccarb �13Calk

Wilcox Coal
350 C2 �28.7 �25.2 �32.3

C3 �24.8 �26.6 �23.9
C4 �24.2 �26.5 �23.4
C5 �24.6 �26.5 �24.2
C6 �25.9 �26.8 �25.7

330 C2 �30.1 �25.3 �35.0
C3 �26.6 �26.7 �26.5
C4 �25.0 �26.8 �24.4
C5 �25.3 �26.7 �24.9
C6 �26.7 �27.4 �26.6

310 C2 �31.6 �25.8 �37.3
C3 �26.9 �26.9 �26.8
C4 �25.4 �26.6 �25.0
C5 �25.3 �25.5 �25.2
C6 �24.9 �25.5 �24.7

280 C2 �31.4 �25.4 �37.5
C3 �27.0 �26.0 �27.4
C4 �24.5 �25.8 �24.1

240 C2 �31.4 �25.2 �37.6
C3 �26.8 �24.9 �27.8

200 C2 �28.1 �24.4 �31.8
Mahogany Shale

350 C2 �18.8 �4.1 �33.6
C3 �22.5 �7.1 �30.2
C4 �22.2 �8.4 �26.8
C5 �24.2 �9.0 �28.0
C6 �27.5 �8.6 �31.3

Ghareb Limestone (Jordan)
350 C2 �22.4 �14.5 �30.3

C3 �23.1 �15.3 �27.0
C4 �23.9 �14.1 �27.1
C5 �25.0 �14.9 �27.6
C6 �25.5 �14.9 �27.6

330 C2 �23.3 �11.5 �35.2
C3 �24.8 �13.3 �30.6
C4 �25.4 �13.3 �29.4
C5 �26.7 �13.4 �30.1
C6 �27.2 �13.3 �30.0

310 C2 �24.7 �13.3 �36.0
C3 �26.7 �16.9 �31.6
C4 �28.8 �16.7 �32.9
C5 �27.8 �16.9 �30.5
C6 �28.1 �17.4 �30.2

280 C2 �28.6 �21.1 �36.1
C3 �29.4 �20.3 �33.9
C6 �28.9 �23.4 �30.0

240 C2 �29.2 �24.1 �34.2

Table 4. (Continued).

Temperature (°C) o.a. �13Ctot �13Ccarb �13Calk

Ghareb Limestone (Israel)
350 C2 �21.8 �10.9 �32.7

C3 �23.1 �12.5 �28.4
C4 �25.9 �13.0 �30.2
C5 �25.5 �14.0 �28.4
C6 �26.2 �14.7 �28.6

Black Shale
350 C2 �18.5 �4.7 �32.3

C3 �21.6 �6.9 �29.0
C4 �22.5 �6.8 �27.8
C5 �25.7 �7.7 �30.2
C6 �28.1 �8.1 �32.1

330 C2 �18.8 �4.1 �33.6
C3 �22.5 �7.1 �30.2
C4 �22.2 �8.4 �26.8
C5 �24.2 �9.0 �28.0
C6 �27.5 �8.6 �31.3

310 C2 �18.6 �3.6 �33.5
C3 �24.0 �7.0 �32.5
C6 �28.0 �12.0 �31.2

285 C2 �20.2 �6.4 �33.9
C3 �24.7 �11.7 �31.2
C6 �28.6 �12.5 �31.8

New Albany Shale
350 C2 �26.3 �18.4 �34.2

C3 �27.0 �19.5 �30.7
330 C2 �27.5 �18.7 �36.4

C3 �27.2 �20.2 �30.7
C4 �27.6 �20.6 �29.9
C5 �27.3 �18.7 �29.5

310 C2 �28.5 �18.7 �38.3
C3 �26.3 �20.3 �29.3

285 C2 �32.6 �27.7 �37.5
C3 �30.0 �28.1 �31.0
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would result in the residual acid pool becoming enriched in 13C
at higher levels of thermal maturity. This effect was observed
by Kharaka et al. (1983) who confirmed that 12C-12C bonds
were preferentially broken during acetic acid degradation and is
consistent with our observation of a general increase in �13C
values with increasing thermal maturity. However, we would
expect to observe an equivalent isotope effect independent of
source rock and kerogen type. This is inconsistent with the lack
of isotopic enrichment observed in acetic acid from the Ma-
hogany shale and Black shale (310 to 360°C) as compared with
the significant enrichment observed for acetic acid generated
from the New Albany shale and Wilcox coal over the same
temperature range. Additionally, reaction of model organic
acids at similar concentrations with bicarbonate under hydrous
pyrolysis conditions (350°C/72 h) proceed with out any signif-
icant loss of organic acid (Dias, 2000). Although destructive
decarboxylation likely occurs in natural systems, we believe
that it does not impose a significant control on the �13C values
of organic acids in our closed experimental system.

4.3. Postgeneration Reactions: Carboxyl Exchange

Shock (1988) proposed that under geologic conditions, aque-
ous organic acids are in a metastable equilibrium with one
another and may be in equilibrium with dissolved CO2 at

oxygen fugacities lower than those set by iron oxide mineral
assemblages and that high concentrations of acids are in dis-
equilibrium with respect to decarboxylation. Although Shock
did not propose a reaction mechanism between organic acids
and CO2, the exchange of carboxyl carbon with DIC (carboxyl
exchange) is a scenario that does allow for organic acid �13C
values consistent with our data and that of Franks et al. (2001).
For acetic acid, carboxyl exchange was proposed to operate
under acidic to neutral conditions with increasing rate of reac-
tion as pH becomes more alkaline (Chu, 1997). More recently,
Dias (2000) demonstrated using model organic acids and 13C-
labeled bicarbonate that carboxyl exchange occurred as a pH-
dependent reaction under hydrous pyrolysis conditions similar
to those employed in this work.

The effect of carboxyl exchange on organic acids from all six
source rocks is demonstrated in Figure 5. Waters from the
hydrous pyrolysis of the carbonate rock samples (Green River
shales and the Ghareb limestones) contain significant concen-
trations of DIC due to the dissolution of calcium carbonate and
is highly enriched in 13C relative to the organic carbon in the
kerogen. Incorporation of the DIC into the organic acids at the
carboxyl position would result in organic acids that have dis-
tinct isotopic contributions from the organic material (alkyl
carbons) and the DIC (carboxyl group). The isotopic trends

Fig. 6. Carbon-isotope vales of measured carboxyl carbon, total acid, and calculated residual alkyl carbon for acids from
the Black shale at 350°C for 72 h.
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with molecular weight therefore represent a mixing line be-
tween the �13C of DIC and the �13C of the parent organic
material. For hydrous pyrolysis conditions of 350°C for 72 h,
the Green River rocks have the most enriched CO2 values
(�3.3 and �2.3‰) and therefore show the most severe trend of
isotopic enrichment with decreasing carbon number. The
Ghareb shales have next most enriched CO2 values (�10.4 and
�10.9‰) and show less pronounced trend. The New Albany
shale and Wilcox coal contain no carbonate. Therefore, any
CO2 derived from these rocks must originate from the organic
matter. At 350°C, these samples have �13C values for ambient
CO2 of �14.7 and �21.3‰, respectively, and show flat isoto-
pic trends with molecular weight relative to the trends for
Green River and Ghareb rocks.

The carbon-isotope data for measured carboxyl-derived car-
bon, measured total organic acid and calculated alkyl-derived
carbon presented in Table 4 shows clearly that significant
intramolecular isotopic variability exists in organic acids gen-
erated from source rocks under hydrous pyrolysis conditions.
As a representative example, Figure 6 plots the �13C value for
the carboxyl-derived carbon, alkyl-derived carbon, and total
organic acid for the Black shale (350°C/72 h). The �13C value
of the carboxyl carbon is intermediate of values calculated for
CO2(aq) and bicarbonate at reaction temperature from Eqn. 1
and 2, whereas the residual alkyl carbons have �13C values

(from Eqn. 2) that are similar to the �13C value for the initial
kerogen. In addition to showing the intramolecular variability
within the acids, it also implies ambiguity as to whether bicar-
bonate or CO2(aq) is exchanging with the carboxyl carbons.

Because bicarbonate, carbonate, and CO2(aq) exist in our
experiments under all conditions, it is unclear which inorganic
carbon species is the main reactant. By use of SOLMINEQ88
(Kharaka and Barnes, 1973), CO2(aq) and bicarbonate were
calculated to be the dominant inorganic carbon species under
representative hydrous pyrolysis conditions with relative abun-
dances of 60 to 70% and 30 to 40%, respectively. The amount
of carbonate ion (CO3

�) was negligible. Given the �13C values
of carboxyl-derived carbon and their systematic occurrence
between the calculated �13C values of CO2(aq) and HCO3

�, it is
reasonable to propose at this point that organic acids undergo
carboxyl exchange with both bicarbonate and aqueous carbon
dioxide under hydrous pyrolysis conditions.

4.4. Implications

As proposed by Franks et al. (2001), for a given suite of
acids, a plot of the �13C values of organic acid vs. the inverse
of the carbon number (1/n, after Eqn. 3) should yield the �13C
of the organic source (1/n � 0) and the associated inorganic

Fig. 7. Plot of 1/n vs. carbon-isotope value for organic acids from the Black shale at 350°C for 72 h. After Franks et al.
(2001).
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carbon (1/n � 1). This model was able to delineate the two
main oil sources in the San Joaquin Basin (Monterey vs.
Kreyenhagan; Franks et al., 2001). Our hydrous pyrolysis data
are consistent with this model. As exemplified in Figure 7 for
the Black shale, at 1/n � 0, the intercept corresponds to the
�13C value observed for the original kerogen, whereas at 1/n �
1, the best fit line falls in between �13C values for CO2(aq) and
bicarbonate. Our laboratory data validate this model for oil-
associated organic acids, and it should prove a valuable recon-
naissance and diagnostic tool for the exploration and reservoir
management of petroleum systems.

The large variability of the intramolecular isotopic distribu-
tions between carboxyl and alkyl carbon observed in this work
has implications for the formation of natural gas from the
decomposition of organic acids. Kharaka et al. (1983) observed
that carbon dioxide produced from acetate pyrolysis was 20‰
enriched in 13C relative to the coproduced methane. This led
the authors to conclude that a 20‰ fractionation occurred
between the carboxyl and methyl carbon during pyrolytic deg-

radation. Although not explicitly stated, that was based on the
assumption that the carboxyl and methyl carbons initially had
the same �13C composition. Our observations suggest that the
results of Kharaka et al. (1983) reflect, at least in part, a
significant intramolecular isotopic difference between carboxyl
and alkyl carbons. For example, the 	�13Ccarboxyl-alkyl for ace-
tic acid generated under hydrous pyrolysis conditions simulat-
ing maximum oil generation range from 27.6‰ for the Black
shale to 7.1‰ for the Wilcox coal (Fig. 8). If the acetic acid
generated from the Black Shale (or any of the other source
rocks) at 350°C was allowed to pyrolyze to CO2 and methane,
the �13C values of the gases could be similar to those as shown
in Table 4 for the carboxyl-derived and alkyl derived carbon.
Although natural gas may form from the degradation of LMW
organic acids, the isotopic differences between CO2 and hy-
drocarbon gases in natural gas formed from the pyrolysis of
organic acids may bear the overprint of the intramolecular
fractionation between carboxyl and alkyl carbons in addition to
kinetic fractionation during pyrolytic gas formation.

Fig. 8. Plot of total acid �13C vs. the �13C for alkyl methyl (open symbols) and carboxyl carbon (solid symbols) for acetic
acids generated from each of the six source rocks at 350°C for 72 h. The shaded bar represents the 20‰ fractionation
proposed by Kharaka et al. (1983), and the tie lines serve to emphasize the isotopic spread between methyl and carboxyl
carbons in acetic acid.
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5. CONCLUSIONS

LMW, aqueous organic acids were generated from six dif-
ferent source rocks under hydrous pyrolysis conditions. Despite
differences in their mineralogy and organic matter abundance
and composition, TOC-normalized acetic acid generation is on
the same order of magnitude for each source rock. However,
significant differences in the absolute abundances of generated
organic acids exist between the source rocks. Acid concentra-
tion data are consistent with a model that organic acids migrate
out of the source rock with the expelled oil and then partition
into the surrounding water. LMW organic acids display in-
creasing 13C content as a function of decreasing molecular
weight and increasing thermal maturity. The magnitudes of the
observed isotope enrichments vary with different source-rock
lithologies. Our data are consistent with �13C values of organic
acids presented by Franks et al. (2001) and therefore reflect the
duality of distinct alkyl-carbon and carboxyl-carbon �13C val-
ues.

Our data do not support a single mechanism for the gener-
ation of organic acids. Further, the isotopic trends we observe
as a function of molecular weight, thermal maturity, and rock
type are not supported by either generation mechanisms or
destructive decarboxylation. We therefore propose that organic
acids experience isotopic fractionation during generation and
subsequently undergo postgeneration reaction with DIC. Al-
though generation and decarboxylation may influence the �13C
values of organic acids, in our hydrous pyrolysis system, the
nondestructive, pH-dependent exchange of carboxyl carbon
with inorganic carbon appears to be the most important reaction
mechanism controlling the �13C values of the organic acids.
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