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Abstract-Long-chain fatty acids (C,&,), as well as C,,-C=,, isoprenoid acids (except for C,,), have been 
identified in anhydrous and hydrous pyrolyses products of Green River kerogen (200-4OO”C. 2-1000 hr). 
These kerogen-released fatty acids are characterized by a strong even/odd predominance (CPI: 4.8-10.2) 
with a maximum at C,, followed by lesser amounts of C,, and G, acids. This distribution is different from 
that of unbound and bound geolipids extracted from Green River shale. The unbound fatty acids show 
a weak even/odd predominance (CPI: 1.64) with a maximum at C,,, and bound fatty acids display an 
even/odd predominance (CPI: 2.8) with maxima at C,, and C,,. These results suggest that fatty acids were 
incorporated into kerogen during sedimentation and early diagenesis and were protected from microbial 
and chemical changes over geological periods of time. Total quantities of fatty acids produced during 
heating of the kerogen ranged from 0.71 to 3.2 mg/g kerogen. Highest concentrations were obtained when 
kerogen was heated with water for 100 hr at 300°C. Generally, their amounts did not decrease under 
hydrous conditions with increase in temperature or heating time, suggesting that significant decar- 
boxylation did not occur under the pyrolysis conditions used, although hydrocarbons were extensively 
generated. 

Key words: fatty acids, isoprenoid acids, pyrolysis, kerogen, diagenesis, unbound, bound, tightly bound, 
decarboxylation, clay mineral 

INTRODUflION 

Fatty acids have frequently been considered as the 
major source of petroleum hydrocarbons which 
formed through decarboxylation (e.g. Cooper and 
Bray, 1963). Since this hypothesis was proposed, both 
observational and laboratory simulation studies were 
conducted on fatty acids (Cooper, 1962; Jurg and 
Eisma, 1964, 1968; Kvenvolden, 1968; Douglas ef al., 
1968; Shimoyama and Johns, 1971, 1972). More 
recently kerogen has been accepted as the source of 
petroleum hydrocarbons because extensive studies 
have demonstrated the production of petroleum-like 
hydrocarbons during heating of kerogen (Ishiwatari 
et al., 1977; Harwood, 1977; Rohrback et al., 1984). 
However, whether hydrocarbon generation occurs 
directly from kerogen or through certain intermediate 
precursors, including fatty acids which may be pro- 
duced during the breakdown of kerogen, is still 
unresolved. 

During thermal alteration experiments of Recent 
sediments, the amounts of extractable fatty acids 
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increased at elevated temperatures (Baedecker et al., 
1977; Harrison, 1978; Kawamura and Ishiwatari, 
1981, 1985a), suggesting that fatty acids are present 
as tightly bound forms in geopolymers (kerogen and 
humic compounds) which cannot be separated by 
normal extraction procedures but can be released on 
heating (Kawamura and Ishiwatari, 1981). Tightly 
bound fatty acids are probably formed during early 
diagenesis by both microbial (Kawamura and 
Ishiwatari, 1984a) and non-biological processes 
(Kawamura and Ishiwatari, 1985b). Thus, it is ex- 
pected that some fatty acids are present as tightly 
bound forms in kerogen matrices. However, there are 
no reports of fatty acids being released during ther- 
mal treatment of kerogen, except for /I-hydroxy acids 
(Kawamura and Ishiwatari, 1982) although car- 
boxylic acids have been reported in chromic acid 
oxidation products of kerogen (Burlingame and 
Simoneit, 1968; Burlingame et al., 1969). 

Here, we describe a homologous series of C,0-C32 
fatty acids and C,&, isoprenoid acids in pyroly- 
sates of kerogen isolated from Green River shale. 
This report presents details on the distribution of 
these carboxylic acids and discusses their origin 
and diagenetic history. Their thermal behaviour will 
also be discussed in relation to the generation of 
hydrocarbons. 

EXPERIMENTAL 

Kerogen was prepared from Green River Formation 
shale and subjected to thermal alteration experiments (for 
details see Tannenbaum and Kaplan, 1985). The ash content 
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Fig. 1. Chain-length distribution of n-fatty acids in the 
pyrolysates of Green River kerogen (400°C 10 hr. anhy- 

drous). 

of the prepared kerogen is 2.3%. Half to one gram of 
kerogen or kerogen plus minerals (Na-montmorillonite, 
illite and calcite) with and without distilled water (5 ml) was 
sealed in a Pyrex tube under vacuum. Kerogen to mineral 
weight ratio &as 1: 20. The sealed sample tubes were placed 
in an oven at temneratures of 200-400°C for 2-1000 hr. 
The hydrous samples were heated in a bomb to prevent 
explosion. Blanks were also run with samples. 

Heated kerogen samples were extracted with a 
methanol/CH,Cl, mixture and the extracts were concen- 
trated to 4 ml (Huizinga et al., 1986). An aliquot (0.10 ml) 
of the concentrate was then saponified with 2ml 0.5 N 
KOH/methanol and neutral components were extracted 
with hexane/CH,CI, (7:3) (5 ml x 3) after adding 5 ml 
(KMnO,-oxidized) distilled water. Carboxyhc acids were 
then extracted with hexane/CH,Cl, (7: 3) (5 ml x 3) from 
the remaining solution, which was acidified with c. 0.5 ml 
concentrated HCI, and esterified with 2ml 14% BFJ 
methanol. The methyl esters were extracted with hexane and 
then purified on a silica gel column. Carboxylic acid methyl 
esters were determined with a Hewlett-Packard 5840 gas 
chromatograph equipped with an FID and installed with a 
fused silica DB-5 capillary column (0.25 mm x 30 m). 
Authentic C,-C, fatty acid methyl esters were used for peak 
identification and quantitation. In order to confirm peak 
identification, some samples were analyzed with a Finnigan 
Model 4000 GC-mass spectrometer with an INCOS 2300 
data system. Isoprenoid acids were identified by comparing 
mass spectra with those in the literature (Douglas ef al., 
1971) and in the INCOS data library. 

Two grams of powdered sample (Green River shale) were 
extracted with methanol/CH,Cl, (1: 1) mixture under soni- 
cation until the colour of the extracts disappeared. The 
extracts (unbound lipids) were saponified with 0.5 N 
KOH/methanol for 2 hr. The remaining samole (residue) 
was saponified with 0.5 N KOH/methanol ‘to separate 
bound geolipids. Both unbound and bound geolipids were 
analyzed for carboxylic acids as described above. 

Recovery of authentic C,r-Cu acids in the procedures 
from saponification to SiO, column chromatography was 
85 f 9%. Duplicate experiments (300°C 10 hr with mont- 
morillonite and water) showed that the relative standard 
deviation of n-fatty acid concentrations (C,,-C,,) was 
a 1 I % of the mean value. In the procedural blanks, C,, , C,, 
and C, acids appeared, but their amounts were usually less 
than 9% of those of samples and they were not subtracted. 

RESULTS 

Straight-chain C,,+& fatty acids, iso- and anteiso- 
C,, acids and isoprenoid C,&, acids (except for 

Cls) were detected in both anhydrous and hydrous 
pyrolysis products of Green River kerogen. Straight- 
chain fatty acids were found to be more abundant 
than branched-chain acids. As shown in Fig. 1, 
distributions of n-fatty acids are characterized by a 
predominance of palmitic (C,,) acid followed by 
stearic (C,,) acid and a strong even/odd predomi- 
nance. These features were found in all the heated 
samples despite the different conditions used (anhy- 
drous, hydrous, with and without minerals or 
different temperatures), although the concentrations 
of carboxylic acids varied depending on the heating 
conditions. 

Concentrations of n-fatty acids isolated ranged 
from 0.26 to 3.2 mg/g kerogen (Table 1). The lowest 
concentration was obtained when dry kerogen was 
heated with montmorillonite at 300°C for 10 hr, 
whereas the highest value was measured when ker- 
ogen alone was heated at 300°C for 100 hr under 
hydrous conditions. For comparable heating times, 
highest amounts of fatty acids were obtained during 
hydrous heating of the kerogen. The lowest amount 
of fatty acids were obtained when the kerogen was 
heated with montmorillonite under anhydrous con- 
ditions. The presence of water appears to suppress the 
interaction of minerals and fatty acids. The maximum 
amount of fatty acids recovered in the pyrolysate 
(3.2 mg/g kerogen) is equivalent to 16Opg/g rock 
(kerogen content is c. 5% of the Green River shale 
used). This value is significantly higher than the 
concentration of unbound (17 pg/g rock) and bound 
(43 pg/g rock) fatty acids which can be extracted 
from the thermally untreated shale, as stated below. 

Although n-fatty acid distributions are similar, 
distributions of branched-chain acids relative to 
straight-chain acids changed depending on the heat- 
ing conditions. Iso- and anteiso-C,, to n-C,, acids 
ratios varied from 0.23 to 0.94 (Table 1). The ratios 
of isoprenoid acids to total n-fatty acids also 
fluctuated from 0.018 to 0.28. The highest values were 
obtained when kerogen was heated with water, 
whereas the lowest were produced under dry heating 
conditions. 

Unbound and bound carboxylic acids extracted 
from untreated Green River shale, showed different 
distributions from those in the pyrolysates of Green 
River kerogen. In the unbound fraction (solvent 
extractable), isoprenoid C,, and C6 acids were more 
abundant than normal Clz, C4, C,, and Cl8 fatty 
acids, although total n-fatty acids were present in 
about the same amount (17 pg/g sediment) as the 
total isoprenoid acids (C,,,-C,, : 16 pg/g). As shown in 
Fig. 2, the distribution of unbound n-fatty acids is 
bimodal with peaks at CId and Cr,, and a weak 
even/odd predominance (CPI: 1.64, for definition see 
Table 1). These features are consistent with those 
previously reported in Green River shale (Eglinton et 
al., 1966; Douglas er al., 1968). The distribution of 
bound carboxylic acids is also different from pyro- 
lyzed kerogen-derived fatty acids, showing maxima at 
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Table 1. Distribution of carboxylic acids detected in pyrolysis products of Green River kerogen (concentration: as/g kerogen) 

n-Fatty acids Cu acids lsoprenoid acids 

Samples G”-G, Major L/H CPI ai i (ai + i)/n G-C,, Maior 

Dry pyrolysiF 

200°C. IOhr 
3OO”C, 2hr 
300°C. IOhr 
300°C. IO hr with 

montmorillonite 

3OO”C, 1OOhr 
300°C. 1000 hr 
400°C. IOhr 

Hydrous pyrolysis 
300°C. 2 hr 1290 Cl,, Cl,~ cm G, 2.7 6.3 14.2 6.3 0.59 246 cw. Cl,. G 
300°C. 2 hr with illite 1050 Cl,. Cl,. cm CM 2.9 7.2 9.2 5.1 0.54 I40 CM. Cl,. G, 
300°C. 2 hr with calcite I210 Cl,, Cl,. G. Cl4 2.1 6.5 19.5 10.2 0.94 I76 CM. Cl,. Cl, 
300°C. IOhr I300 C,,, ‘A. Cn, G, 2.6 4.8 17.3 8.3 0.59 365 cw CM. Cl, 
300°C. IO hr with 

montmorillonite 1010 G,* CIS. cu. Cl2 3.4 5.0 12.0 5.0 0.50 223 CIP. CM. Cl, 
300°C. IOhr with illite I230 Cl,. Cl,. cm CM 2.5 5.6 14.9 6.9 0.54 317 Cl,. CM. G 
3OO”C, IO hr with calcite II30 Cl,. Cl,? cm c,, 2.6 6.5 12.2 5.0 0.58 249 Cl,. Cl,. cm 
3OO”C, IOllhr 3220 Cl,, cl** cm Cl, 2.0 5.0 35.3 20.2 0.58 533 Cl,. CM. Go 
300°C. 100 hr with illite 2750 Cl,. cm. Cn.G4 2.5 7.3 18.6 8.4 0.49 283 Cl,. CM. G 
3OO”C, 100 hr with calcite 2010 c,,.c,,. c2*c,, 2.6 6.1 21.2 8.8 0.58 308 Cl,. CM.. Cl, 

L/H: Ratios of the amounts of lower molecular weight (CT,,&,) acids to those of higher molecular weight V&C,,) acids, CPI: Carbon 
Preference Index (ratios of total amounts of even-carbon numbered acids to those of odd-carbon numbered acids), ai: anteiso. i: iso. 
N.D.: not detected. 

Cu and C,,, with an even/odd predominance (CPI: 
2.84) (Fig. 2). Isoprenoid C,.&, acids are also 
present in the bound fraction, but only at a fifth of 
the concentration of the straight-chain acids (9.0 pg/g 
vs 43 pg/g sediment). 

DISCUSSION 

Release of carboxylic acids from kerogen upon heating 

The results indicate that (1) long-chain carboxylic 
acids are present in the structure of kerogen, and/or 
(2) they are produced by the oxidation of some 
precursors (alcohols, ketones, etc.), which are present 
as kerogen moieties. The chain-length distributions of 
n-fatty acids are similar to those in smlicial lacustrine 
sediments, which are generally characterized by a 
very strong even-carbon-number predominance (e.g. 
CPI: lo-20), generally with a maximum at C,, (Cran- 
well, 1974, Brooks et al., 1976; Meyers and Takeuchi, 
1979; Kawamura and Ishiwatari, 1985c). Therefore, 
it is probable that, during the formation of the 
geopolymer, algal and microbial acids are incorpo- 
rated in the structure of kerogen in depositional 
environments and are preserved there. Alternatively, 
some carboxylic acids such as C,,-C, isoprenoid 
acids, which are not dominant acids in Recent sedi- 
ment but are abundantly present in Green River shale 
(Eglinton et al., 1966), may have been formed from 
phytol (Ikan et al., 1975), preserved in kerogen 
during diagenesis and released during thermal pyrol- 
ysis. However, the Cr, isoprenoid acid which occurs 
in relatively low abundance, cannot be easily expla- 
ined as originating from phytol (C,,). 

The presence of carboxylic acids released from 
kerogen is consistent with previous infrared studies 
which have investigated the occurrence of carbonyl 

groups in kerogens. These studies show that with 
increasing burial and also at elevated temperatures 
during laboratory heating experiments there is a 
reduction in the quantity of carbonyl groups (Tissot 
et al., 1974). The release of carboxylic acids in 
amounts up to 0.36% of the initial kerogen, would 
correspond to changes in the infrared spectra of 
kerogen. In addition to long-chain acids, short-chain 
organic acids (C,-C,,, up to 0.3% of the initial 
kerogen) were also released in the same heating 
experiments (Kawamura et al., 1986). The early 
release of these carboxylic acids should contribute to 
lowering the O/C ratio of kerogen, which occurs prior 
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Fig. 2. Chain-length distribution of n-fatty acids in unbound 
and bound fractions separated from Green River shale. 
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Fig. 3. Changes in the concentration of normal and isoprenoid carboxylic acids with prolonged heating 
during anhydrous (dry) and hydrous pyrolysis of Green River kerogen at 300°C. 

to a decrease in the H/C ratio corresponding to 
extensive hydrocarbon generation from the kerogen 
(Tissot et al., 1974). 

Temperature is an important factor in controlling 
the release of carboxylic acids from kerogen. Concen- 
trations of both n-fatty acids and isoprenoid acids 
increase with an increasing temperature during both 
hydrous and anhydrous pyrolysis (see Table 1). This 
indicates that at higher temperatures, the kerogen 
structure is altered to release carboxylic acids. The 
n-fatty acids which were released from the sample 
heated at 400°C for 10 hr (anhydrous) show a high 
even/odd-carbon-number predominance (Fig. l), 
suggesting that degradation of fatty acids is not 
significant even at 400°C. 

The effect of heating time on the amounts of 
kerogen-released carboxylic acids is different for an- 
hydrous and hydrous pyrolysis at 300°C. As shown 
in Fig. 3, during anhydrous pyrolysis, concentrations 
of both n-fatty acids and isoprenoid acids slightly 
increased in the first 10 hr of heating and then 
decreased with prolonged time. These results suggest 
that although kerogen-structures are destroyed to 
release bitumen (Tannenbaum ef al., 1986), car- 
boxylic acids in the bitumen fraction are subjected to 
thermal degradation under anhydrous conditions. 
Under the present experimental conditions, the pres- 
ence of water favours the release of carboxylic acids 
from kerogen (Fig. 3). It is possible that some 
carboxylic acids are linked to kerogen matrices via 
ester linkage and the ester bond is hydrolyzed by the 
water to release these acids on heating. 

Similar results were obtained when kerogen plus 
the mineral mixture was heated under hydrous con- 
ditions. The amounts of n-fatty acids released are 
lower than those of samples without minerals (see 
Fig. 3), suggesting that part of the released acids were 

trapped by the minerals and could not be effectively 
extracted with the organic solvents used. This is 
supported by the fact that significant portions of 
bitumen generated from heated kerogen were found 
to be adsorbed on minerals (Tannenbaum et al., 
1986). Adsorption of carboxylic acids is more serious 
when kerogen was heated with montmorillonite un- 
der anhydrous conditions than under hydrous con- 
ditions (3OO”C, 10 hr, see Table 1). On the other 
hand, isoprenoid acids showed different results from 
those of n-fatty acids during prolonged heating in the 
presence of water and minerals (100 hr, see Fig. 3). 
Although n-fatty acids largely increased in abun- 
dance from 10 to 100 hr under hydrous conditions, 
isoprenoid acids did not. The amounts of these acids 
are almost constant from 10 to 100 hr, indicating that 
isoprenoid acids are more likely subjected to degra- 
dation than n-fatty acids. This is consistent with the 
previous work that has shown phytanic (C,,) acid 
to be less stable than n-fatty acids in hydrous 
heating experiments performed on recent sediments 
(Kawamura and Ishiwatari, 1985a). 

Origin and fate of kerogen-released fatty acids 

The distributions of fatty acids in lithified sedi- 
ments, where their CPI values are generally low (close 
to 1) (Kvenvolden, 1968; Douglas et al., 1968), are 
different from those in the surface sediments of most 
modem lakes, where fatty acids show a strong 
even/odd predominance (e.g. CPI: 10-20) usually 
with a peak at C,, acid as stated above. Such a 
difference has been attributed to diagenetic changes 
of fatty acids (Kvenvolden, 1968). Laboratory experi- 
ments with Recent sediment showed that even/odd 
ratios of fatty acids decreased from 8.6 (200°C) to 3.8 
(325°C) during 24 hr hydrous heating (Kawamura 
and Ishiwatari, 1985a). This was explained by a 
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Fig. 4. Comparison of chain-length distributions between 
n-alkanes and n-fatty acids in the pyrolysates of Green 
River kerogen (3OO”C, 100 hr, hydrous). Hydrocarbon data 

are from Huizinga et al. (1986). 

mechanism of a-oxidation of C, acid to C,-, acid. 
Therefore, the low CPI value of unbound fatty acids 
in Green River sediments may be interpreted by a 
similar mechanism. Although /?-oxidation, rather 
than a-oxidation, is common in biological degra- 
dation of fatty acids, microbial a-oxidation cannot be 
ruled out under prolonged diagenetic conditions. 

Bound n-fatty acids show a weak even/odd pre- 
dominance although their CPI value (2.84) is higher 
than that of unbound n-fatty acids (1.64) due to the 
presence of abundant C&, Cl0 and C3r acids (see 
Fig. 2). The presence of abundant odd-carbon- 
numbered fatty acids in the range of C,,,-C,,, suggests 
that bound fatty acids have also been subjected to 
a-oxidation during diagenesis. However, the presence 
of C,,-C,, acids with a high CPI (see Fig. 2), in the 
bound fraction indicates that the long-chain acids are 
preferrentially stabilized by binding to the kerogen at 
an early stage of diagenesis. Recent studies of lacus- 
trine sediments showed that lower molecular weight 
fatty acids (XC,,) which are of algal origin are 
microbially unstable compared to higher acids which 
are of higher plant origin (Matsuda and Koyama, 
1977; Meyers et al., 1980; Kawamura and Ishiwatari, 
1984b). Stabilization of the residual long-chain acid 
therefore occurs by esterification to geopolymers. 

The kerogen-released fatty acids show a strong 
even-carbon-number predominance in both lower- 
and higher-molecular-weight ranges, and their distri- 
butions are more like those of modern surficial 
lacustrine sediments (see Figs 1 and 4). This suggests 
that these fatty acids were incorporated into the 
kerogen structure at an early stage in the sedimen- 
tation process and were protected from microbial and 
chemical degradation. The above finding confirms the 
observations made by Kawamura and Ishiwatari 

(1984a) on a 200 m sediment core from Lake Biwa, 
Japan. 

If, as suggested, kerogen-attached fatty acids are 
stable over geological time, their chain-length distri- 
bution may be used as a source indicator. The 
predominance of C,, and C,* acids in the kerogen- 
released fatty acids suggests a predominant algal 
or bacterial contribution to Green River kerogen. 
Although C,,,-C,, acids are minor components in the 
unbound fraction, their presence in kerogen pyroly- 
sates suggests there was also a small contribution of 
higher plant lipids to the sedimenting lake. However, 
once kerogen-attached carboxylic acids are released, 
they are subjected to either diagenetic changes 
(including a-oxidation) or catagenetic changes, de- 
pending on environmental conditions. Therefore, 
their distribution pattern in bitumen must be care- 
fully evaluated on the basis of the maturation and 
alteration history of the source rock (e.g. Kvenvol- 
den, 1968; Seifert, 1975; Grantham and Douglas, 
1977). 

Relationship between carboxylic acids and hydro- 
carbons 

Both n-alkanes and isoprenoid hydrocarbons are 
abundant in the same pyrolysate samples (Huizinga 
et al., 1986). If these hydrocarbons are generated 
primarily by the decarboxylation of carboxylic acids, 
their molecular structures and carbon chain lengths 
should reflect those of the acids, e.g. palmitic acid 
(C,,) should result in n-C,, alkane. Figures 4 and 5 
compare the distributions of hydrocarbons and 
carboxylic acids in the pyrolysate of Green River 
kerogen (300°C 100 hr, hydrous). The n-alkanes are 
characterized by a very weak odd/even predominance 
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Fig. 5. Comparison of molecular distributions between 
isoprenoid hydrocarbons and isoprenoid acids in the pyroly- 
sates of Green River kerogen (3OO”C, 100 hr. hydrous). 

Hydrocarbon data are from Huizinga er al. (1986). 
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(CPI: 1.2) with maxima at C,, and C,, (Fig. 4). 
Similar distribution patterns were also measured for 
other experimental conditions during both anhydrous 
and hydrous pyrolysis (Huizinga et al., 1986). These 
results show differences between hydrocarbons and 
n-fatty acids in terms of CPI and chain-length distri- 
butions in the pyrolysates (Fig. 4), suggesting that 
decarboxylation of n-fatty acids is not a major mech- 
anism for the generation of n-alkanes from kerogen 
during pyrolysis. 
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