



















































































































































































































































































































































































































































































































































































































































































































































































Carbonates as Source Rocks

(around —36%o0—values considered to be among
the most negative crude oil values reported)
(Grantham and others, 1987). The Huqf Group
source rocks “contain type-II organic matter, most
probably originating from bacteria and cyano-
bacteria” (Grantham and others, 1990, p. 321).
Based on data of four source rock samples (Gran-
tham and others, 1987, table 1), TOC contents of
the Hugf Group source rocks reach as high as 6.2%
(Table 1).

CHARACTERISTICS OF CARBONATE
SOURCE ROCKS AND OILS

In this section, a few important features of
carbonate source rocks, in particular carbonate-
evaporite source facies, are summarized. Empha-
sis is placed on key compositional characteristics
of carbonate-derived oils in contrast to shale-
derived oils that might assist the explorationist in
correlating oils to their source rocks and, in turn,
in determining migration pathways. For more
details on carbonate source rocks, the reader is
referred to the other papers dealing with carbon-
ate rocks in this volume, the references listed at
the end of this paper, and the collection of carbon-
ate source-rock papers in Palacas (1984b).

Carbonate-evaporite facies, which account for
most of the source rocks shown in Table 1 (e.g.,
Green River open lacustrine facies, Sunniland
Limestone, Oxfordian—Callovian rocks of Saudi
Arabia, Smackover Formation, Duvernay For-
mation, Salina A-1 carbonates, Observatory Hill
Beds, and Huqf Group), accumulated in hyper-
saline depositional environments such as lagoons,
restricted marine basins, sabkhas, and lacustrine
basins. These environments are characterized by
low influx of terrigenous debris, high organic
productivity in the upper water column, usually
anoxic conditions in the lower water column, and
always highly reducing conditions beneath the
sediment-water interface. In such highly reducing
environments, carbonate evaporite source facies,
characterized by oil-prone type II or type I kero-
gens, commonly contain 1-5% TOC and range as
high as 10-30% (Spiro and others, 1983; Palacas,
1984a; Powell, 1984; Stoakes and Creaney, 1985).
Significantly, these same facies, in their thermally
immature state (R, = 0.3-0.6%), are characterized
by extremely high yields (10-25%) of lipid-like ex-
tractable organic matter relative to total organic
carbon. Moreover, even higher yields (30-80%)
have been observed in some carbonate-evaporite
facies (Palacas, 1984a; Palmer and Zumberge,
1981; Powell, 1984; Tannenbaum and Aizenshtat,
1985).

One explanation for generation of abundant
lipid-like extractable organic matter at low levels
of thermal maturity is that, during early diagen-
esis, in the highly reducing environment where
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abundant H,S is generated and iron contents are
low, sulfur becomes incorporated into the kerogen
structure (designated as type II-S kerogen) (Orr,
1986). Cleavage of relatively weak sulfur-carbon
bonds results in generation of resin- and asphal-
tene-rich petroleum atlow levels of thermal stress.
J. A. Williams (this volume) elaborates more fully
on the important role of sulfur in early generation
of hydrocarbons. Another explanation is that the
extreme reducing conditions in the depositonal
environment cause retardation of the condensa-
tion or polymerization of kerogen precursor mole-
cules, resulting in abnormally high ratios of lipid-
like soluble organic matter (predominantly resins
and asphaltenes) to insolubles (kerogen) (Powell,
1984). Should this latter hypothesis be true, then
the resins and asphaltenes, in addition to kerogen,
may also serve as major precursors of hydro-
carbons generated later under higher thermal
stress (Powell and others, 1975; Palacas, 1984a).

Table 2 (modified after Palacas, 1988) suimma-
rizes many of the compositional features of car-
bonate-derived oils. (For comparison, corre-
sponding compositional features are also given for
shale-derived oils.) Although it is recognized that,
under certain depositional conditions, a similar
organic facies can develop regardless of the inor-
ganic aspects of the sediment (Jones, 1984,1987;
Williams, this volume), enough data have accu-
mulated to show that in the majority of petro-
liferous sedimentary basins, carbonate-derived
and shale-derived immature to moderately ma-
ture oils can be distinguished from one another.
Accordingly, Table 2 lists compositional char-
acteristics for the low- to medium-maturity oils.
In very mature oils, many of the key correlation
parameters, such as biomarker compounds, are
altered or even destroyed. Basic to the data in
Table 2 are the assumptions that oils have under-
gone little or no alteration due to biodegradation,
migration, and in-reservoir maturation. Obvi-
ously, caution should be exercised in using this
table because, on a worldwide basis, there are oils
that contain combinations of the two categories of
geochemical characteristics listed. Also, some oils
may be mixtures of oils derived from two or more
sources, sometimes of different lithologies. Also,
secondary processes may selectively alter the
parameters. Therefore, no single parameter can be
used to pinpoint the origin of an oil. Rather, inter-
pretation of multiple bulk and molecular param-
eters and an understanding of the geology are
needed to determine oil-source bed relationships
with some degree of confidence.

CONCLUSIONS

Fourteen examples of worldwide carbonate
source rocks (Table 1), based on solid geologic
and geochemical data, including source rock-
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TABLE 2. — CHARACTERISTICS OF Low- To MEDIUM-MATURITY O1LS
DERIVED FROM CARBONATE VERSUS SHALE SOURCE RoCKs

Parameter Carbonate rocks Shales References?
API gravity Low-medium Medium-high 6,10,16
Total sulfur High (>1%)° Low (<1%) 1,6,10,12,16
HC/(resins+asphaltenes) Low-medium Medium-high 1,4,9,10,11,12
Naphthenes/paraffins High-medium Medium-low 6,13,16
Sat HC/Arom HC Low-medium Medium-high 6,11,12,16
CPI, C,.—Cs,, n-alkanes <1 21 1,6,10,11,12,17
Pristane/phytane <1 >1 1,3,6,10,12,13
Phytane/n-C,s High (0.3-1.54) Low (<0.3-0.4) 1,10,11,12
Steranes-+triterpanes/ High-medium Low-medium 1,11,12

n-alkanes
Steranes® High aquatic to mixed  High terrestrial to mixed 5,6
aquatic/terrestrial aquatic/terrestrial
(C272Cy) (Cor<Cp)
Diasteranes Low-medium Medium-high 6,8,14,15
Hopane/C,7—C,, steranes >20 <20 2
Cs5/Cy4 extended hopanes >1 <l 8
Diterpanes:
C,4 tetracyclic/Cyg tricyclic High-medium Medium-low 2,10,11
V pattern in four isomeric Common Absent or rare 6
methyldibenzothiophenes
Thiophenic sulfur High in benzo- Low in benzo- 6
thiophenes thiophenes

NOTE: HC = hydrocarbons; Sat = saturated; Arom = aromatic; CPI = carbon preference index.

2References: (1) Connan, 1981; (2) Connan and others, 1986; (3) Didyk and others, 1978; (4) Grabowski, 1984;
(5) Huang and Meinschein, 1979; (6) Hughes, 1984; (7) Hunt and McNicol, 1984; (8) McKirdy and others, 1983;
(9) Murris and DeGroot, 1979; (10) Palacas, 1984a; (11) Palacas-and others, 1984; (12) Powell, 1984; (13) Renard
and others 1977; (14) Rubenstein and others, 1975; (15) Rullkétter and others, 1985; (16) Tissot and Welte, 1984;

(17) Welte and Waples, 1973.

bOils derived from lacustrine carbonate rocks are commonly low in sulfur.
¢Sterane distributions may also be affected by geologic time (Grantham and Wakefield, 1988).

crude oil correlations, provide ample proof that
carbonate rocks are viable source rocks of com-
mercial amounts of petroleum. The fact that ~40%
of the world’s giant oil fields are in carbonate res-
ervoirs, most of which are believed to be charged
with oil from carbonate source beds, also attests to
the importance of these non-shale source rocks. It
should also be emphasized that most carbonate
rocks, like most siliceous rocks, contain non-
hydrocarbon-generative organic facies (Jones,
1984) (i.e., those containing low TOC) which are
not sources of economic amounts of petroleum. In

order for a carbonate rock (or any other sedimen-
tary rock) to be an effective source of conventional
oil, it must meet certain criteria: it must have or
contain (1) an adequate amount of organic matter,
(2) the right type of organic matter (e.g., hydrogen-
rich material), (3) a sufficient level of thermal
maturity, and (4) the ability to expel hydro-
carbons,

From the well-documented examples of car-
bonate source rocks (Table 1), it is readily seen
that most carbonate source rocks contain an ade-
quate amount of organic matter—an average of
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1-5% TOC. Low values of TOC (<1%) observed for
some of the source rocks can, in some cases, be ex-
plained by the effects of over-maturation or by
limited sampling wherein the organically richer
facies were not encountered or perhaps over-
looked in drill cuttings. It is also evident that the
predominant type of organic matter of these
source rocks is the oil-prone type Il kerogen. In
some cases, type ] or a combination of type I and Il
kerogens are present. Clearly, these carbonate
source rocks, by virtue of their hydrogen-rich or-
ganic facies, have unequivocally been shown to be
good to excellent source rocks of petroleum.
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Can Carbonates Be Source Rocks
for Commercial Petroleum Deposits?

Jack A. Williams
Amoco Production Co. (retired), Tulsa

There no longer seems to be any question as to
whether carbonate rocks can be sources for com-
mercial oil accumulations. Palacas (1988) pub-
lished a longlist of papers containing documented
correlations between produced oils and carbonate
source rocks. Included in the list are examples
from several major oil provinces. I believe it is now
the overwhelming consensus among petroleum
geochemists that carbonates have generated a
significant portion of known worldwide petroleum
reserves, and there remains very little argument
over this point.

There still exists, however, some difference of
opinion regarding identification of carbonate
sources and evaluation of their oil-generating ca-
pability. I will discuss some of those areas where
misinterpretation is possible and caution should
be used.

A major concern is an apparent tendency among
many geochemists to be overly optimistic about
the oil-generating potential of carbonates. Car-
bonate source rocks have been shown to generate,
on the average, more oil per unit of organic carbon
than do clastic sources. The explanations given for
this observation are valid. Among organic-rich
rocks, a higher percentage of the carbonates, par-
ticularly carbonate muds, are deposited in anoxic
environments which are conducive to higher oil-
generating capability. Also, in carbonates there
normally is less terrestrial organic matter that
would tend to adversely affect the amount of oil
generated per unit organic carbon. However, clas-
tic source rocks deposited under the same opti-
mum conditions have comparable oil-generating
potential. Consequently, there is no clear differ-
ence between carbonates as a group and shales as
a group with regard to generation efficiency. It can
only be said that, among organic-rich rocks, pro-
portionately more carbonates than shales have
been deposited under near-optimum conditions
for oil generation. This overlap of generating
potential for carbonates and clastics necessitates
the following consideration: a potential source
rock should be evaluated strictly on the basis of
quality and quantity of its organic matter, without
regard to its lithology. Jones (1984) has discussed
this point in some detail. He arrived at the same
conclusion: the organic matter requirement for

significant oil generation should be the same for
carbonates as it is for clastics.

A comparison of two well-known limestone in-
tervals—the La Luna of Venezuela and Colombia,
and the Arbuckle of Oklahoma—serves to empha-
size the need to have organic richness for signifi-
cant oil generation. Based on several published
reports, the La Luna averages somewhere around
5% organic carbon (Zumberge, 1984). It clearly has
been the source for a considerable quantity of oil
in Venezuela. The Arbuckle, on the other hand,
appears to average well below 1% overall. Data
from Amoco Production Co. analyses showed an
average of only ~0.1% organic carbon for 77 sam-
ples representing several zones in the Arbuckle,
but figures published by Trask and Patnode (1942)
showed a somewhat higher average value, <1%
but with occasional values >1%. Little, if any, of
the vast production in southern Oklahoma has
been reliably related to an Arbuckle source (Wav-
rek, 1992; Brown and others, 1992). Most of the oil
in this area has been related to the Woodford
Shale and Pennsylvanian shales, with minor con-
tributions from Ordovician sources. In all prob-
ability, atleast a small portion of presently known
reserves, or some remaining to be discovered, will
some day be related to an Arbuckle source, and
localized organic-rich zones will almost certainly
be found somewhere in the thick Arbuckle sec-
tion. Nevertheless, the statistics cannot be ignored
when evaluating the merits of the relatively or-
ganic-poor Arbuckle compared to those of the or-
ganic-rich La Luna. Such a comparison serves to
emphasize the need for organic richness if a
source is to be effective, whether or not it is dom-
inantly carbonate.

With regard to establishing a minimum organ-
ic requirement for an effective source, it would
appear that the frequently quoted value of 0.4 wt%
organic carbon (OC) (Hunt, 1979) is far from suf-
ficient. Colin Barker (personal communication)
has commented that there must be sufficient oil
generated to fill pore spaces and saturate the kero-
gen before any oil can be expelled from the rock.
Only 0.4% OC (~0.6% total organic matter) would
not provide enough oil to do this, regardless of its
generation efficiency. A minimum of 1.0% OC
used by some geochemists (Hunt, 1979) is more
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realistic, and even that concentration of organic
matter may provide no better than marginal ex-
pulsion efficiency.

It also is possible for misinterpretation to occur
when attempting to identify carbonate source
rocks from composition of the oil derived from it.
Ithas become popular in recent years to assume
that compositional features such as even carbon
number paraffin predominance, low pristane/
phytane, and high sulfur content are almost un-
failingly diagnostic of carbonate source rocks.
However, all of these attributes are either directly
or indirectly a function of depositional environ-
ment rather than lithology; that is they are all re-
lated to an anoxic environment. The fact that a
higher proportion of carbonate source rocks was
deposited in this kind of environment does lend
some statistical credence to attributing the afore-
mentioned compositional features to carbonate
sources, but there are many important exceptions.
Most notably, the Monterey siliceous facies in
California (Curiale and Odermatt, 1989) and the
Phosphoria phosphatic shales of Montana-Idaho-
Utah (Lewan and others, 1986) are sources of con-
siderable quantities of oil having the composi-
tional features typically assigned to carbonate-
sourced oils. On the other hand, oils derived from
the Austin Chalk of eastern Texas (Grabowski, 1984)
and the Green River marlstone do not possess the
carbonate “fingerprint.” The point to be made is
simply that source-rock lithology, whether car-
bonate or clastic, cannot reliably be concluded
simply on the basis of oil composition, and cau-
tion is in order when attempting this kind of deter-
mination.

Selected biomarker ratios, measured by gas
chromatography-mass spectroscopy (GC-MS)
are also frequently invoked as indicators of car-
bonate sources. For example, two indicators used
for this purpose are (1) the proportion of higher
(extended) hopanes, C;, and C;s, relative to total
hopanes present, and (2) the ratio of diasteranes
(rearranged steranes) to regular steranes. A high
proportion of extended hopanes is another com-
positional feature attributed to anoxic conditions
in the source. Anoxic conditions permit chemical
reduction rather than oxidative cleavage of the
acyclicportions of hopane precursors, resulting in
higher carbon number molecules. The chemical
reduction is not lithology dependent, but once
again there will be a statistical preference for car-
bonate sources over clastic sources, and again
there are major exceptions, most notably the ex-
amples previously mentioned. Similar arguments
might pertain to other biomarker ratios listed by
Palacas (1988) that have been proposed as charac-
teristic of carbonate sources.

Alow proportion of diasteranes, often cited as
an indicator of carbonate sources, has not been
suggested to be related to anoxicity, but instead

J. A, Williams

has been attributed to a lack of clay catalysis in
carbonate rocks. This indicator might also be mis-
leading. First, there has not been any evidence
presented showing that a high diasterane content
is not simply an indicator of thermal maturity
rather than clay catalysis, with the regular steranes
having a relatively higher thermal destruction rate
than diasteranes. Any statistical association of low
diasterane content to carbonate sources may be a
result of earlier oil generation and expulsion from
highly anoxic sources due to high-sulfur kerogen.
It is well known that carbon-sulfur bonds cleave
more readily than carbon-carbon bonds when
subjected to thermal exposure. In cases of earlier
generation, thermal destruction of steranes may
not have proceeded far enough to significantly
affect their relative concentrations. A statistical
relationship between high sulfur content and
carbonate sources would be expected because the
carbonates are less likely to contain the iron nec-
essary to remove sulfur from the system by pre-
cipitation of iron sulfides; however, there are again
the same major exceptions. Thus it might be con-
cluded that diasterane concentration is atleast an
indirect function of anoxicity. Laboratory experi-
mentation in this area is badly needed.

SUMMARY

1. Ithas been clearly established that carbonate
rocks can be major sources for oil.

2. Organic richness is a prerequisite for effec-
tive carbonate sources, just as it is for clastics. The
same minimum organic carbon requirement
should be used regardless of lithology, and any
rock containing <1.0% organic carbon is probably
not capable of generating enough oil for expulsion
to occur.

3.0il component ratios usually deemed to be
characteristic of carbonate sources actually are
indicative of anoxic depositional environments
and independent of lithology. A statistical pref-
erence of these ratios for carbonate sources is ob-
served because a higher proportion of effective
carbonate sources than clastic sources were de-
posited in anoxic environments. The number of
major exceptions tends to preclude the use of any
such indicators as definitive for carbonate sources,
and caution should be observed when attempting
to define source lithology based on oil compo-
sition.
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INTRODUCTION

As one of four moderators on the posed ques-
tion, I have chosen the Arbuckle Group carbonates
as my subject for discussion. In regard to com-
mercial Arbuckle oil and gas production, I believe
that there are examples of oil and gas being self-
sourced in the Arbuckle Group. The question of
the source of oil and gas in the Arbuckle Group is
not entirely an academic one. The finding of 300
oil and gas fields in Oklahoma, under many dif-
ferent structural and stratigraphic conditions, has
established a good many facts which lead me to
the conclusion that hydrocarbons are indigenous
to the Arbuckle. These facts include the following:

1) Shows of asphalt, gilsonite, oil, and gas have
been reported from almost every formation of the
Arbuckle Group and in many areas.

2) Oil and gas is produced in large quantities
600-1,000 ft or more below the top of the Arbuckle
Group.

3) Some important Arbuckle fields have pro-
duced oil and gas from heterogeneous multizones
and formations at great depths.

4) Oil is produced beneath salt-water zones
in some of the fields shown and numbered in Fig-
ure 1: (10) Pettit Dome, (11) Dilworth, (2) Okla-
homa City, (4) S.W. Mayfield, (5) S.E. Hoover, (6)
Springer, (7) Healdton, and (8) Cottonwood Creek.

5) Parts of the Arbuckle are notably rich in or-
ganic remains, especially algae.

6) Formation waters of the Arbuckle Group dif-
fer in composition from those of overlying forma-
tions.

7) Oil and gas originating with a hydrogen sul-
fide byproduct is common in some very good
fields.

8) Evaporites, such as anhydrite, serve as caps
or seals for underlying dolomites that produce oil
and gas.

9) Finally, much more Arbuckle oil and gas has
been produced from zones far below the top of the
Arbuckle than has ever been produced from the
upper part of Arbuckle.

The accompanying information and discussion
of the history of the environment of deposition of
Arbuckle and Ellenburger Group rocks show
clearly the factors necessary for commercial oil

and gas production. These necessary ingredients
are dolomite reservoirs, porosity, heterogeneity
for migration, and timely trapping mechanisms.
These have in the past been the most important
ingredients for finding commercial quantities of
Arbuckle and Ellenburger oil and gas.

ARBUCKLE PRODUCTION
IN OKLAHOMA

To date, Oklahoma has 300 Arbuckle oil and gas
fields or areas that produce from the Arbuckle
Group, since the first Arbuckle discovery in 1912.

The most important of these fields, in terms of
heterogeneous, multizone porosity and cumula-
tive Arbuckle production, are (Fig. 1): (1) Cushing
(0-300 ft*); (2) Oklahoma City (200-700 ft*); (3) S.E.
Apache (West Spring Creek gas, 42 ft* and 292 ft*);
(4) Mayfield (West Spring Creek, 1,200 ft*); (5) S.E.
Hoover (West Spring Creek-Kindblade, 1,300-
1,400 ft*; Butterly, 4,687 ft*); (6) Springer (West
Spring Creek gas, 812 ft*; Cool Creek, 3,782 ft*); (7)
Healdton (West Spring Creek, 200-350 ft*; Brown
zone, 1,000 ft*; Cool Creek, 3,600 ft*); (8) Cotton-
wood Creek (West Spring Creek-Brown zone, av-
erage, 1,000 ft*; Cool Creek, >2,000 ft*; McKenzie
Hill, >3,000 ft*); and (9) Wilburton (West Spring
Creek gas, 466 ft*; Cool Creek gas, 1,435 ft*).

ELLENBURGER PRODUCTION
IN TEXAS

The Texas Panhandle has had 10 fields produc-
ing from the Ellenburger, which includes the Mills
Ranch field (Fig. 1, no. 12) with the deepest gas
production in the world (23,418-26,518 ft). This
gas production was 3,100 ft below the top of the
Ellenburger. Other Ellenburger producers shown
in Figure 1 are (13) Gageby Creek, (14) Locke, and
(15) Laketon fields.

North Texas has 14 Ellenburger fields (Fig. 1)
with (16) Conley, (17) KMA, (18) S.E. Dillard, and
(19) Walnut Bend probably the most important.

*Asterisk indicates depth of Arbuckle production
below top of Arbuckle Group.
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COMMON CHARACTERISTICS OF FIELDS
PRODUCING FROM THE ARBUCKLE
AND ELLENBURGER GROUPS

These Arbuckle/Ellenburger producing fields
all have at least four common physical and litho-
logic characteristics:

1) The Arbuckle/Ellenburger producing zone is
dolomite;

2) The producing zone almost invariably has
some sort of induced (secondary) porosity;

3) The Arbuckle/Ellenburger production is re-
lated to a structure of early growth or origin; and

4) The fields have both lateral and vertical
heterogeneity which signifies that the Arbuckle/
Ellenburger rocks have lithologic, physical, and
porosity characteristics which vary within the for-
mations, depending in part on the environment of
deposition.

ROLE OF BASEMENT ROCKS IN
LATE CAMBRIAN AND EARLY
ORDOVICIAN SEDIMENTATION

The basement rocks have had a profound influ-
ence on the stratigraphic and structural evolution
of southern Oklahoma. During Precambrian time,
an extensive continental mass was injected by
granites, forming a relatively rigid cratonic block.
The eastern part of this block, the eastern Arbuckle
province, has been a stable element from the time
of its formation to the present. It received a rela-
tively thin cover of Paleozoic sedimentary rocks,
which have been deformed by gentle folding and
block faulting; the Tishomingo-Belton-Hunton
uplift constitutes the eastern Arbuckle province. A
somewhat similar block is represented in the sub-
surface by the Muenster-Waurika arch along the
Red River in southern Oklahoma and northern
Texas, where thinner intervals of Cambrian—
Ordovician Arbuckle carbonates were deposited.

A great, foundered intracratonic sag developed
in the Precambrian granitic basement in southermn
Oklahoma, forming the southern Oklahoma geo-
syncline, which was destined to receive as much
as 45,000 ft of Paleozoic rocks. Before the early
stage of the Oklahoma geosyncline ended with
widespread extrusion of the Middle Cambrian
Carlton Rhyolite, major faults along opposite mar-
gins of the basin were rejuvenated. The basin itself
dropped at least a mile as a graben.

This transverse zone of weakness was the site
of Early and Middle Cambrian volcanics, lava
flows, and metasediments. The weakened trough
foundered and was depressed under this burden,
receiving 8,000 ft of Reagan Sandstone, Honey
Creek Limestone, and the Arbuckle Group carbon-
ate rocks (Fig. 2).

With downwarping, the basement surface was

273

irregular and the water was deeper toward the
southeastern end. The underlying igneous rocks
provided locally prominent platforms, shelves,
and shorelines in the Cambrian and Ordovician
seas. Thus, there were different depositional envi-
ronments, generally with shallow-water dolomites
deposited along the margins, and limestones near
the center of the basin (Figs. 3,4). Local changes in
sedimentation occurred, including progradation,
with regression and transgression of the sea. The
result was to produce many vertical and lateral
heterogeneities in lithology and porosity; thus, a
number of stratigraphic traps were formed (Fig. 3).

The Cambrian-Ordovician depocenter was ap-
proximately the area embraced by the present-day
3,500-ft isopach line (Figs. 2,4). In the depocenter,
these carbonate sediments are of shallow-marine
origin; they consist mainly of interbedded, thin
carbonate mudstones, intraclast calcarenites,
oolitic calcarenites, stromatolites, and laminated
dolomites or dolomitic limestones. The strata are,
in part, richly fossiliferous and contain trilobites,
brachiopods, mollusks, pelmatozoans, sponges,
algae, and, well toward the top, graptolites.

DEEP-WATER MARINE CIRCULATION
IN THE BASIN

Circulation of water within the basin was char-
acterized by upwelling along the sides of the basin
of cold water from the deepest part of the basin.
The upwelling was at its maximum while an incip-
ient Wichita-Criner geanticline was rising across
the center of the basin (Fig. 4), and while the rest of
the basin was being depressed.

As the incipient geanticlinal structure rose, it
moved northward within the trough, so that in-
cipient anticlinal folds were formed within the
trough. With some of these folds, the push did
little more than create minor changes of slope.
Larger folds eventually became thrusted anti-
clines, directed toward the northeast. If a structure
remained minor, it tended to become the site for
deposition and/or formation of reefs, shoals, and
carbonate banks. These features also formed
along the “hinge line” around the perimeter of the
depocenter, and thus contributed to the develop-
ment of a vertical interface between limestone and
dolomite along the “hinge line” (Figs. 3-5).

SEALS FOR TRAPS

Without a reasonably effective seal or other
migration barrier, it is impossible for commercial
quantities of crude oil or gas to accumulate. Prob-
ably the most effective seals are beds of evaporites,
typically anhydrite or halite (salt), or the more
common beds of shale with high clay contents. Ifa
reservoir rock changes facies updip into one of
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Carbonates as Source Rocks

these rock types, and also is overlain by one of
them, the seal conditions should be ideal for a
stratigraphic or structural trap.

The chart of evaporite maxima shows that
evaporites were at a maximum during Cambrian-
Ordovician time (Fig. 6). For this reason, evaporite
seals could very well have been formed during the
many regression cycles of Arbuckle seas. Since,
there are few shales in the Arbuckle Group, shale
seals are highly unlikely.

SOURCE OF HYDROGEN SULFIDE

Petroleum generation, with hydrogen sulfide
(H,S)as a byproduct, can occur where organic
matter and plankton are deposited in a partly
silled or barred basin with restricted circulation.
Hypersaline water entering a-sea that contains a
rich fauna can cause sudden death. The animal
and plant remains then sink to the bottom of the
sea, are covered with sediment, and form petro-
leum later through their decomposition. Hydro-
gen sulfide is generated from these plant and ani-
mal remains by the putrefaction process.

BASIN CONDITIONS POOR IN OXYGEN
AND RICH IN HYDROGEN SULFIDE

What makes the bottom waters of the basin
poor in oxygen and rich in H,S? It was generally
assumed to be a consequence of stagnation. Eux-
inic waters or sediments form in restricted-circu-
lation, barred-basin environments, such as those
in the Black Sea, Caspian Sea, and Sea of Aral. Hy-
drologists and biologists state that the primary
cause of euxinic conditions is hypertrophy, or ex-
cessive production of plankton. In highly hyper-
trophic waters, this production is so great that the
benthonic life is almost totally suppressed.

Mrs. M. B. Sanders, a Dutch biochemist,
showed that hypertrophy is produced only in waters
in which intense upwelling brings nutrients from
the depths to the surface in a planetary circulation
system. The waters do not need to be deep, nor
even fully marine. Hypertrophy is also characteris-
tic of inland seas with no communication with the
ocean, such as the Caspian Sea. It is best devel-
oped in shallow, semi-separated parts of the sea.
The conditions required to produce hypertrophy
are: (1) evaporation must be high; (2) the supply of
fresh river water must be high and continuous; (3)
the drainage area of the rivers must be fertile, to
supply organic nutrients; and (4) the supply of fine
sediments should also be high, to provide mineral
nutrients (such as lime muds of the Arbuckle).

The characteristic organic features of hyper-
trophic waters are these:

1) Very thick water bloom, particularly of dino-
flagellates. This causes the phenomenon known
as “red water,” and gives the Red Sea its name. It is
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an annual (commonly springtime) occurrence in
many bodies of water (as for example, off the coast
of southwest Africa). L. G. Weeks has discussed
this in papers and lectures on the sources of oil.

2) Great mortality among fish and benthonic
vertebrates, particularly during periods of water
bloom. It is these two groups of organisms that are
richest in both phosphorus and nitrogen, and the
supply of these two elements is the chief limiting
factor in plankton growth.

3) Formation of sapropel, an organic sediment
preserving chlorophyll. Sapropelic organic matter
cannot be preserved, except under completely an-
aerobic conditions, and without the formation of
sapropelic organic matter, no oil can be gener-
ated, in the opinion of North (1985). Chlorophyll
in this sediment contains porphyrins which form
oil when they are broken down.

THE BLACK SEA AND HYDROGEN
SULFIDE CONCENTRATIONS

The deeper waters of the Black Sea, beginning
at a depth of 600 ft, contain hydrogen sulfide. At a
depth of 1,200 ft, the water holds so much H,S that
life cannot exist in these waters down to a depth
of 6,000 ft. Many scientists have attributed high
amounts of hydrogen sulfide in the depths of the
Black Sea to accumulation of the same types of
animal and plant substances that are the primary
source of petroleum.

Surface currents, where the surface waters to
depths of 450-550 ft contain oxygen, flow from re-
gions of low salinity to regions of higher salinity
in response to hydrostatic head. This is accompa-
nied, at depth, by currents that flow in the oppo-
site direction, from regions of high salinity to low
salinity, because of density distribution.

HYDROGEN-SULFIDE-RICH SOUTHERN
OKLAHOMA CARBONATE GEOSYNCLINE

The hydrogen-sulfide-rich portion of the
southern Oklahoma geosyncline extends from the
Texas Panhandle southeastward through the Ar-
buckle, Marietta, and Sherman basins, merging
with the deeper Ouachita-facies rocks in Bryan
and Marshall Counties (Figs. 7,8). Most all the
known occurrences of hydrogen sulfide gas, black
smelly oil, and even molten sulphur are within the
area enclosed by the 3,500-ft isopach contour of
the Arbuckle Group (Fig. 2). Some examples are
shown on Figure 8 and listed in the Appendix.

SOURCE BEDS OF PETROLEUM

Curiosity as to the source of petroleum has
prompted geologists and others to examine not
only the composition of the oils, but also of the
rocks from which the oils come.
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Fifty years ago, Parker Trask and Whitman Pat-
node (1942) completed a 10-year investigation and
study of source beds for petroleum. Approxi-
mately 32,000 well samples were examined from
seven petroliferous provinces and 15 states with
oil and gas production. They made a basic as-
sumption that, in general, oil is more likely to ac-
cumulate nearer than farther from its place of ori-
gin, and oil was assumed to move both parallel
and transverse to the bedding. In stratigraphic mi-
gration, once oil starts to migrate, it will continue
until something stops its migration or movement.

It was finally assumed, arbitrarily, in the investiga-

tion of Trask and Patnode (1942) that beds 200 ft

above or below known oil horizons are relatively

near, and those >500 ft above or below oil horizons

are remote.

PROPERTIES FOR SOURCE-ROCK
INVESTIGATIONS

Twelve properties are commonly reported in
source-rock investigations: texture, organic con-
tent, carbon content, reduction number, nitrogen
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Carbonates as Source Rocks

content, color, assay number, relative volatility,
nitrogen-reduction ratio, oxidation factor, carbon-
nitrogen ratio, and calcium carbonate content.
The following is a brief discussion of some of these
properties.

Petroleum is not derived entirely from the car-
bon of the organic matter; part of it consists of
other elements. Consequently, in attempting to
study the relations of organic constituents with
respect to their ability to generate oil, it is more
satisfactory to think in terms of the total quantity
of organic matter than in terms of the major com-
ponent (carbon) of the organic matter. However,
in evaluating source beds, it is preferable to dis-
cuss their organic content in terms of their carbon
content, because carbon is the element that is ac-
tually measured.

When the carbon content forms the basis for
estimates of the organic content of source beds,
the factor of 1.6 has been used. Two other proper-
ties, the reduction number and nitrogen content,
are also used as guides to the organic content.
When the reduction number is used, the organic
content is assumed to be 1.4 times the reduction
number; and when the nitrogen content is em-
ployed, the organic content is taken as 24 times
the nitrogen content.

Because of the consistent relationship between
the low nitrogen-reduction ratios and the occur-
rence of oil, one might assume that the oil comes
mainly from the beds having low ratios; and the
inference follows that most individual beds having
low nitrogen-reduction ratios may be source beds.

The nitrogen-reduction ratio also seems to be
related to metamorphism of the beds. In south-
eastern Oklahoma and in the Appalachian area,
this ratio increases in the direction of the greater
degree of metamorphism of the sediments, as in-
dicated by the high carbon ratio of the coals. The
high carbon ratio of the Appalachian region and in
some of the Quachita Mountain sediments may
account for the generally large size of the nitrogen-
reduction ratios.

The average quantity of carbon in ancient sedi-
ments is about 0.8-1.1%. Inasmuch as the organic
content is estimated to be 1.6 times the amount of
carbon present, the average organic content of
ancient sediments is between 1.3 and 1.7%, for an
average of 1.5%.

The color of sediments is also a rough index of
the organic content. Light-colored sediments con-
tain little organic matter, whereas dark sediments
contain relatively more. Also, light-colored sedi-
ments have high reflectivity and dark sediments
have low reflectivity.
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Two properties of sediments that have been
regarded as criteria for recognizing source beds,
namely, the organic content and color, were not
found to be related to the occurrence of oil, and
the conclusion is reached that they are not valid
criteria for recognizing source beds.

SOURCE ROCKS AND POROSITY
RELATED TO OIL AND GAS
GENERATION

It is very clear, I think, that when looking at
source rocks and optimum types of porosity (i.e.,
intergranular, fracture, vugs, and karst), the car-
bonate source-rock environment, on average, with
its potentially thick pay zones, will generate more
oil per unit of organic carbon than will the shales.
There may be some negative side effects if the oil
or gas produced is associated with H,S or CO,.

CONCLUSION: THE ARBUCKLE GROUP
IS A SOURCE ROCK

The thick Arbuckle marine-carbonate sequence
is arich oil and gas source rock, and its inherent
heterogeneity also makes it a good reservoir rock.
The presence of much organic and carbonaceous
materials interbedded with the limestones and
dolomites make the Arbuckle a favorable rock unit
for generation of oil and gas.

I think, in the case of the Arbuckle Group, there
are well-documented cases of oil and gas being
sourced by carbonate rocks, and it is all dependent
upon the depositional environment. You have to
look at the rocks which do produce Arbuckle oil
and gas, and compare the related lithology, com-
position, minerals, and organic constituents of the
carbonates. However, no matter how high the
source potential may appear to be, if there is no
porosity and no timely development of a trapping
mechanism (whether structural or stratigraphic),
there will be no commercial accumulation of Ar-
buckle oil or gas.
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APPENDIX
List of Representative Wells with Arbuckle H,S Gas

1)

2)

3)

4)

5)

6)

7)

8)

9)

Lone Star No. 1 Rogers, wildcat, Washita County, Oklahoma. CSEY sec.27, T.10N.,
R.19W. TD 31,441 ft (West Spring Creek, Arbuckle). High H,S and liquid sulphur at
TD. Gas well (plugged back) in the S.W. Burns Flat field. Drilled in 1974.

Gadsco No. 1-32 Michael, Aledo field, Dewey County, Oklahoma. N%N¥%SWY sec.
32, T.16 N., R. 18 W. TD 17,700 ft (West Spring Creek, Arbuckle). High H,S gas to TD.
Arbuckle plugged off. Drilled in 1985.

Exxon No. 1 Apache gas Unit, wildcat, Caddo County, Oklahoma. NEVANE¥SW4
sec.19, T.5N,, R. 11 W. TD 24,715 ft (Cool Creek, Arbuckle). High H,S gas at TD.
Abandoned well. Drilled in 1979.

Tidewater No. 1 Meyers, SE Apache gas field, Caddo County, Oklahoma. NE¥4NE¥4
SW¥4 sec. 10, T. 4 N., R. 11 W. TD 4,071 ft (West Spring Creek, Arbuckle). H,S with gas
production. Drilled in 1951.

LPCX No. 1 Bray, Knox field, Grady County, Oklahoma. CSW¥4NEY sec. 35, T. 4 N.,
R.6W. TD 19,915 ft (Kindblade, Arbuckle). High H,S at TD. Drilled in 1981.

Sarkeys No. 1 Pruitt, Caddo field, Carter County, Oklahoma. EY2NEVANW sec. 26,
T.3S.,R.1E. TD 11,475 ft (Cool Creek, Arbuckle). High H,S gas at TD. Corroded
pipe, abandoned well. Drilled in 1971.

Pure No. 1 Resources Board, wildcat, Carter County, Oklahoma. SWY4NE%4SWY4
sec.30,T.5S.,R.3E. TD 21,539 ft (Joins, Simpson). High BHP (19,715 PSI) and high
H,S gas at TD. Abandoned well. Drilled in 1964.

British American No. 1 Krieger, Carter-Knox field, Stephens County, Oklahoma. NEV4
NWW“SW1SWYs sec. 3, T.2 N, R. 5W. TD 17,484 ft. Top Arbuckle (West Spring
Creek) at 16,827 ft. Cored 650 ft of Arbuckle; described as 50% limestane, 30% dolo-
mite, and 20% anhydrite. Some H,S gas reported on test. Well completed in Bromide
sand as gas well. Drilled in 1957.

Arkia No. 1-11 Cobb-Tipperary, wildcat, Marshall County, Oklahoma. CSEY4SEY sec.
11, T.6S., R. 3 E. TD 24,050 ft (Kindblade, Arbuckle). H,S gas in West Spring Creek
and Kindblade. Gas well (plugged back). Drilled in 1979.

10) Union Oil No. 106 Little, Cumberland field, Bryan County, Oklahoma. EY%SW¥SWY4




Oklahoma Geological Survey Circular 93, 1992

Discussion Between Audience and Panel on the Subject:

Can Carbonates Be Source Rocks
for Commercial Petroleum Deposits?

Kenneth S. Johnson, Moderator
Oklahoma Geological Survey

Wallace G. Dow (DGSI, The Woodlands, TX):
There is one thing that hasn’t been mentioned
here about carbonates and other sources as well.
The Arbuckle Group, wherever we see it, is pretty
high in rank. It has gone through the oil-gener-
ation phase. In so doing, it has lost alot of the or-
ganic matter that was originally there, converted it
to oil and gas, which then migrated out. So if we
look at a relatively high-rank Arbuckle rock today,
which has perhaps 0.5% TOC, at the time of oil
generation it could have had twice as much TOC.
Good oil source rocks containing kerogens with
high initial hydrogen contents, such as those de-
scribed by Williams, will lose about half of their
original organic carbon. Average shale source
rocks with a lot of terrestrial organic matter, on the
other hand, may lose only 25% of their initial TOC
content. So if we see an Arbuckle rock with a vit-
rinite reflectance of ~3.0, it could have had twice
that TOC content initially. That could change your
whole way oflooking at things. Also, as Jack men-
tioned, if we look at well cuttings, we may mix
many lithologies and see only the average organic-
carbon content. We have seen many places, such
as in the Smackover, where the organic matter
is concentrated in thin, sometimes argillaceous
zones in the carbonates. Although the average
TOC content is very low, the TOC content of that
portion which expelled oil could be very high.

Jim Palacas (USGS, Denver):

I believe Wally Dow posed the following two
questions: (1) What affect does thermal maturity
have in assessing TOC contents in carbonate rocks
of the Arbuckle Group? and (2) Could thin, or-
ganic-rich, oil-generating units be overlooked in
drill cuttings due to dilution of preponderant or-
ganic-lean rocks?

In answer to the first, I agree with Wally’s thesis
that because the Arbuckle, for the most part, has
undergone high thermal stress, it now displays
only minimum TOC values. Consequently, the
higher TOC contents in the geologic past, coupled
with the oil-prone (type II-I) nature of the organic
matter, have more than likely enabled at least
portions of the Arbuckle to generate commercial
amounts of petroleum. A somewhat analogous ex-

ample is the Smackover Formation in Alabama
and Mississippi. The Smackover carbonates,
which are also very mature to overmature in the
deeper portions of the basin, also show generally
low TOC contents—an average of ~0.5%. Yet, these
carbonate rocks are known to be the source of
giant-size accumulations of oil and gas.

In answer to the second question, I also agree
with Wally Dow that TOC contents of certain
portions of the Arbuckle could be underestimated
in drill cuttings by virtue of thick organic-lean
rocks masking thin organic-rich units. These car-
bonate units commonly occur as oil-prone, algal-
dominated laminae and bands and kerogen-rich
stylolites, and although quite thin, nevertheless,
when composited they could indeed have gener-
ated and expelled significant volumes of oil and
gas. In addition, cuttings caved from shallower
horizons could also contribute to the masking of
the thin organic-rich units.

Let me also suggest another factor that might
affect the general perception that the Arbuckle is
pervasively low in TOC content and hence poorin
source-rock potential. It may simply be a matter of
notlocating and analyzing the “right” organic-rich
sections of rock. In support of this possibility, the
monumental studies of Trask and Patnode (1942)
indicated some promising TOC data (Fig. 1). In
compiling Arbuckle data on ~178 non-oil-stained
subsurface samples from 18 wells in the Anadarko
basin, ~46% of the samples showed TOC contents
ranging from 0.4 to 1.4%. According to many pre-
vious source-rock studies, carbonate rocks with
such values can be considered as adequate source
beds of petroleum.

The graph (Fig. 1) was put together yesterday
[February 6, 1990] on the spur of the moment,
during a break in th Source Rock Workshop. Neil
Peterson (Worldwide Geosciences, Inc.) alerted
me to the data and helped in the construction of
the graph. It seems that in light of these promising
data, the geologic community needs to reevaluate
the source potential of Arbuckle Group rocks.

Louis W. Elrod (Texaco, Houston):
Jack Williams talked quite a bit about early
generation of oil in carbonates. Most of the work
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Figure 1. Bar graph showing total organic carbon in
the Arbuckle Group of the Anadarko basin (data from
Trask and Patnode, 1942).

that I have looked at has been in California, in the
Santa Maria, Ventura, and San Joaquin basins,
and some other areas. In every area, where I have
either studied orlooked at studies, there seems to
be ample source rock that is buried deeply enough
(in zone 3 or higher) to have generated oil at a nor-
mal maturity. I wonder, if I were to look for the
definitive demonstration of early oil generation,
where would I go?

Jack Williams (Amoco [retired], Tulsa):
Actually, the Monterey has been a classic exam-
ple of early generation of oil, or ithas been since it
was recognized several years ago that most of the
Santa Maria basin oils resulted from early genera-
tion. There are a lot of other early-generation oils
around the world. Offhand, I can think of the oil in
Sicily, which is very clearly early generation. We
have had alot of examples of it. But you are saying
that you haven’t found oil in the Santa Maria basin
that seemed to be generated early. Is that correct?

Louis Elrod:

We looked at studies in the Ventura, Santa
Maria, and San Joaquin basins, and we found
Monterey that was certainly in zone 3 or higher.
The Monterey had migration pathways thatled to
all of the accumulated oil that we were aware of,
and we didn’t see any real reason to invoke early
generation of oil in any of those areas.

Jack Williams:
What was the sulfur content in those cases?
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Louis Elrod:

I think the sulfur content was what you would
normally associate with these oils, but I don’t
recall specifically.

Jack Williams:

Wilson Orr published, or atleasthe mentioned,
several years ago that there is sort of a breakover
pointat about 5 or 6% sulfur. I don’t remember the
figure at which you effectively get into very early
generation; I didn’t know whether the value was
below 3 or 4%, in which case there probably would
not be a situation of early generation.

John A. Taylor (Independent, Oklahoma City):

I would like to make a comment on something
that most people aren’t aware of. In the late 1950s
and in the earliest 1960s, Mobil Oil Corp. conduct-
ed an interesting research program on the Ellen-
berger and Arbuckle Groups. They collected sam-
ples from outcrops and from cores. They concen-
trated on sampling the more argillaceous parts of
the Ellenberger and Arbuckle, and they performed
spectrographic analysis on the samples. Certain
characteristics of many samples were correlated
and tied to oil samples collected from the Simpson
and Arbuckle. Mobil has been trying to find a copy
of that report, as a result of my call to them. Itis
important to note that the conclusion of that work
was that there was organic material in the Ar-
buckle that was oil-type (using the words of that
era) oriented. And there was some reasonable cor-
relation, but not with great certainty, of the Ar-
buckle oil to some of the organic shales they found
in the Arbuckle. I thought that might be of interest.
There was definitely a conclusion that the Ar-
buckle argillaceous limestones had material that
was petroliferous in nature. That was 30 years ago,
and I remember only the highlights of the report. I
was the person who had requested the study while
[ was exploration manager for Mobil.

Gunther J. Weisbrich (Hunt Oil Co., Dallas):

A question on Cottonwood Creek. One of the
earlier talks today had indicated, I believe, that the
oil was typed to the Woodford Shale as a source
rock. I would like an explanation on how the
Woodford oil migrates down through 500-600 ft
of very dense limestone to the Brown zone? AsI
understand it, there is no juxtaposition of Wood-
ford against the Arbuckle. So how does the oil get
down there?

Lloyd Gatewood (Independent, Oklahoma City):

Well, I have the same quandary (I am just an-
swering for myself). [ have the same quandary of
trying to get that much gas, or what is converted
into gas, down through a few of those faults in
such a heterogeneous carbonate as is present at
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Wilburton or as is present at Mills Ranch, where
the Arbuckle is ~25,000 ft deep, or at Mayfield
where itis about 16,000-17,000 ft deep. I don’t
intend to imply that depth has that much to do
with this. It is the thickness that tells us where the
depocenters are, the total thickness. But  have the
same problem trying to get what we normal peo-
ple, who are explorationists, try to sell as a pros-
pect—a prospect that has a fault as a trap, maybe a
vertical fault, and some sort of a barrier at the top,
such as an unconformity, a shale, or anhydrite. We
try to sell the prospect, believing that oil or gas can
migrate downward through all these heteroge-
neous carbonates. It is a mystery to me, and I don’t
know either.
Maybe the gentleman from CNG can help us.

David L. Read (CNG Producing Co., Denver):

If you examine and process properly the group-
shoot seismic data available in the area, namely
PGI 25 and Petty line G, you will find that there is a
large thrust fault beneath the Cottonwood Creek
structure. We believe that we can seismically trace
units as young as Mississippian into the footwall
beneath the Cottonwood Creek thrust block.

Lloyd Gatewood:
What was the juxtaposition there?

David Read:

Probably at least 4,000-5,000 ft of overthrust
movement has taken place on what we call the
Cottonwood Creek thrust. We believe that if you
drill deep enough on the Cottonwood Creek struc-
ture, you would cut that thrust and encounter
units as young as Mississippian. Of course, this
means the Woodford is in the subthrust position
and in an excellent position to source the over-
lying anticline.

Kenneth S. Johnson (moderator, OGS):

Let me ask the panel, what should we do in the
future to help address the carbonate source-rock
problem, specifically for the Arbuckle? Do we
need to work specifically on the cores and analyze
them for their TOC, look at the thermal maturities,
and other studies like that? Do you have any
comments as to what we should do in the future?

John Pigott (University of Oklahoma):

Let me make one comment that was raised by
the Texaco gentleman, and also by the last talk.
think our knowledge about the lateral geometry of
the TOC in the Arbuckle, its association with facies
differences, and our knowledge about migration
pathways is, by far, incomplete at this time. I really
think we need to focus in the future tremendously
upon the heterogeneities of carbonate source-
rock content, and upon migration pathways.
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Jim Palacas:

1 agree with John Pigott that our present knowl-
edge of TOC distribution in the Arbuckle Group
is incomplete. This is highlighted by the recent
revelation that nearly 50 years ago, Trask and Pat-
node (1942) showed that non-oil-stained carbon-
ate rocks of the Arbuckle Group contained TOC as
high as 1.4%. In fact, higher values ranging from 2
to 5% were also shown, but other analyses indi-
cated that the rocks were oil stained. But even the
presence of oil staining is critically important. Ef-
forts should be made to determine if the oil stain is
indigenous, migrated, or related to nearby oil ac-
cumulations. Because of the above information, [
recommend that researchers evaluate the data to
determine stratigraphic positions of the richer
units, possible geographic trends, and possible
migration routes of expelled hydrocarbons.

Lloyd Gatewood:

Let me make a plea, implore you to not defer
drilling until you can identify a bona fide source.
Please, do your homework well, like CNG did, as
far as the paleogeology, and the structure, and drill
it for the porosity; as a result, their drill bit fell into
a 25-ft cave. You can’t find anything unless youdo
your homework. And do your homework in such a
way that when you do drill it, you’ve got a good
idea that you are going to have structure, porosity,
and a good paleogeologic pattern to show that you
are not drilling into a structure formed too late to
trap the oil. I would just add that, along the way,
you utilize all of these things that you have heard
today. ARCO and CNG and other companies are
working to try to find out the answers of source,
but please don’t defer drilling just because we
don’t know where the source is. At theleast, have a
little faith that either on the shelf or in the basin
there are additional reserves to be had in some-
thing as unpredictable as the Arbuckle.

David Read:

You were asking for suggestions on future work.
At CNG, we are not completely sure what controls
the presence of the Brown zone dolomitization.
We know that the shelflithology is primarily dolo-
mite, but the key to finding production in the au-
lacogen is to find good coarse-crystalline dolomite
in what is primarily a massive section of dense
limestone. Addressing the topic of dolomitization
mechanisms and distribution in the Ardmore ba-
sin area would be very valuable and possibly
should be considered for a future symposium.

Kenneth Johnson:

Let me ask one final question. Steve Brown
raised a very interesting question eatlier, before
the panel discussion. He conducted a vote on
whether people in the audience believe the Ar-
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buckle was a source for some of its own hydro-
carbons, and the vote seemed to be split evenly.
Let’s see if there is any change of opinion as a re-
sult of this discussion. All those who think the
Arbuckle may, in fact, be a significant source of
hydrocarbons, please raise your hands [about half
the audience raised their hands]. All those who
think that it is not a significant source of hydrocar-
bons, please raise your hands [again, about half
the audience raised their hands].

Well, there appears to have been no change in
the collective opinion of those in the audience.
Perhaps an equal number of people have changed

K. S. Johnson and others

their earlier opinions. The issue of whether the
Arbuckle rocks can be a significant source of hy-
drocarbons still appears to be open to debate.

I want to thank the panelists for their excellent
contributions, and with that we will close the
panel discussion.
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ABSTRACT.—Paleomagnetic and rock magnetic results from the Ordovician Viola limestone in
south-central Oklahoma indicate the presence of two chemical remanent magnetizations
(CRMs). One is a CRM that is pervasive in the unfractured, non-mineralized Viola and resides in
magnetite. An incremental fold test shows that this CRM was acquired during Pennsylvanian
folding. Previous work has shown that the Viola was nonporous at the time of folding which
probably excludes the possibility of remagnetization by externally derived fluids. A thermo-
viscous origin of this remagnetization can probably also be ruled out due to low maximum-
burial temperatures. Because of this, an in situ chemical process of remagnetization, such as the
maturation of hydrocarbons, is invoked to explain the pervasive synfolding magnetization.
APermian CRM residing in hematite occurs in alteration halos around mineralized fractures.
Geochemical studies indicate that the fluids that caused the mineralization and alteration were
primarily basinal in origin, although multiple types of fluids were involved. The migration of

basinal fluids through the fractures caused the remagnetization residing in hematite.

INTRODUCTION

The purpose of this paper is to describe paleo-
magnetic, petrographic, and geochemical results
from the Viola limestone in the northern Arbuckle
Mountains. The results have implications for un-
derstanding the timing and origin of base-metal
precipitation in the northern Arbuckle Mountains
(i.e., the Davis zinc field; Fay, 1981). In addition,
the paleomagnetic results may have implications
for determining the time of hydrocarbon matura-
tion in the Viola.

GEOLOGIC SETTING

The study area is located within the Sooner
rock and sand (SRS) quarry, secs. 11 and 14, T.1 S,
R. 1 E., Murray County, Oklahoma (Fig. 1). The
quarry is in the Late Ordovician Viola limestone
and is located ~3 km northeast of the Davis zinc
field (Fay, 1981).

The Viola limestone is a widespread carbonate
sequence as much as 300 m thick in the Arbuckle
Mountains. At the base of the Viola are laminites
that grade upward to coarse grainstones at the top
of the unit. The Viola shallows upward and records
deposition on a deep to shallow carbonate ramp
(Ham, 1973; Galvin, 1983). The exposed limestone
in the study area is interpreted to be lower to mid-
dle Viola. The limestones sampled are predomi-
nantly gray in color and consist primarily of fossil-

iferous mudstones, wackestones and some pack-
stones that contain chert nodules. Primary porosi-
ties in these lithologies, particularly the mud-
stones and wackestones, are low. The limestones
are tight, and other workers have suggested that
any original porosity was occluded by an early
phase of meteoric cementation (e.g., Grammer,
1985). The Viola does produce oil in some areas,
but the porosity is a result of fracturing caused by
deformation (Allen, 1983).

The Viola, which is found within the southern
Oklahoma aulacogen (e.g., Wickham, 1978), was
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Figure 1. Map of Oklahoma showing study area
located in Murray County, south-centrai Oklahoma.
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deposited during the subsidence stage that fol-
lowed the rifting stage of the aulacogen. The au-
lacogen was reactivated during the Late Paleozoic,
and during the deformation stage, the rocks in the
aulacogen were intensely folded and faulted.
Within the SRS quarry is an anticline/syncline

MURRAY COUNTY, OKLAHOMA
SECTIONS 11 AND 14
T1S,R1E

n

STUDY AREA
SRS QUARRY

Figure 2. Figure showing structural features in the
vicinity of the Sooner rock and sand quarry (after
Wiltse, 1978). Dashed lines and solid lines connect to
show the outline of the Viola outcrop in the study area.

A
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couplet (Fig. 2). The axes of the folds trend NNW-
SSE and both plunge gently (5-6°) to the south.
The limbs of the folds can be traced continuously
in the quarry. Located on the eastern portion of
the study area (east limb of easternmost anticline)
(Fig. 3) is a fractured zone. The fractures in this
zone have two general orientations. One set strikes
approximately N. 25°W. and dips 50° to the south-
west. This fracture setis apparently axial planar to
the trend of the folds seen in the quarry. The sec-
ond set of fractures strikes between N. 55° E. and
N. 60° E., approximately normal to the axis of the
folds and therefore likely to be extension fractures
(Wiltse, 1978). In one area the rocks are highly
fractured and brecciated. This zone, which con-
tains an abundance of small-scale slickensides, is
interpreted to be the surface expression of a fault
which trends NNW-SSE and dips to the west.

Some of the fractures are mineralized with cal-
cite. The calcite mineralization provides evidence
of fluid migration through the fault zone. Also as-
sociated with the calcites in the fractures are Mis-
sissippi Valley-type base-metal oxides and sulfides
including sphalerite, pyrite, marcasite, and goe-
thite. In addition to the calcite mineralization, the
fractures in this zone often exhibit a pipe-like ap-
pearance (Fig. 4), and some of the fractures are
conduits for tar seeps. This zone will be referred to
as the “mineralized zone” (Fig. 3).

The Viola in direct contact with the mineralized
fractures and in the brecciated zone is commonly
altered from the normal gray Viola to a yellow to
reddish color. The calcite in the fractures also ex-
tends into the rock along what are apparently
small fractures. In addition, a red to yellow, fine-
grained carbonate-clay material can occur at the
contact between the host limestone and the cal-
cite in the fractures. This material also partially to
completely fills some vugs and small fractures in
the limestones. This material is clearly secondary
and is probably related to the mineralizing event.

The western limb of the anticline and the adja-
cent syncline exhibit significantly less fracturing,
and calcite mineralization and tar seeps are absent
(Fig. 5). This zone will be referred to as the “non-
mineralized zone” (Fig. 3).

AI
MINERALIZED BRECCIATED
ZONE ZONE
v ¥ (A&,

A AN

Figure 3. Sketched cross section A—A’ of the study area showing the zones sampled and the sample-site

locations (arrows).
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Within and around the limestone quarry are a
number of oil wells that comprise the Southwest
Davis oil field. Oil production in the field comes
primarily from the Oil Creek sandstones at depths
of 1,000-1,600 m. Previous work has shown that
the hydrocarbons in the field were trapped as a
result of a thrust-fault system and its associated en
echelon faults (Wiltse, 1978). Evidence for thrust
faulting is shown by demonstrating that the Oil
Creek is repeated a number of times in different
wells within the field.

Figure 4. Field photograph from the mineralized
zone. Note the hollow, pipe-like fracture that is lined
with calcite.
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MINERALOGY OF
CALCITE-FILLED VEINS

The mineralogy of the calcite vein-filling is
surprisingly complex, but can be subdivided into
two stages of growth: early, basal scalenohedra
that project into the fractures and cavities, and
later, crystallographically complex rhombic over-
growths on the scalenohedra. The calcite veins
can also be subdivided into two groups: those that
are covered with natural asphalt and those that
lack associated asphalt. Thus, there are four para-
geneses of calcite, which have distinctive charac-
teristics or associated minerals.

Fluorescence—In shortwave UV light, scaleno-
hedra in asphalt-absent veins show white fluores-
cence and strong phosphorescence at their bases,
changing to orange fluorescence at the tips of crys-
tals. Rarely, scalenohedra associated with asphalt
exhibit the same white fluorescence and phospho-
rescence at their bases, but most such scalenohe-
dra do not fluoresce. Rhombic calcite in asphalt-
absent veins fluoresces red, especially within inner
growth zones of included minerals. Rhombic cal-
cite from asphalt-bearing veins does not fluoresce.

Morphology.—Rhombic calcite overgrowths
occur with two different morphologies. Rhombs
from asphalt-absent veins are flat-faced, simple
rhombohedra, sometimes twinned on {0001} with
smooth, slightly etched surfaces. Rhombs in as-
phalt-bearing veins are rounded rhombohedra

Figure 5. Field photograph of folded Viola limestone in the non-mineralized zone.
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Figure 6. Electron photomicrographs of calcite and
some commonly associated oxide and sulfide
phases. A—Surface topography of rhombic calcite,
showing the flat-topped circular growth platforms that
are found only on rhombic calcite overgrowths asso-
ciated with asphalt seeps (magnification 100x). Com-
monly associated base-metal phases not shown in
this figure are pyrite (modified octahedra that coat the
altered limestone matrix) and sphalerite (complex
octahedral and tetrahedral composite crystals that are
found mostly on the exterior tips of scalenohedra
where these project through rhombic overgrowths).
B—Cross section of primary, mushroom-shaped goe-
thite or hematite crystal aggregate, dissolved out of
an inclusion-rich layer within rhombic calcite from an

asphalt-absent vein. The stems of the mushrooms
point to the interior of the calcite rhombs, the caps lie
toward the exterior of calcite crystals. Such Fe-oxide
inclusions were deposited on the growth surfaces of
these rhombic calcites and subsequently overgrown
by calcite to form inclusions within rhombs (magnifi-
cation 70x). C— View from the base of an Fe-oxide
mushroom, showing the radial composite structure
(mushroom gills) of very fine-grained Fe-oxide nee-
dles that constitute the cap of such aggregates (mag-
nification 700x). D—A composite radial sphere of
pyrite crystals from an asphalt-bearing vein, removed
from the tip of a calcite scalenohedron where it pro-
jected through the rhombic overgrowth (magnifica-
tion 275x).
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with very shiny surfaces marked by macroscopic,
flat-faced, circular growth steps (Fig. 6A).

Associated Minerals—The scalenohedral cal-
cite from both associations lacks solid inclusions.
In asphalt-absent veins, marcasite + sphalerite are
deposited along the contact between basal scale-
nohedra and rhombic overgrowths. The rhombic
calcite in asphalt-absent veins also contains multi-
ple growth zones of goethite + marcasite or pyrite
(Fig. 6B,C). In asphalt-bearing veins, an assem-
blage of Fe-rich sphalerite + pyrite occurs as fine-
grained druses covering the open undersurfaces of
the vein calcite, and as crystal clusters where the
tips of calcite scalenohedra project through the
rhombic overgrowths (Fig. 6D).

Fluid Inclusions.—Primary fluid inclusion pop-
ulations in calcite scalenohedra are indistinguish-
able between the veins with and without asphalt;
both are marked by aqueous Na—Ca-brines en-
trapped at approximately 80-90°C. In thombic cal-
cite of asphalt-absent veins, primary spherical
fluid inclusions associated with goethite + Fe-sul-
fides mostly contain Na-brines entrapped at ap-
proximately 50-60°C. In this association, there is
inclusion evidence for mixing between the earlier
Na-Ca-brine and the later Na-brine. No fluid in-
clusions have been found in rhombic calcite from
asphalt-bearing veins. All calcites contain second-
ary fluid inclusions (non-saline, low temperature)
that apparently represent entrapment of near-sur-
face meteoric water.

The inferred chemistry and depositional se-
quence based on fluid inclusions and petrographic/
microprobe studies are summarized below.

1) Calcite scalenohedra were deposited from a
normal basin aqueous fluid (Na—Ca-brine) at tem-
peratures of approximately 80-90°C.

2) Rhombic calcite overgrowths in asphalt-
absent veins were deposited from a different brine
(Na-dominated) at temperatures of 50-60°C. There
is fluid inclusion evidence for mixing of the earlier,
Na—Ca-brine and later Na-brine during the depo-
sition of these rhombic calcite overgrowths. Fluid
mixing with cooling, dilution, and perhaps a
change in Eh (increase) or pH (decrease) may have
caused precipitation of the goethite + marcasite or
pyrite assemblage.

3) Fluid and solid inclusions are absent in rhom-
bic calcite from asphalt-bearing veins. In this set-
ting, however, the abundance of Fe-rich sphalerite
+ pyrite records a lower Eh and higher pH than
existed in asphalt-absent veins. Petroleum would
maintain the high sulfide activity and low Eh nec-
essary to promote deposition of this reduced as-
semblage. The circular growth phenomena on the
surfaces of thombic calcites are interpreted as the
result of selective surface wetting by an immiscible
mixture of aqueous and hydrocarbon fluids during
deposition of the rhombic calcites and associated
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sphalerite + pyrite in veins that currently contain
asphalt. These inferences raise the question of the
timing of the asphalt seeps relative to that of the
deposition of the vein calcite. The current inter-
pretation is that the asphalt is not modern, but
rather a residue of hydrocarbons that filled at least
some veins during the stage of rhombic calcite
deposition.

4) Low temperatures of formation and the gen-
eral absence of Cu-sulfides and galena suggest
that the SRS quarry lies near an outer (cooler, shal-
lower?) edge of the Davis zinc field. At this level of
burial, apparently four distinct fluids, Na-Ca-
brine, Na-brine, meteoric water, and petroleum,
were introduced through fractures and mixed to
various degrees. This resulted in variable Eh, pH,
sulfide activity, salinity, and temperature, which
promoted oxide and sulfide mineral precipitation
and gross oxide/sulfide zoning patterns.

PALEOMAGNETISM

Mineralized Zone

Thermal demagnetization of specimens taken
from within the calcite-filled fractures indicates
the presence of two magnetic minerals. One phase
shows significant decay by 100°C, while the other
decays to 680°C (Fig. 7). Because goethite has a
Curie temperature of 100°C and hematite has a
Curie temperature of 680°C, these two minerals
are the likely magnetic phases present in the cal-
cites. Random directions were recorded for samples
from the goethite and hematite in coarse vein-filling
calcites.

Rock magnetic experiments conducted on the
limestones in direct contact with the fractures in-
dicate the predominance of a high coercivity min-
eral (Fig. 8A) with maximum unblocking tempera-
tures of 680°C (Fig. 8B). In these specimens, the
magnetization resides predominantly in hematite.

MINERALIZED ZONE
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Figure 7. Representative thermal demagnetization

curve for a specimen from the calcite in the veins.
NRM refers to natural remanent magnetization.
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Figure 8. A—Representative isothermal remanent
magnetization (IRM) acquisition curves for limestone
specimens in the mineralized (SRC) and non-miner-
alized (H3) zones. Curve SRC does not achieve sat-
uration by 0.63 T. Note small cusp in curve at 0.1 T,
which suggests the presence of a minor amount of
a low coercivity phase. The rise in the curve above
0.2 T indicates the presence of a high coercivity

With increased distance from the fractures, the
amount of alternating field (AF) decay increases
significantly, suggesting the emergence of a low
coercivity phase. The low coercivity mineral is
probably magnetite, while the high coercivity min-
eral that decays to 680°C is hematite. All lines of
evidence indicate that as distance from the frac-
tures increases, the relative ratio of the high coer-
civity hematite to the low coercivity magnetite
decreases. It is apparent, then, that there is an al-
teration halo surrounding fractures with a magne-
tization residing in hematite (Fig. 9). It is believed
that the fluids moving through the fractures and
causing the mineralization were also responsible
for the remagnetization and change in magnetic
mineralogy.

The mean direction for the limestones in direct
contact with the fractures was south-southeast-
erly and shallow (Fig. 10). The pole position for
specimens in direct contact with the fractures is
109° E. longitude, 51° N. latitude, which corre-
sponds to a Late Permian pole (Fig. 11) on the
North American Apparent Polar Wander Path of
Irving and Irving (1982). A similar pole position
was also found for the rocks in the highly fractured
and brecciated zone (Fig. 11).

Non-Mineralized Zone

The results of rock magnetic experiments indi-
cate that the samples from the non-mineralized
zone are dominated by a single, low coercivity
magnetic phase (Fig. 8A) that decays completely
by 580°C (Fig. 8B). Magnetite is a low coercivity
mineral with a Curie temperature of 580°C and
carries the magnetization in the non-mineralized

100
80+
60

%

401

400
Temperature (°C)

0 T 200 600
phase. Curve H3 reaches saturation by 0.2 T, in-
dicating the presence of a low coercivity mineral.
B—Representative thermal decay of IRM curves for
specimens in the mineralized and non-mineralized
zones. Decay above 580°C in SRC suggests the
presence of hematite. Note maximum unblocking
temperatures of 580°C for curve H3, which suggests
the magnetic phase is magnaetite.

zone. The directions for this component are south-
easterly and shallow, and the directions from the
limbs of the fold cross when the rocks are cor-
rected for the tilt (Fig. 12). The results of an incre-
mental fold test indicate that the magnetization
was acquired during Pennsylvanian folding (Fig.
13). A statistically significant grouping of site means
occurs at 70% unfolding (Fig. 13). The resultant
pole position (126.5° E. longitude and 34.8° N. lati-
tude) plots near the Early Carboniferous segment
of Irving and Irving's (1982) Apparent Polar Wan-
der Path (Fig. 11).

The origin of the magnetization in the non-
mineralized zone is somewhat problematic. Ther-
moviscous processes can be ruled out as the Viola
experienced only relatively low burial tempera-
tures (e.g., Metcalf, 1985). Thus a chemical origin
of remagnetization is invoked. It is also likely that
the process by which the magnetization was ac-
quired was an in situ process, as the limestone is ex-
tremely tight and any original porosity was prob-
ably eliminated by an early phase of meteoric ce-
mentation (Grammer, 1985).

In a previous study of the Viola on the Arbuckle
Anticline (south of the SRS study area) Peck and El-
more (1984) reported that the unit contains a mag-
netization, interpreted to be a chemical remanent
magnetization (CRM), residing in magnetite. The
directions from each flank crossed during unfold-
ing, although the corrected directions from the
south flank (141/3) are close to the uncorrected
directions from the north flank (146/3). The direc-
tions from the south flank of the Arbuckle Anti-
cline are important because they are similar to the
direction at the SRS locality. The SRS locality is in
the area between the Washita Valley and Reagan
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Figure 9. Summary diagram showing percent of AF decay of NRM as a function of distance from the calcite-
filled fractures. Note that the low AF decay (highest coercivity) specimens are located within or very close to
the fracture, but as distance increases high AF decay reflects the emergence of a low coercivity phase.

faults. This is a structurally complex area de-
formed by wrench faulting (Wickham, 1978) and
perhaps gravity sliding (Phillips, 1983). These proc-
esses could have rotated structural blocks around
a vertical axis. However, the similarity in the direc-
tions between the SRS locality, where there is the
possibility of rotation, and the south flank of the
Arbuckle Anticline, where rotation is unlikely, sug-
gests that the SRS locality has not been rotated.
The north flank of the Arbuckle Anticline is in the
area that could have been rotated; the strike of the
beds (N. 60°W.) is significantly different from the
strike of the SRS locality (N. 25°W.). The directions
from the north flank could be rotated or, alterna-
tively, they could indicate asymmetrical folding.

DISCUSSION

The Viola Formation in the Arbuckle Moun-
tains contains a pervasive Pennsylvanian synfold-
ing CRM in magnetite and alocal Permian CRM in
hematite that is related to migration of basinal flu-
ids. Based on comparisons with blocking tempera-
ture/relaxation time curves (e.g., Middleton and
Schmidt, 1982), the magnetizations cannot be
thermoviscous in origin due to the low burial tem-
peratures.

The pervasive CRM in magnetite is similar to
other synfolding magnetizations, some inter-
preted to be CRMs, reported from other carbonate
units (e.g., McCabe and others, 1983). Lateral mi-
gration of orogenic fluids has been suggested as

the agent of remagnetization for some of these
units, although this interpretation probably does
not apply to the Viola. In the areas studied, except
for the fractured zones, the Viola does not contain

N

MINERALIZED ZONE
IN SITU

Figure 10. Schmidt equal-area projection for speci-
mens in the mineralized zone in direct contact with a
calcite-filled fracture. Direction (in situ) is south—
southeast and shallow. Solid symbols represent pro-
jections in the lower hemisphere; open symbols rep-
resent projections in the upper hemisphere.
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significant porosity and probably did not prior to
folding (Grammer, 1985). Because the unit was
probably tight at the time of folding, fluids could
not have pervasively entered the rock. An in situ
chemical mechanism, therefore, is needed to ex-
plain the remagnetization.

Several diagenetic processes that occurred in
the Viola could possibly be related to magnetite
authigenesis. For example, the Viola contains or-
ganic matter in the study area and one possible in

D. S. Bagley and others

situ mechanism could be related to diagenesis of
this organic matter. Total organic carbon (TOC)
values range between 0.04 and 0.54% for the Viola
in the study area and, based on preliminary Rock-
Eval pyrolysis, S;/S,+S, ratios range from 0.06 to
0.21 and T, ranges from 434 to 442°C. These re-
sults suggest that some of the rocks are immature
but others have just entered the oil window (Tissot
and Welte, 1984). The results are also consistent
with the interpretation that the hydrocarbons

Figure 11. North American Apparent Polar Wander Path (Irving and Irving, 1982), with paleo-poles (x) cal-
culated from the mean magnetic directions of the non-mineralized zone (NMZ), the mineralized zone (MZ),
and the brecciated zone (BZ). The poles are plotted with their ellipses of confidence.
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Figure 12. Schmidt equal-area projection of specimens from six sites in the non-mineralized
zone, before and after tilt correction. Square symbols represent specimens from E-dipping
limb; circles are from W-dipping limb (all specimens plot on lower hemisphere). Note that the
directions cross during complete tilt correction, indicating a synfolding magnetization.

were generated in situ. The chemical conditions
created by the maturation of the hydrocarbons
may have caused precipitation of authigenic mag-
netite and acquisition of the synfolding CRM. This
interpretation is reasonable in that both matura-
tion of hydrocarbons and folding probably oc-
curred during maximum burial and heating. An-
other possible mechanism that may be related to
magnetite authigenesis is the transformation of
smectite to illite which releases iron (Boles and
Franks, 1979). The Viola contains some illite, and
relatively thick volcanic ash deposits are found in
the lateral equivalent of the Viola to the southeast
(Sediqi, 1985).

Both maturation of hydrocarbons and the
smectite—illite reaction can be caused by burial
temperatures (~100°C) that are not high enough to
cause a thermoviscous remagnetization. These, or
other, in situ chemical processes mediated by rela-
tively low burial temperatures could explain the
pervasive CRM in the Viola as well as other perva-
sive magnetizations in carbonates. These hypoth-
eses for in situ chemical remagnetization, how-
ever, are untested.

The Permian CRM residing in hematite is pri-
marily related to basinal fluids that migrated along
the fracture and fault zones. We suggest that mix-

NON-MINERALIZED ZONE

500-1 INCREMENTAL FOLD TEST
400-
300-
K
2001
100+
!
0 20 40 60 80 100

PERCENT UNFOLDING

Figure 13. An incremental fold test was performed on
the site means trom six sample sites from the non-
mineralized zone, and it was determined that the
best grouping (K) of specimens came at 70% unfold-
ing, indicative of a synfolding magnetization.
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ing of different fluids (basinal, meteoric) and inter-
actions between these fluids and the organic-rich
Viola caused precipitation of the iron oxides and
remagnetization around the fractures.
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ABSTRACT.—Vitrinite reflectance (Ry), Rock-Eval pyrolysis and organic carbon data, measured
in core samples from >60 wells in southeastern Kansas, indicate that hydrocarbon generation
has occurred, at least locally, in the organic-matter-rich Pennsylvanian rocks. R, averages 0.7%
{number of samples, n = 104) which is within the oil window, and Ry, in six wells exceeds 1.5%.
Rock-Eval Ty, data (n = 156) generally parallel and confirm the Ry, profiles. Hydrogen and oxy-
gen indices (n = 93) from Rock-Eval pyrolysis indicate that the organic matter has highly variable
hydrogen and oxygen contents. Some stratigraphic intervals have S, to S; ratios averaging 6.5,
indicating they contain oil-prone organic matter which produces an appreciable S, peak—an
indication of hydrocarbon generation (average S, = 0.8 mg HC/g rock; n = 94). Organic carbon
content in mudstone and sandstone (n = 149) averages 1.2 and ranges up to 12.4 wi%, indicating
sufficient levels for hydrocarbon expulsion are locally present. '

Heating at the reconstructed peak burial depth alone does not account for the observed or-
ganic matter thermal maturation. Interpretation of the Ry, data using an empirical geothermom-
eter suggests temperature reached regional levels of 110°C, and in the warm spots exceeded
150°C. The geothermal gradient suggested by these data is very low, indicating a local develop-
ment of an upward flow system in the Cherokee basin.

INTRODUCTION

The Cherokee basin is bounded by the Nemaha
fault system and Sedgwick basin to the west, Bour-
bon arch and Forest City basin to the north, and
the Ozark uplift to the east, and extends into the
Arkoma basin and Ouachita Mountains to the
south. This region contains significant hydrocar-
bon and Mississippi Valley-type Pb-Zn deposits. A
locally complex thermal history in the Cherokee
basin is suggested in this study by regional vit-
rinite-reflectance values of ~0.7% with values
reaching 0.9-1.5% in some clusters of wells (warm
spots).

This paper is an overview of our ongoing inves-
tigation of thermal history in the Cherokee basin.
As such, the scope of this paper will not allow
detailed presentation of methods or analytical
results. The data are listed in the Appendix and

summarized in Table 1. The data were derived
from >220 samples of mudrock, coal, sandstone,
and limestone. The general methodology used is
found in Peters (1986; Rock-Eval method) and
Robert (1988; Lopatin, vitrinite-reflectance and
coal analysis).

PEAK BURIAL DEPTH AND
BURIAL HISTORY RECONSTRUCTION

Pennsylvanian to Permian

Pennsylvanian deposition in the Cherokee ba-
sin began ~314 Ma (absolute ages from Hills and
others, 1983) with the deposition of Atokan age
sediments over the regional Mississippian uncon-
formity. Sediment deposition in this area, except
for the western portion along the Nemaha Ridge,
continued without major interruption until near

299
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TABLE 1. — STATISTICAL SUMMARY OF ORGANIC GEOCHEMISTRY ANALYTICAL RESULTS,
CHEROKEE BASIN, SOUTHEAST KANSAS
Analysis
Parameter Sample Standard
Lithology size Range Mean  deviation Units
Organic carbon
Coal® 73 14.1-79.3 54.8 18.7 weight-percent
Other rocks® 149 0.05-12.4 1.2 1.5 weight-percent
Vitrinite reflectance
All samples 104 0.4-1.54 0.7 0.2 % mean random in
oil (Rw
Rock-Eval
Toe®® 156 410-592 436 38 °C
5
Coal® 73 0.59-35.1 7.2 7.6 mg hydrocarbon/g rock
Other rocks® 94 0.01-5.48 0.8 1.4 mg hydrocarbon/g rock
Hydrogen Index
Coal® 73 70-418 256 73 mg hydrocarbon/g C,,
Other rocks® 93 2-523 128 105 mg hydrocarbon/g Cog
Oxygen Index
Coal® 73 2-42 13 8 mg CO,/g Corg
Other rocks® 92 2-550 72 88 mg CO,/g Corg
S2/S,
Coal® 73 3.57-98.27 28 18 mg hydrocarbon/mg CO,
Other rocks® 89 0.14-72.76 6.5 12 mg hydrocarbon/mg CO,

“Coal = Coal or coaly mudrocks that were arbitrarily grouped as those samples with >14 wt% Cou.

*Other rocks (mudrocks and sandstones) = samples with 0.5-14 wt% Corg- Results from samples with <0.5 wt% Co
or samples in which bitumen was visually detected are not included.

the end of the Permian. Stratigraphic reconstruc-
tions indicate as much as 250 ft of Ochoan rocks
were deposited, but these rocks must have been
soon removed and seem negligible in estimating
burial depth. Merriam (1963, figs. 77,94) showed
in his geologic and pre-Mesozoic paleogeologic
maps that erosion of most of the Permian section
was completed before the Triassic. For this recon-
struction, Merriam'’s concept is slightly modified
in accord with the reconstructions of McKee and
others (1959,1967) and Stewart (1975), which al-
lows for a more gradual erosion of the Permian
section extending through the Triassic and Jur-
assic.

Post-Paleozoic

Paleogeographic reconstruction shows eastern
Kansas was a positive element during the Triassic
(McKee and others, 1959) and apparently per-
sisted as such until the Cretaceous when as much
as 100 ft of sediments were deposited in the Cher-

okee basin. Cretaceous and Cenozoic deposits are
of minor thickness (as much as 300 ft; Merriam,
1963), and because their deposition followed sig-
nificant exhumation of the Cherokee Group, they
are negligible in calculating peak burial depth and
paleotemperature. Also Cretaceous lamproite in-
trusions in the Cherokee basin (Merriam, 1963)
could not have significantly contributed to heating
of the study area because the intrusions are too
small, occur too far north, and were intruded after
ore deposition (Table 2).

The paleothickness of Permian overburden
present at peak burial was estimated by projecting
the preserved Permian section in the Sedgwick
basin over the Cherokee basin (Fig. 1). This in-
dicates ~3,600 ft of pre-Ochoan Permian section
has been removed by erosion. Adding the eroded
thickness to present burial depth suggests a peak
burial of ~6,000 ft for the basal Cherokee Group at
Union Gas Leffingwell 16 in west-central Cherokee
basin (Fig. 2).
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TABLE 2. — AGES OF SELECTED GE0OLOGIC EVENTS, CHEROKEE BASIN REGION

Event (significance) Age Reference

OLDEST

Anadarko basin/Wichita uplift 315-330 Ma Johnson (1989)
(potential for lateral fluid flow into
Cherokee basin from the south)

Pennsylvanian deposition 314 Ma* Merriam (1963)
commences in Cherokee basin

Ouachita uplift (initial stage) ~310 Ma Johnson (1988)
(potential for lateral fluid flow into
Cherokee basin from the south)

Ore deposition 310-250 Ma Leach and Rowan (1986)
(a time of oil migration)

Permian evaporite deposition 275-250 Ma Merriam (1963)
(potential brine source)

Peak burial in Cherokee basin 255-250 Ma this paper

Ozark uplift and deep erosion ~250 Ma Merriam (1963)

in Cherokee basin
(potential for flow from east and
local meteoric recharge)

YOUNGEST

*Geologic age converted to absolute age using Hills and others (1983).

EVIDENCE FOR
HYDROCARBON GENERATION

Composition and Concentration
of Organic Matter

Organic petrography observations on samples
from Pennsylvanian mudrocks indicate terrestrial
material (type III) is the common identifiable
phytodetritus and that amorphous debris is also
present. Hydrogen index (HI) versus oxygen index
(OI) data (Table 1; data in Appendix) are consis-
tent with petrographic observations and the py-
rolysis data of Hatch and others (1989) that show
mixtures of types II (oil-prone) and IlI (gas-prone)
organic matter in marine mudrock and type II1
organic matter in the mudrocks associated with
coal. The S, to S; ratio is a second indicator of
organic matter type in that it is a measure of gas
and oil generative capability. S,/S, averages 6.5
(Table 1), indicating that the organic matter is gen-

erally oil prone (Peters, 1986). Organic carbon
content (C,) in the mudrocks averages 1.2 wt%
and ranges up to 12.4 wt%, amounts locally suffi-
cient for hydrocarbon expulsion.

Thermal Maturity

A composite profile of mean random vitrinite-
reflectance (R,,) measurements versus recon-
structed peak burial depths (Fig. 3) indicates a very
low gradient based on samples taken from wells
throughout the Cherokee basin. The regional ther-
mal maturity level is about 0.5-0.8% R,,. In por-
tions of some wells, however, R, is ~1.5% (Appen-
dix). The R,, data suggest that on a regional basis
the rocks are marginally mature to mature with
respect to oil generation (Dow, 1977).

The mean vitrinite reflectance of 0.7% R,
(Table 1) is equivalent to an average Tp,, of 436°C
(equation in Appendix) or mature with respect to
oil generation. In samples from individual wells
that have appreciable C,;; (generally >0.5 wt%)
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Figure 1. Stratigraphic projection of the Permian overburden over the now eroded Cherokee basin. Based
on a W-E cross section across southern Kansas by Merriam (1963; the numbers on Fig. 1 refer to his well
numbers used). The erosion depths (2,600, 3,600, and 4,500 ft) across southeastern Kansas are based
on the preserved thickness of Pennsylvanian and Early Permian rocks. The thickness of Ochoan (Late Per-
mian), Mesozoic, and Cenozoic rocks is considered insignificant to the magnitude of the burial depth and was
not included in reconstructing peak burial depth. Selected wells used in this study are labeled on the cross

section.

Rock-Eval Tp,,, mimics the changes in R,,, which
confirms that the variation in the R, values with
depth is a valid signal of thermal maturity. This is
an important confirmation because laboratory
and operator biases in both parameters (Dem-
bicki, 1984) can lead to spurious measurements.

If hydrocarbon migration into the rocks is neg-
ligible, a significant Rock-Eval S, peak indicates
the organic matter has generated volatile hydro-
carbon. Because most of the sampled rocks are
impermeable, hydrocarbon migration into the
samples is probably not pervasive. Therefore, the
detection of a significant S, peak in Pennsylva-
nian samples (mudrock and sandstone samples
average 0.8 mg HC/g rock; coal samples average
7.2 mg HC/grock) that have no visible oil stain in-
dicates that oil generation occurred in the Chero-
kee basin.

Peak Paleotemperature

Interpretation of the R,, data using an empirical
geothermometer (Barker and Goldstein, 1990)
suggests the regional temperature reached 110°C
and locally exceeded 150°C. These paleotempera-
tures are consistent with temperatures derived
from fluid inclusion homogenization tempera-

tures reported by Coveney and others (1987) and
Woijcik and others (this volume). A series of Lopa-
tin analyses using a 25°C Permian surface tem-
perature and increasing geothermal gradient in
5°C/km steps suggests oil generation at peak
burial in the Cherokee basin would require a geo-
thermal gradient of >40°C/km (Fig. 2). The mod-
ern regional geothermal gradient is ~35°C/km,
although it reaches 55°C/km across the thin basal
interval of the Cherokee mudrocks (Kinney, 1976;
Stavnes and Steeples, 1982). The modern mean
annual surface temperature is 13°C. These pres-
ent-day measurements are a reasonable starting
point to estimate paleogeothermal gradients, be-
cause this area is part of the central stable region
of North America, and it is unlikely that heat flow
from the basement was substantially higher at any
time since the Pennsylvanian. Paleosurface tem-
perature of about 20-25°C coincided with peak
burial in the Late Permian and early Mesozoic,
because the area was in an equatorial position at
that time (Habicht, 1979). The modern thermal
regime would predict temperatures of <90°C in the
most deeply buried mudrocks (1.8 km), signifi-
cantly lower than the peak paleotemperature indi-
cated for the Pennsylvanian rocks.Thus, the paleo-
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Figure 2. Burial history, Cherokee basin, southeast Kansas, based on formation tops from Union Gas
Leffingwell 16 and 50°C/km geothermal gradient. Permian surtace temperatures are estimated at 25°C de-
creasing to 14°C at present. No oil generation occurred at any time in models with geothermal gradients

<40°C/km.

temperatures indicated by the geothermometers
are not accounted for by simple burial heating
in the modern thermal regime. Moreover, the re-
gional geothermal gradient indicated by vitrinite
reflectance is low (<20°C/km; calculated using
data in Fig. 3 and the geothermometer of Barker
and Goldstein, 1990), unlike the modern 35°C/km
regional gradient.

Discussion

The discrepancy between modern and ancient
thermal conditions is explained by invoking local
zones of upward flow from pre-Pennsylvanian
aquifers into fractured portions of the generally
impermeable Pennsylvanian rocks. Evidence for
upward flow is the R,,-depth profiles in individual
wells (Fig. 3) and samples from small geographic
areas that have a significantly higher Ry, than the
regional level (average 0.7% R,,) indicating warm
spots (Fig. 4) in the Pennsylvanian rocks. R,-depth
profiles before erosion are considered to connect
with a near-surface value of 0.2% R, (Dow, 1977)
suggesting that a shallower, high R,,-depth gradi-
ent existed above the very low R,,-depth gradient
seen in the composite data (Fig. 3). The form of the

Rp-profile with the very low gradient segment and
conjectured shallow high-gradient segment above
is like that resulting from thermal convection
(Barker and Elders, 1981) or upward flow (Law and
others, 1989). However, the extreme anisotropy of
permeability in the Pennsylvanian rocks would
seem to preclude convection.

The data presented here and from Wojcik and
others (this volume) suggest regional tempera-
tures of 110°C with warm spots of >150°C in the
Pennsylvanian rocks. The 110°C paleotempera-
tures are consistent with predictions based on a
lateral brine flow model and the distance of the
Cherokee basin (~300 km) from the Ouachita
Mountains/Arkoma basin front (see summary by
Leach and Rowan, 1986). However, the presence
of warm spots, locally higher temperatures (to
150°C), and a low regional geothermal gradient
suggest upward, not horizontal, flow. This evi-
dence, along with the evidence for intrabasin hy-
drocarbon generation, is inconsistent with predic-
tions of, or the postulated need for, lateral brine
flow. Lateral flow of hydrocarbons from deeply
buried source rocks to the south is unnecessary to
account for hydrocarbons in the Cherokee basin
(Hatch and others, 1989; and this paper).
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SPECULATION ON HEAT
AND FLUID SOURCES

The burial history of the Cherokee basin sug-
gests a mechanism for this complex fluid history.
Initially, the Pennsylvanian and Wolfcampian
rocks would remain at relatively low temperature
(until upward flow ensued) because of high ther-
mal conductivity of postulated overlying Late Per-
mian evaporites. The underlying Wolfcampian~
Pennsylvanian rocks have been influenced by low
temperature brine (Wojcik and others, this vol-
ume) possibly infiltrating into the section from
Permian evaporites. Orogeny to the south em-
placed warm deep-basin-derived brines (Sharp,
1978; Oliver, 1986) into the permeable Mississip-
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Figure 3. Composite profile of vitrinite reflectance
(mean random R,, in percent) versus reconstructed
peak burial depth, Cherokee basin wells, southeast
Kansas. Peak burial depth estimated by projecting
position of well onto the Figure 1 cross section and
measuring the thickness of the overburden at that
point. The open squares indicate a single well to
show that some individual wells also show a lack of
gradient like that observed in the composite figure.
The open circles indicate one of the warm spot wells
with locally high R,
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pian and older rocks, below the confining beds of
the mudrock-rich lower Cherokee Group (Jorgen-
sen, 1989). The timing of geologic events (Table 2)
suggests that connate and early diagenetic fluids
would have been displaced during Permian time
by the upward flow of brines followed by the dis-
persal of the brines into permeable beds in the
Pennsylvanian strata.

Subsequently, uplift related to formation of the
Ozark Dome in the late Paleozoic to early Meso-
zoic made the area of the Cherokee basin a posi-
tive element. Erosion of the Permian and Penn-
sylvanian rocks ensued and the flow system
was disrupted. Another fluid derived from a topo-
graphically driven recharge system may have been
introduced from the Ozark uplift. Evidence for
meteoric influenced recharge is suggested by the
presence of alow-salinity water now present in the
Cambrian, Ordovician, and Mississippian rocks
which are overlain by Pennsylvanian rocks con-
taining significantly higher salinity fluids (Ding-
man and Angino, 1969). At present there is no fluid
inclusion record of this low-salinity water intrud-
ing into the Pennsylvanian section.

CONCLUSIONS

The organic geochemistry and thermal history
of the Cherokee basin indicates that some source
rocks have enough thermally mature organic mat-
ter for hydrocarbon generation and for expulsion
to have occurred. The heating required for oil gen-
eration is speculated to be related to warm water
discharge from the adjacent basins to the south.
We suggest that the warm spots are formed by
warm upward flow along fractures and/or faults
discharging into locally permeable rock packages
within the Pennsylvanian strata of the Cherokee
basin.
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APPENDIX: Organic Geochemistry Data, Cherokee Basin, Southeast Kansas

Rock-Eval pyrolysis and measurement of total organic carbon (Cor ) are used to qualitatively evaluate
organic matter geochemistry and thermal maturity. However, they must be used with qualification and(er)
exclusion of results from low-organic content (less than about 0.5 wt % Corg) rocks and used with caution
if organic contamination is present (Peters, 1986). The source rocks are characterized by Co'__g and
pyrolysis assay to indicate the potential for generation and expulsion of hydrocarbons. Source rock
richness is assessed by measuring corg' which reflects the total quantity of organic matter present.
Pyrolysis is used to determine: 1. the amount of volatile hydrocarbons present in the rock (s1 parameter),
an indication that petroleum generating reactions have occurred; 2. the potential for further generation
of hydrocarbon (52 parameter); and 3. thermal maturity of the rock which is estimated from the temperature
of the inflection point in the S2 pulse (Tmnx)' The S3 pulse is a semi-quantitative measure of the amount
of oxygen in the organic matter, and the s2 pulse is one of the hydrogen content. By normalizing S, and S

2 3
to C - a qualitative van Krevelen diagram can be constructed, with the hydrogen index (BI=[52/co:q] x

100)?ra measure of the H/C ratio in the organic matter and the oxygen index (°I=[s3/corg] x 100), a
measure of the 0/C ratio of the organic matter. Purther, the o0il or gas generation potential of the rock
is shown by the Sz/S3 (HI/OI) ratio. In rocks that are just within the thermally mature stage window an
52/53 below 3 indicates gas—-prome organic matter, an 52/53 above 5 indicates an oil-prone organic matter
(Peters, 1986). Lithology should also be considered in the interpretation. For example, coals often

generate very high Sz/s3 ratios (»»>5) indicating an overly oil-prone character (Peters, 1986).

Well name, Location Present Peuk1 Litholoqyz Rna Corg Tnnx HI oI S1 52/53
depth depth (%) (wt %) (°C) mg HC/ =g C02/ mg HC/ mg HC/
(ft) (ft) g Corq g corq g rock ngco2
Union Gas Co. 1359 4959 stylocumulate 0.4? 0.53 412 432 52 1.84 8.17
Leffingwell 16, {+bitumen)
sec.? 14, T.315., R.20E. 1638 5238 dk gray mdst  1.36  0.45 H/m> 55 148 0.17  0.37
1656.5 5256.5 black mdst 0.65 0.76 N/R 121 65 0.46 1.84
1659 5259 dark gray mdst N/As 0.73 K/R 254 65 1.28 3.87
1660 5260 med gray mdst 1.06 0.54 N/R 120 90 0.90 1.32
1979 5579 stylocusulate 0.62 1.07 N/R 241 50 2.34 4.77
1989 5589 stylocumulate 0.74 0.52 426 128 71 0.24 1.81
Colt 18 A.0. Keown, 832 5032 coal 0.55 72.03 430 338 27 22.05 12.53
sec. 22, T.23s., R.18E. 1003 5203 coal 0.57 74.49 440 257 21 33.09 11.73
1031.5 5231.5 coal 0.52 69.91 428 260 19 3.03 13.63
1063 5263 coal 0.58 47.80 432 240 N/R 4.25 N/R
1109 5309 coal 0.60 67.10 432 277 5 1.76 52.80
1198 5398 coal 0.57 63.00 432 300 6 2.07 45.56
Pittsburg Midway 19 4219 1t gray mdst N/A 0.34 N/R 26 55 0.07 0.47
CH-13 Equildson, 21 4221 med gray mdst N/A 0.33 N/R 30 45 0.06 0.66
sec. 19, T.345.,R.18E. 29 4229 med gray mdst 0.5VRE 0.64 420 23 46 0.06 0.50
63 4263 1t gray mdst N/A 0.44 432 54 36 0.08 1.50
Brazgos W-1 Pierpoint, 1016 5316 med gray mdst 0.7VRE 3.56 443 127 120 0.72 1.06
sec. 9, T.28s., R.15E. 1026 5326 coal 0.7VRE 41.24 435 307 31 35.10 9.61
1029 5329 coal 0.64 63.77 433 271 23 16.22 11.47
1049 5349 coal 0.60 31.30 443 198 42 8.44 4.66
1059 5359 coal 0.68 56.05 446 285 22 18.30 12.93
1067 5367 med gray mdst 0.8VRE 1.54 447 100 212 0.50 0.47
Brazos O-11 Pierpoint, 333.5 4533.5 med gray mdst 0.6VRE 0.75 429 85 62 0.11 1.36
sec. 9, T.283., R.15E. 360 4560 carb mdst O0.5VRE 0.55 421 58 52 0.07 1.10
376 4576 dk gray mdst 0.6VRE 1.39 430 124 27 0.29 4.55
385 4585 stylocumulate 0.6VRE 4.01 434 256 17 1.45 14.47
Kansas Geological Survey 85 4485 med gray mdst H/A 0.31 385 58 41 0.07 1.38
JJ 93.5 4493.5 coal 0.79 20.56 437 132 12 0.59 10.85
sec. 26, T.27S.,R.25E. 93.5 4493.5 dk gray mdst 0.6VRE 2.29 434 90 86 0.18 1.04
100 4500 coal 0.74 36.25 435 237 7 2.65 30.69
220 4620 carb mdst 0.6VRE 2.16 434 112 45 0.43 2.45
231 4631 coaly fossil 0.68 56.77 439 234 17 1.01 13.51

236.5 4636.5 dk gray mdst 0.7VRE 1.79 436 84 8 0.31 10.06
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Well name, Location Present Pclkl Lithologyz 3-3 Cor Toax BT orx 51 sz/s3
depth depth (%) (wt %) (°C) mg HC/ =g coz/ ng HC/ =mg HC/
(ft) (£t) q corg g corg g rock lgco2
Shell Scroggins 3A, 2403 5003 stylocumulate 0.57 0.88 435 26 n 0.10 0.36
sec. 14, T.32S5., R.2E. 2405 5005 dk gray mdst 0.52 0.54 427 48 i16 0.08 0.41
2430 5030 med gray mdst 0.96 0.28 R/R 57 217 0.06 0.26
2825 5425 dk gray mdst 0.53 0.67 426 55 22 0.16 2.46
Shell Rothwell 6, 2342 4942 med gray mdst 0.55 0.57 430 61 115 0.08 0.53
sec. 14, T.32s., R.2E. 2804 5404 med gray mdst 0.52 1.01 432 103 36 0.13 1.2
2810 5410 med gray mdst 0.55 0.49 389 59 42 0.20 1.38
2816 5416 med gray mdst 0.74 2.49 564 2 9 0.01 0.21
Sinclair-Prairie 2212 4912 med gray mdst 0.62 0.73 428 31 109 0.09 0.28
1 Schurtz, 2699 5399 coaly debris 0.70 0.15 603 326 113 0.09 2.88
sec. 29, T.34S., R.3E. 2876 5576 coaly debris 0.63 0.86 437 61 62 0.13 0.98
3329 6029 ked gray mdst 1.6 0.16 529 162 106 0.04 1.52
3345 6045 med gray mdst 1.3 0.07 503 21 714 0.05 0.38
Sinclair-Prairie 1 Weir, 2749 5449 coaly debris 0.64 0.46 432 108 28 0.17 3.84
sec. 30, T.34S., R.3E. 3071 5771 1t gray sdst 1.5 0.13 R/R 84 123 0.04 0.68
3120 5820 coaly mdst 0.7 5.90 444 118 13 0.93 3.93
3433 6133 med gray mdst 0.59 1.80 445 83 13 0.30 6.00
Conoco 17-1 Rahn Unit, 2110 5010 coaly debris 0.63 15.81 443 211 25 4.88 8.30
sec. 5, T.34s., R.6E. 2119 5019 coaly fossil 0.78 35.14 445 177 15 6.79 11.58
2125 5025 coaly debris 0.71 17.93 440 208 13 6.77 15.29
Sinclair 1 Collinson, 2273 4973 coaly debris 0.62 1.43 434 110 19 0.39 5.64
sec. 31 T.34S., R.3E. 2284 4984 dk gray mdst 0.85 4.53 N/R 11 19 0.15 0.57
3485 6185 coaly foasil 0.80 1.52 448 75 14 0.20 5.26
Stelbar 4 Floyd, 1973 5573 dk gray mdst barren 0.22 R/R 54 131 0.02 0.41
sec. 31, T.32s., R.11E. 1981 5581 breccia matrix 0.60 0.28 409 396 96 0.45 4.11
Sinclair 25 Kukuk, 2989 5889 coaly debris 0.94 18.26 450 176 22 4.9 7.68
sec. 24, T.32S., R.4E. 3027 5927 coaly fossil 0.92 14.07 451 155 35 2.87 4.32
Shell 1 Buffington, 2452 5052 med gray mdst 0.79 1.05 439 94 61 0.24 1.52
sec. 14, T.32s., R.2E. 2462 5062 coal 0.55 75.94 426 342 17 3.6 19.92
2895 5495 carb mdst 0.53 1.46 439 69 59 0.24 1.17
Terra Resources 3682 5682 1t gray adst N/A 0.06 N/R 350 233 0.09 1.50
Peasel 1, 3697 5697 1t gray mdst N/A 0.46 N/R 234 115 1.50 2.03
sec. 33, T.31S5., R.1W. 4087 6087 dk gray mdst 0.7VRE 3.31 444 339 35 1.72 9.60
4104 6104 dk gray mdst 0.7VRE 3.30 443 361 22 1.36 15.90
Petrodynamics 2053 4053 med gray adst 0.5VRE 0.63 421 30 211 0.02 0.14
Castleman 1, 2056 4056 med gray mdst 0.6VRE 0.62 425 56 256 0.05 0.22
sec. 4, T.31s., R.1W. 2074 4074 coaly debris 0.7VRE 1.00 437 45 99 0.13 0.45
Derby 1 Ritz 2535.5 5225.8 med gray mdst 0.382 0.65 N/R 52 10 0.10 4.85
sec. 25, T.31s. R.3E. 2625.8 5225.8 ned gray mdst 1.542 0.32 N/R 56 12 0.05 4.50
2654 5254 carb mdst 0.62 3.12 440 117 R/A 0.52 N/A
2661 5261 dk gray mdst 0.55 4.23 432 13 R/A 0.28 N/A
Wheeler 1 Richardson, 3017 5917 1t gray lmst 0.47? g.08 RN/R 52 10 0.10 4.85
sec. 12, T.33s5., R.SE. 3025 5925 stylocumulate 0.63? 0.138 N/R 94 188 0.07 0.50
Anadarko Rusk A 3780 6080 stylocumulate 0.67 0.16 586 631 31 0.53 20.20
sec. 18, T.33s., R.1E. 3789 6089 stylocumulate 0.67 0.12 592 766 33 0.22 23.00
IPI Hadlock 2, 1457 5357 1t gray mdst 1.232 0.12 458 308 25 0.05 12.33
sec. 28, T.31S.,R.12E. 1472 5372 med gray mdst 0.59 1.28 443 131 13 0.24 7.00
McBride 1 Kinland, 3550 6450 1t gray mdst 0.412 0.05 N/R 320 120 0.04 2.66
sec. 24, T.34S., R.1E.
Masek Day 24-17, 1784 5684 stylocumulate 0.58 0.07 586 485 14 0.12 34.00
sec. 17, T.30S., R.1ZE. '
Masek Day 31-21, 864 4764 coaly debris 0.63 1.23 442 156 3 0.59 48.25
sec. 21, T.30S., R.12E. 868 4768 coaly debris 0.57 g.18 R/R 155 22 0.12 7.00
Kiska Forbeck 2, 2740 5340 coaly fossil 0.64 1.66 443 163 2 0.55 68.00
sec. 15, T.35S., R.2E.
Phillips 1 Lena, 3068 5968 1t gray sdst 0.68 0.30 N/R 420 50 1.23 8.40
sec. 17, T.32S., R.5E. 3047 5947 1t gray sdst 0.63 0.18 R/R 361 150 0.43 2.40
Wheeler Rockwell 2 3065 5965 med gray sdst 0.45? 3.82 443 253 13 6.84 18.96
sec. 12, T.33S., R.SE. (+ bitumen)
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Well name, Location Present Po.k1 Lithologyz 3-3 Corg T-.x HI ox 31 sz/s3
depth  depth (8) (vt %) (°C) =g HC/ mg CO,/ mg HC/ mg HC/
(£t} {ft) q Corg q co:g g rock -gcoz
Wheeler Rockwell 3 3088 5988 stylocumulate 0.567 0.07 5/R 171 928 0.06 0.18
sec. 12, T.33S., R.5E.
Masek 13-16 Sherwin, 1130 5330 mned gray mdst N/A 0.26 /R 130 223 0.24 0.58
sec. 16, T.31S., R.15E 1138.5 5338.5 med gray mdst 0.8VRE 0.45 449 124 46 0.35 2.66
Texas Bing 2, 2791 5891 med gray mdst N/A 0.09 N/R 266 388 0.13 0.68
sec. 2, T.28S., R.7E. 2827 5927 stylocumulate N/A 0.50 RN/R 84 64 0.14 1.31
Holt Holt 9, 866 5066 med gray mdst 8/A
sec. 25, T.31s., R.16E. 873 5073 med gray mdst N/A 0.36 R/R 419 58 0.91 7.19
Masek 43-17 sherwin, 1152 5352 med gray sdst 0.5VRE 1.20 424 221 140 1.44 1.58
sec. 17, T.318., R.1SE.
Masek 3-22-25 wWatson, 982 4882 carb mdst 0.7VRE 10.22 440 205 10 5.18 19.40
sec. 25, T.34S., R.13E.
Masek 2-21-29 Barnett 810 4710 coaly debris 0.6VRE 1.28 434 161 17 0.75 9.00
sec. 29 T.34S., R.13E. 819 4719 coaly fossil 0.63 16.24 439 94 22 1.02 4.09
Neal 6 Tartar 989 5189 dk gray sdst 0.6VRE 4.73 434 295 19 6.79 15.20
sec. 16, T.285., R.15E. 1016 5216 coal 0.61 53.54 437 310 22 20.16 13.92
1022 5222 coal 0.64 22.66 433 331 25 13.13 13.26
DiCo Hazel Estes 7 857 5057 med gray mdst /A 0.41 N/R 100 19 0.32 5.12
sec. 30, T.29s., R.17E. 887 5087 coaly fossils 0.7VRE 10.83 441 278 28 5.48 9.81
905 5105 coaly fossils 0.67 59.50 435 405 11 10.17 36.57
916 5116 coaly fossils 0.73 10.44 442 203 33 3.81 6.08
Masek 33-10 Jones 706 4906 coal 0.77 20.50 144 154 16 4.90 9.30
sec. 10, T.31S., R.15E.
Masek 42-17 Trombold, 680 4580 1t gray sdst N/A 0.21 N/R 409 52 0.41 7.81
sec. 17, T.31S5., R.13E. 683 4583 medgray mdst R/A 0.43 435 155 37 0.42 4.18
Atlas Minerals 3991 5791 stylocumulate 0.4VRE 0.73 410 156 72 0.47 2.15
Phillips 1 4030 5830 stylocumulate 0.647 1.50 432 234 200 1.28 1.16
sec. 35, T.32S., R.4W.
IPI Dyer 7, 1178 5078 adst N/A 0.44 446 a1 79 0.14 1.02
sec. 33, T.31Ss., R.12E. 1190 5090 med gray sdst 0.7VRE 0.55 436 116 34 0.20 3.36
1310 5210 coaly sdst. 0.7VRE 17.98 435 292 10 5.85 29.01
Trico Jameson 411.5 4311.5 med gray mdst 0.662 0.78 /R 55 46 0.20 1.19
1A, 2A, 3A, 425 4325 coal 0.53 45.77 427 251 21 27.75 11.51
sec. 14 T.32S., R.12E. 429 4329 med gray mdst 0.52 1.09 432 81 21 0.24 3.86
434 4334 coal 0.53 39.30 431 70 14 17.50 4.81
241 4341 dk gray mdst N/A 1.29 E/mR 320 40 1.20 7.94
450 4350 coal 0.59 47.57 435 96 27 10.57 3.57
Sinclair 20 Skaer 2089 4989 stylocumulate 0.5VRE 0.65 421 243 86 1.05 2.82
sec. 35, T.275., R.4E. 2507 5407 med gray mdst N/A 0.29 N/R 65 175 0.05 0.37
2522 5422 coal 0.75 68.53 458 81 15 6.00 5.10
2571 5471 med gray mdst /A 0.19 420 200 136 0.07 1.46
2623 5523 1t gray sdst N/A 0.12 R/R 250 433 0.06 0.57
Mack Misak 1, 4725 6525 dk gray mdst 0.8VRE 3.36 448 231 11 1.21 19.94
sec. 6, T.34S., R.4W.
Commonwealth Farber 1A, 3529 5129 med gray mdst 0.7vRE 1.48 439 419 12 0.52 34.50
sec. 29, T.29S., R.2E. 3538 5138 dk gray mdst 0.7VRE 12.37 438 523 7 4.52 72.76
Beardwore Haines 1, 3774 1t gray mdst N/A 0.43 431 60 93 0.16 0.65
sec. 12; T.31S., R.2W.
Masek Day 42-16 1725 5625 coal or bitumen 0.8VRE 6.52 448 203 52 7.06 3.90
sec. 16, T.30S., R.12E. 1725.5 5625.5 stylocumulate 1.22 42.13 453 201 23 24.80 $.71
(+ bitumen)
Shell 1 Williams, 4866 6666 dk gray mdst N/A 0.44 439 131 72 0.19 1.81
sec. 9, T.35S., R.5W. 4756 6556 dk gray mdst 0.7VRE 0.65 439 129 63 0.25 2.04
Petrodynamics Graham 1, 2110 3910 med gray mdst 0.6VRE 0.62 429 27 224 0.02 0.12
sec. 21, T.31S., R.3W. 2126 3926 med gray mdst 5.4VRE 0.63 567 103 22 0.07 4.64
2142 3942 med gray mdst 5.4VRE 0.60 567 96 21 0.08 4.46

{+ sulfides)
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Well name, Location Present Ponkl Litholoqyz R-3 cor T-.l HI ox s1 sz/s3
depth depth (%) (wt %) (°C) ag HC/ mg coz/ mg HC/ =mg HC/
(£t) (ft) -] Corg ] corg g rock lgco2
D.E.I. Goyer 1, 3505 5805 dk gray mdst 0.7VRE 2.35 437 405 15 1.16 25.78
sec. 25, T.30S., R.1E. 3sis 5818 dk gray mdst O0.7VRE 2.19 440 394 17 1.10 22.15
Atlas 1 Zook, 3938 5738 med gray mdst R/A 0.08 442 237 137 0.02 1.72
sec. 35, T.325., R.4wW. 3948 5748 stylocumulate N/A 2.24 N/R 33 179 0.32 0.18
3957 5757 ned gray mdst N/A 0.05 553 400 200 0.01 2.00
3963 5763 stylocumulate 0.18 431 88 144 R/R 0.61
3963 5763 coaly debris 0.TVRE 2.43 439 130 28 0.69 4.59
3971 5771 1t gray sdst N/A 0.13 N/R 13 200 0.03 0.06
Kansas Geological Survey 35 1835 med gray mdst N/A 0.37 N/A 10 51 0.01 0.21
Cul, 61.5 1861.5 med gray mdst N/A 0.32 N/R 6 115 0.01 0.05
sec. 33, T.28sS., R.3W.
Kansas Geological Survey 410 1840 med gray sdst R/A 0.17 N/R 29 117 0.08 0.25
Cu2, 80 1880 med gray mdst N/A 0.45 N/R 28 80 0.03 0.36
sec. 35, T.28S., R.4W. 118.5 1918.5 med gray mdst 0.5VRE 2.45 422 20 109 0.03 0.18
Kansas Geological Survey 60 1860 med gray mdst 0.5VRE 0.80 422 26 23 0.02 1.10
Cul, 68.3 1868.3 med gray mdst 0.4VRE 0.63 4114 39 266 0.02 0.14
sec. 11, T.28S., R.4W.
Kansas Geological Survey 24 1324 1t gray mdst N/A 0.33 414 202 94 0.41 2.46
cus,
sec. 20, T.31S., R.2W.
Xansas Geological Survey 86 4486 coal 0.69 49.13 437 164 9 10.72 16.47
z, 155 4555 coaly debris 0.62 36.70 436 335 11 5.27 29.48
sec. 26, T.27S., R.25E. 164 4564 coal 0.58 68.22 431 328 9 1.78 33.07
Brazos Pierpoint 0-5, 1010 5310 med gray mdst 0.7VRE 2.18 441 120 129 0.75 0.92
sec. 9, T.8S., R.1SE. 1038 5338 med gray mdst 0.7VRE 1.61 437 185 133 0.87 1.39
1052.5 5352.5 =med gray mdst 0.6VRE 1.19 426 277 80 1.38 3.43
Range Pottoiff 3 2784.3 5684.3 coal 0.61 74.06 428 333 15 17.70 21.92
sec. 20, T.29S., R.5E. 2788.6 5688.6 coal 0.65 72.74 434 337 14 18.78 22.91
H. Corr Core Test 1, 200 2300 med gray mdst N/A 0.43 604 362 262 0.04 1.38
sec. 21, T.29S., R.2W. 330 2430 med gray mdst K/A 0.50 N/R 82 354 1.33 0.23
460 2560 med gray mdst 0.SVRE 1.41 419 70 132 0.55 0.52
Gulf Minerals, 45.5 4445.5 coal 0.7VRE 8.30 438 56 7 0.55 7.37
P and M 10 60 4460 coal 0.67 69.36 434 276 5 2.70 54.14
sec. 22, T.31S., R.22E. 80 4480 coal 0.58 52.06 438 289 7 3.46 39.26
134 4534 coal 0.63 51.46 436 418 7 2.40 55.81
145.5 4545.5 coal 0.68 66.51 434 221 6 1.70 33.55
175.5 4575.5 coal 0.66 57.67 435 263 5 1.42 47.35
205 4605 coal 0.64 76.49 437 289 8 2.98 36.11
227.5 4627.5 coal 0.69 67.25 438 287 8 6.04 32.03
281 4681 coal 0.64 29.57 437 237 11 0.98 19.94
300 4700 coal 0.73 58.44 438 235 6 1.14 33.66
307 4707 coal 0.70 70.66 437 288 7 2.50 38.0;
344 4744 coal 0.69 55.34 437 302 7 3.88 41.13
364 4764 coal 0.60 52.97 437 252 7 5.78 31.76
378 4778 med gray mdst H/A 0.50 KN/R N/R 334 0.01 N/R
380 4780 stylocumulate 0.5VRE 0.69 415 31 81 0.18 0.39
385 4785 stylocumulate 0.6VRE 2.07 426 128 37 1.03 3.45
400 4800 1t gray sdst N/A 0.08 N/R 75 250 0.03 0.30
430 4830 stylocumulate N/A 0.76 N/R 28 28 0.05 1.00
480 4880 stylocumulate 0.7VRE 3.58 437
503 4903 stylocumulate 0.7VRE 5.09 436 138 14 0.34 9.26
506.5 4906.5 stylocumulate 0.7VRE 1.08 440 131 57 0.19 2.29
520 4920 stylocumulate 0.6VRE 2.82 434 36 419 0.17 0.74
546 4946 stylocumulate N/A 0.30 429 20 73 0.02 0.27
587 4987 stylocumulate 0.6VRE 0.72 434 77 45 0.10 1.69
643 4943 med gray mdst R/A 0.08 N/R 62 250 0.04 0.25
718 5018 med gray mdst R/A 0.51 N/R 7 47 0.01 0.16
797 5097 med gray mdst N/A 0.46 R/R 50 50 0.05 1.00
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Well name, Location Present Ponkl Lithologyz 3.3 Cor T-ax HI o1 31 sz/s3
depth depth (%) (wt %} (°C) mg HC/ mg coz/ mg HC/ =mg HC/
(ft) {£ft) q Corg g Corg g rock lgco2
Gulf Minerals, 808 5108 med gray last R/A 0.02 N/R 250 550 0.05 0.45
P and M 10 848 5148 stylocumulate 0.5VRE 0.50 418 80 44 0.14 1.81
(continued) 875 5175 med gray mdst N/A 0.38 413 78 50 0.08 1.57
904.5 5204.5 med gray mdst N/A 0.36 398 86 58 0.09 1.47
980 5280 med gray mdst N/A 0.14 N/A 50 114 0.05 0.43
Gulf Minerals, - 100 4500 Bevier coull 0.7VRE 71.05 435 257 11 7.17 21.55
P and M 20 120 4520 Croweberg coal 0.8VRE 68.63 445 174 15 2.38 11.46
sec. 8, T.31s., R.22E. 128 4528 Fleming coal 0.7VRE 72.89 436 280 10 6.55 26.93
153 4553 Mineral coal 0.7VRE 69.33 435 284 6 2.43 44.39
178 4578 Scammon coal 0.7VRE 66.70 436 297 7 3.04 41.47
231 4631 Tebo coal 0.64 35.82 441 198 8 1.02 22.27
240.5 4640.5 carb mdst 0.8VRE 1.82 446 43 30 0.24 1.41
272 4672 Abj coal 0.7VRE 55.45 435 297 7 5.95 40.86
300 4700 Cbj coal 0.7VRE 69.14 436 321 7 8.31 40.79
318 4718 Dbj coal 0.7VRE 79.32 438 221 9 10.32 22.67
353 4753 Rowe coal 0.7VRE 67.70 438 238 8 2.45 28.15
402 4802 Aw coal 0.7VRE 60.78 440 223 10 1.70 22.26
410.5 4810.5 Bw coal 0.7VRE 52.93 440 267 8 4.78 32.58
428.5 4828.5 Cw coal 0.7VRE 76.27 443 211 13 5.60 16.16
439.5 4839.5 Dw coal 0.7VRE 69.46 435 316 5.83 31.70
469 4869 Riverton coal 0.7VRE 72.41 442 295 8 6.51 34.12
484 4884 black mdst 0.7VRE 2.88 438 83 10 0.55 8.31
591 4991 med gray mdst 0.6VRE 1.08 434 77 18 0.20 4.20
(top Miss.)
Job Service Center 7 27 4427 Weir coal 0.7VRE 62.96 443 296 8 2.59 36.03
sec. 30, T.30S., R.25E. 60 4460 Abj coal 0.8VRE 73.60 448 207 5 2.00 35.49
70.5 4470.5 Bbj coal 0.6VRE 69.70 434 315 6 1.48 51.66
104 4504 Dbj coal 0.7VRE 76.39 438 267 S 2.39 45.68
109.5 4509.5 Drywood coal 1.1? 24.04 444 39 10 0.36 3.1
(RS = 0.35) 0.8VRE
118 451 Rowe Coal 0.66 59.68 436 299 8 3.43 35.75
137.5 537.5 Neutral Coal 0.70 65.88 438 287 2 4.83 98.27
173.5 573.5 Aw coal 0.63 49.97 436 282 7 8.00 38.36
178 4578 Bw coal 0.67 58.86 438 286 7 3.68 37.67
195 4595 Cw coal 0.72 68.85 439 3os 9 4.09 33.44
222 4622 Dw coal 0.74 62.53 440 292 6 5.26 46.48
232 4632 coal 0.64 66.73 441 299 3 7.36 76.04
238 4638 carb mdst 0.7VRE 2.57 439 77 10 0.52 7.37
239 4639 carb mdst 0.6VRE 2.74 432 40 16 0.55 2.50
{top Miss.)
240 4640 1t gray mdst N/A 0.03 N/R 366 333 0.07 1.10

1. Peak depth =

maximum burial depth estimated from burial reconstruction (fig.l).

2. Lithology abbreviations: mdst = mudstone; sdst = sandstone; lmst = limestone; carb = carbonaceous; med =

4.
5.

medium; 1t = light; Miss. = Mississippian; HC = hydrocarbon.
mean random sporinite reflectance; VRE = Vitrinite
reflectance equivalent estimated from a regression analysis of measured Rock-Eval T

max
the Cherokee basin (R‘ = 0.00055 exp 0.016T )} or where indicated by using Rs data; barren = a sample

Rn = mean random vitrinite reflectance; R =
and R, pairs in
max

in which no usable vitrinite was recovered; A guestion mark indicates a difficult reflectance analysis

usually due to sparse or multiple populations of vitrinite present or undetected bitumen in the sample.
Sec. =
N/R = not reported.
N/A = not available.

section




Oklahoma Geological Survey Circular 93, 1992

Hydrodynamics of Deep-Basin Flow:
Constraints on Timing of Midcontinent MVT Deposits
and a Mechanism for Heating Pennsylvanian Coal

Lorraine H. Filipek
U.S. Geological Survey, Denver

Paleotopographic reconstructions suggest that
major changes in regional ground-water flow sys-
temns occurred in the southern Midcontinent from
Late Mississippian through Pennsylvanian time.
Some of these flow systems are believed to be re-
sponsible for the formation of the world-class Mis-
sissippi Valley-type lead-zinc deposits (MVTs) of
the region. The temporal evolution of these sys-
tems may have caused the decreasing south-to-
north regional thermal gradient that is reflected in
Pennsylvanian coals and fluid-inclusion filling
temperatures of the MVTs and associated pre-
Permian rocks. This presentation synthesizes the
literature on MVTs, deep-basin flow, and the
Quinlan and Beaumont (1984) model of flexural
interaction between basins in order to constrain
further the timing of the regional shifts in ground-
water flow and the thermal events that produced
the MVTs and heated the coals.

Several researchers have presented evidence
that MVTs were formed by hot ground water that
flowed out of deep basins. The driving force for
fluid migration is believed to be either basin com-
paction (Sharp, 1978) or normal hydrologic gradi-
ents (“gravity flow”"—e.g., Garven and Freeze,
1984). One group of MVTs, those of southeast and
central Missouri, northern Arkansas, and the Tri-
State district, is believed by some geologists (e.g.,
Leach and others, 1984) to have formed mainly by
deep flow from the Arkoma basin during Pennsyl-
vanian-Permian time. Several geochemical stud-
ies (Viets and others, 1989; Goldhaber and others,
1989) suggest that the southeast Missouri ores
formed from fluids of two or more compositions.
Based on paleodrainage patterns described by
Howard (1979) and Greb (1989), the first stages of
the southeast Missouri deposits could have
formed by flow out of the Illinois basin or Reelfoot
Rift during Late Mississippian/Early Pennsylva-
nian time. Alternately, they could have formed
from compaction fluids that migrated northward
from the rapidly subsiding Arkoma and Black War-
rior foredeeps during early Middle Pennsylvanian
time. In either case, the later stages of these depos-
its and most of the other MVTs in the region could
have formed in Middle to Late Pennsylvanian

time. During this period, appropriate hydrologic
conditions were present for significant northward,
gravity-driven flow out of the Arkoma or Black
Warrior basins. Also during this period, the re-
gional thermal gradient was probably the reverse
of that preserved in the geologic record. Erosion of
the Ouachita Mountains and uplift of the Ozark
Dome in Late Pennsylvanian/Early Permian time
probably caused a gradual shift in the deep
ground-water flow system from a regional north-
ward flow to a more localized and generally west-
ward flow, thereby cutting off the supply of hot flu-
ids to the MVTs, while simultaneously heating the
rocks and coal nearer the ground-water source. By
Early Permian time, through-to-basement faulting
in the Arkoma basin “short-circuited” the horizon-
tal water flow by moving hot water up the faults
and heating the coals in the basin to anthracite
rank. As these examples show, hydrologic models
are useful for testing geologic hypotheses and for
focusing research objectives.
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Geochemical and Fluid Inclusion Evidence
for Regional Alteration of Upper Cambrian Carbonates
by Basinal Fluids in Southern Missouri

Jay M. Gregg, Kevin L. Shelton,
and Rita M. Bauer

University of Missouri

ABSTRACT.—The southeast Missouri Mississippi Valley-type Pb—Zn—Cu district formed during
influx of massive volumes of saline fluids from nearby sedimentary basins. The timing of fluid
migration likely coincided with Ouachita tectonism (Late Pennsylvanian to Early Permian).
These fluids, which were chemically similar to petroleum-reservoir waters, altered rocks over an

area >25,000 km? in southern Missouri.

Distinct minor- and trace-element trends were observed in the basal Bonneterre dolomite.
The data are interpreted to indicate south-to-north flow of fluid originating in the Arkoma basin
and northeast-to-southwest flow from the Illinois basin. Microthermometric measurements of
fluid inclusions in the Bonneterre Dolomite indicate that at least two distinct fluids were present
during epigenetic dolomitization and sulfide mineralization. No discernible temperature
gradient was observed over the study area, as had been postulated by previous studies.

INTRODUCTION

The world class southeast Missouri Mississippi
Valley-type (MVT) lead—zinc-copper district, in-
cluding the Viburnum trend subdistrict, formed
during the influx of massive volumes of saline
fluids from nearby sedimentary basins (Fig. 1)
(Gerdemann and Myers, 1972; Gregg and Shelton,
1989a). These fluids altered rocks over an area
>25,000 km? in southern Missouri. This paper pre-
sents a synopsis of the ongoing research at the
University of Missouri on regional basinal fluid
flow associated with epigenetic dolomitization
and Mississippi Valley-type (MVT) mineralization
(Gregg and Shelton, 1989b; Bauer, 1989). Trace-
element and fluid-inclusion analyses provide
powerful tools in documenting the sources and
pathways of basinal fluids as well as timing relative
to petroleum migration, epigenetic dolomitiza-
tion, and ore mineralization. These studies show
that epigenetic dolomitization and sulfide miner-
alization in southern Missouri were the results of
a complex, hydrologic system involving multiple
basin sources, as opposed to a single Arkoma ba-
sin source as suggested by previous studies (e.g.,
Leach and Rowan, 1986).

MVT mineralization is common in cratonic car-
bonate sequences throughout the world (Ander-
son and Macqueen, 1982; Sverjensky, 1986). These
deposits are characterized by galena, sphalerite,
and other metal sulfides associated with epige-
netic dolomite and calcite cements. MVT mineral-
ization and petroleum are closely associated in the
geological record (e.g., Fowler, 1933; Marikos and

others, 1986; Mazzullo, 1986). Both result from
coeval processes that occur in sedimentary basins.
The basinal fluids which precipitated MVT sulfide
minerals are thought to be chemically similar to
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Figure 1. Location of the study area in southern
Missouri, the igneous St. Francois Mountains
(hachured), major sedimentary basins, and MVT
mineral districts.
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Figure 3.

many petroleum-reservoir waters (Sverjensky,
1984). Therefore, geochemical reconstruction of
basin fluid-flow patterns and pathways will also
prove invaluable in understanding the migration
of petroleum in the Midcontinent.

GEOLOGIC SETTING

The Bonneterre Dolomite forms the lower part
of an Upper Cambrian platform-carbonate se-
quence in southeastern Missouri and is the pri-
mary host of the MVT ore bodies of the region
(for detailed discussions see Skinner, 1977). The
Bonneterre was deposited as a series of facies
belts: intracratonic basin (offshore), algal stro-
matolite bioherm-grainstone (reef), and peritidal
mudstones and cryptalgalaminates (back reef)
facies in a shallow sea surrounding islands formed
by the Precambrian igneous St. Francois Moun-
tains (Fig. 2). The reef and back reef facies are per-
vasively dolomitized. Initial dolomitization of
these facies likely occurred soon after deposition
by Cambrian seawater. Further dolomitization
and neomorphism of preexisting dolomite oc-
curred in the subsurface during the period of sul-
fide mineralization (Gregg and Gerdemann, 1989;
Gregg and Shelton, 1990). The offshore facies con-
sists of interbedded marine limestones and shales
(Gregg, 1988). The Bonneterre is underlain by the
Lamotte Sandstone, the regional aquifer through
which basinal fluids were transmitted (Gerde-
mann and Myers, 1972). A regional basal Bonne-

terre dolomite, averaging 6 m thick (Fig. 2), was
formed during circulation of basinal fluid in the
underlying Lamotte Sandstone (Gregg, 1985,1988;
Gregg and Shelton, 1989b).

TRACE-ELEMENT STUDIES

A fluid will leave its chemical signature on a
dolomite which precipitates from it. Distribution
theory predicts that fractionation of a trace or
minor element between an aqueous fluid and a
growing crystalline phase is controlled by its distri-
bution coefficient (K4, defined as the ratio of con-
centration in the solid to concentration in the
fluid). When a K is >1, the species will fractionate
preferentially into the crystalline phase; when K4
is <1, the species will fractionate preferentially
into the aqueous phase (Mclntire, 1963). Several
divalent ions commonly substitute into dolomite
and their K4values are: Fe>1, Mn>1, and Sr<1
(Veizer, 1983). Fe and Mn substitution in dolomite
should increase and Sr should decrease in the
down-flow direction of the dolomitizing solution
(Machel, 1989).

Samples of epigenetic replacement dolomite
were collected from 35 drill cores in the basal
Bonneterre dolomite (Figs. 2,3). Powders of indi-
vidual crystals were collected with a microdrill and
analyzed for Fe, Mn, and Sr using ICP analysis.
West of the Vibumum trend, in the basal dolomite
underlying offshore facies of the Bonneterre (Fig.
3; Gregg and Shelton, 1989b), distinct regional
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trends in concentrations of these elements were
observed. Concentrations range from 3.47 wt%,
0.38 wt%, and 27 ppm in the south to 0.82 wt%,
0.12 wt%, and 55 ppm in the north for Fe, Mn, and
Sr, respectively (Figs. 3,4).

In and near the Viburnum trend MVT sub-
district, in the basal dolomite underlying the reef
facies of the Bonneterre, the trends in concentra-
tions of these elements are reversed; from 0.50
wt%, 0.10 wt%, and 105 ppm in the south to 3.15
wt%, 0.55 wt%, and 32 ppm in the north, respec-
tively (Figs. 3,4). Fe and Mn contents, determined
using electron microprobe, of gangue dolomite
cement in the Viburnum trend show a similar
south-to-north enrichment, ranging from 1.41
mole % FeCO; and 0.11 mole % MnCO; in the
south to 2.34 mole % and 0.23 mole % in the north,
respectively (Gregg and Shelton, 1989b). (For a full
discussion of the petrology of dolomite cements,
see Voss and others, 1989; Farr, 1989.)

The chemical trends are interpreted to indicate
a regional south-to-north flow of basinal fluid
from the Arkoma basin through the Lamotte
Sandstone. This regional flow likely resulted from
a gravity-driven system originating in the Ouach-
ita Mountains (Garven and Freeze, 1984; Bethke
and others, 1988; Garven and Sverjensky, 1989).
Potassium-argon analysis of dickite associated
with galena in the Lamotte Sandstone (Rothbard,
1982) and fluid-inclusion and K-Ar studies of
Ba-rich adularia and quartz veins in the Ouachita
Mountains (Shelton and others, 1986) are consis-
tent with a Late Pennsylvanian to Permian age for
the basinal fluid migration event in southeastern
Missouri.

A second fluid-flow system with a probable Illi-
nois basin source (Gregg and Shelton, 1989b) is
indicated by the chemical trends observed in the
replacement basal Bonneterre dolomite and ore
associated dolomite cements in and near the
Viburnum trend subdistrict (Fig. 3). A gravity-
driven system originating in the Appalachian
region during Late Pennsylvanian time, and
flowing through the Illinois basin (Garven and
Sverjensky, 1989) may have produced these chem-
ical trends.

FLUID-INCLUSION STUDIES

Microthermometric measurements of >350
two-phase fluid inclusions in replacement dolo-
mite and dolomite cement (Fig. 5) indicate at least
two, and possibly three, distinct fluids were pres-
ent during epigenetic dolomitization and sulfide
mineralization (Bauer, 1989). The two-fluid model
is characterized by a warmer, less saline fluid (120~
187°C, <8 wt% equivalent NaCl), and a cooler,
more saline fluid (60-80°C, >30 wt% equivalent
NaCl). A three-fluid interpretation would involve
two fluids of similar salinity but different tempera-
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Figure 3. Contour map showing distribution of iron in
the basal Bonneterre dolomite. The Viburnum trend
area is separated from the back-reef area by a
medium-weight line on the east and from the rest of
the study area, to the west, by a dashed line. Wide
lines with arrows illustrate hypothesized fluid-flow
paths of two basinal fluids, one from the south
{(Arkoma basin) and one from the northeast (lllinois
basin). Bullets show locations of cores used in this
study. Section A-A’ is shown in Figure 2.

tures (fluid 1: 60-120°C; fluid 2: 120-180°C), and a
third fluid (fluid 3) with variable temperature and
salinity (Fig. 6). A pattern of fluid-inclusion tem-
peratures and salinities, similar to that observed in
southeast Missouri, exists in east Tennessee MVT
zinc district sphalerites. These data have been in-
terpreted to indicate fluid mixing during mineral-
ization (Zimmerman and Kesler, 1981; Taylor and
others, 1983). Intermediate fluid compositions
and temperatures in the Bonneterre indicate that
the end-member fluids likely mixed as they flowed
through the region (Bauer, 1989; Bauer and others,
1989).

Previous studies have suggested a cooling gra-
dient of ~0.09°C for basinal fluid flowing north-
ward out of the Arkoma basin (Leach and Rowan,
1986; Bethke and others, 1988). This interpretation
was based on fluid inclusions in sphalerite sam-
ples that were widely scattered both stratigraph-
ically and aerially. No temperature gradient is dis-
cernible from the distribution of homogenization
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temperatures of >500 two-phase fluid inclusions
in both replacement dolomite and dolomite ce-
ment in the study area (Fig. 7). These data are in-
compatible with a steady-state model of fluid flow
from a single-basin source. Instead, they are
believed to indicate the presence of two or more
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basinal fluid interactions coeval with epigenetic
dolomitization and MVT sulfide mineralization.
This interpretation is further supported by trace
and minor element distributions discussed above
(Gregg and Shelton, 1989b; Bauer, 1989; Bauer and
others, 1989; Shelton and others, 1992).
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Figure 4. Concentrations of Fe, Mn, and Sr in the basal Bonneterre dolomite relative to distance north of the
Missouri-Arkansas state line (36°15’ N lat.). Note the northward decreasing Fe and Mn regional trends and
northward increasing Sr regional trends which are opposite to those in the Viburnum trend area.
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SUMMARY

Strong trends in Fe, Mn, and Sr concentrations
were observed at the Lamotte Sandstone-
Bonneterre Dolomite contact and in later gangue
dolomite cements associated with MVT sulfide
mineralization. These trends are interpreted as
resulting from fractionation of trace and minor
elements in a fluid-dolomite system during re-
gional epigenetic dolomitization and MVT miner-
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alization. Fluid-flow patterns inferred by the
chemical trends indicate a southern (Arkoma)
basinal-fluid source as well as a northeastern (Illi-
nois) basinal-fluid source during MVT mineraliza-
tion and epigenetic dolomitization in southeast-
e Missouri.

Fluid inclusion temperature-salinity relation-
ships reflect at least two, and possibly three, end-
member fluids were present during dolomitiza-
tion and mineralization. The absence of an areal
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Figure 5. Distributions of last ice-melt and homogenization temperatures for data pairs from replacement
dolomite and dolomite cement from the basal Bonneterre dolomite and Viburnum trend ore bodies.
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Figure 6. Possible interpretations of the distribution of
fluid inclusion data (Fig. 5). A—Cooling of one fluid
as a second fluid enters and mixes with the first. B—
Three distinct fluid components: two with similar sa-
linities but different temperatures, and a third with
variable temperature and salinity.

temperature gradient in the fluid inclusion data
indicates that it is unlikely that a single basinal
source provided fluids for MVT sulfide mineraliza-
tion and associated dolomitization in the study
area. Instead, different fluids were derived from at
least two basins, the Arkoma basin to the south
and the lllinois basin to the northeast.
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ABSTRACT.—The Upper Devonian-Lower Mississippian Woodford Shale is informally divided
here, on the basis of wire-line log character, into lower, middle, and upper members. Higher
kerogen content of the middle member is the primary physical basis for this subdivision.
Depositional patterns of the Woodford Shale in the Oklahoma part of the Anadarko basin
reveal a positive paleotopographic feature, parallel to and ~75 mi north of the Amarillo-Wichita
uplift. This feature divided the Woodford into northeast and southwest depocenters and was a
hinge line separating areas of regional basement flexure during Woodford deposition. From the
hinge line, each member thickens to the southwest, reflecting subsidence along the central
trough of the southern Oklahoma aulacogen. To the northeast, nearly uniform thickness of the
lower and middle members records deposition on a stable shelf, whereas increasing thickness of
the upper member reflects downwarping toward the Sedgwick basin of south-central Kansas.
The Woodford Shale was deposited between two major stages of structural development that
together shaped the present-day Anadarko basin: the first stage, subsidence of the southern
Oklahoma aulacogen, and the second- stage, foreland-style subsidence. Varying burial depths of
the Woodford during the second stage of Anadarko basin development resulted in an unusually
broad range of thermal maturities of the Woodford Shale. As a result, Woodford Shale on the
shallow northeast shelf, with thickness dominated by the upper member, remains thermally
immature to marginally mature with respect to oil generation. In contrast, Woodford Shale in the
deep basin to the southwest, with thickness dominated by the lower and middle members, is
thermally mature to post-mature with respect to oil generation. Thus, most hydrocarbons

sourced by the Woodford Shale have been generated by the lower and middle members.

INTRODUCTION

The Woodford Shale is one of several organic-
rich, “black” shales of Late Devonian and Early
Mississippian age present in basins of the North
American craton. Where thermally mature, these
shales are economically important as hydrocar-
bon source rocks. The Woodford Shale is widely
regarded as a major source of oil and gas in the
Anadarko basin. This report describes the effects
of Anadarko basin evolution on regional depo-
sitional trends and thermal maturation of the
Woodford Shale in the Oklahoma portion of the
Anadarko basin.

GEOLOGIC SETTING

The Woodford Shale is a highly radioactive, car-
bonaceous and siliceous, dark-gray to black shale.
In terms of wire-line character, the Woodford can
be generally described as two similar shales sepa-
rated by a less dense, more radioactive, and often
more resistive middle member. To better docu-

ment variations and regional trends within the
Woodford, the formation is considered here in
terms of three, informal, log-derived members
(Hester and others, 1988): the lower, middle, and
upper members of the Woodford Shale (Fig. 1).
Higher kerogen content of the middle member is
the primary physical basis for this subdivision.
Total organic carbon (TOC), calculated from log-
derived formation density (Hester and others,
1990), averages 3.2, 5.5, and 2.7 wt%, respectively,
for the lower, middle, and upper members of the
Woodford Shale in the study area (Fig. 1).

The Woodford overlies a major regional uncon-
formity developed in the Late Devonian (Amsden,
1975) and is conformably overlain by shales and
limestones of Mississippian age. Total thickness
ranges from near zero to ~125 ft on the northern
shelf, and increases to >700 ft in limited parts of
the deep Anadarko basin (Amsden, 1975). Maxi-
mum thickness in the area of this study is ~300 ft
(Fig. 2).

The Anadarko basin is a two-stage Paleozoic
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Woodford Shale, Anadarko Basin, Oklahoma
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Figure 2. Thickness (ft) of Woodford Shale. Heavy line with arrows marks axis of positive topographic fea-
ture that separates Woodford into northeast and southwest depocenters. Area where Woodford Shale is

absent is hachured. Contour interval = 25 ft.

basin. The Woodford postdates the predominately
carbonate sediments of the first-stage, early Paleo-
zoic southern Oklahoma aulacogen (Feinstein,
1981), and predates formation of the present-day
basin, which developed primarily as a Carbonif-
erous and Permian, second-stage, foreland-style
basin.

SEDIMENT DISTRIBUTION

The heavy line with arrows shown on the
Woodford Shale isopach map (Fig. 2) marks the
axis of a positive paleotopographic feature, paral-
lel to and ~75 mi north of the Amarillo-Wichita
uplift, that divided the Woodford Shale into south-
west and northeast depocenters. This positive fea-
ture influenced deposition throughout Woodford
time and was a hinge line separating areas of re-
gional basement flexure and subsidence.

Depositional relationships between the three
members of the Woodford Shale, depicted in the
smoothed regional cross sections of Figure 3, show
the effects of Anadarko basin structural evolution.

From the hinge line, each member of the Wood-
ford thickens to the southwest, in response to re-
newed subsidence along the central trough of the
southern Oklahoma aulacogen and/or the slow
compaction through time of the thick pre-Wood-
ford sedimentary section (Schmoker and Gautier,
1989). To the northeast, the nearly uniform thick-
ness of the lower and middle members records
deposition on a stable shelf, whereas increasing
thickness of the upper member records down-
warping toward the Sedgwick basin of south-
central Kansas.

The middle member of the Woodford Shale
onlaps the lower member in the central, north-
western, and extreme northeastern parts of the
study area (Fig. 3), suggesting a general marine
transgression during middle Woodford time. The
upper member, however, offlaps the middle mem-
ber in the west-central part of the study area and
appears to onlap the middle member in the north-
eastern part of the study area, reflecting differen-
tial movement of the basement on each side of the
northwest-trending positive feature of Figure 2.
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Woodford Shale, Anadarko Basin, Oklahoma

Seas were deepening to the north of the hinge line
and shallowing to the south of the hinge line dur-
ing upper Woodford deposition.

As aresult of these depositional trends, the
thickness of the Woodford Shale is dominated by
the upper member in the northeast region of the
study area, and by the middle and lower members
in the southwest region of the study area. When
coupled with patterns of thermal maturation,
these depositional patterns significantly influence
the source-rock properties of the Woodford shale.

THERMAL MATURITY PATTERNS

The Woodford Shale was deposited during the
time interval between two major stages of struc-
tural development that together shaped the pres-
ent-day Anadarko basin: the first stage, subsid-
ence of the southern Oklahoma aulacogen, and
the second-stage, foreland-style subsidence. Dif-
ferential burial of the Woodford Shale during the
second stage of Anadarko basin development sub-

325

jected the formation to an unusually broad range
of thermal regimes (Cardott and Lambert, 1985).
Vitrinite reflectance (R,) ranges from slightly less
than 0.5% on the northern shelf to well over 2.0%
in the deep basin (Fig. 4). Large areas of the for-
mation have reached thermal-maturity levels re-
quired for hydrocarbon generation (Schmoker,
1986).

The Woodford Shale on the shallow northeast
shelf, with thickness dominated by the upper
member, is generally immature to marginally
mature with respect to oil generation. In contrast,
the Woodford Shale in the deep basin to the
southwest, with thickness dominated by the lower
and middle members, is generally mature to post-
mature with respect to oil generation. About
three-fourths of the thermally mature organic car-
bon in the Woodford Shale of the study area re-
sides in the lower and middle members (Hester
and others, 1990). Thus, most hydrocarbons
sourced by the Woodford Shale have been gener-
ated by the lower and middle members.

STUDY
_—‘ AREA

0 10 20

30 MILES

0 20 A0 KNOMETERS

Figure 4. Vitrinite reflectance (R,) of Woodford Shale, contoured from data of Cardott and Lambert (1985) and
Cardott (personal communication, 1987). Contour interval = 0.1%.
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SUMMARY AND CONCLUSIONS

A positive paleotopographic feature parallel to
and ~75 mi north of the Amarillo-Wichita uplift
divided the Woodford Shale into northeast and
southwest depocenters. This positive feature was a
hinge line separating areas of regional basement
flexure during Woodford time. Lower and middle
members of the Woodford Shale thicken to the
southwest into the central trough of the southem
Oklahoma aulacogen. The upper member thick-
ens to the northeast toward the Sedgwick basin of
south-central Kansas.

In the southwest region of the study area, pres-
ent-day thermal maturity of the Woodford is gen-
erally greater than that corresponding to peak oil
generation, whereas in the northeast region of the
study area the Woodford is generally immature to
marginally mature with respect to oil generation.
Based on the combination of thermal-maturity
and depositional trends described here, it can be
concluded that most hydrocarbons sourced by the
Woodford Shale of the study area have been gen-
erated from the middle and lower members.

The Woodford Shale consists of three deposi-
tional units (Fig. 1), each with significantly differ-
ent physical properties and with laterally varying
stratigraphic relationships to one another (Fig. 3).
Geochemical, source-rock, and other physical-
property studies of the Woodford should take into
account the stratigraphic variations within the for-
mation. In particular, studies related to horizontal
drilling, which has spurred new interest in hydro-
carbon production from black shales, should rec-
ognize that the Woodford is not a single homoge-

T. C. Hester and others

neous unit, but incorporates a rather complex set
of regional stratigraphic and thermal-maturity
patterns.
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Thermal Maturation of the Eastern
Anadarko Basin, Oklahoma

Mark J. Pawlewicz
U.S. Geological Survey, Denver

Vitrinite reflectance (R) measurements on
samples from wells along a line extending for 200
km from the northern shelf area of the Anadarko
basin near the Kansas state line south to the deep
part of the basin (Fig.1) show that the level of
thermal maturity was set after maximum burial.
Burial history reconstruction curves show the
tectonic evolution of this area: minimal subsid-
ence occurred in the northern part of the basin in
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the early Paleozoic, and moderate to rapid sub-
sidence occurred throughout most of the remain-
ing part of the basin from the Middle Ordovician
to Permian. Temperatures determined from re-
flectance values are higher than those generally
accepted for the onset of hydrocarbon generation
and are also higher than temperatures obtained
from similar studies in the basin. Regression anal-
ysis yields a reflectance gradient of 0.33% R,/km
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Figure 1. Location of Anadarko basin and lines of well profile. Modified from Adkison (1960).
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along the profile. Isoreflectance lines, 0.6 and 1.3%
Ry, show the depth and thickness of the window
of oil generation (Fig. 2). The isoreflectance lines
can be used to estimate the level of thermal matur-
ity above or below them.

Vitrinite reflectance was measured on samples
from a series of wells from the eastern part of the
basin to determine the paleogeothermal history.
The samples for this study are core and cuttings
samples that range in age from Permian to Silurian
and span a depth interval from 1,160 to 5,240 m.
The aim of the study was to make generalizations
about the use of paleogeothermal models to pre-
dict thermal maturation in any part of the basin.
The vitrinite-reflectance data, interpreted using
the relation of Barker and Pawlewicz (1986), sug-
gest paleotemperatures were higher than temper-

M. ]. Pawlewicz

atures derived from bottom-hole temperature
data.

The oil window is generally considered to fall
within the range of 50-65°C to 130-145°C, corre-
sponding to vitrinite-reflectance values between
0.6 and 1.3%. In the well along the profile that has
the largest depth range and best individual corre-
lation, the highest reflectance values are signifi-
cantly higher than the oil window, greater than
1.3% R,,. The deeper part of the well probably was
subjected to higher temperatures that have since
decreased.

The present-day geothermal gradient for the
region of the well profile is 24°C/km (~1.3°F/
100 ft) (Harrison and Luza, 1986), similar to the
gradient of 1.2°F/100 ft used by Pusey (1973).
Twenty-nine bottom-hole temperatures, from 18
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Figure 2. Cross section along well profile showing isoretlectance lines at 0.6 and 1.3% R,,. Wavy lines indi-
cate unconformities. Dashed lines indicate uncertain formation boundaries.
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wells parallel to the well profile, are in partial
agreement with this gradient if the temperature
correction scheme of Harrison and others (1982) is
applied.

Barker and Pawlewicz (1986) showed that time
has much less effect on the rank of organic matter
than indicated by Lopatin (1971). Isoreflectance
lines in the cross section, drawn from points con-
necting depths calculated for several wells, cross
formation boundaries at an angle (Fig. 2). This is
taken as evidence for maturation being a function
of increased temperatures resulting from burial or
renewed heating after subsidence of the basin
stopped.
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Laminated Black Shale-Bedded Chert Cyclicity
in the Woodford Formation, Southern Oklahoma

Charles T. Roberts
ARCO Exploration and Production Technology, Plano, Texas

Richard M. Mitterer
University of Texas at Dallas

ABSTRACT.—In southern Oklahoma, the Woodford Formation consists of cyclic deposits of
laminated black shales and bedded cherts. Organic carbon ranges from 3 to 9% in cherts and
from 10 to 25% in black shales. Pyrolysis-gas chromatography, Rock-Eval and carbon isotopic
analyses signify that the Woodford contains marine, oil-prone (type II) kerogen. Except for the
difference in organic carbon content, the kerogens of the bedded chert-black shale couplets are
analytically similar. The high organic carbon concentrations and the presence of laminated
black shales throughout the entire thickness of the formation in southern Oklahoma indicate
that deposition in this region occurred continuously under anoxic conditions. The cyclicity
exhibited by the couplets represents pulses of high siliceous productivity superimposed on
continuous deposition of black shales and may have been caused by external orbital forcing

(Milankovitch cycles).

INTRODUCTION

The Woodford Formation, a Late Devonian-
Early Mississippian (Frasnian-Tournaisian) sili-
ceous black shale, is an important hydrocarbon
source rock in the southern Midcontinent region
of the United States. The formation is, in part,
stratigraphically equivalent to several other or-
ganic carbon-rich shales, including the Antrim,
Bakken, Chattanooga, New Albany, and Ohio, that
together indicate the presence of widespread
anoxic conditions over the North American craton
during this time.

The organic geochemistry of the Woodford has
been studied extensively, and much of the oil
produced in central and southern Oklahoma has
been correlated with bitumen from the formation
(Cardott and Lambert, 1985; Comer and Hinch,
1987). Shales and cherts in the formation contain
oil-prone (type II) kerogen with a range of thermal
maturities from marginally mature in outcrop
areas to metamorphic in the deeply buried portion
of the Anadarko basin (Cardott and Lambert, 1985;
Houseknecht and Matthews, 1985).

The Woodford Formation occurs in the subsur-
face over an extensive part of the southern Mid-
continent and outcrops in the Arbuckle-Ouachita
region of southern Oklahoma and western Arkan-
sas. Lithologically, the formation consists pre-
dominantly of black shales in the west, becom-
ing more siliceous eastward (Cardott and Lam-
bert, 1985). In the Arbuckle uplift, cherts and black

shales are rhythmically interbedded throughout
the formation.

The Woodford is ~91 m thick where it is par-
tially exposed in a road cut (I-35) on the south
flank of the Arbuckle uplift, Carter County, Okla-
homa. The basal 2-3 m of the formation, immedi-
ately above the unconformity marking the top of
the Hunton Group, consist of thinly bedded alter-
nating shales and cherts. The middle 67 m are dis-
sected by creek drainage and is extensively cov-
ered by vegetation. The almost continuously ex-
posed upper 22 m of Woodford, comprised of al-
ternating beds of organic carbon-rich shales and
cherts, constitute the focus of this study.

GEOCHEMISTRY

In the study area, Woodford shales are black to
blackish-brown laminated beds ranging from 0.1
to 29 cm thick (average = 3.2 cm). Cherts are black
to blackish-brown, blocky, dense, resistant beds
ranging from 0.5 to 32 cm thick (average = 3.5 cm).
Thicknesses of both lithologies increase within the
top 5 m of the formation. The upper part of the
Woodford section contains two zones rich in
phosphorite nodules. One zone, 2.3 m from the
top of the formation, is 4 m thick, and the second,
10.5 m from the top, is 2 m thick. The majority of
the phosphorite nodules are found in chert beds.

A significant amount of poorly preserved radio-
larian tests and megaspores are associated with
cherts, most notably in phosphate nodules pres-
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ent in the cherts. Microfossils are not observed in
the shales. The abundance of siliceous microfos-
sils associated with the cherts indicates that these
beds are primary in origin and were not formed as
a result of diagenetic processes.

Laminated black shales are highly enriched in
organic carbon (C,z) with concentrations ranging
from 10 to 25% (mean = 13.7%). Corg in cherts
ranges from about 3 to 9% with a mean of 5.4%.
Total sulfur in the shales varies from 0.4 to 4.9%
(mean = 1.6%). Total sulfur in the cherts ranges
from 0 to 1.0% with a mean of 0.5%. Variations in
Corg and sulfur correlate entirely with lithology,
with shales having more and cherts having less of
both elements (Fig. 1). Comer and Hinch (1987)
suggested that cherts of the Woodford are defi-
cient in C, relative to the laminated shales be-
cause cherts: (1) had higher initial concentrations
of biogenic silica (i.e., C,z was diluted), (2) were
cemented with silica soon after deposition, and (3)
underwent little compaction.

A plot of C,,,; and sulfur from Woodford chert
and shale samples displays a positive correlation
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with an approximate zero intercept (Fig. 2). Al-
though both C,; and S concentrations in black
shales are higher than in cherts, the S/C values for
both lithologies fall on the same general trend. The
average S/C ratio for all Woodford samples is 0.11.
For shales, S/C is 0.12, while for cherts this ratio is
0.09. Thus, S/C is virtually identical in both shales
and cherts. For comparison, the average S/C value
for normal marine Holocene sediments is 0.36,
and for normal marine (i.e., bioturbated) Phanero-
zoic shales the average S/C is 0.40 (Berner, 1982;
Berner and Raiswell, 1983). The results for the
Woodford also differ from S/C values obtained
from coeval Devonian shales of the Appalachian
basin; the latter have a positive S-axis intercept for
the S/C trend and have S/C ratios greater than 0.40
(Leventhal, 1987).

The low S/C values for the Woodford samples
indicate either that pyrite formation in the deposi-
tional environment was limited or that S/C values
have been altered subsequent to deposition and
do not represent original concentrations. Post-
depositional changes, such as a decrease of or-

WOODFORD FM., SOUTHERN OKLAROMA
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Figure 1. A schematic diagram of a 1-m section of the Woodford Formation at its outcrop on the southern
flank of the Arbuckle uplift, interstate 35, Carter County, Oklahoma, illustrating the rhythmic deposition of
laminated black shale and chert. Variations in organic carbon (wt%), total sulfur (wt%), total nitrogen (wt%)
and carbon isotopic composition (%) of kerogen are plotted for a portion of this section. Average concentra-
tions (of organic carbon, nitrogen, and phosphorous) for shales and cherts and the ratios between shale and
chert concentrations are indicated in the box at bottom.
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Figure 2. Organic carbon vs. total sulfur for chert and shale samples of the Woodford Formation compared
to trends obtained for normal marine (Berner and Raiswell, 1983) and Black Sea (Leventhal, 1983) sediment

samples.

ganic carbon due to hydrocarbon generation or
weathering of pyrite and oxidation of sulfur to
more soluble sulfate salts, cannot account for the
S/C trend as they would either lead to an increase
in the S/C values or cause the data to be more ran-
domly scattered.

Pyrite formation is generally limited by defi-
ciencies in organic carbon, sulfate, or reactive iron
(Berner, 1982). High concentrations in both shales
and cherts show that organic carbon was not a
limiting factor in Woodford sediments. With depo-
sition of Woodford sediments occurring in a ma-
rine basin, sulfate also was not limiting. Conse-
quently, the most likely factor limiting pyrite for-
mation in the Woodford was low concentrations
of reactive iron transported to the basin. This in-
ference is supported by the low iron content of
Woodford samples (shale—1.5 wt% Fe; chert—0.4
wt% Fe) compared to coeval Chattanooga Shale
(6.9 wt% Fe) (Brownlow, 1979) and to Cretaceous
Mowry and Pierre Shales of the Western Interior
Seaway (about 2-4 wt% Fe) (Dean and Arthur,
1989). Furthermore, the data for the Woodford
samples fall on the constant S/Fe line for pyrite (S/
Fe = 1.15), representing an iron-limited system, in
the Fe-5-C,; ternary diagram (Fig. 3). Thus, there

is essentially no reactive iron remaining after py-
rite formation, and the degree of pyritization is vir-
tually 100%. Iron was probably delivered to the
sediments as a metal-organic matter complex, ac-
counting for the linear trend in S/C values (Rais-
well and Berner, 1985).

Rock-Eval pyrolysis data for 30 shale and chert
samples, plotted as hydrogen index (HI) and oxy-
gen index (O]), fall along a vertical trend in the in-
termediate hydrogen index range (Fig. 4). This
trend represents the maturation pathways for
types I and Il kerogen (Tissot and others, 1974).
Shales and cherts show considerable overlap in
the type 1l region. Mean values for the production
index and Ty, for both shale and chert samples
are 0.028° and 431°C, respectively. Conclusions
drawn from the Rock-Eval data are that the Wood-
ford cherts and shales from the outcrop region
examined in this study contain marine oil-prone
(type II) kerogen, that they exhibit a submature to
slightly mature level of thermal maturation, and
that, in general, they show a high degree of genetic
source-rock potential.

Carbon-isotope analyses of several samples
from the middle of the study interval further char-
acterize the nature of organic matter in the cherts
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Figure 3. Fe—S—C.q ternary diagram for samples of the Woodford Formation. The line represents the constant
value for the ratio (by weight) of sulfur-to-iron in pyrite (S/Fe = 1.15). Samples falling on this line are inferred

to have been deposited in an iron-limited system.

and shales. The mean 8'3C value of Woodford
kerogen for both cherts and shales is -29.8%o (Fig.
1). Isotopic values range from —29.5 to ~30.0%o,
with no difference in 3'3C values for the kerogens
of the two lithologies. The mean isotopic value
falls within the general range of marine kerogens
of Devonian age (Maynard, 1981).

Despite the differences in C,; content, Rock-
Eval and carbon isotopic data indicate that shales
and cherts contain essentially the same kind of
kerogen. Lower organic carbon content of the
cherts is inferred to be due to sedimentary dilution
of organic matter during periods of high siliceous
productivity rather than to differences in type of
organic matter.

DEPOSITIONAL MODEL

The Woodford Formation accumulated in a
shallow to deep, euxinic epicontinental sea on the
southern margin of the North American craton.
Deeper portions of the sea existed within the
southern Oklahoma aulacogen, which includes
the study site. The euxinic environment was favor-
able for accumulation and preservation of large

amounts of organic carbon, as evidenced by the
high concentrations in both cherts and shales. Al-
though both lithologies are rich in organic carbon,
shales are far more enriched than cherts.

Lower concentrations of C, in cherts are in-
ferred to be due to dilution by syngenetically de-
posited biogenic silica. Cherts were deposited dur-
ing relatively short periods of high siliceous pro-
ductivity as organic carbon-rich siliceous oozes. In
contrast, shale deposition occurred over longer
intervals of time with lower levels of siliceous pro-
ductivity and less dilution of organic carbon by si-
liceous sediments. Figure 5 is a model illustrating
the two alternating phases of sedimentation.

Relative rates of deposition of chert and shale
can be estimated from elemental abundance data.
Carbon, nitrogen, and phosphorus are derived
almost exclusively from organic matter; conse-
quently, the relative proportion of these constitu-
ents in shales and cherts is a measure of the dilu-
tion factor by biogenic silica sedimentation. The
shale-to-chert ratio for each of these elements,
based on their average concentrations, is 2.5 (Fig.
1). That is, due to dilution by biogenic silica, cherts
contain 0.4 times the concentration of C,, N, and
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Figure 4. Rock-Eval hydrogen index (HI) vs. oxygen index (Ol) for 30 whole rock chert and shale samples of

the Woodford Formation.

P that is present in shales. Accordingly, cherts ac-
cumulated atleast 2.5 times faster than shales. The
dilution factor, however, may have been even
greater than 2.5 if carbon accumulation rates were
higher during chert deposition due to greater pro-
ductivity at this time.

The time represented by a single chert-shale
couplet can only be estimated because of the un-
certainty in age range of the Woodford. Deposition
of the Woodford lasted from Frasnian (Late Devo-
nian) into Tournaisian (earliest Mississippian)
time (Hass and Huddle, 1965; Ham, 1973). There is
uncertainty as to how much of the Frasnian and
Tournaisian is represented by this section because
of the virtual absence of fossils except for poorly
preserved radiolarians and conodonts. The Devo-
nian-Mississippian boundary occurs between 4

and 5 m from the top of the formation (Hass and
Huddle, 1965), so only a portion of the Tournais-
ian may be represented. Thus, the time span for
Woodford deposition can be estimated minimally
and maximally between 10 and 15 Ma.

Based on the average couplet thickness of 6.7
cm and an overall formation thickness of 91 m,
individual couplets are estimated to have accumu-
lated in 7.4-11.0 Ka (Fig. 1). Lower frequency
periodicities of about 15-21 Ka and 90-125 Ka,
representing megacycles of two and 10 couplets,
are obtained from time series analysis of bedding
thicknesses assuming depositional time spans of
10 and 15 Ma. Within the limits of age uncertainty
of Woodford deposition, the shale—chert rhythmic
periodicities in the Woodford fall within the fre-
quency bands of Milankovitch orbital cycles.
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Figure 5. Depositional model for the Woodford Formation in the southern Oklahoma aulacogen.

SUMMARY

The Woodford Formation accumulated in a
shallow to deep, euxinic epicontinental sea proxi-
mal to the southern margin of the North American
craton. The euxinic environment was favorable for
accumulation and preservation of large amounts
of organic matter, as evidenced by the very high
organic carbon values in chert and shale litholo-
gies. Although differences exist between the or-
ganic carbon concentrations in shales and cherts,
the kerogens of the chert and shale are analytically
the same (oil-prone type II). The lower organic
carbon concentrations in cherts are considered to
be due to dilution by syngenetically deposited bio-
genic silica. Cherts were most likely deposited dur-
ing relatively short periods of siliceous productiv-
ity as organic-carbon-rich siliceous oozes. In con-
trast, shale deposition probably occurred over a

longer period of time during lower levels of sili-
ceous productivity and less dilution of organic
matter. Ultimate control over the depositional
cycles of the Woodford Formation was probably
by astronomical (Milankovitch) forcing.
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ABSTRACT.—The extracts of six solid bitumen samples (grahamites and impsonite) from the
frontal and central Ouachita Mountains of southeastern Oklahoma have been examined. Previ-
ous studies have proposed that these solid bitumens originate from near-surface, low-temper-
ature alteration of genetically related crude oils (Curiale, 1981,1986; Curiale and others, 1983).
The purpose of this study was to utilize recent advances in analytical procedures to undertake a
more detailed geochemical study of the bitumens and to reevaluate the conclusions from the
previous investigations on the basis of the new data.

Hydrocarbon distributions of the extracts examined in the present study support the view
that these solid bitumens are products of limited biodegradation, water washing, and devola-
tilization. However, biomarker distributions previously interpreted as indicators of biodegra-
dation are now thought to reflect the influence of thermal maturity. Specifically, sterane and ter-
pane distributions suggest that impsonite has undergone significant thermal alteration, while
grahamite samples appear to be relatively unaffected. This observation is consistent with that of
Jacob (1989) for the thermal origin of impsonite.

INTRODUCTION

Solid bitumen deposits occur in southeastern
Oklahoma, primarily in the frontal and central
Ouachita Mountains region (Fig. 1) and were first
described geologically by Taff (1899,1909). A gen-
eral summary of the bitumen deposits is given by
Ham (1956) and Fay (1982). Petrographic and bulk
chemical characterization of these bitumens has
been investigated (Eldridge, 1901; Abraham, 1945;
Jacob and Wehner, 1981; Cardott, 1991). Detailed
geochemical investigations have also been pre-
sented (Curiale, 1981,1983,1986,1988; Curiale and
Harrison, 1981; Curiale and others, 1983; Jacob
and Wehner, 1981).

The general conclusion from previous geo-
chemical studies has been that the solid bitumens
in the Ouachita Mountains region originate from
near-surface, low-temperature alteration of ge-
netically related crude oils (Curiale, 1983). Specific
processes proposed for this alteration include lim-
ited biodegradation, water washing, and devola-
tilization (Curiale, 1983). The two principal vari-
eties of solid bitumen which occur in the Ouachita
Mountains region are grahamite, found in the cen-
tral and western sections, and impsonite, which
has been found at a single site located in the east-
ern section (Fig. 1). These two solid bitumens are
thought to be genetically related to each other
with their differences resulting from the thermal
alteration of grahamite to impsonite (Curiale,
1983; Jacob, 1989). The purpose of this study was
to utilize recent advances in analytical procedures

to undertake a more detailed geochemical analysis
of the bitumens and reevaluate the conclusions
from the previous investigations regarding the dif-
ferences between the solid bitumens, grahamite
and impsonite.

EXPERIMENTAL
Samples

Paleozoic solid bitumen samples were col-
lected by J. A. Curiale and B. J. Cardott from fields
and deposits in the Ouachita Mountains region in
southeastern Oklahoma. Oil and solid bitumen
pyrolysis data used for comparative purposes in
this investigation came from Curiale (1981,1983).
Detailed sample site locations and stratigraphic
information have been presented elsewhere (Curi-
ale, 1983; Cardott, 1991) and are summarized in
Table 1 and noted in Figure 1.

Extraction and Fractionation

Crushed native bitumen samples were soxhlet
extracted for 48 hours using a 1:1 mixture of meth-
ylene chloride and methanol. Asphaltenes were
removed from the total bitumen extracts by pre-
cipitation with n-pentane. The deasphaltened bi-
tumen extract was then separated into saturate,
aromatic, and polar (NSO) fractions by thin layer
chromatography using 100% hexane as solvent.
Ultraviolet light and rhodamine indicator were
used to distinguish the various fractions. Curiale’s
procedure differed slightly in that soxhlet extrac-
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Figure 1. Map of Oklahoma Ouachita Mountains region,

tion was done for 24 hours using only methylene
chloride as solvent. Asphaltenes were removed
from the extract with n-heptane and column chro-
matography was used to separate the three frac-
tions. In Curiale’s study, fractionation was done
only on the oils and not the solid bitumen pyroly-
zates (Curiale, 1981).

Gas Chromatography-Mass Spectrometry
(GC-MS)

GC-MS analyses were conducted using a Finni-
gan MAT TSQ 70, a triple stage quadrupole mass
spectrometer coupled to a Varian 3400 gas chro-
matograph inlet system. Chromatographic sepa-
rations were undertaken using a 25-m x 0.25-mm
aluminum-coated fused silica capillary column
coated with a 0.1 pm film of the HT-5 phase. The
column was temperature programmed from 40 to
120°C at 10°C/min and then from 120 to 300°C at
1.8°C/min and held isothermally at 300°C for 18
min. The injector temperature was 280°C, trans-
fer-line temperature 300°C, and ion-source tem-
perature 200°C. The ion source was operated in
the electron impact (EI) mode at an electron en-
ergy of 70 eV. Collision activated decomposition
(CAD) spectra were obtained with argon as the
collision gas at 0.28 mTorr and the collision energy
was generally —-10 eV. The mass spectrometer was
also operated in the single stage mode using se-

v Mory € Xanak
40 KILOMETERS

showing sample locations (Curiale and others, 1983).

lected ion monitoring techniques for biomarker
determinations.

Curiale’s GC-MS analyses were completed us-
ing a Finnigan MAT 4000 instrument linked to an
INCOS 2400 (Nova 3) data system. A Hewlett-
Packard 5840A gas chromatograph inlet system
was used with a 30-m x 0.25-mm fused silica cap-
illary column coated with DB-5 phase. The col-
umn was temperature programmed from 40°C
(isothermal for 1 min) to 150°C at 12°C/min and
then from 150 to 310°C at 8°C/min (held until the
homohopanes eluted). Injection temperature was
250°C, transfer-line temperature 250°C, and ion-
source temperature 250°C. Ionization voltage was
70 eV and scans were taken from 35 to 450 amu
every 2 sec (Curiale, 1981).

Low Temperature Pyrolysis

In Curiale’s pyrolysis procedure, solid bitumen
samples were placed in a prewashed quarter-inch
stainless-steel tube in an atmosphere of dry nitro-
gen gas, and the tube was heated in a muffle fur-
nace at 300°C for 23-24 hours. After removal and
cooling to room temperature, the tube was
opened and flushed with methylene chloride and
the solution was filtered. The filtrate was then
dried under a flow of nitrogen. Asphaltenes were
removed with excess n-pentane and the filtrate
was treated with a molecular sieve to remove any
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TABLE 1. —LOCATIONS AND RESERVOIR INFORMATION FOR SAMPLES
UsEeD IN THIS AND PREVIOUS STUDIES
(Curiale and others, 1983; Cardott, 1991)

Sample Number Field or
and Type Deposit County Location Reservoir Comments
3 Grahamite East Sardis Pushmataha  9-T2N-RI18E Stanley Group ———
(Misaissippian)
5 Grahamite Bigfork Veins  Pushmataha  1-T2N-R19E Bigfork Formation Samples from veins and
(Ordovician) fractures in Bigfork chert
6 Grahamite Jumbo Pushmataha  28-T1S-R15E Stanley Group -—
(Mississippian)
8 Grahamite Punroy Atoka 25-T1S~R13E  Stanley Group -—
(Mississippian)
11 0il South Bald Atoka S-T1IN-R15E Jackfork Group Producing interval:
(Pennsylvanian) 188-236 feet
15 0il Bald Pittsburg 28-T2N-R15E  Stanley Group Producing depth:
(Mississippian) 350 feet
17 011 Redden Atoka 9-T1S-R14E Stanley Group Producing depth:
(Mississippian) 148 feet
21 Grahamite South Bald Atoka 4-T1S-R15E Stanley Group ———
(Mississippian)
44 Impsonite Page Le Flore 24-TIN~-R26E  Jackfork Group ——
(Pennsylvanian)
45 0il North Daisy Atoka 8-TIN-R1SE Stanley Group Loman No. 1 well
(Mississippian)
n-alkanes. This pyrolyzate fraction, devoid of n-
alkanes, was then analyzed by GC and GC-MS GRAHAMITE EXTRACT
without further column chromatography separa- Co 0.53 ave)
tion (Curiale, 1981). Cx I’
,Tm 4
RESULTS c
Ts 31

Thermal maturity effects were evaluated from
the pentacyclic terpane distributions as deter-
mined from the m/z 191 fragmentograms of the
solid bitumen extracts, solid bitumen pyrolyzates,
and the associated oils (Fig. 2). The ratio of 18c-
22,29,30-trisnorhopane (T,) to 17a-22,29,30-
trisnorhopane (T,) has been shown to increase
with increasing maturity for oils with the same
source (Seifert and Moldowan, 1978). Comparison
of the T,/ T, ratio for the two solid bitumen ex-
tracts analyzed in this investigation shows that the
impsonite extract has a higher value (0.90) relative
to that of the grahamite extracts (0.53). The T,/ Ty,
ratio was also determined for the pyrolyzates and
oils examined in previous investigations (Curiale,
1981,1983). A peak previously identified as a tricy-
clic terpane (and possibly co-eluting with a mono-
aromatic compound in the pyrolyzates) is now
thought to be 18x-22,29,30-trisnorhopane (T,).
The peak originally assigned by Curiale (1981) as
18a.-22,29,30-trisnorhopane (T,) is now thought to
be 17a-22,29,30-trisnorhopane (T,). These re-
assignments are based upon comparisons of the
bitumen extracts examined in the current investi-
gation and the presence of an unusual compound,
tentatively identified as 25,28,30-trisnorhopane by
Curiale (1988), observed in the m/z 191 and m/z
177 fragmentograms to elute between T, and T,

I WS WY

IMPSONITE EXTRACT

0.90

on*

Mo

0. 90 {avg)

BITUMEN PYROLYZATE *

1.16 (avg)

M

Figure 2. m/z 191 mass fragmentograms with the
C.—Cj, regular hopanes labeled and tricyclic ter-
panes shaded. Number in the upper right corner is
the average T,/T,, ratio of the various samples. Aster-
isk (*) indicates data from Curiale (1981).



340

(Fig. 3). Based upon these new peak identifications
both the oils and pyrolyzates have relatively high
T/ T ratios (0.90 and 1.16, respectively) in com-
parison to the grahamite extract ratios (0.53).

The effects of thermal maturity upon regular
sterane distributions in oils has been well docu-
mented (Philp, 1985, and references therein).
However, biodegradation can also affect steranes,
and this could affect maturity determinations
based upon regular sterane distributions. A more
useful maturity parameter for characterizing these
solid bitumen extracts was the ratio of C,; and C,,
steranes (pregnane and homopregnane, respec-
tively) to the regular C,—C,o steranes. The preg-
nane/sterane ratio has been previously found to
increase with increasing maturity (Wingert and
Pomerantz, 1986). Examination of the m/z 218
fragmentograms (Fig. 4) shows that the impsonite
extract has a higher pregnane/sterane ratio (0.40)
than the grahamite extracts (0.32).

In extensively biodegraded oils, regular ster-
anes are removed, leaving the more resistant dia-
steranes (Seifert and Moldowan, 1979). In a pre-
vious investigation of these solid bitumens, Curi-
ale and others (1983) found that the diasterane to

C

PRESENT INVESTIGATION m/z 191

CG‘

m/z 177

Cs

CURIALE (1881) m/z 191

JUSTaNS

kT

Figure 3. m/z 191 and m/z 177 fragmentograms of
samples examined in the present investigation and
from Curiale (1981). Note reassignment of the T, and
T peaks in the m/z 191 fragmentogram. Curiale
(1981) had previously identified these peaks as a
tricyclic terpane and T,, respectively. The peak
labeled B has been previously identified as 25,28,
30-trisnorhopane (Curiale, 1988).
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Prograne 0.32 awp
Homopregnane
/
Steranes
GRAHAMITE EXTRACT 4 N
,C2I
0.40

IMPSONITE EXTRACT

C

72 Cl,, CI“ CIG

Figure 4. m/z 218 mass fragmentograms with preg-
nane, homopregnane and the regular C,,—Cg ster-
anes labeled. Number in the upper right corner is the
average pregnane/sterane ratio. This ratio is a mea-
surement of the pregnane and homopregnane peak
areas versus the peak areas of all sterane isomers
from C,; to Co.

regular sterane ratio was higher in the solid bitu-
men pyrolyzates than in the oils from the same
geographic location. In the present study, the
diasterane/sterane ratio was determined for the
solid bitumen extracts and compared to that of the
pyrolyzates and oils (Fig. 5). High relative abun-
dances of diasteranes were observed only in the
impsonite extract and not in the grahamite ex-
tracts. Thus, the oils and grahamite extracts have
relatively low diasterane/sterane ratios (0.33 and
0.22, respectively), while all the pyrolyzates and
the impsonite extract have higher ratios (0.57 and
0.49, respectively) and relatively higher abun-
dances of diasteranes.

DISCUSSION

Based on petrographic characterization of solid
bitumens, Jacob (1989) has suggested that imp-
sonite is a thermal alteration product. In a petro-
graphic study of the impsonite from the Ouachita
Mountains region, Cardott (1991) concurred with
this conclusion stating, “The presence of graham-
ite deposits in the area and the level of thermal
maturity of the region suggest indirectly that the
Page impsonite originated as a thermally altered
grahamite formed from an asphaltene-rich as-
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phalt.” Curiale (1983) proposed that thermal alter-
ation of grahamite to impsonite could explain the
relatively low H/C and high fixed-carbon values of
the impsonite, although no biomarker evidence
was presented to support this premise. In the
present investigation biomarker maturity param-
eters strongly suggest that impsonite is indeed a
thermal alteration product of grahamite.

GRAHAMITE EXTRACT

0.22 (avg)

IMPSONITE EXTRACT

0.49

OolL*

0.33 tav)

0.57 tavg

Diasteranes

Steranes

Figure 5. m/z 217 mass fragmentograms with the
regular steranes shaded and the diasterane region
labeled. Number in the upper right corner is the aver-
age diasterane/sterane ratio. This ratio is a measure-
ment of the 13p,17a-diacholestane(20S+20R) peak
areas versus the 24-Ethylcholestane peak areas.
Asterisk (*) indicates data from Curiale (1981).

341

Pregnane/sterane ratios clearly indicate that
the impsonite extract is more thermally mature
than the grahamite extracts. Further biomarker
evidence is provided by the T,/T,, ratios, which
show that the grahamite extracts are significantly
less mature than the impsonite extract or the asso-
ciated oils. The T,/ Ty, ratio also shows that the py-
rolyzates (grahamites and impsonite) are more
mature than the oils or either of the extracts. A
probable explanation of this observation is that
the pyrolysis has “artificially matured” these
samples. It is also possible that, since the pyroly-
zates were analyzed without fractionation, a co-
elution of an aromatic compound (Curiale, 1981)
could be affecting the T,/ Ty, ratio.

Curiale and others (1983) previously concluded
that the increase in diasterane/sterane ratio in the
bitumen pyrolyzates versus the oils was indicative
of a bitumen origin due to biodegradation of the
oils. In the present study, the ratio of diasteranes
to regular steranes was found to be higher only
in the impsonite extract and not in the grahamite
extracts. The geochemical implications of this
finding are that the increased relative abundances
of diasteranes in these solid bitumens cannot be
due to biodegradation effects as was previously
proposed. Since only the impsonite extract and
the bitumen pyrolyzates show this trend, a pos-
sible explanation for the observed ratios is that the
relative increase in diasteranes is a consequence
of increased thermal maturity.

CONCLUSIONS

Hydrocarbon distributions of the extracts ex-
amined in this study support the view that these
solid bitumens are products of limited biodegra-
dation, water washing, and devolatilization. How-
ever, biomarker distributions previously inter-
preted as indicators of biodegradation are now
thought to reflect the influence of thermal matu-
rity. Specifically, sterane and terpane distributions
suggest that impsonite has undergone significant
thermal alteration while grahamite samples
appear to be relatively unaffected. High relative
abundances of diasteranes, which have often been
attributed to biodegradation effects, appear to be
related to maturity differences in these samples.
Terpane peak identifications from previous inves-
tigations have been reevaluated to assess maturity
differences and they now suggest that pyrolysis ex-
periments may have “artificially matured” the
solid bitumens.
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Rock Heterogeneity and Geostatistical Methods
Applied to Petroleum Migration in Source Rocks

Ahmad J. Sultan and John P. Heller
New Mexico Institute of Mining and Technology

This extended abstract is concerned with the
mathematical descriptions of the variability of
source-rock permeability.

Several types of rock heterogeneity may be
found at different scales of length. They are all
considered to be the result of environmental vari-
ability associated with one or more of three close-
ly related processes in source-rock development.
These processes are characterized as: sedimentary
(including composition), diagenesis (the gradual
chemical and physical changes that occurred after
deposition), and tectonic (modification caused by
large-scale changes, since deposition, of the geo-
logical environment).

The defining influences on rock properties
are the compositions of sediment and inorganic or
organic saturating fluids, and the processes in-
volved in transport and deposition. Thus, the pri-
mary causes of rock heterogeneity are the spatial
differences and temporal changes in sediment
composition and sedimentary processes.

After deposition and subsequent burial of the
source rock, many different chemical and physical
changes occur. Nonuniform diagenetic processes
are also responsible for significant spatial varia-
bility in permeability and other rock properties.
Nonuniform postdepositional influences include
spatial variations in temperature, chemical con-
tent, and flow velocity of the saturating fluid, as
well as spatial variation in mechanical stresses on
the formation.

Closely related to diagenetic changes, and some-
times difficult and/or pointless to separate from
them, are postdepositional changes of the source
rock that resulted from tectonic forces and events,
such as deformation, uplift, and the intrusion of
volcanic dikes.

A threefold classification of source-rock hetero-
geneity is given by Alpay (1972); similar ideas were
published by Bear (1972) and Haldorsen and Lake
(1984). These authors distinguished heterogeneity
at several different scales: microscopic (the scale
of only a few pores), macroscopic (the size of con-
ventional core samples), megascopic (the size of
large grid blocks in field models), and gigascopic
(total formation or regional scale). Illustrations
modeled after Haldorsen and Lake (1984) and
Bear (1972) are shown in Figure 1. A semiquantita-

tive description of heterogeneity types which may
affect various source-rock parameters has been
given by Weber (1986).

The question arises as to how spatial variabil-
ity of source rocks could be modeled. We concen-
trate on permeability, which we consider to be the
most important parameter in the fluid migration
process. Moreover, this variability occurs at many
scales. The somewhat unpredictable (or random)
nature of rock properties, including spatial distri-
bution, can be modeled by employing geostatis-
tical techniques from modern probability theory
and statistical methods. Describing these varia-
tions stochastically instead of deterministically
deals mathematically with the variability of petro-
geological parameters and with the uncertainty
arising from incomplete information about their
spatial distribution. Each parameter is treated as
a random variable with its spatial fluctuations
being the realization of a stochastic process. How-
ever, treating each parameter as a random vari-
able is not the mathematical equivalent of saying
that the parameters vary without cause or that
there is no relationship between their values at
differentlocations. We are driven to the stochastic
approach by the lack of specific information about
the values of permeability or other values. At the
same time, we can anticipate that a purely statisti-
cal description will be useful in deriving overall
properties of the formation. These techniques
have already been used with some success in char-
acterizing the variability of mineral deposits. A
good reference to these techniques is given by
Journel and Huijbregts (1978).

The geostatistical techniques are used to estab-
lish spatial correlation among the required reser-
voir rock properties. With the help of these tech-
niques, unconditioned and conditioned simula-
tions can be carried out to generate possible rep-
resentations of a source-rock property field which
has the statistically correct random behavior (as
expressed in the mean and variogram). Several
methods have been developed to generate or syn-
thesize unconditioned fields: the Source Point
Method developed by Heller (1972); the Fast
Fourier Transform Method introduced by Gutjahr
(1989); and the Turning Bands Method originated
by Matheron (1973) and further developed by
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Montoglou and Wilson (1982). A field generated by
one of these methods is called an unconditioned
simulation.

Although an unconditioned simulation has the
same statistical character as the known observed
data, the values it specifies for the field variable (at
the locations of the original data points) probably
do not coincide with the actual data at particular
points. In a conditioned simulation this defect is
remedied, at the cost of some additional calcula-

A. ]J. Sultan and J. P. Heller

tion, by using a technique called “kriging” and
generating a new unconditioned field. Kriging is
the local estimation technique which provides the
best linear unbiased estimator (often abbreviated
BLUE) of the unknown value. The estimates pro-
vided by kriging are optimal in a mean-square
sense and minimize the estimation error.

In this study, we have characterized the perme-
ability distribution of a petroleumn reservoir using
the stochastic approach. Spatially correlated con-
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Figure 1. Schematic representations of scales of rock heterogeneity.
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ditioned permeability fields were generated which
could be used to further investigate the movement
of petroleum fluid in a source rock.
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Investigation of the Pyrolysis Process from Pyrolyzing
the Woodford Shale and the Excello Shale

Longjiang Wang and Colin Barker
University of Tulsa

ABSTRACT.—We have used samples of the Woodford Shale, Oklahoma, and Excello Shale,
Kansas, to study the process of source-rock pyrolysis. Bitumens in a source rock can be clas-
sified as free bitumens in pores, adsorbed bitumens on kerogen, or adsorbed bitumens on the
mineral matrix. During pyrolysis, the free bitumens in pores evolve at the lowest temperature
to form the first peak (Peak 1) on a pyrogram. The mechanism of bitumen release obeys a sec-
ond order kinetic law. The bitumens adsorbed on kerogen and the mineral matrix then
evolve, forming the intermediate peak(s). The mechanism involved here is a desorption proc-
ess. With further increasing temperature, kerogen in the source rock starts to thermally break
down, forming the second peak (Peak 2) on the pyrogram. The mechanism involved here is
thermal cracking, and the evolution of Peak 2 obeys a first order kinetic law.

Pyrolysis experiments with model systems in which nCzpalkane, dibenzothiophene, and
phenanthrene have been adsorbed onto Excello Shale samples have clarified the nature of the
rock-bitumen interactions. Surfaces appear to be coated with a monolayer first; then
multilayers develop. It is the multilayers which are released with second order kinetics. This
is very important to source-rock behavior because the temperature for the evolution of the
bitumens (i.e., expulsion) decreases with increasing bitumen content. This is in contrast to
first order kinetic behavior in which peak position does not shift with amount.
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Organic Matter Content of Outcrop Samples
from the Ouachita Mountains, Oklahoma

Jane L. Weber
Oklahoma Geological Survey

The potential of a sedimentary rock to generate
hydrocarbons is determined by three criteria: the
abundance and type of organic matter present in
the rock and its level of thermal maturity. The first
two criteria must always be met, with 0.5% gener-
ally considered as the minimum quantity of or-
ganic carbon necessary to generate and expel oil
and/or gas from clastic rocks. For outcrop sam-
ples, maturity level is a less important criterion,
since at greater burial depths the same source in-
terval could be mature enough to produce hydro-
carbons.

As part of its comprehensive regional review of
the Ouachitas, the Oklahoma Geological Survey
(OGS) collected 50 samples of possible source
rocks from exposed strata in the Ouachita Moun-
tains of Oklahoma. Ranging in age from Early Or-
dovician to Early Pennsylvanian (Fig. 1), the sam-
ple set includes 37 rocks from the frontal belt (be-
tween the Choctaw and Windingstair faults); 12
from the central belt (south of the Windingstair
fault); and one from the Broken Bow uplift in the
southern Ouachitas (Fig. 2).

Geochemical data relating only to the quantity
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SERIES
FRONTAL BELT CENTRAL & SOUTHERN

% Atokan Atoka Fm. @
¢ Wapanucka Ls. Johns Valley Shale @

Marrowan Springer Fm. @ Jacklork Group @
= Chesterian
E Stanley Shale ®
o, - -
v | Meramecian Caney” Sh. @
1]
w
‘é—’ Osagean

Kinderhookian
Ark i
g Upper rkansas Novaculite @
(7—5 Woodford Sh. @
o L
a ower Pinetop Chert E
Z Upper Missouri Mountain Shate
¢
3 Lower Blaylock Sandstone
w
Polk Creek Shale @
Upper
Bigfork Chert
b4
< Womble Shale
0 Middle
>
(o]
g Blakely Sandsione
o Mazarn Shale
Lower Crystal Mountain Ss.
Collier Shale ®

4 ? 7
5 Upper
=
<
o

Figure 1. Stratigraphic chart for the Ouachita Mountains, Oklahoma. Dots () indicate units sampled.
Modified from Johnson (1988) and Suneson (1988).
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TABLE 1. — SAMPLE LoCATION AND GEOCHEMICAL DATA

Total Organic Extractable
Sample Location Carbon (%) Org. Matter (ppm)
Atoka Formation

1* Sec. 32, T3N, R15E 0.95 167
2* Sec. 21, T2N, R15E 0.66 87
3 Sec. 35, T4N, R16E 0.22 10
4 Sec. 23, T4N, R18E 0.41 20
5 Sec. 28, T4N, R19E 0.51 14
6 Sec. 32, T5N, R20E 0.32 10
7* Sec. 29, TSN, R19E 0.89 160
8 Sec. 23, TSN, R21E 0.62 16
9 Sec. 5, T4N, R22E 0.59 10
10 Sec. 21, T5N, R22E 0.78 10
11* Sec. 21, TSN, R23E 1.2 63
12 Sec. 30, TSN, R24E 0.49 10
13* Sec. 2, T4N, R17E 1.0 116
14 Sec. 34, TSN, R18E 0.42 42
15* Sec. 5, T4N, R18E 0.50 134
16* Sec. 24, T4N, R17E 1.5 168
17* Sec. 28, T4N, R18E 1.2 146
18 Sec. 21, T4N, R18E 0.74 30
19* Sec. 4, T4N, R23E 1.8 1212
Range: 0.22-1.8 10-1212

Average: 0.78 128

Johns Valley Shale

20 Sec. 9, T1S, R16E 0.34 65
21 Sec. 3, T3N, R19E 0.30 10
22 Sec. 26, T4N, R20E 0.77 38
23 Sec. 24, T4N, R22E 0.45 15
24+ Sec. 2, T3N, R17E 3.0 356
25* Sec. 12, T3N, R18E 2.4 573
Range: 0.30-3.0 10-573

Average: 1.21 176

Springer Formation

26 Sec. 1, TIN, R12E 0.52 50
27 Sec. 5, T4N, R18E 0.30 75
Range: 0.30-0.52 50-75
Average: 0.41 62
Jackfork Group
28* Sec. 19, TIN, R15E 2.0 310
29 Sec. 34, T4N, R23E 0.82 22
30 Sec. 25, T2N, R21E 0.29 10
31 Sec. 31, T4N, R23E 0.49 52
Range: 0.29-2.0 10-310

Average: 0.90 98
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TABLE 1. — Continued

Total Organic Extractable
Sample Location Carbon (%) Org. Matter (ppm)
Caney Shale
32* Sec. 4, T1S, R16E 5.4 1570
33* Sec. 11, T4N, R21E 4.6 6294
34* Sec. 6, T4AN, R21E 4.4 2816
Range: 4.4-5.4 1570-6294
Average: 4.8 3560
Stanley Shale
35 Sec. 9, T1S, R14E 0.39 120
36* Sec. 26, T2N, R25E 0.94 170
37 Sec. 16, T3N, R20E 0.32 46
38 Sec. 2, T3N, R21E 0.19 32
39 Sec. 1, T2N, R21E 0.24 49
40 Sec. 2, T2N, R21E 0.17 12
41 Sec. 7, T2N, R23E 0.23 41
42 Sec. 33, T3N, R23E 0.22 44
Range: 0.17-0.94 12-170
Average: 0.34 64
Woodford Shale
43* Sec. 5, T2N, R15E 33 1153
44* Sec. 11, T4N, R21E 3.6 2436
45* Sec. 15, T4N, R20E 2.0 514
46* Sec. 6, TAN, R21E 8.5 3342
47* Sec. 4, T2N, R15E 53 2248
Range: 2.0-8.5 514-3342
Average: 4.5 1939

Arkansas Novaculite

48* Sec. 13, T2S, R11E 12.5 3300
Polk Creek Shale
49* Sec. 14, T2S, R11E 6.1 980
Collier Shale
50 Sec. 17, TSS, R24E 0.29 50

*Merits further evaluation as a potential source rock.




350

of organic matter found in these samples is pre-
sented here. Investigations concerning the quality
and maturity level of contained organic matter are
currently underway at the OGS and will be re-
ported later. Organic matter content was deter-
mined for each sample by measuring total organic
carbon (TOC) with a Leco WR-12 Carbon Deter-
minator and extractable organic matter (EOM) by
soxhlet-extracting crushed rock for 24 hours with
methylene chloride (Table 1).

The hydrocarbon-generating potential of each
sample is estimated with a log-log plot of EOM
vs. TOC (Fig. 3). This plot functions primarily as a
screen, indicating samples that have essentially no
capacity for producing (or having produced) sig-
nificant hydrocarbons. It also indicates whether a
potential source rock is more likely to produce oil
or gas. :

Roughly one-half the samples in this study, in-
cluding the lone Collier and two Springer samples,
lack sufficient organic matter (TOC 20.5% and
EOM =60 ppm) to qualify them as potential source
rocks. Four samples, including one Woodford, two
Caney, and one Atoka collected from T.4 N., R. 21—
23 E. in the Ouachita frontal belt, fall in the “fair
oil-source” area on the plots in Figure 3. Nineteen

4
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other samples, including representatives from
all sampled formations except the Collier and
Springer and taken from locations throughout the
Ouachitas, contain sufficient organic carbon and
extractable organic compounds to warrant further
examination as potential source rocks for gas.
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Figure 2. Locations of outcrops sampled in the frontal belt, central belt, and southern portion of the Ouachita

Mountains, Oklahoma.
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Figure 3. Log-log plots of EOM vs. TOC showing source-rock potential of outcrop samples from the Quachita

Mountains, Oklahoma.
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Figure 3. (Continued)



