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ABSTRACT

In the o0il fields of the bay Marchand-Caillou Island salt-ridge complex,
offshore Louisiana, geometric considerations of 0il location, extensive faulting
associated wvith this salt ridge, and the compartmentalized nature of each oil
reservoir, all argue against an updip, lateral o0il migration from a source to
the south of the salt ridge, and suggest a local origin for the oils. ROCK EVAL
analysis demonstrates that the Upper Tertiary clastics at Caillou Island have
ultra-poor, source-rock characteristics, a fact universal for Pleistocene-
Oligiocene shales throughout the Gulf Coast. An origin of the Caillou Island
oils from the shales interbedded with the 0il sands is improbable because of:

1) this ultra-poor organic nature of the shales, 2) their limited volume from
geometric considerations, 3) their lov maturation rank, 4) primary migration
considerations, and 5) compositional differences between shale bitumen and oil.
Proponents of the argument that the large volumes of Tertiary clastics make up
for their organic-poor nature (the "something from nothing"™ proposal), have
disregarded four vast hydrocarbon (BC) sinks, which cancel out favorable
calculated ratios of generated HC's to in-place| BC’s. By process of
elimination, an origin and migration of the Caillou Island (and other Gulf Coast
0ils) from depth appears to be the only viable alternative.

Vith increase in both depth of burial and age of rock in the Gulf Coast,
organic richness increases in fine-grained rocks, although these increases are
not constant with respect to either geographic location or geologic age. Three
possible sources are proposed at depth for the Neogene (including the Caillou
Island) oils: 1) thick sections of moderately organic-rich (total organic
carbon (T.0.C.) = 2-5+X), hydrogen indices (HI‘s) = 300-450+) Eocene to Upper
Cretaceous (or older) shales with hydrogen-rich (Types I and II organic matter
(0M); 2) Lower Cretaceous to Jurassic black sh‘les with high T.0.C. contents,
high BI‘s and Types I and 1I OM; and 3) Bocene-Paleocene hydrogen-rich coals and
carbonaceous shales. A call upon any one of these as a source of the Neogene
oils will involve HC generation and migration at maturation ranks moderately to
considerably above R = 1.35, vhich is the hypathesized thermal deadline for
C,.+ BC's. However, the three principal lines |of evidence which support the
hypothesis of a thermal deadline for C..+ BC’s at R_ = 1.35 can be explained by
other causes and a large body of data céntradicts it. Although this hypothesis
is considered by many to be organic-geochemical law, I believe it to be in
error.

A substantial data base from both the laboratory and the natural system
suggests that the different OM Types have far different reaction kinetics due to
greatly different kerogen bond strengths. Type III OM undergoes: 1) the first
detectable HC generation at R 0.6, 2) both intense HC generation and primary
migration with the first possgblllty of commercial o0il accumulation) at R =
0.8, 3) maximum BC generation over R = 0.8 to'1.6 or 2.0, and 4) loss of ®a11 HC
generation potential (kerogen burnou?) by R = 2.0. Types I and II
(hydrogen-rich) OM apparently undergo intense HC generation and migration at
more elevated (but yet undefined) maturation ranks, and suffer loss of all HC
generation potential at R > 7.0. The three principal arguments against coals
being possible oil-source ®rocks can be adequately replied to. Persuasive lines
of logic and evidence exist wvhich suggest thatThydrogen rich coals can be o0il
source rocks, and in other parts of the vorld, it is taken for granted that they
are.

In light of these points, the preferred explanation here for the origin of
the oils at Caillou Island, and for most other Neogene Gulf Coast oils, is
deeper BC generation from older, organic-rich rocks, and vertical migration of
these oils up major fault zones, with emplacement of the oils in shallowver
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sandstones. By this scenario, the fault zone becomes the most important element
in Gulf Coast HC exploration, and specific exploration targets can be predicted
from this model.

INTRODUCTION

A study of the Caillou Island oils vas undertaken with the hypotheses that:
1) oils in vertically-stacked reservoirs there had originated from the same
source rock(s) deeper than the deepest reservoired oil; 2) the oils had migrated
vertically up fault zones to be emplaced in shallover reservoirs (Price, 1976,
1980a); and 3) that the oils there would thus be genetically related. The oils
at Caillou Island (and most likely the other adjacent oil fields) are of one
genetically-related oil family (Price, 1989a and 1990), and Requejo and Halpern
(1990) report the same conclusions for the South Pass 61 o0il field, offshore
Louisiana.

The origin of the Neogene (and other) Gulf Coast oils, in spite of a massive
published and unpublished research effort, is still an unsolved enigma.
Different investigators have different opinions concerning oil origin,
migration, and accumulation in the Gulf Coast; hovever, enough geologic and
organic—geochemical data are available, such that reasonable limitations can be
assumed concerning the origin of oil at Caillou Island and at other areas of the
Gulf Coast. Such is the purpose of this paper.

SHALE ORGANIC GEOCHEMISTRY AT CAILLOU ISLAND

ROCK EVAL and limited R analyses, (Fig. 1) vere perfarmed on cuttings chips
from a deep (6,678 m, 21,918 ft) vell in the Caillou Island oil field, the
Texaco Inc. State Lease 4666-1, Sec. Bay 23S 20E, Terrebonne Parish, Louisiana.
The geothermal gradient, from Moses (1961), for this area of
Louisiana is given in figure 2 vwith circulated temperatures supplied by Texaco
Inc. for five deep wells of the area. Some uncertainty exists for the deep
burial temperatures at Caillou Island. Moses (1961, Fig. 1), vhose data usually
are quite dependable, gives a geothermal gradient of 1.25°P/100 ft (22.3°C/km)
for this area, based on best estimates of equilibrium burial temperatures.
However, the circulated temperature data for this area plot on a line
nonparallel to the line generated by the geothermal gradient data given by Moses
(1961). Assuming that Moses’ (1961) data are correct and that the circulated
temperatures are reasonable, a "dog leg" must exist in the geothermal gradient,
at depth, at Caillou Island. Such dog legs in geothermal gradients: 1) are
common throughout the Texas-Louisiana Gulf Coast; 2) are many times associated
vith the onset of the abnormal fluid pressure zone (Price, 1976); and 3) have
been documented by many different investigators, including Jones (1969), Vallace
(1970), Schmidt (1971), and Pertl and Timko (1971).

Times since cessation of circulation were not supplied vith the Texaco
temperature data for the Caillou Island vells, so applying correction factors to
these data to estimate equilibrium burial temperatures is untrustworthy. Tvo of
the vells (Lake Barre State Lease 4070 LL&E "B" A-5 and Caillou Island State
Lease 4666-1, side track) had slightly higher temperatures than the other three
vells of figure 2. This suggests that the times since circulation vas halted,
before temperatures vere measured, were longer in these twvo wells, than in the
other three wells. Linear regression analysis of the temperature data from all
five vells results in the short-dashed line (Fig. 2), vhich has a correlation
coefficient of r = 0.933 to the data; and linear regression analysis of the
three vells vith lover temperature measurements results in the long-dashed line
(Fig. 2), vhich has a correlation coefficient of r = 0.970 to
the data. The correction factors of Price (1982) vere applied only to the lowver
temperature data (long-dashed line, Fig. 2), vhich resulted in the dog-leg
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pyrolysis peaks in milligrams per gram of organic carbon Amp and mm
respectively, mg/g 0.C.); the sum of the mH and mN pyrolysis peaks”in
garts per million by rock weight (S +m~ ppm); and“the temperature in
C at the maximum of the mm pyrolysis peak (T xv for rock samples
from the Texaco Inc. Caillu Island State Lea3e 4666-1 well bore.
Vitrinite reflectance Awov data are for rocks from wells in the
Caillou Island oil field ("+'s) and from the Lake Barre oil field
(dots). Curved and straight lines are explained in text. Data from
Table 12, Price (1989a).
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1 2



TEMPERATURE IN °C

0 50 100 150 200
0 T T T T B T T 0
2 |
i & Cl209-301 1,
a L C14666-1 (ST)
- + Ci 2856-9 n
6} X Cl 4666-1
- 2
- e LB 4070
8 8
s } =
= x
X 10 + 3 0
— o
w N w
w -
w w
z w2 =
=  Z
o =
w
I} 4 r &
i (@]
N\
16 F
(=933 —> 5
-
18
6
20
22
e 1 1 7
S0 150

TEMPERATURE IN °F

Figure 2. Circulated temperatures and geothermal gradient estimates for the
Csillou Island oil field. Dashed and solid lines are explained in
text. CI 4666-1 is the Texaco-1 State Lease 4666, Caillou Island
field; CI 2856-9 is the Texaco-9 State Lease 2856, Caillou Island
field; CI 209-301 is the Texaco-209 State Lease 301, Caillou Island
field; CI 4666-1 (ST) is the Texaco-1 State Lease 4666 side track,
Caillou Island field; and LB 4070 is the Texaco-5 LLSE (Louisiana
Land and Exploration?) "B", Unit "A", State Lease 4070, Lake Barre
field. All vells are in Terrebonne Parish, Louisiana. All data
supplied by Texaco Inc.



portion of the solid line (Fig. 2). Thus, the|dog-legged, solid line is taken
as the best estimate of equilibrium burial temperatures at Caillou Island.

Some degree of corroboration of these burial temperatures (Fig. 2) exists in
the R_ plot of figure 1. The solid dog-leg lime of that plot represents the
expected R profile based on the estimated temperatures of figure 2, and the
equation from figure 19 of Price (1983) for calculating R_ values from
equilibrium (or maximum paleo) temperature data. The dots and x's represent
actual R data determined from rocks of the Caillou Island-Lake Barre areas, and
these data agree reasonably vith the calculated R profile.

In figure 1, total organic carbon (T.O.C.)‘da?a are lov and, with the
exception of the deepest sample, range betveen 0.26 to 0.55X throughout the
vell, vith a general trend of slightly increasing T.0.C. contents vith depth.
Superimposed on this overall trend is a pseudo|sine-like curve belov 3,048 m
(10,000 ft) which may be the result of variations in depositional conditions.
The ROCK EVAL S, pyrolysis peak values exhibit|a continuous decrease from the
2,492 m (8,176 %t) sample from around 35 mg/g 0.C. to a minimum of 12.5 mg/g
0.C. for the 3,955 m (12,976 ft) sample. A spike in the S, pyrolysis peak
values to 38.7 mg/g 0.C. occurs in the 4,2356 (13,8967 f%) sample. This
corresgonds to an estimated Ro value of 0.60 (Fig. 1) and a burial temperature
of 120°C, precisely the maturation rank and/or burial temperature which many
other studies have recorded at the threshold of intense BC generation (TIHG) for
Type III organic matter (OM). It is, of course, ill-advised to call for the TIHG
on the basis of one data point. On the other hand, it is too coincidental that
this high value for the S. pyrolysis peak would occur precisely at R_ = 0.6 and
120°C. If this data poin% does indeed represent the TIHBG, then further
corroboration would exist for the geothermal and R gradients of figures 1 and
2. Vith further increase in depth, the S. peak qu?ckly declines to a minimum
value of 10.0 mg/g 0.C. and then exhibits a continual and gradual increase to
values of around 27 mg/g 0.C. in the deepest samples. .

The ROCK EVAL hydrogen index (HI) ranges between 40-65 from 2,492-4,388 m
(8,176-14,393 ft). Deeper, BI’'s increase significantly with depth to betveen 70
to 106. Thus on the basis of T.0.C. contents and HI's, the organic richness of
the rocks at Caillou Island increase slightly with depth. However, the sum of
the S1 and S, pyrolysis peaks, show that this increase in organic richness is
insignifican%. Betveen 2,492-4,662 m (8,176-15,296 ft), this sum ranges between
200-390 ppm, with an average of around 300 ppm. Prom 4,784 m (15,696 ft) to
total depth, this sum ranges betwveen 320-640 ppm, with an average of around 500
ppm. Although an increase in the total HC generating capacity of a rock from
300 to 500 ppm (on average) is a significant percentage increase, even at 500
ppm, the rocks still have poor overall BC generation potential.

T continuously increases wvith depth; however, from 2,675 to 3,559 m
(8,77ga¥o 11,676 ft), T has unrealistically' low values (366-374°C) and
several lover values, 3875331°C are not plotteh (Table 12, Price, 1989a). By
3,833 m (12,576 ft), T exhibits a jump (with a distinct break) to values of
410-415°C, and then cog%§nuously increases vith depth to maximum values of
433°C. The shallover, and unrealistically low, T values are believed to be
caused by the high S, values (relative to the S 3gfues) of the samples over
this depth range. As discussed in Price et al.,; (1984) and Price (1988),
high-molecular-weight bitumen co-elutes with the ROCK EVAL S, pyrolysis peak (as
noted by Clementz, 1979). This causes a decrepse (sometimes significant) in
T values. Almost invariably, if a sample wiith an unreasonably low T

max . . . . max

value is Soxhlet extracted, T increases, and sometimes radically so, Because

in the Soxhlet-extracted sampTgf only HC's cracked from the kerogen in the rock

contribute to the calculation of T . The break (Fig- 1) in the T curve at
max’ ¢ max















mg/gqOC
[¢] 100 0
T T {
L ]
®
o} ¥
i
- -4 3
i 4.
425 ¢ o
5} 4 6
- 8
4 0
*
w
) S
ast ° 1'¥ 3
—
. [®]
-~ 1505
a3 . Iy
€ w
- " 5
S00 175t
z
o
L
- 2_00>
525 —
S50
-1 250
STS -
L/
@ —
5 300
L)
600 1 1 1 1 1 1 i 1 i 1
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Migration along continuous kerogen netvorks is Llso highly unlikely because of
the improbability of the existence of such networks in these organic-poor rocks.
A substantial body of laboratory data negates the possibility of primary
migration by aqueous solution from Gulf Coast Tertiary shales. Price (1981a and
1981b) has shown that burial temperatures of 275°¢ (R 1.95; Price, 1983) are

required for primary migration by aqueous solution baSed on compositional and
quantitative considerations. BHowvever, Type IIIH OM loses all HC generation
capacity by R = 2.00 (Fig. 5). Thus, vith the Gulf Coast shales, by the burial
depths vhen primary migration by aqueous solutipn would first become effective,

no BHC’s would remain in the rocks to migrate.
Primary migration by gaseous solution from

has been favored by some investigators including Jones (1980, 1990).

hhe Gulf Coast Tertiary shales
This

migration mechanism has been discussed by Price (1989b and 1989c) and Price et

al. (1983) in detail. As discussed belov, mig
requires the presence of a dispersed, free-gas
levels (probably 1-5X of the rock porosity) in
and through wvhich the free-gas phase moves. S
substantial carrying capacities for C.+ (inclu
temperatures and pressures (Price et al. 1983)
considerations strongly suggest that organic-p
Tertiary shales, do not have the capability to
phase wvith C.+ HC's (as well as form the usual
and small uneconomic HC deposits), and form ec
1989c). Thus, the amount of C.+ HC’s vhich wo
free-gas phase in the sands ana shales through
place is substantial and can account for most
organic-poor shales, depending on the assumpti
considered by proponents of a gas-phase primar
organic-poor Gulf Coast shales.
Lateral Stratigraphic Org
Another hypothesis for the origin of the
stratigraphic change of the Tertiary shales to
in the interdomal salt basin to the north of t
caused by anaerobic conditions during shale de
basin. Dow (1984) has championed variants of
critized on the basis that such a short-range,
organic-rich shales has never been reported an

ration by gaseous solution
phase at critical gas saturation
the shales and sandstones from
ch a free-gas phase has
ing Cls+) BC’s at elevated
Howvever, mass-balance
or shales, such as Gulf Coast
saturate the dispersed free-gas
distribution of shows, stains,
nomic 0il deposits (Price,
1d be tied up in the dispersed,
vhich gaseous solution is taking
r all of the HC’'s generated by
ns made. This fact has not been
migration mechanism for

ic Variation

illou Island oils is a lateral

more organic-rich rocks downdip
he salt ridge at Caillou Island,
position in the interdomal salt

this hypothesis, vhich have been
lateral stratigraphic change to

ywhere in the Tertiary Gulf Coast,

despite the huge number of wells drilled therq (Bissada et al., 1990; and Jones,

1990).

hypothesis of lateral organic facies variatio

I1f this proposed scenario had ever been observed in the deeper Gulf
Coast rocks, it would have been reported by oral or written communication.

The
can be dismissed because of the

vell-documented, uniform, organic-poor nature [of the Pleistocene through
Oligocene rocks throughout the entire Gulf Coast.
Deeper Origin and Vertical Migration

The last proposed scenario is an origin an

deeper, older, organic-rich, fine-grained rocks at Caillou Island.
conventional wisdom in petroleum geochemistry, this hypothesis can
because of the hypothesized thermal destruction of C

extrapolation of data in figure 1, R = 1.35

ft) at Caillou Island. Further, the®rocks at

organic-poor Miocene-QOligiocene shales. Howve

suggests that conventional wisdom may be in e

destruction of C..+ HC’s by R = 1.35. There

here for the origin of the Caillou Island (an
11

of oil from
By

be dismissed

+ BC’s by R0 1.35. By

ay be eXpected at 7,351 m (24,120
this depth would still be

er, a substantial body of evidence
ror on the topic of the thermal

ore, the preferred explanation
other Gulf Coast) oils is an

d vertical migration



origin and vertical migration of the oils from one of three possible sources
either alone or in combination: 1) Mesozoic (or older), fine-grained rocks of
marine depositional origin, with high T.0.C. contents and hydrogen-rich (Types
I, 1I, and/or 1I-S) OM ("black shale" source rocks; 2) Eocene-Paleocene coals;
or 3) Eocene to Upper Cretaceous (or older) shales with moderately elevated
(compared to Pleistocene through Oligiocene shales) T.0.C. contents and Hl‘s.
Five points of discussion relate to this preferred explanation: 1) the
hypothesis of a destruction of C..+ BC'’s by R = 1.35; 2) a tendency for
fine-grained Gulf Coast Tertiary and Upper Cretaceous rocks to increase in
inorganic richness with depth and age, apparently at any given locality in the
Gulf Coast; 3) the possible existence of ultra organic-rich source rocks of
Lover Cretaceous-Jurassic age in the Gulf Coast; 4) previously-unrecognized,
stark kinetic differences in o0il generating capacity for the different OM types;
and 5) the probability that hydrogen-rich coals are o0il source rocks.

. R_=1.35 - The 0il Vindow--The hypothesis of the thermal destruction of
C15+_ﬁé7s by Ro = 1.35 is supported by three principal lines of evidence:

1) The decrease in the concentration of C1 + HC’s over Ro = 0.9 to 1.35 in
most sequences of fine-grained rocks vith Type ?II OM.

2) The sparsity of o0il deposits in rocks at maturation ranks of Ro >1.35.

3) The occurrence of pyrobitumens coating some reservoir rocks in high-rank
gas deposits, with the inference that these pyrobitumens originated from a
thermal conversion of previously indigenous oil to gas. .

As to the first line of evidence, Price (1989b and 1989c) has discussed, in
detail, the concentration decrease of C 5* BC’s over R = 0.9-1.35 in rocks vith
Type III OM (Fig: 5). Four separate boéles of data (Pgice, 1989b) suggest that
this disappearance of C 5 HC’s in such rocks is better explained by very
efficient primary petroieum migration by gas solution, rather than by thermal
destruction: First, by figure 5, the S, pyrolysis peak, which is roughly
equivalent to C1 + solvent extractable HC’s, decreases to, and-remains at, low
values by Ro 20.3. Hovever, at the same time, the coals retain high BI values.
Further, Teichmiiller and Durand (1983) demonstrated that a substantial part of
this high-rank HC generation capacity vas for C,.+ HC's (Fig. 6). Therefore,
the loss of solvent extractable BC's (the S, pyrolysis peak) by R = 0.9 cannot
be due to C,.+ HC thermal destruction, but must be due to another cause. This
is because %ge bonds which are broken in C,.+ HC thermal destruction clearly
must be stronger than, and have higher actiVation energies than, the bonds
originally broken during intense C,.+ BC generation. Teichmiiller and Durand
(1983) concluded, and I agree, that™ the cause of this loss of C 5* HC’s over R
= .9-1.35 must be primary petroleum migration. Further, the fac% that Type 111°
OHM does not lose its C 5+ HC generation potential until R = 1.8-2.0 (Pigs. 5
and 7) does not suppor{ the concept of C1 + HC thermal deStruction by R = 1.35.

The second line of evidence contradic%ing C,c+ HC thermal destruction by R
= 1.35 1lies in rocks which have Type III OM, are ranks at R >1.35, and vhich °
still retain moderate to significant concentrations of C,.+ HC’'s or high values
for the Sl pyrolysis peak. Many examples exist of rocks with Type III OM vhere
Cc 5* HC’s, or Sl pyrolysis peak values, are lov by R = 0.9 and remain lov to Ro
21.35. Hovever, other examples exist vhere such rocks retain high values of
both the S, pyrolysis peak and C,.+ BC concentrations up to R = 2.0 or even
greater. lav (1984) reported on Such a case from the Green R?ver basin and
Price (1988) reported on another from the West Texas Permian basin. Such
elevated concentrations of C,.+ BC’'s in these rocks at high maturation ranks are
believed due to relatively inefficient primary migration, or impedance of
primary migration, compared to those cases where all C1 + HC’s have been
stripped from the rocks at comparable maturation ranks ?Price, 1988). Moderate
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another primary migration mechanism.

A third line of evidence against C
moderate to high concentrations of C 5* HC's,
coupled with high to moderate Hl's, %o R valu
marine-based rocks with hydrogen-rich OM. Num
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temperatures beyond the accepted upper thermal
deposits.

On the other hand, deep, high-rank o0il may
The deepest, highest-rank rocks in some petrol
kerogen and C.+ HC’s thermally cracked to meth
ranks. The data of Price and Clayton (1990) w
of R_>7.0. Such methane, generated in the de
moves upwvard and outward from the generation s
deep-basinal traps, upvard and outward to shal
principle of differential entrapment (Price, 1
generated in the deep basin moves into a trap
precipitation of asphaltenes onto the reservoi
occur. By this scenario, gas found in deep-ba
local origin. It would have been generated an
higher-rank) rocks than those in which it is n
basins where thick sequences of rocks exist at
at ultra-great depths, moderately deep basinal
contain only dry gas deposits. Examples of suc
Anadarko-Ardmore-Arkoma, Vest Texas Permian,
the Gulf Coast.

The third convincing piece of evidence for
= 1.35 is pyrobitumen (asphaltenes) found in a|dry-gas-bearing reservoirs of
different petroleum basins. Such pyrobitumen has been attributed by different
investigators (including Rogers, et al., 1974; Barker, 1977; and Sassen, 1990)
to be due to an in-reservoir conversion of o0il to dry gas and pyrobitumen.
Hovever, as discussed above, another equally valid explanation is the movement
of dry gas, generated very deep in the basin, into deep-basinal, oil-bearing
traps. Here asphaltenes are precipitated onto| reservoir rock, and oil is
displaced out of the trap with upvard and outvard basinal migration, to the
stable shelves of basins where the 0il is nov found. Once asphaltenes from
crude o0il are precipitated onto reservoir rock, enhanced maturation reactions
could begin which would result in an asphaltene with a much high carbon content
(and maturation rank) than it had vhen first precipitated from the oil.
Bydrous-pyrolysis data of L. C. Price and L. M, Venger shov that organic
maturation-thermal destruction reactions are promoted in the absence of water.
Besides 0il, any vater originally in a deep reservoir would be displaced by dry
gas streaming through the reservoir from deeper in the basin. Further, natural
gas at elevated pressures and temperatures has| a substantial carrying capacity
for water (Price, et al., 1983, Fig. 5). A continued flov of dry gas from
deeper in the basin through a previously oil—b#ating reservoir vwould take even
capillary vater on the reservoir rock into solution. Any irreversibly absorbed
vater remaining on the reservoir rock would not be able to enter into
organic-maturation reactions, and thus at the high maturation ranks of the
reaction, most or all pyrolyzable organics would be lost from the precipitated
asphaltenes, leaving an ultra-mature pyrobitumen.

Many examples exist from nature which appear to support the hypothesis that
C,c+ BC’s are destroyed by R = 1.35. However|, the key observations in all
t%gse examples vhich support this hypothesis also have other explanations. For

p p
example, Sassen (1990) carried out a study of pil generation and thermal
destruction in the Jurassic salt basins of the southeast U.S., a study in vhich
he estimated crude o0il thermal conversion to dry gas at R_ = 1.35. Bis
maturation-rank estimates were derived by conversion of R8ck EvAL T values
from the marine-based, carbonate-evaporite rocks of his study area % values
by the use of the Ro-Tmax cross plot given by Tissot (1984). Bowever, Rissot
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(1984) qualified the use of his Ro'Tma cross plot only to coals or rocks vith
Type 111 O¥. The rocks of the Sassen {1990) study are age-equivalent to the
south Texas rocks studied by Price and Clayton (1990) vho found a profound
suppression of all maturation indices, including Tmax’ in the deep, high-rank,
carbonate-evaporite rocks of the Foerster-1 vellbore. For example, by use of
the Tissot (1984) glot,oover 3,383-5,000 m in the Foerster well (suppressed)

T values of 429 -438 C would lead to R estimates of 0.52-0.72, vhich vould
sT%gngly contrast wvith the true determinea R values of 1.2 at 3,300 m and 3.1
at 5,000 m. No doubt the scheme which Sassen (1990) has worked out for oil
generation and thermal destruction in the Jurassic of the southeast U.S. is
largely correct. However, the maturation ranks vhich he assigned to these
events are far too low, due to the suppression of all maturation indices in
marine-based, hydrogen-rich OM matter (discussed below).

The hypothesis of a thermal destruction of C..+ BC's at R = 1.35 is
accepted as an organic geochemical law by many investigators $n the field.
However, alternate explanations exist for the evidence which supports this
hypothesis, and concurrently there is a large body of published data vhich
contradicts this hypothesis. In my opinion, this hypothesis is in error, and
other investigators have reached the same conclusion. Unquestioned acceptance
of this paradigm may be one of the strongest reasons vhy ve have not solved the
Gulf Coast "source rock problem."

Increase of Organic Richness vith Depth--A second point of discussion
concerning a deeper origin and migration of o0il at Caillou Island is an increase
in organic richness with depth for the fine-grained (Tertiary-upper Cretaceous)
rocks in the Gulf Coast, albeit sometimes only slightly. This trend is evident
in figure 1, where T.0.C. increases from around 0.3X over 2,438-3,353 m
(8,000-11,000 ft) to 0.4-0.5X at depth, and HI's increase from around 60 at
shallow depths to around 90 at depth. Figure 9 gives T.0.C., ROCK EVAL, and R
data for the Marathon 0il Co. J. Burton LeBlanc et al-1l. Miocene shales have
low T.0.C. contents (0.25-0.75X) vhich begin increasing with depth at 2,743 m
(9,000 ft) to between 1.00 to 1.75X in the shales of the middle Oligiocene Frio
and Eocene Wilcox Formations. ROCK EVAL HI’s determined from Soxhlet-extracted
shales, also increase from around 40 in the Miocene shales to around 100 in the
older shales. Two shales of the Upper Cretaceous Austin Chalk Formation have
T.0.C. contents of 1.75 and 2.15X and BI's of 166 and 246 mg/g 0.C. These
moderately high values of organic richness, for the Louisiana Gulf Coast, are
probably due to an increase in marine over terrestrial OM in the carbonate-rich,
Upper Cretaceous Austin Chalk. Vith further increase in depth to vell bottom at
a maturation-rank of R = 2.2, T.0.C. values range between 0.75-1.25X in the
Upper Cretaceous shaleg, and BI's vary betveen 40-110. As discussed, Type III
OM loses its HC generation capacity by R = 1.8-2.0 (Figs. S and 7; and Price,
1989b). This expected trend is shown byothe dashed line in the HI plot of
figure 9. That the HI’'s in the deepest samples at a rank of R_ >2.0 range up to
110 allovs the conclusion to be drawn that the reactive OM in Phese deeper rocks
appears to have shifted to a more hydrogen-rich OM than the Type III OM found in
the shallower rocks. Howvever, the relatively low HI's in the deepest rocks also
suggest that the reactive OM in those rocks is most likely heavily diluted by
inertinite. As such, the bulk characteristics of these rocks are still those of
Type III OM. The dog leg in the R_ plot of figure 9 strongly correlates vith
dog legs in the geothermal gradien? (Fig. 10) and pressure gradient (Fig. 11)
for this area.

An increase in organic richness vith depth for Gulf Coast Tertiary-
Cretaceous rocks is also demonstrated by organic geochemical data of the Chevron
R. G. Jacobs-1 (Fig. 12), drilled to 7,547 m (24,761 ft) in Goliad County,
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Total organic carbon (1.0.C.) and calcium carbonate (CaC0,) contents
in veight percent: C) < bitumen (as determined by Soxhlet extraction)
in milligrams per grad of organic carbon (C ¢ BIT ag/g 0.C.); BI's
by ROCX EVAL pyrolysis (S, =g/g 0.C.), and l all versus depth for
the Chevron R. C. Jacobx-i. Coliad County, T8xas. Estimated
stratigraphic tops are from Povell and Voodbury (1971). Shian (1971),
Tipsvord et al (197)), Lofton and Adams .(1971), Holcomb (1971),
Rainvater (1971), Revkirk (1971), Vermeon (1971), and from data
supplied by COFRC. Arrovs, straight lines, curves, and vavy lines
are explained in the text. Crosses are analyses of core samples fros
Price (1982). The s0lid line in the CaCO, and c’ « bitumen plots at
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vith the CaC0, and bitumen scales on the top horizontal boundary of
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respective scales on the bottom horizontal boundary of the figure
serving for samples belov the s01id linme. The "X°s° in the R_ plot
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Texas. The well penetrated a thick section of Tertiary-Upper Cretaceous shales
to 5,822 m (19,101 ft), and from thereon, a sequence of Lover Cretaceous
dark-grey to black calcareous shales, marls and argillaceous limestones. T.0.C.
contents increase in a rather continuous manner vith depth from shallov minimal
values of around 0.10% to a maximal value of 3.31% just above the top of the
Lowver Cretaceous. Specific jumps in T.0.C. contents (shown by arrows, Fig. 12)
occur at the top of the Upper Eocene Jackson Group, at the top of the mid Eocene
Claiborne Group, and at the top of the Upper Qretaceous Gulf series (shown by
wvavy line). This increase in organic richness with depth is also apparent from
the HI's of the rock eval analyses of these racks (FIG. 12). Rock Eval analyses
from more samples would be desirable, but unfartunately at this time only a
limited number of samples are available for analysis. However, the available
data allov some conclusions to be drawn. The rocks from 0-4,267 m (0-14,000 ft)
appear to contain Type III OM, as the HI'S exhibit behavior typical for that OM
type. The shallovest sample has very low
T.0.C. and HI values, no doubt inherited from
Excluding this sample from consideration, the
0-4,267 m (0-14,000 ft) exhibit decreasing HI
zero at R = 1.8-2.0 (solid line, BI plot, Fi
Type III B (Figs. 5 and 7, this paper; Price, 1988, 1989b; and Price and
Clayton, 1990). C 5* bitumen data from 1,37243,048 m (4,500-10,000 ft) also
exhibit behavior c%aracteristic of Type III OM (Price, 1989b): 1) the TIHG at
R = 0.6, 2) a maximum in the bitumen concentration at R = 0.8-0.9, and 3) a
decrease from this maximum to low values at R >0.9. At%about 4,267 m (14,000
ft), an apparent lithologic break occurs as pgrzrayed by wavy lines in the
T.0.C., CaCO3, and HI plots. At this break, T.0.C. and CaCO, contents exhibit

~ significant increases, and BI’'s exhibit a radical jump from Values around zero
to values ranging from 78 to 380. Identical behavior has been noted in the
rocks of other deep, high-rank well bores (Price, et al., 1979, 1981; Price,
1988; and Price and Clayton, 1990), and in all these cases (including the
present case) these increases have been attributed to a shift in OM from Type
ITITI to hydrogen-rich Types I or II, or in other words, an increase in organic
richness.

An increase in organic richness with age and depth of rock in the Gulf Coast
is also documented by Sassen and Chinn (1990) who report upper Paleocene to
lover EBocene Wilcox Group shales and middle Eocene Sparta Formation shales with
impressive o0il source rock characteristics: .0.C. contents ranging from 1.5 to
7.5%, and averaging about 2.5-3.0%; and BI’s ranging from 200-840, and averaging
about 350. However, other data suggest that either: 1) the organic geochemical
characteristics of the particular age shales which Sassen and Chinn (1990)
examined are not constant throughout the Gulijoast, or 2) the shales on wvhich
Sassen and Chinn (1990) reported are not characteristic of the entire sequence.
Sassen and Chinn’s (1990) samples were from wells in Point Coupee and St. Landry
Parishes which are adjacent to East Baton Rouée Parish, in which the J. Burton
LeBlanc et al-1 (Fig. 9) was drilled. The Eocene-Paleocene shales of the J.
Burton LeBlanc et al-1 wellbore clearly do not have the levels of organic
richness as the shales which Sassen and Chinn (1990) studied. The LeBlanc et
al-1 shales have much lowver T.0.C. contents ahd much lower HI‘s yet the
vellbores from which all these samples were derived are not separated by more
than 80.5 km (50 mi). Because Sassen and Chinn (1990) speak of "...evidence for
thick thermally mature lover Tertiary source rocks for crude oil onshore along
the axis of the Mississippi Embayment in south Louisiana.", it appears that the
(above) first option is the correct one, and that the organic geochemical
(source-rock) characteristics of the lower Tertiary (and possibly older) shales
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can vary radically, laterally in the Gulf Coast. Data of figures 9 and 12 and
Sassen and Chinn‘s (1990) data for the Upper Cretaceous Tuscaloosa shales also
support this hypothesis. The oil-source characteristics of the Upper Cretaceous
Tuscaloosa shales from the J. Burton LeBlanc et al-1 well (Fig. 9) and from
Sassen and Chinn's (1990) samples are remarkably similar and poor, and contrast
strongly vith the source rock characteristics, which are good, of the Upper
Cretaceous Gulf Series shales of the Jacobs-1 well bore (Fig. 12). Thus, in
different areas of the Gulf Coast, lover Tertiary to at least Upper Cretaceous
shales appear to have strikingly varied source-rock characteristics, in contrast
to the very monotonous and poor source quality of Gulf Coast Pleistocene through
Oligocene clastics.

Sassen and Chinn (1990) state that the OM Type of the lowver Tertiary shales
they examined wvas clearly Type II and in some cases Type I. The OM of the Upper
Cretaceous Gulf Series shales of the Jacobs-1 wellbore has TYPE II
characteristics, although rock eval data are available on only 5 samples. thus,
the possibility arises that some areas of the Gulf Coast may be underlain by
fairly thick sequences of lower Tertiary to Upper Cretaceous shales with good to
very good source rock characteristics (T.0.C. contents = 2.0-5.0 + X, HI's =
300-450 +, and Type II OM). Bowvever, as discussed below, a large body of data
strongly suggests that Type II (hydrogen-rich) om requires substantially
different and higher maturation ranks to achieve mainstage HC generation and
intense primary migration, compared to Type I1I OM. Thus thick sequences of
lover Tertiary-Upper Cretaceous shales with Type II OM and good to excellent
source rock characteristics may have to achieve greater burial depths than type
iii om, to yield large commercial deposits of crude oil.

Other aspects of figure 12 also warrant comment. Most of the T.0.C., CaCoO,,
and C,.+ bitumen data (dots, Pig. 12) result from analyses carried at Chevron
0il Field Research Center (COFRC) La Habra, California. These data vere
supplied to the author in the late 1970’s by Bob Jones, then Senior Research
Scientist, COFRC. Some data of figure 12 (crosses, samples below 6,400 m,
21,000 ft) are taken from Price (1982), and other data (R_ analyses, ROCK EVAL
analyses) result from later analyses of samples used in the Price (1982) study.
Except for the deep core samples (crosses, Fig. 12) of that paper, and cuttings
chips samples from 1,372-3,048 m (4,500-10,000 ft), all other samples vere
heavily contaminated with organic-based drilling mud. Thus, solvent extraction
and C,.+ bitumen analysis vere not possible on most of the Jacobs-1 rocks.
However, exhaustive Soxhlet extraction vas performed on 10 cuttings chips
samples (dots BHI plot, Fig. 12) supplied to the author, which removed their
organic contamination, as after extraction these samples had zero or very low S
pyrolysis peak values (not shown Fig. 12). Thus the HI's of these samples are
unaffected by the organic-based drilling mud.

The high contents of extractable bitumen in the deep core samples of the
Jacobs-1 (crosses, Fig. 12) and the measurable to moderate HI's vere previously
ascribed to HC generation from indigenous OM in the core samples (Price, 1982);
hovever, this was an erroneous interpretation of the data. The Chevron cores
from the deep portion of the Jacobs-1 vere taken because they vere thought to be
potential reservoir rocks. With tvo exceptions, the T.0.C. contents of these
rocks were low (0.20-0.55X%), and ROCK EVAL analysis of these deep cores
demonstrated that 25-95X of these T.0.C. contents vere in the form of
extractable and pyrolyzable HC’s. These are unrealistically high percentages of
bitumen and/or potential bitumen for the total T.0.C. contents in these deep,
lov T.0.C. rocks. A more realistic interpretation of the Price (1982) data is
that the bitumen found in these low T.0.C. "reservoir rocks"™ (crosses, T.0.C.
plot, Fig. 12) moved in from the fine-grained, moderate-T.0.C. (1.25-3.00X)
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rocks (dots, T.0.C. plot, Fig. 12, 6,400 m (21,000 ft) and deeper) interbedded
vith the reservoir rocks. The moderate to high HI‘s (89-330) of the "reservoir
rocks" (crosses, Fig. 12) can be explained by the higher molecular wveight
fractions of the migrated bitumen being taken by the ROCK EVAL instrument for HC
generation potential remaining on the kerogen (Clementz, 1979; Price et al.,
1984; and Price, 1988). Subsequent ROCK EVAL analyses of Soxhlet-extracted
povder from the deep Jacobs-1 cores resulted in substantially reduced T.O.C.
contents (compared to sample splits of the unextracted samples) and near zero
BI‘s. This supports the interpretation that the bitumen in these deep
"reservoir rocks" of the Jacobs-1 is non-indigenous, and possibly has migrated
into the rocks from the interbedded, fine-grained rocks. This interpretation is
further supported by analysis of 79 core samples from this well cut betveen
6,203.9-6,715.6 m (20,355-22,034 fr). Porosity in these shalely limestones
varied betveen 1.2-7.5X and averaged 4.5-5.5XZ, vith residual o0il saturations in
this porosity ranging betveen 3.89-47.8X% and averaging 18-20%. These data, and
figure 8, vhich are from oil-stained core strongly support the contention that
the hypothesis of a thermal destruction of C HC's by R = 1.35 is in error,
as the maturation rank range of this Jcore is g tveen R = ©4.1-5.1 vith
present-day temperatures of 255°-278°C. That fthese oil-stained core vere taken
and analyzed by an independent party (a major pil company), corroborate data
gathered by this author from this and other deep, high-rank vells.

Jones (1980, P. 61) attributed the endurance of these ultra high-rank oil
concentrations in the Jacobs-1 vell bore, and 'the high concentrations of C
HC’s which have been found in ultra high-rank rocks from other deep vellbores,
to the fact that these HC’s vere in closed or semi-closed, high-pressure
systems, an assessment vhich is agreed with here. Hydrous-pyrolysis experiments
(Price and Venger, 1990) have demonstrated that increasing fluid pressure
dramatically retards HC generation, maturation and thermal destruction, and as
such is a major unrecognized controlling para%eter of organic metamorphism.
Jones (1980) believed that the situation with |the deep, high-rank rocks in the
Jacobs-1 wellbore was unusual; hovever, all throughout the offshore and inland
near coastal Gulf Coast, very high fluid pressures at depth are universal (Fig.
11).

Organic-geochemical data from the Jacobs-
Island 4666-1 vell bores all demonstrate increases in organic richness with
depth, both in the form of increased T.O.C. d HI values. Howvever, this
behavior does not appear to be uniform throughout the Gulf Coast regarding
either the depth or the age of the rocks in which these increases take place.
Bustin (1988) also noted an increase in organic richness in the clastics of the
Niger Delta with burial depth and/or rock age. Thus a characteristic of deltaic
deposition in general, may be increases in organic richness with both rock age
and burial depth.

Cretaceous-Jurassic Organic-rich Source Rdcks--Unpubllshed analyses exist of
Lover Cretaceous-Jurassic fine-grained rocks from interior portions of the Gulf
Coast basin that demonstrate some shales or marls have high T.0.C. contents,
vith hydrogen-rich OM and high BI‘s. Palacas (1984) has provided analyses of
the Lowver Cretaceous Sunniland limestone of the South Florida basin, and four of
his rocks (Table 1) had excellent source rock qualities.

, LeBlanc et al-1, and Caillou
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Table 1. Organic geochemical characteristics of Lover Cretaceous Sunniland
Limestone samples, from Palacas (1984). Depth is given in meters
(m); T.0.C. vt. X is total organic carbon in veight percent, S, mg/g
0.C. is the S, ROCK EVAL pyrolysis peak normalized to organic carbon
(mg/g 0.C.); AI is hydrogen index. T.R. is the ROCK EVAL
transformation ratio (also called P.I., or the production index, and
equal to S,/S_.+S ), and T is the temperature in °C at the maximum
of the ROCK E AL 52 pyroly81s peak.

Depth T.0.C. S1 BI T-.R. Tmax
in m vt. X mg/g 0.C.
3,497.4 7.04 31.7 649 .047 424°
3,586.4 12.3 40.9 845 .046 431°
3,587.9 11.5 36.5 630 .055 431°
3,588.2 7.41 30.0 608 .047 434°

Bissada et al. (1990) report analyses of Gulf Coast Mesozoic rocks outside the
Cenozoic oil-production trend vhich shov these rocks to have excellent source
rock characteristics. Those authors proposed that such deeply buried source
rocks under the Cenozoic 0il trends could have generated Cenozoic oils, wvith
extensive vertical migration being responsible for the emplacement of the oils.

Although published data on them are scarce, ultra-rich, Mesozoic,
"black-shale" type source rocks clearly exist in the Gulf Coast. It is also
clear that their potential role as source rocks can only be assessed after more
data on these rocks are available. The organic geochemical characteristics of
such rocks related to dependable maturation-rank (R ) profiles versus depth, as
determined from Type III OM, are needed to help ansVer the Gulf Coast
source-rock question.

Conclusions can be drawn concerning the organic richness of rocks in the
Gulf Coast: 1) Organic richness appears to increase with depth and age of rock
throughout the Gulf Coast. 2) In some cases, even significant increases in
organic richness may not result in adequate source rocks. 3) In other cases,
such as in the Jacobs-1, thick sections of moderately organic-rich rocks may
vell serve as source rocks. 4) As discussed below, twvo very organic-rich
sections apparently exist throughout the Gulf Coast: A) Eocene-Paloeocene
coals and carbonaceous shales, and B) Lower Cretaceous-Jurassic fine-grained,
high-T.0.C. rocks with hydrogen-rich OM and high HI's. 5) A call upon any deep
rocks as a source section in most areas of the Gulf Coast, apriori vill involve
extensive vertical migration and an origin of the o0il at depths and maturation
ranks outside of the o0il window (R_>1.35).

Other authors (Bissada, et al.? 1990; and Jones, 1990 have called for
extensive vertical migration of Cenozoic trend oils from deeper, older,
organic-rich rocks of different ages. However, such rocks are currently at
maturation levels considerably above R = 1.35. It is a simple geometric fact
that the rocks underlying many or most’Gulf Coast Cenozoic oil trends at
maturation ranks less than R = 1.35 are still organic-poor, Miocene-Oligiocene

< < (o] . <
shales. In my opinion, this conflict allows only two possible
organic-geochemical choices: 1) Prevailing organic-geochemical opinion is
incorrect about the organic-poor, Pleistocene through Oligiocene shales, and
these rocks are the source for the Cenozoic oils. 2) Prevailing
organic-geochemical opinion is incorrect about the thermal destruction of C
HC’s at R = 1.35, and deeper, older more organic-rich rocks are the source ?or
the Cenoz8ic oils. The latter is the preferred explanation here.
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Kinetic Differences Between Different OM Types--The reaction kinetics of
Type III OM are vell known. Type III OM enters the TIHG by R = 0.6
(present-day burial temperature of 120°C), and |commences mainstage (intense) HC
generation (with measurable loss of BI’ oS Figs. S and 7) by R = 0.80
(present-day burial temperature of 160 °C). Thils generation gtage is also
accompanied by the onset of intense HC gas generation and thus intense primary
migration by gaseous solution, which results in a sharp decrease in the
concentration of C + BC’s as measured either by ROCK EVAL pyrolysis or by
solvent extraction ?Flg S, this paper; Price, [1989b, Figs. 1, 2, 6, 7, and 9).
Type III OM loses most of its HC generation potential (as measured by the ROCK
EVAL HI's) over R = 0.8 to 1.6 (bracketed arrgws, Fig. 5, this paper) or 1.8
(Fig. 7) and lose$ essentially all of its HC generation potential by
Ro = 2.0, as indicated by zero or near zero hydrogen indices at this maturation
rank (Figs. 5 and 7, this paper; Price, 1989b, Figs. 10, 11 and 12). If the
original HI's of Type III OM are moderately high (250-350), slightly higher
burial temperatures are required for BC generation and migration, such as at
the Paloma 0il field, Southern San Joaquin Valley basin, California (Price,
1989b).

Investigators studying the Mioceéne Monterey Formation of onshore and
offshore California have determined that the hydrogen-rich, sulfur-rich (Type
II-S) OM of those rocks commences intense HC generation at low (but yet
undefined) maturation ranks. No doubt other iivestigators, who have researched
Type I1-S OM at other geographic localities, have reached the same conclusion,
a conclusion vhich is supported by hydrous-pyrolysis data of L. C. Price and
L. M. Venger (Fig. 13). The differences between the chromatograms of the
extract of the unreacted Permian Phosphoria shale (Type II-S OM) and the sample
reacted at 175°C are stark compared to other rocks which exhibit significantly

less reaction extent at the same or higher temperatures.

Thus, vhereas

n-paraffins are essentially absent in the unreacted Permian Phosphoria shale,
they are quite evident in the 175°C sample, and extreme differences occur
between the gas chromatograms of the Phosphoria unreacted and 300°C samples.
However, in the Mississippian-Devonian Bakken shale (hydrogen rich Type II OM),

the gas chromatograms of the unreacted, 175°C

d 275°C samples are virtually

1dent1cal vhich suggests that little or no reaction has taken place up to

275°C.

It is only at a reaction temperature o 300°C that moderate differences

in the Bakken shale gas chromatograms become apparent.
The hypothesis that marine-based, hydrogenrrich Types I and II OM require
much higher maturation ranks for HC generation, primary migration, and kerogen

burnout than Types II-S and III OM, and eviden
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Figure 13.

Saturated HC gas chromatograms of extracts from three unreacted (RAV) rocks (Table 2) and of
extracts from the same rocks wccumonma to hydrous pyrolysis at different reaction temperatures.
The reaction temperatures in "C are given above, each chromatogram. Arrovs designate pristane and
phytane. Vertical arrovs signify that the peak heights of the tvo isoprenoids are greater than
those of the adjacent n-paraffins., Canted arrovs signify the reverse. Data of L. C. Price and

L. M. Venger.
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high HI's and generally the higher the HI, the breater the degree of
suppression for any given burial temperature range (Figs. 14 and 15). R _is
perhaps the most videly used organic maturation index, and increases 1in Phe
values of the ROCK EVAL S1 pyrolysis peak and the transformation ratio are
easily measurable, direct consequences of C..+ HC generation. In figures 14
and 15 as the HI of the sample increases, the values of these three parameters
strongly decrease. In the California petroleum basins, rocks with high HI's
retain very immature characteristics to highly lelevated burial temperatures,
and give no indication that they are even approaching the TIBG at these burial
temperatures.

Price, et al (1984) determined that in the Villiston basin, the TIBG first
occurred in the Mississippian-Devonian Bakken shale, a rock characterized by
hydrogen-rich Type II OM, at R_ values above 0.6, probably in the range of
RO =1.2 to 1.9, based on RO pgofiles through shallower Tertiary-Mesozoic rocks
wvith Type III OM. Subsequent work has shown that in passing from the
Cretaceous Pierre shale and younger formations (all rocks with Type III OM)
into the Cretaceous Niobrara through Fall Creek formations (rocks with Type II
OM, T.0.C. = 2-8X BI's = of 350-600), all organic maturation indices strongly
reverse themselves and become suppressed, sometimes from moderately elevated
maturation ranks (R = 0.6-1.0) in the younger rocks. Another example of the
suppression of the ?IHG, and other maturation indices in hydrogen-rich ON,
exists in Pennsylvanian black shales with hydrogen-rich OM in the midcontinent
region, U.S.A. (Venger, 1987). ‘

Differences in the reaction kinetics betwveen the different OM Types have
also been exhibited by data from organic-geochemical studies of deep well bores
(Price, et al, 1979, 1981; Sagjo, 1980; Price, 1982, 1988; and Price and
Clayton, 1990). 1In these vells, an orderly progression of organic maturation
proceeds with depth in thick sequences of rocks with Type III OM, often with
kerogen burnout being reached in the Type III QM by R = 2.0, as shown by zero
or near zero BI's or by kerogen elemental hydrogen to carbon (B/C) ratios of
0.29-0.32 or lower. Vith further increase in depth and passage into rocks
vhich vere deposited under different conditions and which contain a
marine-derived, more hydrogen-rich OM, HI’s and kerogen H/C ratios increase to
moderate or even high valués. Purther, an entirely different maturation
progression takes place in these rocks, as demonstrated by the data of the
Foerster-1 vell bore (Price and Clayton, 1990) Thus, various organic
maturation indices (vhether measured from vhole rocks, extracted bitumen, or
macerated kerogen) after continuously increasing with depth in rock sequences
wvith Type III OM, strongly reverse themselves to much more immature values in
passing into deeper rocks with more hydrogen-rich OM. Further, double HC
generation zones have been reported in some deep wells (Kontorovich and
Trofimuk, 1976; Sagjoé, 1980; and Price and Clayton, 1990), the shallower zone
being due to Type III OM, and the deeper zone presumably being due to
hydrogen-rich OM. Lastly, the deep rocks in these well bores retain measurable
to moderate BC generation capacity (HI’‘s) to extreme maturation ranks, far past
R = 2.0, the thermal burnout for Type III OM. Data from both the Foerster-1
(grice and Clayton, 1990) and Bertha Rogers-1 (Price, et al, 1981) well bores
suggest the final loss of BC generation potentfial in hydrogen-rich OM occurs at
R >7.0.

"Differences in the reaction kinetics between the different OM Types most
probably originate from differences in bond strengths betwveen the different
kerogens. Bonds involving sulfur are the wveakest and most easily broken,
folloved by bonds involving oxygen. The carbon-carbon bonds of hydrogen-rich
OM are strongest and only broken at higher maturation ranks. Significant

29




TRANSFORMATION RATIO

Figure 14.

§, mygOC

03 1 1 1 2 11 P 2 1 1

° 100 200 300 400 SO0 €00 700
S, mgOC.

Plot of R , the ROCX EVAL Transformation Ratio (S,/S -sz. also termed
the Produltion Index), and the ROCK EVAL S, pyrol¥sil piak normalized
1o organic carbon (S, mg/g 0.C.) all versui the ROCK EVAL S
pyrolysis peak (EI) bormalized to organic carbon (S, mg/g 0-C.) for
rocks vhich are froa the California pesroleu-ob.sh\s and are at
equilibrium burial temperatures of 140 -159.9 C. Samples are {ros
the Ventura central syncline, and Ventura Avenue field of the Ventura
basin; from the Vhittier, Long Beach, Vilaington, Santa Fe Springs.
anéd Seal Beach fields of the Los Angeles basin; from the Balédvin
B111s Community-1, Boughton Community-1 (N.V. Plunge, Santa Fe
Springs field), the American Petrofina “"Central C. H.-2" (central
syncline, Los Angeles basin) and the Long Beach Afrport-1 (NE of the
Long Beach field) wvellbores, all in the Los Angeles basin; fro=
various vells in the Anahiem nose and northeast flank areas of the
Los Angeles basin: from varjous vells in the Paloma field. Southern
San Joaquin Valley basin; and froe a vell in the Santa Maria Valley
basin. All samples except for the American Petrofina and Sants Maria
Valley basin samples (cuttings chips) are core samples. The curved
line in the R plot results {rom logarithmic regression analysis of
the data and has & correlation coefficient of r « 0.805 to the data.
The line in the transformation ratio plot resvlis from logaritheic
regression analysis of the data and has a correlation coefficient of
T = 0.744 10 the data. The lines in the S) pyrolysis peak plot
define the principal sample population.
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Figure 15. Plot of Ro’ the ROCK EVAL Transformﬁtion Ratio (S,/S.+S.,, also termed
the Production Index), and the ROCK EVAL S. pyrolysis peak normalized
to organic carbon (S, mg/g 0.C.) all versus the ROCK EVAL S
pyrolysis peak (BI) normalized to organic carbon (S, mg/g 0.C), for
rocks vhich are from the California petroleum basin§ and are at
equilibrium burial temperatures of 180°-199.9°C. Samples are from
the Vilmington field, Los Angeles basin; the Houghton Community-1 (NV
plunge Santa Fe Springs field); the lAmerican Petrofina "Central
C.B.-2" (central syncline Los Angeles basin; and from the Paloma
field, Southern San Joaquin Valley basin. The curved line in the R
plot results from logarithmic regression analysis of the data and Ras
a correlation coefficient of r = 0.867 to the data. The lines in the
S] pyrolysis peak plot define the p incipal sample population.
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differences betveen reaction kinetics of different OM Types have not been
previously widely observed for two reasons: 1) They have not previously been
locked for. 2) They are very difficult to observe. Regarding the second
point, because, as discussed, all maturation indices are suppressed in
hydrogen-rich OM, I am avare of only two methods to determine correct
maturation ranks in Types I and II OM: first, extrapolation or interpolation
of maturation rank (preferably R ) values from a valid depth profile determined
from rocks with Type III OM, into rocks with hydrogen-rich OM; second, direct
measurement of maturation ranks from rocks which have Type III OM and vhich are
interbedded vwith rocks wvith hydrogen-rich OM. Venger and Baker (1987) used
this technique in their study of Midcontinent U.S. Pennsylvanian black shales.
Coals as 0il Source Rocks-- Coals have been dismissed as possible oil
source rocks by different investigators (including Teichmiller, 1974, p. 387;
Tissot and Welte, 1978, p. 223-224; and Radke, et al, 1980) on the basis of the
folloving arguments, either alone or in combination: 1) Coals generate only
gas and not C,.+ HC’s. 2) Any C 5+ BC’'s that are generated by coals are
irreversibly, "chemically adsorbeé into or onto the coal or trapped in the
microporosity or molecular-seive like structure of the coal, unable to ever
migrate. As such, these HC’s are eventuvally cracked in situ to methane. The
large decreases in the C 5+ HC concentrations of coals over R = 0.80-0.90
(Fig. 5) have been attri%uted to such cracking. 3) Coals are’almost never
spatially associated vith oil deposits. On the other hand, other
investigators, including Durand (1982), Durand and Paratte (1983), Teichmiller
and Durand (1983), and Tissot (1984), have put forth arguments and data
supporting the position that coals can be source rocks for oil deposits. Data
of Teichmiller and Durand (1983), reply to the hypothesis that coals generate

only methane (Fig. 6). Up to a rank of Tmax = 438°C (Ro = .66), at least half
the products pyrolyzed from the coals they studied were C, .+ BC’s, and up to
ranks of T = 500°¢ (Ro = 1.76)., at least 25X of the piroducts vere C, .+

HC's. Bydggﬁs pyrolysis experiments on a hydrogen-poor North Dakota lignite
(Price, 1989c) demonstrate significant generation of C .+ HC's (Fig. 16), and
the amounts of C..+ HC’s which would be generated from a hydrogen-rich coal
vould be much larger.

It is true that coals generate copious amounts of gas at all maturation
ranks, including huge amounts of CO., (Fig. 17) even at lov maturation ranks.
Bovever, these large gas volumes areé precisely vhy C 5* BC’s would not be
trapped in coals very long after their generation. éoals are most probably
repeatedy microfractured and healed due to the continual build up and escape of
these gases. Teichmiiller (1974, p. 382) described the coal "maceral”
exudatinite (also called exsudatinite) as a resinous or asphaltic like material
found as fillings or linings in cracks and fissures in coals at ranks as lov as
R = 0.45. Exsudatinite becomes more abundant in coals as maturation rank
increases (see Table III of Teichmiller and Durand, 1983). The data on oil
solubility in methane of Price et al (1983) demonstrate the substantial
carrying capacity that a CO,-rich BC gas has for oil, even at low burial
temperatures and pressures (R = 0.45). At this rank, by the data of figure
17, a huge amount of CO would be generated by coals in Nature. A CO,-rich gas
phase at lov maturation rank will take the limited amount of available BC’'s, as
vell as the more abundant resins and asphaltenes, into solution. As the gas
phase becomes overpressured, eventually the coal is microfractured. The drop
in pressure accompanying microfracturing will cause the highest molecular
veight (asphaltic) material to exsolve from the gaseous phase and precipitate
as a lining or filling of exsudatinite in the microfracture. By this scenario,
exudatinite would not be a coal maceral at all, but rather a
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Figure 16. Relative concentrations of different HC species versus experimental

temperature for hydrous pyrolysis experiments of a hydrogen-poor
lignite (Table 2, and Price, 1989c). Relative concentrations were
calculated for each experimental temperature for each species by
dividing the amount of that species (in mg/g 0.C.) at the temperature
of interest by the amount of that species (in mg/g 0.C.) at 150°C.

aa x values are measured, R_ values are estimated from eawx values
ang figure 3 of Tissot Apommv.
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If coals can serve as effective 0il source rocks for sizable o0il deposits,
the data of figures 5 and 7, and other considerations, suggest the maturation
ranks over wvhich this would occur. 1In figure 5, the maximum loss of BI's
occurs over R = 0.8 to 1.6-2.0, vhich therefore appears to be the maturation
ranks to vhich coals must be exposed to result in the generation of oil.
Hovever, the ranks at vhich the generated HC‘s would migrate from the coals by
gaseous solution and accumulate into o0il deposits is another matter. C1 + HC
concentrations in coals at ranks of R >0.9 (and for the most part, in o?her
rocks with Type III OM) are alwvays qugtg lov, and this was attributed above to
very efficient primary petroleum migration. It is actually due both to primary
petroleum migration, but more so, to loss of these BC's from core or cutting
chips during the trip of these rocks up the wellbore. Research on primary
migration has shown that organically mature shales (R_ >0.9) have large amounts
of indigenous generated gas wvithin them. As such rocRs ascend the vellbore,
the pressures exerted on the rocks greatly decrease from the high formation
pressures at depth to atmospheric pressure at wellhead. This extreme pressure
decrease allows the generated gas to greatly expand in volume, leading to a
violent expulsion of gas and Cl + HC's from the rocks during their trip up the
vellbore. Thus with mature shales, most C,.+ BC’s are lost from the rocks long
before the rocks ever get to the laboratory, and at this time it is impossible
to estimate over what maturation ranks the high concentrations of generated
HC’s would actually migrate from the source coals or rocks.

Data (Table 2) relevant to the question of coals being possible source
rocks for some Gulf Coast oils, originate from the Shell Ridgevay Management-1,
drilled in Rankin County, Mississippi. From 1,518-1,689 m (4,980-5,540 ft), in
the undifferentiated Eocene Vilcox and Paleocene Midway Formations, this vell
penetrated a continuous coal bearing sequence. (The depth at which this coal
bearing sequence began is unknown, but shallover than 1,518 m (4,980 ft) which
vas the first available sample.) All of the cuttings-chips sample packets over
this interval wvere composed dominantly of coal, and most were composed of all
coal. It is unknown if this was due to the sequence being almost all coal or
being due to the unlithified clastics having been dissolved by water, as the
samples vere very clean and obviously had been well washed. The possibility
that the coals of this depth interval originated from caving from a more
restricted coal sequence is unlikely because of the continuous increase in
maturation rank with depth through this coal sequence (T and R_ values,
Table 2). The BI data of Table 2 demonstrate that these coals arée moderately
hydrogen-rich. Even discounting for interbedded clastics, given the average
organic richness (Table 2) and the thickness of this coal bearing interval,
this coal sequence represents a possible source rock interval of staggering
proportions. Purther, it is well documented that coals are widespread
throughout the entire Gulf Coast province.

Landrum et al (1988) after analyzing 150 onshore (nearshore and interior
basin) Gulf Coast oils, grouped the oils into 4 main classifications. Tertiary
0ils of southvestern Mississippi and southern Louisiana fell into one group
generated from rocks thought to be deposited in a rapidly subsiding, marginal-
marine environment. This is consistent with the hypothesis that the oils at
Caillou Island may have been sourced from Eocene Wilcox-Paleocene Midway Group
hydrogen-rich coals belov the Pleistocene through Oligiocene sediment package.
0il emplacement in shallower sandstone reservoirs would have occurred almost
exclusively by primary migration by gaseous solution and vertical migration of
fluids from the more deeply buried source coals up growth faults, or up faults
created by salt tectonics. Further, the composition of the Neogene Gulf Coast
oils is precisely vhat would be expected if the oils had undergone primary

36



10

ry

—~— o

Figure 18. Gas chromatogram of the C,+ saturated HC's of an oil from the Caillou
Island oil field, ommm:Onm Louisiana. Isoprenoid HC's are marked by

asterisks and PR (pristane) and PY (phytane). Every fifth n-paraffin
is marked by an arrov wvith a number. Prom Price (1989a).

37



migration by gaseous solution. This migration mechanism heavily favors uptake
of C,.- saturated and aromatic HC's and C,.+ saturated HC's, especially
n-paraffins, to the exclusion of high molecular veight aromatic HC's, resins
and asphaltenes (Price et al., 1983). A gas chromatogram of a Caillou Island
oil is given in figure 18. This o0il has a specific gravity of 0.852 (34. 5°
API) and is produced from Miocene sands at 6,080.5 m (19,950 ft.). The oil is
composed of 82.30X C,.- BC’'s and the C, .+ BC's are 61.3X saturated BC's, 33.4
aromatic HC's, 3.7X reésins, and 1.6X asphaltenes. The very regular n-paraffin
profile of this o0il also strongly suggests primary petroleum migration by
gaseous solution.

It is certainly not suggested here that lower Tertiary coals have sourced
all Gulf Coast oils, or even all Gulf Coast Neogene oils. As one proceeds
further offshore, the thickness of Cenozoic sediments would decrease to the
point that if lower Cretaceous-Jurassic black shales with hydrogen-rich OM
existed far offshore, then such shales would be within the proper
maturation-rank vindov to serve as source rocks. As one proceeds onshore, the
thickness of Cenozoic sediments also decreases to the point that Lower Tertiary
coals would not be buried deeply enough to have acted as source rocks. Clearly
the coals of the Shell Ridgevay Management-1 wellbore are too immature to have
acted as source rocks. In the interior Gulf Coast basins, it is more likely
Figure 18.
that Cretaceous-Jurassic shales with marine-derived (hydrogen-rich) om would
have acted as source rocks. However, oils sourced from such rocks would have
distinctly different physical, chemical, and biogeochemical characteristics
than coal-sourced oils found over and adjacent to late Cenozoic depocenters.
Further, the oil-source characteristics of coals may vary widely throughout the
Gulf Coast: 1) In some areas, the Lower Tertiary coal section may either
become too thin to volumetrically serve as a significant o0il source or be
absent altogether. 2) Also, HI's of coals can vary videly, from 30-60 for the
hydrogen-poor Eocene-Paleocene coals of the Villiston basin, to 200-300 for
some of the coals of Teichmiller and Durand (1983). Other examples of
hydrogen-rich coals are common: Rice, et al (1989) report a Cretaceous
Fruitland formation coal with an HI of 357 in the San Juan basin, Colorado-New
Mexico. Thompson, et al (1985) report analyses on nine Indonesian coals with
HI‘s between 347-461, and Horsefield, et al (1988), give similar analyses for
other Indonesian coals. Pittion and Gouadain (1985) report on Jurassic coals
of the Haltenbanken area (offshore Norvegian Continental Shelf, North Sea) with
BI's of 200-350. Clearly, hydrogen-rich coals with high HI's (100-450) are
more likely oil sources than hydrogen-poor coals with lov (30-60) HI‘s.

The concept of coals as acting as source rocks for oil deposits for some
reason is met vith extreme negative prejudice among many North American
investigators and petroleum explorationists, and no doubt the hypothesis of
coals acting as 0il source rocks in the Gulf Coast would be considered unlikely
by these individuals. Yet, in some parts of the world, on the basis of many
detailed studies (including Durand and Oudin, 1979; Roe and Polito, 1979;
Thomas, 1982; Vandenbrouke, et al, 1983; Durand and Paratte, 1983; Schoell, et
al, 1983; Bertrand, 1984; Thompson, et al, 1985; Huc, et al, 1985; Korashani,
1987; Hvoslef, et al, 1988; and Borsefield, et al, 1988), it is now taken for
granted that coals have sourced sizable 0il deposits: "Some of the most
productive source rocks of Indonesia are Tertiary coals....", Hvoslef, et al,
1988; "Coals are oil source rocks in many of the Tertiary basins of Southeast
Asia", Thompson, et al, 1985. Pleistocene through Oligiocene Gulf Coast shales
vith 0.3-0.5Z T.0.C. contents and HI's of 40-60 would have rock generation
capacities of 120-300 ppm, and "rich" Gulf Coast shales of these same ages (1%

38



T.0.C. and HI‘s of 120) would have a rock generation capacity ol 1,200 ppm. It
is ironic that some investigators take the position that a great volume of
largely-immature, fine-grained rocks with HC generation capacities of 300 to
1,200 ppm (at the high end) have generated the substantial oil deposits of the
Gulf Coast (and other basins, Bustin, 1988). t the same time, other (and in
some cases, the same) investigators staunchly deny the possibility of coals
ever acting as o0il source rocks despite the fact that many coals are at least
150-200 times more organic rich than the organic-poor Gulf Coast shales.

The dictum that coals cannot serve as 0il source rocks, in my opinion, is
based on a preferred viev rather than on hard data, and is a dictum wvhich has
gone unquestioned until only recently. Data from different recent studies
suggest that the principal arguments against coals being oil-source rocks are
invalid. The facts that coals are accepted as source rocks in different areas
of the world; the organic richness of coals; the large volumes of gas that
coals generate, which vould greatly facilitate| primary migration by gaseous
solution; and that the gas-rich Neogene oils of the Gulf Coast have precisely
the composition and compound distribution which would be expected to result
from primary migration by gaseous solution, in|my opinion, all demand a serious
consideration that coals may in fact be the soprce rocks for some Gulf Coast
oils. The question vhether or not coals are oil source rocks in the Gulf
Coast, will only be ansvered by designing and carrying out research specific to
the question. It is, hovever, an important question. If coals have sourced
Gulf Coast oils, then they would have done so at maturation ranks lower than
those required by hydrogen-rich OM for HC generation. Such differences in
maturation-rank requirements and burial history plots for mainstage HC
generation between coals and hydrogen-rich OM would be relevant to the
application of petroleum geochemistry to exploration in the Gulf Coast.

"Something from Nothing"

Some investigators (including Jones, 1980, 1983, 1989; Vaples, 1981; and
Bustin, 1988) have argued that the shear volume of lowv T.0.C. organic-poor
shales in the Gulf Coast, and/or other delta systems, can overcome their
ultra-poor source rock characteristics, such that they can serve as source
rocks. Jones (1983, 1989) has presented calculations which suggest that the
ratio of HC's generated by the organic-poor shales to in-place BC's
(reservoired oils) in the Gulf Coast is on the order of 10 to 1, and,
therefore, one can make "something from nothing™. However, Jones’ (1989)
assumption that 10X of the T.0.C. contents are converted to oil like HC’'s is
open to question. An HI of 90 would be high for the Gulf Coast organic-poor
shales (Fig. 1). Also, the Neogene Gulf Coast oils generally are rich both in
C S—BC's and saturated HC's and poor in resins, and asphaltenes. BHovever,
sﬁale bitumen is high in resins, asphaltenes, and aromatic HC’s, and low in
C S-HC’s. In reality, probably only 30X of both the indigenous bitumen in
s%ales and the bitumen converted from kerogen is oil-like bitumen, which
equates to a 2.7%Z conversion of T.0.C. contents to oil-like HC’'s, not a 10X
conversion. This dramatically lovers the ratio of in-place to generated HC's.
Bustin (1988) has argued that very favorable plumbing (good interbedding of
silts, sands, and shales) in the Niger Delta ﬂas resulted in excellent drainage
of HC's from the source-poor shales, vhich ac¢ounts for the large oil deposits
there. Hovever, there is nothing unusual about sedimentation in the Niger
Delta; Gulf Coast rocks also have this extensive interbedding.

Further, proponents of the "something from nothing" proposition have not
addressed four vast BC "sinks" vhich greatly lover the ratio of generated to
in-place HC’s: First, gaseous solution has become the primary migration
mechanism of theoretical choice by more and more investigators in the Gulf
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Coast. Howvever, as discussed, a consequence of this mechanism is the necessilty
for a dispersed free-gas phase vhich carries high levels of dissolved C.+ HC's,
and vhich is at concentrations belov the critical gas saturation level
throughout the shales, silts and sands of the Gulf Coast, and vhich thus is
immobile. Primary migration by gaseous solution is simply not possible vithout
this dispersed free-gas phase (Price, 1989c), which: 1) is a vast HC sink that
cancels the favorable ratio of generated to in-place HC's, and 2) establishes
the possibility of a yet unrecognized geopressured resource in the Gulf Coast,
and other basins (discussed belovw). A second HC sink is composed of the myriad
of stains, shows, and small uneconomic HC deposits found throughout the rocks
of the Gulf Coast. A third HC sink is the constant micro- and macroseepage
that is now, and over geologic time has been, taking place in the Gulf Coast
(Kennicutt and Brooks, 1990; Prikryl, 1990; and Roberts, et al, 1990). Over
geologic time, such micro- and macroseepage (and the bacterial consumption of
the migrating BC’s) consumes staggering amounts of HC gases and C.+ HC's
(Price, 1986). A fourth BC sink is the vast amounts of HC’s which are
dissolved in and svept avay by the meteoric water which flows off the interior
craton and through the hydropressure-zone of the Gulf Coast.

Mass balance calculations (not shown here, see Wilson, et al, 1974; Price,
1980c, 1986, 1989b) with reasonable assumptions reveal that any one of these
sinks, alone, much less together, consumes huge amounts of HC’s. These sinks
cancel out the favorable ratios of generated to in-place HC’s from organic-poor
shales and should be considered in any "something from nothing" scenario.

The Hard-Geopressure Resource

If gas solution is the principal primary migration mechanism in the Gulf
Coast, then a previously unrecognized natural resource theoretically would
exist in the deep, hard-geopressure zone of the Gulf Coast. (Bard geopressures
in the Gulf Coast have been arbitrarily defined as fluid pressure gradients
20.7 psi/ft.) This resource vould result from the dispersed free-gas phase at
or below critical gas saturation levels in Gulf Coast sandstones and
microfractured shales at moderate to high maturation ranks where BC generation
and primary migration were taking place. Other sources of gas would also
contribute to the resource. Theoretically, this resource could be recovered by
a specialized production technique which would establish a rapid pressure
dravdown in a permeable vater-bearing sandstone of moderate to high porosity.
Such a pressure drawdown would allow the dispersed, free-gas phase to expand
(by the ideal gas law, PV = nRT) and occupy sandstone porosities greater than
the critical gas saturation level and subsequently flow towvards a production
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