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(EXMOUTH PLATEAU)1

Lloyd R. Snowdon2 and Philip A. Meyers3

ABSTRACT

A summary of shipboard Rock-Eval measurements shows that organic matter in Upper Triassic siltstone from
the Wombat Plateau is dominated by Type III kerogen and is thermally immature. Neocomian siltstone from the
Exmouth Plateau similarly contain thermally immature Type III organic matter. Overlying Upper Cretaceous to
Quaternary carbonates are poor in organic matter at both locations, yet significant amounts of methane-dominated
gas are dissolved in the pore waters of the thick carbonate sequence present on the Exmouth Plateau. This dry gas
is believed to have migrated from deeper and more mature strata containing Type III kerogen.

INTRODUCTION

The Exmouth and Wombat plateaus, located on the north-
western Australian continental margin (Fig. 1), consist of
rifted and deeply subsided continental crust isolated from the
continental shelf by the Kangaroo Syncline (Exon et al.,
1982). Although basement rocks are covered by Phanerozoic
sediments reaching 10 km in thickness, most of this was
deposited prior to rifting, and little terrigenous sediment has
accumulated since the Early Cretaceous. Non-commercial gas
shows have been found by exploration drilling on the Ex-
mouth Plateau (cf. Barber, 1982). Commercial quantities of
hydrocarbons exist nearby; these are located on the continen-
tal shelf and on Barrow Island offshore northwestern Australia
(cf. Campbell et al., 1984).

Samples of sediments and rocks obtained from the Ex-
mouth and Wombat plateaus by Ocean Drilling Program
(ODP) Leg 122 coring were analyzed using the shipboard
laboratory facilities to describe their organic geochemical
contents. These analyses had two purposes. First, gas-rich
sequences were anticipated at several of the outer continental
margin sites drilling during Leg 122. Monitoring of the core
material for content of gaseous hydrocarbons and type of
organic matter was critical for drilling safety. Second, knowl-
edge of the origin and amount of organic matter in sedimen-
tary rocks is helpful in reconstructing the depositional pa-
leoenvironments of the various lithostratigraphic units en-
countered during drilling.

The results of the shipboard organic geochemical analyses
from each of the six sites occupied during Leg 122 are
presented in the individual site summary chapters in the Leg
122 Initial Reports volume (Haq, von Rad, O'Connell, et al.,
1990). In this report, we summarize and integrate the ship-
board organic geochemical information from the individual
sites into composites for the major lithostratigraphic types
encountered during Leg 122. Sources and thermal maturities
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3 Department of Geological Sciences, The University of Michigan, 1006
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of the organic matter contained in these strata are discussed in
terms of these summaries.

SAMPLING AND ANALYSIS

Sample Selection
Samples were selected for routine inorganic and organic

carbon determinations from cores using two principal criteria:
(1) samples chosen for shipboard physical properties measure-
ments, and (2) samples selected for headspace gas analysis.
These two types of sampling strategies provided data from a
variety of lithologies and from nearly every core. In addition,
samples were also selected from sections expected to contain
elevated organic matter concentrations and from near inter-
esting lithologic boundaries. In several instances, organic
geochemical studies were done on samples from which pore
waters had been squeezed.

Analytical Procedures
Concentrations of inorganic carbon were determined on

freeze-dried samples using a Coulometrics 5010 coulometer
equipped with a 5030 carbonate carbon analyzer (cf. Engle-
man et al., 1985). In this instrument, carbonate carbon is
converted to CO2 by treatment with HC1, and the amount of
liberated CO2 is measured by titration in a mono-ethanolamine
solution with a colorimetric indicator. A photo-detection cell
is used to monitor the end point. Inorganic carbon concentra-
tions were converted to carbonate percentages, assuming all
of the inorganic carbon was present as calcium carbonate.

Total organic carbon (TOC) concentrations were deter-
mined as part of the Rock-Eval analysis of samples (cf.
Espitalié et al., 1977). The Rock-Eval instrument on the
JOIDES Resolution is a Girdel Rock-Eval II equipped with a
TOC module. Programmed pyrolysis of samples from 300°C to
600°C gives the amount of preformed hydrocarbons (S ) , the
amount of hydrocarbons released during heating (S2), and the
amount of CO2 released during pyrolysis to 390°C (S3). These
values provide the bases for calculation of the hydrogen index
(HI), where HI = 100 × S2/TOC, the oxygen index (OI),
where OI = 100 × S3/TOC, the production index (PI), where
PI = S^tSi + S2], and the concentration of total organic
carbon. Samples rich in carbonate and poor in organic matter
can yield questionable oxygen index values (cf. Katz, 1983)
and must be interpreted cautiously. The temperature of max-
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Figure 1. Locations of sites cored during Leg 122 (solid dots) and Leg 123 (open circles). Positions of exploratory wells are indicated;
industry symbols are used. Water depths given in meters.

imum hydrocarbon release during pyrolysis (Tmax) is also
obtained and can be interpreted as a measure of organic
matter thermal maturity. The TOC module combusts the
residue of the temperature-programmed sample in air at 600°C
and sums the product of this oxidation with those of the
preceding temperature-programmed pyrolysis to give the total
organic carbon.

Descriptions in this report of gaseous hydrocarbons pre-
sent in sediment pore spaces are obtained from headspace
analysis of samples of sediments and rocks. The headspace
procedure measures the gases released from a sample con-
tained in a septum-sealed vial during heating at 70°C (Kven-
volden and MacDonald, 1985). Gas analyses were done with a
Carle AGC 1000/Model 211 gas chromatograph operated iso-
thermally at 80°C and equipped with a flame ionization detec-
tor. The results are given relative to the headspace volumes of
the 15-mL sample containers; they are not absolute indicators
of the porespace gas contents.

RESULTS AND DISCUSSION

Wombat Plateau
Sites 759, 760, 761, and 764 comprise a transect across the

Wombat Plateau (Fig. 1). Drilling at each site sampled pro-
gressively younger strata as the transect proceeded northward
across this tilted and subsided block of continental crust. The
results from coring at these sites have been combined to give
a composite summary of sediment accumulation at this loca-

tion dating back to Late Triassic time (Exon et al., 1989;
Williamson et al., 1989). A similar composite summary of total
organic carbon concentrations found in sedimentary rocks
from Sites 759, 760, and 761 has been constructed to examine
changes in organic matter content as a function of strati-
graphic unit (Fig. 2). The TOC contents of samples from the
thin cover of Tertiary pelagic carbonates and the underlying
Rhaetian reef cap at Site 764 are close to zero and thus could
not be reliably characterized. They were not used in the
construction of this composite section.

The Wombat Plateau composite section consists of an
attenuated thickness of Cretaceous and Tertiary carbonate
chalks and oozes which covers Rhaetian shallow-water ma-
rine to lagoonal sediments dominated by carbonates. The
carbonate sequences overlie clastic deltaic sediments of low-
er-to-middle Carnian to Norian age. The three units contrast
both in their carbonate carbon content and in their organic
carbon contents (Haq, von Rad, O'Connell, et al., 1990). The
carbonates generally contain less than 0.2% TOC, whereas the
Rhaetian lagoonal sediments generally contain more than
0.5% TOC. The Norian-to-Carnian deltaic clastic sediments
typically contain 1% to 3% TOC, with occasional samples
exceeding 10% TOC (Fig. 2).

The results of Rock-Eval pyrolysis indicate that the organic
matter of the Triassic sediments is dominated by debris from
continental higher plants. Samples from these units yield low
hydrogen indexes characteristic of Type III kerogen (Fig. 3),
which is consistent with the deltaic and lagoonal Late Triassic
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Figure 2. Combined profile of organic carbon concentrations of
samples from different lithostratigraphic units of Sites 759, 760, and
761 on the Wombat Plateau. Sub-bottom depths are for a synthesized
combined sedimentary column (cf. Williamson et al., 1989) and are
not actual drill-hole depths.

paleoenvironments. The Upper Triassic sections encountered
in Sites 759, 760, and 761 are equivalent to the Mungeroo
Formation which underlies much of the northwestern Austra-
lian continental margin. Cook et al. (1985) have petrographi-
cally examined the organic matter of this formation in cuttings
from the Jupiter and Mercury wells (Fig. 1). They find
abundant proportions of vitrinite, which is thermally imma-
ture in the upper parts of the formation, as well as coaly
stringers.

The organic matter type for the Cretaceous and Tertiary
carbonates cannot be reliably determined by Rock-Eval py-
rolysis because the TOC and Rock-Eval S2 values are too low
to give dependable HI or OI values. By inference from the
pelagic nature of the carbonate sediments, however, a marine
organic matter source can be assumed. The existence of low
TOC concentrations in the Cretaceous and younger sediments
implies an environment of low marine production and poor
preservation of organic matter throughout this long period of
time. Marine biological productivity has remained low off
northeast Australia to the present day.

Comparison of HI values to TOC concentrations reveals a
negative trend (Fig. 3), which contrasts with samples from
most Deep Sea Drilling Project Mesozoic samples (e.g., Dean
et al., 1985). The scatter for samples with less than about 0.5%
TOC probably results from the compounded effects of small
absolute analytical errors; uncertainty in measurement of low
values of TOC, which appears in the HI denominator, is
particularly important in this regard (cf. Katz, 1983). Above
0.5% TOC, the decrease in HI with increasing TOC indicates
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Figure 3. Total organic carbon (TOC) vs. Rock-Eval hydrogen index
(HI) values for Sites 759, 760, and 761 on the Wombat Plateau. Note
the general decrease in HI as TOC increases. At TOC values of
<0.25%, HI values are artificially elevated; at higher TOC values, the
decrease in HI indicates greater proportions of land-derived organic
matter.

an increase in the proportion of refractory and/or continental
Type III organic matter relative to Type II lipid-rich marine or
continental material. This change in type of organic matter is
especially evident for Site 759, wherein the effect extends up
to 3.5% TOC and the HI decreases from mixed Type II-Type
III to essentially pure Type III. For Site 760, the HI remains
—70 mg hydrocarbon per gram of organic carbon above a TOC
of —1%, and the type of organic matter appears to be
independent of TOC quantity. Almost no deltaic sediments
were recovered from Site 761, but the three clastic samples
with TOC contents in excess of 0.5% also display HI values of
about 70 mg hydrocarbon/g TOC, indicative of Type III
continental organic matter.
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The level of thermal maturity is inferred to be low (that is,
at a vitrinite reflectance (RJ level of less than about 0.5% Ro)
for all sites on Wombat Plateau on the basis of low Rock-Eval
Tmax and PI values (about 425°C and 0.06 mg hydrocarbon per
g TOC, respectively), as well as the unmetamorphosed litho-
logic character of the sediments. Vitrinite reflectance mea-
surements ranging between 0.25% and 0.41% for three Trias-
sic samples from Sites 759 and 760 (Table 1) verify the inferred
low maturity and are consistent with the petrographic data of
Cook et al. (1985). Vitrinite reflectance measurements on
samples from the Jupiter and Mercury wells range between
0.2% and 0.5% Ro in the upper sections of the Mungeroo
Formation (Barber, 1982), which is equivalent to the Upper
Triassic siltstones of Sites 759, 760, and 761. Although the
limited vitrinite data suggest an increase in maturity with
depth and agree with the trend observed by Barber (1982), the
extensive downcore scatter of Rock-Eval Tmax results (Fig. 4)
indicates large proportions of reworked, geologically recycled
or oxidatively degraded organic matter in all lithologic units
from the three sites, making impossible any conclusion about
a downcore maturity trend in these Leg 122 samples. The low
thermal maturity typical of the Wombat Plateau sedimentary
rocks implies that these deposits have never been deeply
buried and that erosion of younger strata has not been
extensive.

The headspace gas content for all drill sites on the Wombat
Plateau remained low, with most samples yielding essentially
blank or background levels of about 3 ppm methane. A few
samples near the bottoms of the holes yielded small amounts
of higher homologs of methane, along with the low CilC2
ratios expected for a thermogenic rather than biogenic source
(Claypool and Kvenvolden, 1983). Because the level of ther-
mal maturity was low (less than about 0.5% vitrinite reflec-
tance), the small amount of gas which was present was
inferred to result from either incipient in-situ gas generation or
migration from deeper strata.

Exmouth Plateau
Coring at Sites 762 and 763 on the Exmouth Plateau passed

through an upper section of Quaternary, Tertiary, and Upper
Cretaceous oozes and chalks with very low TOC contents
(Fig. 5), through an early Aptian dark-colored calcareous
clay stone equivalent to the Muderong Shale, and into Neoco-
mian black-colored siltstones equivalent to the Barrow For-
mation. As with the Wombat Plateau samples, the organic
carbon content is inversely related to the carbonate carbon
content. Almost all of the samples of carbonate ooze and
chalk contain less than 0.1% TOC, whereas nearly all of the
clastic samples have more than 0.5% TOC. The siltstones
equivalent to the Barrow Formation typically contain about
1% TOC (Fig. 5), with a few samples having up to 1.5% at Site
762 and up to 2% TOC at Site 763.

Two thin layers (4 cm and 12 cm) of organic-carbon-rich
black claystones were encountered at the Cenomanian/Turo-
nian boundary at Site 763. Organic carbon measures as high as
15% in the thinner of these layers and 9% in the thicker (Haq,

Table 1. Vitrinite reflectance measurements (%RO) made by W.
Kalkreuth at the Geological Survey of Canada.

Hole, core,
section

122-759B-17R-1
122-760B-19R-2
122-760B-22R-2

Depth
(mbsf)

145
409
437

Age

Norian
Norian
Carnian

Ro
%

0.25
0.38
0.41

TOC
(%)

7.35
29.80
14.55

' m a x

CO

442
434
424

HI

11
22
93

OI

49
60
49

TOC = total organic carbon; HI = hydrogen index; OI = oxygen index.

von Rad, O'Connell, et al., 1990). Rock-Eval pyrolysis indi-
cates that these layers contain Type II marine organic matter.
These two layers deviate from the overall concentration
trends of increasing CaCO3 and decreasing TOC as the Ex-
mouth Plateau subsided through Cretaceous and Tertiary time
and as water paleodepths increased. Cenomanian-Turonian
boundary sediments were also recovered at Site 762, but they
are carbonates containing -0.01% TOC (Haq, von Rad,
O'Connell, et al. 1990).

Organic carbon concentrations vary within the Neocomian
siliciclastic fluviodeltaic unit corresponding to the upper part
of the Barrow Formation (Fig. 5). The downcore decrease and
then increase in the TOC content may reflect variable oxida-
tion of organic matter in these sections at Sites 762 and 763.
Increased levels of oxidative degradation could be related to
an increased grain size and concomitant increase in the
circulation of oxygen-bearing water into the sediment. Higher
accumulation rates of sediment should be accompanied by a
higher flux of organic debris, and thus clastic dilution is not a
likely explanation for the observed TOC trend.

Rock-Eval data from Sites 762 and 763 are similar (Fig. 6),
yet a significant difference exists in samples from the two
locations. Samples from Site 762 with >0.5% TOC show a
constant HI of between 50 to 100, typical of Type III, higher
land plant organic matter. Samples from Site 763, on the other
hand, show a small but definite increase in HI with increasing
TOC content, and TOC concentrations are somewhat higher
in sediments from this site. The difference between the two
sites is consistent with differential preservation being an
important control of the TOC concentration: where degrada-
tion is less, preservation of hydrogen-rich lipid material is
improved. The essentially constant and low HI values of the
samples from the stratigraphic unit at Site 762 equivalent to
the onshore Barrow Formation may have resulted from ex-
tensive degradation of organic matter which accompanied a
low sedimentation rate. The resultant lengthened exposure
time within the bioturbated sediment-water interface would
allow preservation of only the most refractory portions of the
deposited organic debris (cf. Emerson and Hedges, 1989).

In Figure 6, some of the samples having only a few tenths
of a percent of organic carbon display high HI values (>300
mg hydrocarbon/g organic carbon). These values are probably
spurious, arising from small but multiplicative analytical er-
rors in the TOC and S2 measurements of these samples. They
are included here as an illustration of a potential limitation of
the Rock-Eval procedure to samples low in TOC and high in
CaCO3 (cf. Katz, 1983), which are common to ODP coring.

The level of thermal maturity indicated by the Rock-Eval
Tmax parameter for the deltaic Barrow Formation siltstones is
immature to marginally mature. Tmax values are about 410° to
425°C (equivalent to a vitrinite reflectance of 0.4% to 0.5% Ro)
for Site 762 with no discernible trend over the relatively short
depth interval of samples from the Barrow Formation. In
contrast, Tmax values increase at Site 763 over a 400-m interval
from about 422°C to about 430°C (equivalent to about 0.45% to
0.60% Ro). This trend may represent a true increase in thermal
maturation with depth, or it alternatively reflects a shift in the
type of organic matter. Thermal maturation modeling done at
the Geological Survey of Canada using the Institut Francais
du Petrole software package MATOIL indicates that the heat
flow at this site would need to have exceeded 120 mW/m2

since the Neocomian in order to attain a vitrinite reflectance in
excess of 0.5% Ro. Physical properties measurements (Haq,
von Rad, O'Connell, et al., 1990) indicate a contemporary
heat flow of about 75 mW/m2 for the uppermost 150 m of Site
763, which is far too low to have achieved the thermal
maturity indicated by the Rock-Eval Tmax data. Instead of
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Figure 5. Total organic carbon vs. depth for Sites 762 and 763 on the Exmouth Plateau. Rock units equivalent to strata identified on northeastern
Australia are indicated: Toolonga Calcilutite (TC); Gearle Siltstone (G); Muderong Formation (M); Barrow "A" Formation (BA); Barrow " B "
Formation (BB). An unnamed unit exists between 780 and 815 mbsf in the Site 762 sedimentary column. The Cenomanian/Turonian Boundary
Event (CTBE) appears with its characteristic TOC enhancement at 380 mbsf in the Site 763 column.

in-situ thermal maturation, the increasing Tm a x values may
indicate the presence of an increasingly larger contribution of
recycled, geologically old, detrital organic matter in the pro-
gressively deeper deltaic siltstones. A larger proportion of
land-derived organic matter is consistent with sedimentologi-
cal evidence that the older siltstones were deposited in shal-
lower waters closer to ancient shorelines (Haq, von Rad,
0'Connell, et al., 1990).

Concentrations of headspace gas of up to 100,000 ppm were
found over the intervals of 500 to 800 mbsf in Hole 762C and of
300 to 600 mbsf in Hole 763B (Fig. 7). The gas was generally
quite dry in these intervals, having CXIC2 ratios of 5,000 to
10,000. High CXIC2 ratios are usually interpreted as indicating
biogenic gas (cf. Claypool and Kvenvolden, 1983), yet they can
also indicate a thermogenic origin from gas-prone, terrigenous
organic matter (Hunt, 1979, p. 438). As gas concentrations
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decreased below the gas-rich intervals, Ci/C2 ratios diminished.
At the same time, contributions of C3 to C6 hydrocarbons began
to increase (Haq, von Rad, O'Connell, et al., 1990). The appear-
ance of the latter constituents suggests that the source of the
gases in these holes was being approached.

The headspace gas results for Sites 762 and 763 appear to
correlate with the level of lithification or cementation rather
than the organic carbon content or thermal maturity. At 350
mbsf in Hole 762C and at 300 mbsf in Hole 763B, concentra-
tions of CaCO3 decrease from -90% to between 35% and 80%
whereas TOC values remain unchanged at <0.1%. The two to
three order of magnitude increase in headspace gas content
more or less coincides with the change from ooze to chalk and
occurs well above the organic-rich clastic section of these two
sites. Although the TOC is low (<0.1%) in the carbonate-
dominated section, sufficient carbon may be available for the
generation of biogenic methane, which is characterized by the
high ratio of methane to ethane (Q/C2 > 10,000). Alterna-
tively, preferential migration of methane relative to heavier
gases (Leythaeuser et al., 1982, 1983) from a deeper source
may have created the elevated C,/C2 ratios. Toward the
bottom of both holes, this ratio decreases with the introduc-
tion of thermogenic gas. The low to marginal levels of thermal
maturity indicated by the gas data are consistent with the Tmax
results discussed above.

Vertical migration of a major proportion of these gases is
inferred from several lines of evidence. First, the very low
concentrations of organic carbon throughout most of these
sediments precludes local generation. Second, the increase in
headspace concentrations by three orders of magnitude over
relatively short depth intervals implies movement into these

intervals. Third, the appearance of gas chimneys on seismic
reflection profiles of these sections identifies conduits facilitating
gas movement. The high Q/C2 ratios are believed to derive
largely from thermogenic breakdown of Type III organic matter,
and the gases probably originated from the Jurassic coal seams
or from the Triassic Mungeroo Formation underlying these sites.
Barber (1982) reports a δ13C value of-40% for methane-rich gas
sampled from the Upper Triassic Brigadier Bed above the
Mungeroo Formation in the Jupiter well. The molecular and
isotopic compositions of this gas suggest a thermogenic origin
from Type III kerogen (Hunt, 1979, p. 178).

The presence of the elevated concentrations and the decreas-
ing- with-depth trend of the Q/C2 ratios in the headspace gases at
both of these sites presented safety concerns during drilling.
Continuance of drilling was based on several considerations.
First, gas logs from the nearby and structurally higher Eendracht
and Vinck exploration wells (Fig. 1) showed no evidence of free
gases or of overpressuring. Second, no porous reservoir unit
existed above the postulated source of the gaseous hydrocar-
bons. Nonetheless, when gas concentrations suddenly increased
by a factor of nearly ten in the last two cores cut from Hole 763B
(Fig. 7), drilling was discontinued.

CONCLUSIONS

The organic matter content of the Upper Triassic sediments
of Wombat Plateau is moderate (about l%-3% TOC) and is
dominated by Type III kerogen derived from higher land plant
debris, which is common for paralic to deltaic sediments. The
thermal maturity of samples recovered from Sites 759, 760, and
761 is below the level necessary for significant hydrocarbon
generation. Sediments of this character, however, contain ade-
quate organic matter to generate and expel commercially inter-
esting amounts of gaseous hydrocarbons if subjected to higher
thermal stress than found on the Wombat Plateau.

Exmouth Plateau Sites 762 and 763 yielded samples of
Neocomian siltstones from stratigraphic units equivalent to
the onshore Barrow Formation which are dominated by Type
III organic matter and which also appear to contain hydrocar-
bon-richer material in some intervals. The consequent hydro-
gen enrichment confers a limited enhanced potential to gen-
erate and to expel liquid as well as gaseous hydrocarbons.
Organic matter in the Exmouth Plateau samples is immature
to marginally mature. Gaseous hydrocarbons in sediments of
Sites 762 and 763 are abundant and are dominated by methane
through most of the lithologic units. Deeper gases contain
significant amounts of thermogenic C2 to C6 hydrocarbons.
The source of these gases appears to be from Type III organic
matter in deeper strata, and upward migration has resulted in
preferential enrichment of methane.
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Figure 7. Concentrations and C1/C2 ratios of headspace gases in sediments at different depths from Sites 762 and 763 on the Exmouth Plateau.
Concentrations of Site 762 gas have been normalized to a uniform headspace volume as described in Haq, von Rad, O'Connell, et al. (1990).
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