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GEOCHEMISTRY OF TWO INTERBEDS IN THE
PENNSYLVANIAN PARADOX FORMATION,
UTAH AND COLORADO—A RECORD OF DEPOSITION
AND DIAGENESIS OF REPETITIVE CYCLES IN A
MARINE BASIN

By Michele L. Tuttle,! Timothy R. Klett,! Mark Richardson,? and George N. Breit!

ABSTRACT

During the Pennsylvanian Period, repetitive cycles of
marine evaporite, carbonate, and siliciclastic rocks were
deposited in the Paradox Basin of Utah and Colorado. The
carbonate (dolostone and limestone) and siliciclastic (silt-
stone and shale) rocks comprise interbeds bounded above
and below by anhydrite and halite. The interbeds host petro-
leum source rocks, and shallow-marine carbonate rocks
within the interbeds on the southwestern platform of the
basin are reservoirs for generated hydrocarbons. The vari-
ability in the geochemistry of sulfur, carbon, and metals in
the shale, carbonate rocks, siltstone, and anhydrite is related
to areal and temporal changes in processes related to a dis-
tinct set of conditions that controlled the source of the
organic matter and clastic material, seawater circulation,
sedimentation rate, and water-column/sediment redox con-
ditions.

At the onset of transgression, circulation was good in
the upper part of the water column, but a bottom brine was
present in the deeper parts of the basin due to dissolution of
evaporite minerals. Primary productivity in the upper part of
the water column was not high, and a large part of the
organic matter in the sediment was terrestrial in origin. The
anoxic nature of the brine promoted sulfide mineral forma-
tion at the sediment-water interface and retention in the sed-
iment of metals such as chromium and nickel. Plagioclase
was diagenetically altered to potassium feldspar as a result of
high potassium content in the brine. As transgression pro-
ceeded, the water column mixed, diluting the brine and

lus. Geological Survey, Box 25046, Mail Stop 916, Denver Federal
Center, Denver, Colorado 80225.

ZExxon Production Research Company, P.O. Box 2189, S-169, Hous-
ton, Texas 77252-2189.

partially oxygenating the bottom water.  Productivity
increased, and reworking of organic matter at the sedi-
ment-water interface released phosphorous, now available
for apatite formation, and some of the adsorbed metals. The
redox front moved into the sediment where sulfide minerals
formed. The best petroleum source rocks were deposited
during this later phase.

INTRODUCTION

The Middle Pennsylvanian Paradox Formation of the
Hermosa Group in southeastern Utah and southwestern Col-
orado (fig. 1) comprises repetitive sequences, each com-
posed of evaporite, carbonate, and siliciclastic units; these
sequences are referred to hereafter as cycles (Hite, 1970).
The areal and vertical distribution of rock types within these
cycles (figs. 2 and 3) reflects the interaction of eustasy, tec-
tonics, and local climate. Interbeds of carbonate and shale
with minor siltstone and sandstone are bounded above and
below by anhydrite and halite. Many of the shale units of the
interbeds are petroleum source rocks that can be stratigraph-
ically correlated throughout the basin (fig. 3) and, in the past,
have been interpreted as time-correlative units (Hite and
Buckner, 1981). Production of hydrocarbons generated
from these shales exceeds 54 million metric tons of oil and
28 billion m3 of gas (Baars and Stevenson, 1982).

In this report, we present chemical, sulfur isotopic, and
mineralogical data for 159 samples for 13 cores from later-
ally persistent interbeds within two cycles in the upper part
of the Paradox Formation—cycle 3, in the Ismay oil-produc-
ing interval, and cycle 5, in the Desert Creek oil-producing
interval. Oil-producing intervals are described in Hite and
Buckner (1981). Lateral and vertical changes in geochemis-
try of the interbeds within and between the two cycles are

N1
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Figure 1. Location of core holes and outcrops (solid circles) used in study, and transects A-A” and B-B’, Paradox Basin. Sampling in-
formation is given in table 1. Heavy line delineates boundary of Paradox Basin as defined by approximate limit of the halite facies in the
Pennsylvanian Paradox Formation. Sh, Shafer No. 1; G, Gibson Dome No. 1; C, Crowley Ranch No. 1; D, Duncan Tevault No. 1; N,
Norton-Federal No. 1-4; W, Woods Unit No. 1-S; U, Ute Mountain No. 44-34; L, Lake Canyon Prospect Federal No. 1-27; P, Pickett
Federal No. 1-33; A, Aztec Federal No. 1; WW, West Water Creek No. 1; S, State No. 1-16; E, Elk Ridge No. 1; H, Honaker Trail outcrop.
Modified from Raup and Hite (1992).
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Table 2. Number of samples of each rock type sampled in cycles
3 and 5, Pennsylvanian Paradox Formation, Utah and Colorado.

Rock type Total Cycle 3 Cycle 5
Anhydrite 7 3 4
Dolostone 22 11 11
Limestone 19 10 9
Siltstone 14 3 I1
Dolomitic shale 11 8 3
Calcareous shale 51 33 18
Argillaceous shale 35 18 17

Table 3. Characteristic peaks measured on X-ray diffractograms.

[Alternative peaks were used when interference was present for primary 26 peak:

alternative peak units were adjusted to those for 26 peak using intensity factors]

Mineralogy - Degrees 20 Alternative peaks x

intensity factors

Gypsum 11.70

Clay 19.45-19.89

Quartz 20.83

Anhydrite 255 31.37 x 2.86 or
38.64 x 5.00

Potassium feldspar 2751

Sodium feldspar 27.77-27.89

Calcite 29.40 4314 x 5.56

Dolomite 30.96 41.15% 333 or
37.36 x 10.00

Halite 31.69 56.48 x 1.43

Fluorapatite 31.93

Pyrite 33.04

presence of quartz glass to equilibrate the oxygen isotopic
composition of the SO,. Isotopic analysis of the SO, was
performed using a high-resolution, 6-inch, 60°-sector mass
spectrometer.  All isotope results are reported in §34S
notation? relative to the Cafion Diablo troilite standard
(CDT). &3S values were reproducible to within +0.1%o.
An aliquot of 6 M HCI filtrate from the speciation pro-
cedure was collected and analyzed by atomic absorption
spectrophotometry for iron (reproducibility £10 percent).
The HCl-soluble iron was used to calculate reactive iron
(Feyet) concentrations. Fe, is operationally defined as iron
that is available for sulfidization by reduced sulfur species
(Berner, 1984) and is calculated as
Feree = Feycy + Fep;
where
Feqcy is HCl-extractable iron (iron in carbonate, oxide,
acid-volatile sulfide, and possibly clay mineral
phases), and

386348, = [(R-RepTYRCDT] X 1000 %o, where R is 348325,

Fep; is the iron in disulfide minerals and is calculated
using the sulfur speciation value for disulfide and
assuming stoichiometric FeS».

Berner (1970) defined degree of pyritization of the
reactive iron (DOP,) as the measure of the fraction of reac-
tive iron available for sulfidization to form pyrite. Degree of
pyritization traditionally has been used to examine iron and
sulfur limitation on pyrite formation during sediment
diagenesis. Recently, Canfield and others (1992) showed
that DOP; values are a crude measure of the amount of iron
potentially reactive and that their use for determining con-
trols on pyrite formation is limited. DOP; is calculated as

DOP; = Fep;/Fe;ot
and, in this report, will be used according to Canfield’s def-
inition.

Inductively coupled plasma-atomic emission spec-
trometry (ICP-AES) (Briggs, 1990) was used to determine
major, minor, and trace elements in core samples. Estimated
precision for most reported elements is 10 percent (relative
standard deviation). Other trace elements sought, but con-
sistently below their detection limits, are listed in table 4.

Arsenic and selenium were determined for 27 selected
shale samples using continuous-flow hydride-generation
atomic absorption spectrophotometry (HG-AAS) (Crock
and Sanzolone, 1990). The method has a reproducibility of
better than +10 percent.

RESULTS AND DISCUSSION

PRESENTATION OF DATA

Qualitative petrographic data are summarized in
Appendix 1, and chemical, isotopic, and calculated data
(Feyer and DOP;) are tabulated in Appendix 2. Although all
chemical data are included in Appendix 2, not all results are
discussed in this report. Means for the various rock types
and means for core that include all rock types except anhy-
drite were calculated using whole-rock data. In this report,
means and deviations are either arithmetic or geometric,
depending on the statistical distribution of the data (tables 5
and 6).

Within any one core, an interbed generally includes
several rock types that reflect temporal facies changes. The
means for a given cycle in each core were calculated to
investigate compositional variations in the interbeds across
the basin. These variations can then be related to geochem-
ical processes. Comparison of means to examine these pro-
cesses on a basinwide scale is restricted to those cores that
completely penetrate the interbed and for which samples
represent the lithologic distribution within the core. Cores
that meet these criteria are shown in bold in tables 5 and 6
and are shown by the solid part of location dots in subse-
quent maps of geochemical means. Means for cores that do
not meet the criteria (shown as open circles in figures) are



GEOCHEMISTRY OF TWO INTERBEDS, PENNSYLVANIAN PARADOX FORMATION, UTAH AND COLORADO N9

- N Filtrant Filtrant
- - o " |Eschka +
Sample H&I aﬁ Filtration Crh(ilgt+ Filtration heat
| |
Fe hel
Y Y Y Y
H,S SO5 H,S SO%
27(g) 4 (aq) 2°(g) 4 (aq)
+2Ag* +Ba2* +2Ag* +Ba2*
(aq) (aq) (aq) (aq)
Y Y Y i
AgS  BaSOsq  A®S( BaSO,
Sacid volatile Ssulfa‘te Sdisulﬁde Sorganic

Figure 6. Analytical scheme to separate forms of sulfur contained in rock samples from the Paradox Formation. See text for

explanation.

Table 4. Trace elements that were censored (concentrations
below detection limits) and their detection limits.

Trace element Detectton limit (ppm)
AU 8
Bl 10
Cd.oo 2
Eu. 2
Hoo o 4
S 5
Ta. 40
Thoo 4
U 100
YO 1

presented on the maps for comparison but are considered
less reliable.

LITHOFACIES AND SEDIMENTATION

LITHOLOGIC CLASSIFICATION

A crossplot of the relative amount of clay versus con-
centration of carbonate carbon (Ccp,) was used to define

fields for classifying samples with respect to their rock type
(fig. 7). The field for shale is defined as having an X-ray
diffraction (XRD) relative peak height for clay >5 chart
units (0.5 inches) and Ccp, concentrations <3 weight per-
cent. These samples are commonly fissile and fissile bed-
ded. Samples having clay peak heights >5 chart units and
with Cco; concentrations between 3 weight percent (25
percent calcite equivalence) and 6 weight percent (25-50
percent calcite equivalence) are classified as calcareous or
dolomitic shale. Calcareous and dolomitic shales are
defined by the predominance of calcite or dolomite in the
sample as determined by X-ray diffraction and transmit-
ted-light petrography. If dolomite is greater than calcite,
the upper limit for Ccp, concentrations is increased to 6.5
weight percent (50 percent dolomite equivalence). Calcar-
eous samples that have clay intensities >5 chart units and
Cco; concentrations >6 weight percent are classified as
shaly to silty limestone, and dolomitic samples with >6.5
weight percent Cco, are classified as shaly to silty dolos-
tone. Samples with clay intensities <5 chart units and Cco,
concentrations >6 weight percent are classified either as
limestone or dolostone, depending on the dominant carbon-
ate mineral. The remaining samples were classified as
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Table 5. Arithmetic means of characteristic X-ray diffraction peak heights by rock type and by core and cycle, Pennsylvanian Paradox

Formation, Utah and Colorado.

[Units shown are 0.1-inch units; standard deviations are in parentheses. Bold type represents sampled cycle intervals that are representative of the entire interbed. n, number of

samples]

Rock n Quartz Clay Potassium Sodium  Calcite Dolomite Apatite Pyrite Anhydrite:1 Halite?

type feldspar  feldspar
Dolostone 22 22(17) 4(3) 6 (6) 5(6) 5(7) 210 (71) <1 4(3) 1527 4(7)
Limestone 19  19(8) 4(3) 34 6(4) 170 (59) 68(34) <1 4(3) 9(8) 0
Siltstone 14 51(13) 6 (4) 26(10) 6(9) 54(42) 87(44) <1 50) 9@1) 23(37)
Argillaceous sh. 35 28(10) 12(4) 14(10) 10(10) 51(27) 30(23) 3(6) 104) 4(5) 10(21)
Dolomitic sh. 11 26(8) 10(2) 9 (5 7(5) 22(32) 130 (54) 2(3) 6(3) 4(5) 5(8)
Calcareous sh. 51 26(7) 10(2) 6 (5) 9(5) 110(24) 34(16) 3(2) 9(3) 3(3) 0
All rock types 152 27(13) 9(4) 1009 8(7) 78(60) 74(73) 2 (4) 7(4) 613 617

Core n Quartz Clay Potassium Sodium  Calcite Dolomite Apatite Pyrite Anhydrite1 Halite?

(cycle) feldspar  feldspar
Shafer (3) 29 239 94 13(6) 7(5) 30(29) 90(78) 1(3) 7(4) 2(3) 11(8
Shafer (5) 4 34(22) 6(4) 22(15) 0  6(11)116 (128) 10 (14) 7(4) 7(9) 32(@47)
Gibson Dome (3) 15 27(14) 9(5) 6(6) 14(5) 90(48) 77(80) 3(2) 8(3) 2 (6) 0
Gibson Dome (5) 7 40 (20) 53) 21(17) 0 20(24) 148 (64) 0 2(1) 11(27) 58(40)
Crowley Ranch (5) 2 21 9 14 0 95 40 0 9 0 0
Duncan Tevault (5) 4 4227) 9(7) 7(5) 0 31(41) 94 (101) 1(3) 7Q2) 2747 0
Norton Federal (3) 4 243 8 (1) 1(3) 2 (2) 137(10) 53(15) 2(2) 6 (1) 4(1) 0
Norton Federal (5) 10 28(21) 7(4) 18(14) 5(14) 13 (21158 (121) 1(3) 5(3) 16(20) 0
Woods (5) 8 21(12) 9(6) 10(6) 8(6) 143(63) 45(32) 1(3) 7(4) 8(12) 0
Ute Mountain (3) 9 33(7) 8 (1) 1(2) 7(2) 123 (42) 46 (9) 2(1) 5(2) 3(H) 0
Lake Canyon (3) 9 203) 10 2(3) 13(5) 125(30) 43(29) 303) 9(2) 6 (3) 0
Pickett Federal (5) 14 30(11) 13@4) 15(9) 5(5) 92(32) 45(35) 44) 10(3) 6 (4) 0
Aztec Federal (5) 6 23(5) 10(6) 8(4) 10(3) 102(24) 51(45) 3(4) 8(5) 2(3) 0
West Water Ck. (3) 4 334 9(3) 4(5) 7(2) 95(28) 47(12) 41 1003) 4(H 0
State(3) 6 33(23) 4(3) 3(4) 5(4)168 (118) 34 (20) (D) 303 1(2) 0
State (5) 6 25(6) 7(5) 0 10(3) 90(43) 69(56) 2(3) 9 (6) 3(2) 0
Elk Ridge (3) 7 25(4) 8(2) 84 7(2) 103(47) 70(61) 3(2) 9(2) 0 0
Elk Ridge (5) 7 28(12) 10(6) 6(7) 20(7) 68(34) 49(80) 3(3) 11(5) 1129 0
Honaker Trail® (5) 1 24 11 10 0 100 41 4 10 5 0

10ccurs as vein filling.

2Qccurs as vein filling and also possible contamination during coring.

30utcrop sample.

siltstone or sandstone, based on thin-section observation,
quartz peak height, and hand-specimen examination. Sam-
ples composed mainly of halite and anhydrite were classi-
fied at the time of sampling, and the classification was
verified using X-ray diffraction data. The total clay—carbon-
ate carbon crossplot (fig. 7) shows the distribution of sample
types. Shaly to silty limestone is combined with limestone
and simply referred to as limestone hereafter. Similarly,
shaly to silty dolomite is classified as dolostone. The ratio-
nale for combining these four rock types into two is based on
the similar chemical characteristics of the two limestone and
the two dolostone types.

MINERALOGY

A brief narrative of the mineralogy of cored intervals is
given in the core summaries of Appendix 1. Mean peak
heights of minerals (table 5) are useful for relative

comparisons among rock types and among many of the
cores. Quartz, as expected, and potassium feldspar are most
abundant in siltstone. In cycle 5, the larger amounts of
quartz (34-42 peak height) (fig. 84) in the northern part of
the basin and in the Norton core are the result of clastic
silt-size grains whose sorting and rounded morphology sug-
gest an eolian origin such as those grains observed in some
of the halite beds. On the other hand, the larger amounts of
quartz (33 peak height) in cycle 3 in the southern part of the
basin are due to recrystallized sponge spicules. As expected,
argillaceous shale contains the most clay and plagioclase. In
cycle 5, clay (13 peak height) is most abundant in the
south-central part of the basin, whereas in cycle 3, amounts
of clay are relatively uniform across the basin (fig. 8B). In
cycle 5, plagioclase is most abundant (20 peak height) in the
southwestern part of the basin, whereas potassium feldspar is
most abundant along transect B-B” (18-22 peak height). In
cycle 3, plagioclase is most abundant (13-14 peak height) in
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Figure 7 (previous page). Crossplot of total clay (X-ray diffrac-
tion peak heights in units of 0.1 inch) versus carbonate carbon
(Cco;) (weight percent) for cycles 5 and 3 of the Pennsylvanian Par-
adox Formation showing lithologic fields. See text for explanation.

the central part of the basin, and potassium feldspar is most
abundant (13 peak height) in the northern part of the basin
(figs. 8C, 8D).

Calcite is generally most abundant in the southern part
of the basin in shelf or near-shelf facies and in cores contain-
ing the smallest amounts of dolomite (figs. 8E, 8F). An
exception is cycle 5 in the Elk Ridge core in which both
amounts of calcite and dolomite are present in small
amounts. In shale, calcite 1s generally micritic, although
shell fragments are locally abundant. Limestone contains
abundant shell fragments. In cycle 5, dolomite (115-160
peak height) is most abundant along transect B-B’ (fig. 8F),
and in cycle 3, dolomite is most abundant in the most north-
erly core (90 peak height). Dolostone comprises predomi-
nantly fine silt sized dolomite rhombs with some shell
fragments.

CLASTIC SEDIMENTATION

Patterns of interbed thickness and sources of clastic
sediment are significantly different for cycles 3 and 35, as
shown in the isopach maps for the interbeds of the two
cycles (fig. 5). The interbed of cycle 5 is much thinner than
that of cycle 3, and three clastic sources are likely for cycle
5: asouthwesterly source relatively rich in clay and plagio-
clase and poor in quartz, an easterly source relatively rich in
quartz and potassium feldspar and poor in clay, and possibly
a source of silt-sized quartz carried into the basin by winds
from the north, the dominant wind direction in the basin dur-
ing Middle Pennsylvanian time (Driese and Dott, 1984).
These various clastic sources are proposed to explain the
petrographic data and trends in the maps of relative mineral
amounts (peak-height means, figs. 84-8D). Note that the
amount of plagioclase and, to some extent, potassium feld-
spar may be controlled in part by the salinity of pore water
and diagenesis, an effect that is discussed later.

The interbeds of cycle 3 thicken dramatically to the
northeast, where the basin was rapidly subsiding in response
to uplift of the Uncompahgre highland (fig. 58). The lack of
variation in mineralogy throughout the basin in cycle 3 sug-
gests that the single major source of clastic material during
deposition of cycle 3 was the Uncompahgre highland.

AUTHIGENIC MINERAL PRECIPITATION

Chemical sediments in interbeds of the Paradox
Formation include calcite, dolomite, anhydrite, and halite.

Carbonate minerals are ubiquitous in the sampled cores and
were detected in all rock types. The overall amount of car-
bonate carbon in the interbeds is independent of carbonate
mineralogy (calcite or dolomite), except in areas within the
basin dominated by argillaceous shale, which contains
markedly less carbonate. The relative absence of carbonate
in shale is attributed to either a decrease in carbonate supply
during deposition or to a lack of carbonate formation during
diagenesis. Thin-section observations show more calcare-
ous bioclasts in calcareous shale relative to argillaceous
shale, which supports the first hypothesis. The sulfur-iso-
tope data, as discussed in the section Pyrite Formation, sug-
gest that, in some parts of an interbed, sulfate reduction
occurred after burial. Bicarbonate is produced during sul-
fate reduction and can react with available cations to form
carbonates, one process consistent with the second hypoth-
esis.

The amount of dolomite in interbeds across the basin
may be related to the areal extent of the halite in each cycle.
Large amounts of dolomite are restricted to cores in which
the interbed is overlain by halite (as shown by superimpos-
ing figs. 4 and 8F). Therefore, we attribute the distribution
of abundant dolomite to downward movement of brines
during halite deposition. Halite-saturated brines have the
large Mg:Ca ratio needed for dolomitization of calcite or
aragonite (Bathurst, 1971). The cycle-3 interbed in the Gib-
son Dome core was deposited near the edge of halite distri-
bution for that cycle (fig. 4B), and abundance of dolomite
only in the upper two-thirds of the interval suggests that
movement of the dolomitizing brine was limited to the
upper part of the interbed.

The preceding hypothesis implies that much of the car-
bonate in the basin was originally deposited as calcite, in the
form of shell fragments, micrite cement, and carbonate
grains transported off the shelf at the onset of transgression,
although some calcite formed during diagenesis. The per-
vasive dolomitization of some shale and dolostone probably
occurred during very shallow burial. This hypothesis is
consistent with the concentrically zoned dolomite rhombs
observed in thin section. Large halite veins are present only
in samples containing abundant dolomite, further evidence
that a halite-saturated brine moved through the sediment
after some compaction. On the other hand, small veinlets of
halite are present in many of the argillaceous shale samples
in which calcite is the dominant carbonate mineral. Dolo-
mitization of the calcite within these shales may have been
inhibited by organic films derived from their associated
abundant organic matter. (For a discussion of this phenom-
enon see Bathurst, 1971.)

Small amounts of anhydrite are present in most inter-
bed samples that are overlain by anhydrite. Some of the
anhydrite is vein filling and some is present as disseminated
crystals in the rock matrix. Vein-fill anhydrite is related to
postdepositional movement of brines through the interbeds.
One 5-m-thick interval of anhydrite was deposited in the
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Figure 8 (above and facing page). Maps of means (X-ray diffraction peak heights in units of 0.1 inch) of minerals in individual cycles
and cores. Circles with lower half filled indicate cycle 5 core samples representative of entire interbed; circles with upper half filled indicate
cycle 3 core samples representative of entire interbed; filled circles indicate samples from cycles 5 and 3 representative of respective inter-
beds; open circles indicate samples from cycles 5 and 3 not representative of respective interbeds. Solid type represents data for cycle 3;
screened italic type represents data for cycle 5. A, quartz. B, clay. C, sodium feldspar. D, potassium feldspar. E, calcite. F, dolomite.

middle of the cycle-5 interbed in the Shafer core, and thin  cycle 5 indicates that maximum salinity in the center of the
beds (<1 m) of anhydrite also are present in the Gibson core.  basin was greater during deposition of the cycle-5 interbed
The accumulation of bedded anhydrite within the interbed of ~ than  during deposition of the cycle-3  interbed.
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ORGANIC GEOCHEMISTRY

ORGANIC-MATTER DATA

Mean values for organic carbon (Cprg, In weight
percent) and hydrogen index (HI) for the various lithofacies

and cores (by cycles) are given in table 6. The amounts of
organic carbon in cycle 3 (mostly limestone) of State core
(*S,” fig. 1) and cycle 5 (mostly siltstone) of Gibson core
(*“G,” fig. 1) are 0.16 and 0.10 weight percent, too small to
determine a hydrogen index. Except for these two cores,
organic carbon in both cycles decreases from the shelf facies
into the basin along transect A-A” and increases from the
shelf facies into the basin along transect B-B’ (fig. 9A).
Hydrogen indices in adjacent cores are similar between
cycles and follow the same trends as organic carbon (fig.
9B). The dividing line between large (>200) and small
(<100) hydrogen indices is about 30 km west of the Colo-
rado-Utah State line between the Aztec and West Water
Creek core holes (“A” and “WW,” fig. 1).

A map of core means of Tpa«is not presented because
Tnax values for some samples are suspiciously small com-
pared to those in adjacent samples, and similar organic mat-
ter within narrow depth intervals should reflect similar
maturation. Migrated bitumen can cause unusually low
Tmax values (Whelan and Thompson-Rizer, 1993), and oil
staining was observed in some thin sections.

PRODUCTIVITY, PRESERVATION, AND MATURATION
OF ORGANIC MATTER

An implicit assumption in the study of organic matter
in sedimentary rocks is that the amount and type of organic
matter analyzed is dependent on four variables: the trans-
port of terrestrial organic matter into the depositional basin,
primary productivity, preservation during sedimentation
and early diagenesis, and maturation of hydrocarbons dur-
ing burial to generate petroleum. (For a discussion of the
role of these processes see Tissot and Welte, 1984, and
Engel and Macko, 1993.) Hite and others (1984) and, to a
lesser extent, Hite and Anders (1991) discussed a variety of
organic-chemical results used to evaluate the effects of these
variables on the organic geochemistry of Paradox Forma-
tion interbeds. Most of their samples were from cores along
the western part of the basin where maturation for any one
stratigraphic unit should be more or less constant. They pro-
posed that the interbeds contain a mixture of marine and
coaly (terrestrial) organic matter and that organic matter
preservation was enhanced in a sulfidic (H,S-bearing),
saline depositional environment. They indicated that oil
migration from shale sealed above and below by evaporites
is negligible but that oil did migrate from shale where such
scals are not present.

The east-to-west increase in hydrogen index values
(fig. 9B) reflects differential organic matter maturation,
migration of hydrocarbons, and (or) differences in the pro-
portion of kerogen types. Burial reconstruction using vitrin-
ite reflectance data (Nuccio and Condon, in press) and Tpax
values show that the sediments in the southeasternmost part
of the basin are overmature with respect to petroleum
generation and maturation decreases to the west. This
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Figure 9 (above and facing page). Maps of means of selected chemical parameters in individual cycles and cores of cycles 5 and 3 of the
Pennsylvanian Paradox Formation. Circles with lower half filled indicate cycle 5 core samples representative of entire interbed; circles with
upper half filled indicate cycle 3 core samples representative of entire interbed; filled circles indicate samples from cycles 5 and 3 representa-
tive of respective interbeds; open circles indicate samples from cycles 5 and 3 not representative of respective interbeds. Solid type repre-
sents data for cycle 3; screened italic type represents data for cycle 5. A, organic carbon {(Corg) (weight percent). B, hydrogen index (HI)
(mg HC/g Corg). €, chromium (Cr) (parts per million). D, nickel (Ni) (parts per million). E, disulfide sulfur (Sp;) (weight percent). F,

8343 pj (per mil). G, reactive iron (Fepcr) (weight percent). H, degree of pyritization (DOPy).
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pattern is consistent with maximum subsidence of the basin
along the front of the Uncompahgre uplift (Stevenson and
Baars, 1987; Huffman and Condon, 1993) and burial beneath
a thick Permian section (Cater, 1970). The coincidence of
small hydrogen index values in thermally overmature parts
of the basin and large hydrogen index values in parts of the
basin in, or just entering, the oil window suggests that ther-
mal maturation plays a major role in the distribution of
hydrogen index values across the basin.

Mixing of kerogen types also contributes to the variabil-
ity in hydrogen index values; that is, hydrogen index values

are low for terrestrial organics and high for algal-type organ-
ics. Mixing is evident from trends in hydrogen index values
within the cycle-3 interval of the Shafer core. All samples in
this interval have the same burial-thermal history and are just
entering the oil-generating window (Hite and others, 1984,
Nuccio and Condon, in press; Tpax values, this study). Ver-
tical variation in hydrogen index values in the Shafer interval
are attributed to mixing of terrestrial organic matter with
marine-algal organic matter. Because degradation of organic
matter during deposition and early diagenesis decreases the
hydrogen index value, especially that of the algal-type
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Table 7. Means of trace metals in shales of Pennsylvanian Paradox Formation, Utah and Colorado.

[Average shale values from Wedepoh! (1978); n, number of samples]

Concentration
Metal n Range Arithmetic mean Standard Geometric mean  in average shale
(ppm) (ppm) deviation (ppm) (ppm)

As 23 4.2-23 8.8 4.1 8.1 13
Cr 97 24-580 270 120 240 83
Mo! 97 <2-77 5.0 8.7 32 26
Ni 97 10-950 96 95 80 53
Se 23 3-24 8.3 5.7 6.9 0.6
\' 97 24-590 98 60 88 110

IStatistics calculated by substituting 1 ppm for the 15 samples containing < 2 ppm Mo.

organics, the vertical variations may also represent an
increase in preservation of organic matter upward through
the core. Variability in hydrogen index values was not
observed within cores from the southeastern parts of the
basin. If originally present, the variability may have been
obliterated by degradation or thermal maturation of the
organic matter.

TRACE-METAL GEOCHEMISTRY

TRACE-METAL DATA

The geometric means of chromium and nickel concen-
trations vary among rock types (table 6). All shale types
have high mean concentrations (150-280 ppm Cr, 61-98
ppm Ni), whereas limestone, dolostone, and siltstone have
lower mean concentrations (25-40 ppm Cr, 12-20 ppm Ni).
Dolomitic shale (150 ppm Cr, 61 ppm Ni) has less chro-
mium and nickel than calcareous or argillaceous shale (230
and 280 ppm Cr, 74 and 98 ppm Ni). No significant differ-
ence was detected in chromium and nickel contents between
cycle-5 and cycle-3 interbeds, and variations among cores
are not sufficiently systematic to identify trends within the
basin (figs. 9C, 9D).

TRACE-METAL ENRICHMENT

Trace-element concentrations can be used to define
geochemical conditions during carbonaceous rock
deposition (Calvert and Pedersen, 1993). In table 7, average
trace-element contents of Paradox Formation shale are
compared to the mean abundance in average shale as
defined in the compilation by Wedepohl (1978). The
Paradox shales contain much more chromium, nickel, and
selenium than average shale. Other elements commonly
enriched in carbonaceous shale, such as arsenic,
molybdenum, and vanadium (Vine and Tourtelot, 1971),
have mean contents in Paradox Formation shale that are not
significantly different from average shale (table 7).

Concentrations much higher than the mean values for all
these metals were measured in a few samples.

The amounts of chromium and nickel added to Para-
dox sediments by geochemical processes were estimated by
subtracting the allochthonous component from the
whole-rock concentration. These calculations of enriched
values are subject to major assumptions, including a chem-
ically homogencous detritus and limited metal redistribu-
tion during diagenesis. Nonetheless, enriched values more
directly reflect processes affecting interbed composition
than do total concentrations.

Allochthonous detritus in Paradox interbeds is
assumed to have originated from source areas that were
chemically similar because variations in mineralogy across
the basin are not evident in the abundances of most
elements. For example, the constancy of the source areas is
consistent with the similar AL:Ti ratios in limestone,
dolostone, siltstone, dolomitic shale, and argillaceous shale.
Ratios of Al:Ti range from 18 to 21 and have correlation
coefficients greater than 0.92 for these rock types. Alumi-
num and titanium are mostly bound to phases that are rela-
tively unreactive in marine environments; therefore, both of
these elements provide a good estimate of the amount of
allochthonous detritus.

The amounts of chromium and nickel attributed to the
allochthorious detritus were estimated by plotting chro-
mium and nickel concentrations as a function of aluminum
content (figs. 10A, 10B). Samples that have the lowest
chromium and nicke] concentrations relative to aluminum
are considered to be samples in which depositional and
diagenetic enrichment of the metals was small. This subset
of the data was used to define the expected background con-
centrations as a function of aluminum content. Note that the
background lines define slopes similar to the ratio expected
for average shale. The amount of metal expected to be in
allochthonous detritus, based on the aluminum content, was
then subtracted from the whole-rock concentration to
estimate the amount of element enrichment for both
chromium and nickel. Calculated maximum enrichments
are almost 500 ppm chromium and 150 ppm nickel.
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Figure 10. Crossplots of chromium (A) and nickel (B) versus alu-
minum for samples in study. See text for derivation of lines.
Average shale values are from Wedepohl (1978).

The amounts of enriched chromium (Crepicn) and
enriched nickel (Nigprcn) are shown as a function of organic
carbon in figures 11A and 11B. The linear distribution of the
data indicates that organic matter accumulation and preser-
vation and accumulation of the metals are related. A few
dolostone and siltstone samples that contain moderate to
large amounts of organic carbon are notable for their lack of
metal enrichment. One of these samples contains migrated
bitumen. The low chromium content of this sample is con-
sistent with the small concentrations of chronfium in petro-
leum (Barwise and Whitehead, 1983; Curiale, 1987). Other
samples that have low metal contents relative to the amount
of organic matter may also contain migrated hydrocarbons.
Correlation coefficients of organic carbon versus enriched
chromium and enriched nickel are 0.91 and 0.92, respec-
tively, if the samples having low metals content and high
organic-carbon content are excluded. Scatter away from a
simple linear trend is attributed to spatial and temporal vari-
ations in the depositional environment and to organic-matter
loss during oil and gas generation.

Trace elements originally dissolved in secawater
accumulate in marine sediments through a range of possible
processes (Breit and Wanty, 1991). Retention of these
elements in the sediment requires geochemical conditions
that inhibit cycling of the metals from the sediments back

into the overlying water column (Shaw and others, 1990).
The chemical conditions during deposition of the Paradox
interbeds can therefore be estimated based on the metals that
are most strongly enriched in carbonaceous rocks (Shaw and
others, 1990; Emerson and Huested, 1991). Chromium,
nickel, and selenium, the elements most enriched in the Par-
adox interbeds, accumulate in moderately to strongly reduc-
ing environments (Shaw and others, 1990). In contrast,
arsenic, molybdenum, and vanadium, which are not enriched
in the Paradox interbeds, are most enriched in strongly reduc-
ing sulfidic environments. The moderately reducing envi-
ronment is envisioned to be capable of preserving organic
matter but is devoid of HyS until some depth below the sed-
iment-water interface.

The weight ratio of enriched metal to organic matter in
the Paradox interbeds is two to four orders of magnitude
greater than the ratio found in modern organisms (Breit and
Tutte, 1994). Therefore, the ratio in the sediment requires
either additional abiogenic mechanisms of chromium and
nickel accumulation or the loss of more than 99.9 percent of
the deposited organic matter. Alternative mechanisms of
metal accumulation include diffusion into the sediment
(Brumsack and Gieskes, 1983) and adsorption of metals onto
organic and inorganic particles settling through the water
column (Balistrieri and others, 1981). To account for chro-
mium enrichments of more than 200 ppm in the Paradox
interbeds, considering the small chromium concentrations of
seawater (0.3 pg/kg; Quinby-Hunt and Turekian, 1983), a
column of seawater several hundred meters high would have
to pass through the sediment. Such a volume is inconsistent
with both the preservation of organic matter and the sulfur
isotope systematics of the chromium-enriched rocks. Accu-
mulation by settling particles is a more reasonable explana-
tion.

Ratios of enriched chromium to enriched nickel in the
interbeds are variable and range from 0.3 to 25. For the shale
samples, the ratio ranges from 0.35 to 7.7, and mean values
are from 3.1 to 4.2. These ranges are attributed to variations
in chemical conditions during deposition. Previous studies
of modern and ancient sediments indicate that chromium is
likely to accumulate and be retained in sediments in which
organic matter is preserved (Shaw and others, 1990); how-
ever, nickel tends to accumulate in oxic sediments containing
manganese oxides (Shaw and others, 1990) or is predicted to
accumulate in sediments in which H,S favors incorporation
of nickel into sulfide minerals (Lewan, 1984). In moderately
reducing sediments, nickel is cycled from the sediments into
the overlying water because sulfide and manganese oxides
are absent. Therefore, we interpret high ratios of enriched
chromium to enriched nickel to indicate moderately reducing
conditions near the sediment-water interface, whereas low
ratios indicate more reducing conditions that favor sulfate
reduction. Detailed analysis of the temporal variations in this
ratio for cycle 3 of the Shafer core is presented in a later
section.
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cycles except that they are not in cycle 5 of the Shafer
core.

With respect to geochemical parameters discussed in
the preceding paragraph, of the 32 calcareous shales ana-
lyzed for 834Sp;, 28 are similar to the argillaceous shale of
group 2. The three dolomitic shales for which isotopic
compositions were determined are more variable and do not
fit neatly into either the shale group 1 or 2, possibly because
of postdepositional alteration.

Proposed conditions of shale deposition and diagene-
sis consistent with geochemical characteristics of the two
shale groups are summarized in figure 16.

Shale group 1.—As sea level rose at the onset of trans-
gression, seawater entered the basin and a brine formed at
the basin bottom through the dissolution of evaporites. The
higher salinity of the brine created a pycnocline that sepa-
rated the brine from the overlying seawater, and a stratified
water column developed. Much of the organic matter accu-
mulating in the sediment was terrestrial in origin, and the
contribution from primary productivity was minor. Aided
by the low oxygen content characteristic of brines (oxygen
solubility decreases as salinity increases; Weiss, 1970) and

by restricted circulation from stratification, settling organic
matter quickly established anoxic conditions at the
sediment-water interface. Bacterial reduction of sulfate
occurred at or directly below the sediment-water interface
where sulfate was readily available from the overlying
water column (infinite reservoir). Only the very reactive
iron oxyhydroxides were available to form pyrite by reac-
tion with the H,S being generated. The rate of sedimenta-
tion probably was slow, facilitating the diffusion of sulfate
from the brine into the sediment. These conditions pro-
duced very 34S depleted iron sulfides. Sulfate reduction
ceased once the sediments were isolated from the overlying
water column, possibly because of the refractory nature of
terrestrial organic matter. In the upper water column, sea-
water circulation continued to provide fluxes of particulate
organic matter and metals to the sediment; however, metals
in the bottom brine were quickly depleted due to restricted
circulation in the brine. Most of the chromium and nickel
were retained in the anoxic sediment where organic-matter
degradation was inhibited. The high potassium feldspar
and low plagioclase contents in shale of group 1 relative to
other shale may reflect the alteration of plagioclase to authi-
genic potassium feldspar, which has been described in the
shale (D. Tromp and G. Whitney, 1992, unpub. data). High
potassium concentrations enhance the alteration process
and are a characteristic of brines derived from dissolution of
the potassium-bearing evaporites or residual brines such as
those in the Paradox Basin (Rice and others, 1994).

Shale group 2.—As the basin filled, the pycnocline
weakened and the brine mixed with seawater, becoming
less saline throughout the basin and only mildly reducing.
Argillaceous shale accumulated in the basin center,
whereas calcareous shale formed nearer to and on the
shelf. Detrital sodium feldspar was stable in the more
dilute bottom waters. Reworking of organic matter at the
sediment-water interface was sufficient to release the
phosphate needed to form apatite present in many samples
of shale group 2 but not sufficient to destroy all the
organic matter. Partial recycling of phosphate and other
nutrients to the surface waters stimulated primary produc-
tivity, Chromium and nickel were supplied continually by
good circulation of seawater throughout the entire water
column. Chromium was preferentially retained in the sedi-
ment relative to nickel because once-reduced chromium is
relatively immobile, even during reworking of organic
matter in the sediment, whereas nickel may diffuse out of
the sediment (Shaw and others, 1990). As circulation of
bottom water increased, the redox front moved down into
the sediments and sulfate reduction did not begin until the
sediments were partially isolated from the infinite sulfate
reservoir in the bottom waters. More pyrite formed in
these sediments than during formation of shales of group 1
because release of iron from diagenetic processes was now
time correlative with H»S generation.
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CONCLUSIONS

During the Pennsylvanian Period, 33 repetitive cycles
of marine evaporite-carbonate-siliciclastic rocks were
deposited in the Paradox Basin of Utah and Colorado. The
similarity in the repetitive lithologic sequences of these 33
cycles was controlled primarily by eustasy (transgressive
and regressive events). The vertical and aerial variability
within and between interbeds of cycles 3 and 5 suggests that
somewhat unique physical and chemical conditions existed
during deposition of each cycle.

1. Variability in the mineralogy of silicates across the
basin suggests that, during cycle 5, clastic material
was derived from separate source areas to the south-
west, the east, and the north. Mineralogical unifor-
mity of clastics in cycle 3 suggests either one source
or effective mixing of multiple sources.

2. Hydrogen indices vary both across the basin and ver-
tically in cores because of changes in the propor-
tions of terrestrial- and algal-derived organic matter
deposited and preserved and because of differential
maturation of the organic matter across the basin.

3. Sulfur and iron geochemistry suggests that, at the
onset of transgression, the water column became
stratified, possibly because of salt dissolution, and
anoxic conditions persisted at the sediment-water
interface. As transgression proceeded, seawater cir-
culation mixed the water column and anoxic condi-
tions moved deeper into the sediment.

4. Trace-metal concentrations in carbonaceous rocks
suggest that circulation was good throughout the
basin and indicate that H,S was not an important
component of water in the basin.

5. Shale in the interbeds was deposited under two sets
of conditions. Shale of group 1 was not enriched in
metals, contains terrestrially derived organic matter,
and was deposited during early transgressive phases
when circulation was restricted. Shale of group 2
was enriched in chromium, nickel, and algal matter;
was deposited when seawater circulated throughout
the basin, and is the notable petroleum source rock
in the basin.

REFERENCES CITED

Baars, D.L., and Stevenson. G.M., 1982, Subtle stratigraphic traps
in Paleozoic rocks of Paradox Basin, in Halbouty, M.T., ed.,
Deliberate search for the subtle trap: American Association of
Petroleum Geologists Memoir 32, p. 131-158.

Balistrieri, L., Brewer, P.G., and Murray, J.W., 1981, Scavenging
residence times of trace metals and surface chemistry of sink-
ing particles in the deep ocean: Deep-Sea Research, v. 28A,
p. 101-121.

Barwise, A.J.G., and Whitehead, E.V., 1983, Fossil fuel metals in
Augustithis, S.S., ed., The Significance of Trace Elements in
Solving Petrogenetic Problems and Controversies: Athens,
Greece, Theophrastus Publications, p. 599-643.

Bathurst, R.G.C., 1971, Carbonate Sediments and Their Diagene-
sis: Amsterdam, Elsevier, 658 p.

Berner, R.A., 1970, Sedimentary pyrite formation:
Journal of Science, v. 268, p. 1-23.

Breit, G.N., and Tuttle, M.L., 1994, Use of trace elements to con-
strain a depositional model of carbonaceous rocks in the Penn-
sylvanian Paradox Basin: 1994 Abstracts with Program,
Geological Society of America Rocky Mountain Section
Meeting, Durango, May, 1994, v. 26, p. 6.

Breit, G.N., and Wanty, R.B., 1991, Vanadium accumulation in
carbonaceous rocks—A review of geochemical controls dur-
ing deposition and diagenesis: Chemical Geology, v. 91, p.
83-97.

Briggs, P.H., 1990, Elemental analysis of geologic materials by
inductively coupled plasma—atomic emission spectrometry, in
Arbogast, B.F., ed., Quality Assurance Manual for the Branch
of Geochemistry, U.S. Geological Survey: U.S. Geological
Survey Open-File Report 90-668, p. 83-91.

Brumsack, H.J., and Gieskes, J.M., 1983, Interstitial water
trace-metal chemistry of laminated sediments from the Gulf
of California: Marine Chemistry, v. 14, p.86-106.

Calvert, S.E., and Pedersen, T.F., 1993, Geochemistry of Recent
oxic and anoxic marine sediments—Implication for the geo-
logical record: Marine Geology, v. 113, p. 67-88.

Canfield, D.E., Raiswell, R., and Bottrell. S., 1992, The reactivity
of sedimentary iron minerals toward sulfide: American Jour-
nal of Science, v. 292, p. 659-683.

Cater, F.W., 1970, Geology of the salt anticline region in south-
western Colorado:  U.S. Geological Survey Professional -
Paper 637,75 p.

Crock, J.G., and Sanzolone, R., 1990, Trace-level determination of
arsenic and selentum using continuous-flow hydride genera-
tion—atomic absorption spectrophotometry (HG-AAS), in
Arbogast, B.F., ed., Quality Assurance Manual for the Branch
of Geochemistry, U.S. Geological Survey: U.S. Geological
Survey Open-File Report 90-668, p. 38—45.

Curiale, J.A., 1987, Distribution and occurrence of metals in heavy
crude oils and solid bitumens—Implication for petroleum
exploration, in Meyer, R.F., Exploration for Heavy Crude Oil
and Natural Bitumen: American Association of Petroleum
Geologists Studies in Geology 25, p. 207-219.

Driese, S.G., and Dott, R.H., 1984, Model for sandstone-carbonate
“cyclothems” based on upper member of Morgan Formation
(Middle Pennsylvanian) of northern Utah and Colorado:
American Association of Petroleum Geologists Bulletin, v.
68, p. 574-597.

Emerson, S.R., and Huested, S.S., 1991, Ocean anoxia and the
concentrations of molybdenum and vanadium in seawater:
Marine Chemistry, v. 34, p. 177-196.

Engel, M.H., and Macko, S.A., eds., 1993, Organic Geochem-
istry—Principles and Applications: New York, Plenum
Press, 861 p.

American



N30 EVOLUTION OF SEDIMENTARY BASINS—PARADOX BASIN

Goldhaber, M.B., and Kaplan, LR., 1974, The sulfur cycle, in
Goldberg, E.D,, ed., The Sea, Volume 5—Marine chemistry:
New York, John Wiley and Sons, p. 569-655.

1975, Controls and consequences of sulfate reduction rates
in recent marine sediments: Soil Science, v. 119, p. 42-55.

Hite, R.J., 1960, Stratigraphy of the saline facies of the Paradox
Member of the Hermosa Formation of southeastern Utah and
southwestern Colorado, in Geology of the Paradox Basin Fold
and Fault Belt: Four Corners Geological Society Field Con-
ference, 3rd, p. 86-89.

1961, Potash-bearing evaporite cycles in the salt anticlines

of the Paradox Basin, Colorado and Utah, in Short Papers in

the Geologic and Hydrologic Sciences: U.S. Geological Sur-
vey Professional Paper 424-D, p. D135-D138.

1968, Salt deposits of the Paradox deposits of the Paradox

Basin (Utah), in Saline Deposits: Geological Society of

America Special Paper 88, p. 319-330.

1970, Shelf carbonate sedimentation controlled by salinity

in the Paradox Basin, southeast Utah, in Rau, J.L., and Dell-

wig, L.F., eds., Third Symposium on Salt: Cleveland, North-

ern Ohio Geological Society, p. 48-66.

1983, Preliminary mineralogical and geochemical data
from the D.O.E. Gibson Dome corehole No. 1, San Juan
County, Utah: U.S. Geological Survey Open-File Report
83-780, 57 p.

Hite, R.J., and Anders, D.E., 1991, Petroleum and Evaporites, in
Melvin, J.L., ed., Evaporites, Petroleum, and Mineral
Resources: Amsterdam, Elsevier, p. 349-411.

Hite, R.J., Anders, D.E., and Ging, T.G., 1984, Organic-rich
source rocks of Pennsylvanian age in the Paradox Basin of
Utah and Colorado, in Woodward, J., Meissner, F.F., and
Clayton, J.L., eds., Hydrocarbon Source rocks of the greater
Rocky Mountain region: Denver, Rocky Mountain Associa-
tion of Geologists, p. 255-274.

Hite, R.J., and Buckner, D.H., 1981, Stratigraphic correlations,
facies concepts, and cyclicity in Pennsylvanian rocks of the
Paradox Basin, in Wiegand, D. L., ed., Geology of the Paradox
Basin: Denver, Rocky Mountain Association of Geologists, p.
147-159.

Holser, W.T., and Kaplan, I.R., 1966, Isotope geochemistry of sed-
imentary sulfates: Chemical Geology, v. 1, p. 93-135.

Huffman, A.C., Jr., and Condon, S.M.. 1993, Stratigraphy, struc-
ture, and paleogeography of Pennsylvanian and Permian
rocks, San Juan Basin and adjacent areas, Utah, Colorado, Ari-
zona, and New Mexico: U.S. Geological Survey Bulletin
1808-0, 44 p.

Kaplan, I.R., and Rittenberg, S.C., 1964, Microbiological fraction-
ation of sulphur isotopes: Journal of General Microbiology, v.
34, p. 195-212.

Kendall, A.C., 1987, Depositional model for carbonate-evaporite
cyclicity; Middle Pennsylvanian of Paradox Basin: American
Association of Petroleum Geologists Bulletin, v. 71, p. 576.

Lewan, M.D., 1984, Factors controlling the proportionality of
vanadium to nickel in crude oils: Geochimica et Cosmochim-
ica Acta, v. 49, p. 2231-2238.

Love, L.G., and Amstutz, G.C., 1966, Review of microscopic
pyrite: Fortschritte der Mineralogie, v. 43, p. 273-309.

Mallory, W.W., 1975, Middle and southern Rocky Mountains,
northern Colorado Plateau, and eastern Great Basin region, in
Paleotectonic Investigations of the Pennsylvanian System in

the United States, Part [—Introduction and Regional Analyses
of the Pennsylvanian System: U.S. Geological Survey Profes-
sional Paper 853, p. 265-278.

Nakai, N., and Jensen, M.L., 1964, The kinetic isotope effect in the
bacterial reduction and oxidation of sulfur: Geochimica et
Cosmochimica Acta, v. 28, p. 1893-1912.

Nuccio, V.F., and Condon, S.M., in press, Burial and thermal his-
tory of the Paradox Basin, Utah and Colorado, and petroleum
potential of the Middle Pennsylvanian Paradox Formation:
U.S. Geological Survey Bulletin 2000-O.

Peterson, J.A., and Hite, R.J.. 1969, Pennsylvanian evaporite-car-
bonate cycles and their relation to petroleum occurrence,
southern Rocky Mountains: American Association of Petro-
leum Geologists Bulletin, v. 53, p. 884-908.

Quinby-Hunt, M.S., and Turekian, K.K., 1983, Distribution of ele-
ments in seawater: EOS, Transactions of the American Geo-
physical Union, v. 64, no. 14., p. 130-131.

Raiswell, R., 1982, Pyrite texture, isotopic composition, and the
availability of iron: American Journal of Science, v. 282, p.
1244-1263.

Raup, O.B., and Hite R.J., 1992, Lithology of evaporite cycles and
cycle boundaries in the upper part of the Paradox Formation of
the Hermosa Group of Pennsylvanian age in the Paradox
Basin, Utah and Colorado: U.S. Geological Survey Bulletin
2000-B, 37 p.

Reid, F.S., and Berghom, CE., 1981, Facies recognition and
hydrocarbon potential of the Pennsylvanian Paradox Forma-
tion, in Wiegand, D.L., ed., Geology of the Paradox Basin:
Denver, Rocky Mountain Association of Geologists, p.
111-117.

Rice, C.A., Breit, G.N., and Hills, F.A., 1994, Mg, Sr, and K abun-
dances in sulfate and water soluble minerals from the Paradox
Formation—Depositional and diagenetic indicators: 1994
Abstracts with Program, Geological Society of America Rocky
Mountain Section Meeting, Durango, May, 1994, v. 26, p. 61.

Salen, G., Raiswell, R., Talbot, M.R., Skei, J.M., and Bottrell,
S.H., 1993, Heavy sedimentary sulfur isotopes as indicators of
super-anoxic bottom-water conditions: Geology, v. 21, p.
1090-1094.

Schoonen, M.A., and Barnes, H.L., 1991, Reactions forming pyrite
and marcasite from solution—I. Nucleation of FeS; below
100°C:  Geochimica et Cosmochimica Acta, v. 55, p.
1495-1504.

Shaw, R.J., Gieskes, J.M., and Jahnke, R.A., 1990, Early diagenesis
in differing depositional environments—The response of tran-
sition metals in pore water: Geochimica et Cosmochimica
Acta, v. 54, p. 1233-1246.

Stevenson, G.M., and Baars, D.L., 1987, The Paradox—A
pull-apart basin of Pennsylvanian age, in Peterson, J.A,, ed.,
Paleotectonics and Sedimentation in the Rocky Mountain
Region, United States: American Association of Petroleum
Geologists Memoir 41, p. 513-539.

Sweeney, R.E., 1972, Pyritization during diagenesis of marine sed-
iments: Los Angeles, University of California, Ph.D. thesis,
184 p.

Sweeney, R.E., and Kaplan, LR., 1973, Pyrite framboid formation:
laboratory synthesis and marine sediments: Economic Geolo-
gy. v. 68, p. 618-634.

Szabo, E., and Wengerd, S.A., 1975, Stratigraphy and tectonogen-
esis of the Paradox Basin, in Fasset, J.E., ed., Canyon Lands



GEOCHEMISTRY OF TWO INTERBEDS, PENNSYLVANIAN PARADOX FORMATION, UTAH AND COLORADO N31

Country: Four Corners Geological Society Field Conference,
8th, Guidebook, p.193-210.

Tissot, B.P., and Welte, D.H.. 1984, Petroleum Formation and
Occurrence: New York, Springer Verlag, p. 509-511.

Tuttle, M.L., and Goldhaber, M.B., 1993, Sedimentary sulfur
geochemistry of the Paleogene Green River Formation, West-
ermn USA—Implications for interpreting depositional and
diagenetic processes in saline alkaline lakes: Geochimica et
Cosmochimica Acta, v. 57, p. 3023-3039.

Tuttle, M L., Goldhaber, M.B., and Williamson, D.L., 1986, An
analytical scheme for determining forms of sulfur in oil shales
and associated rocks: Talanta, v. 33, p. 953-961.

Tuttle, M.L., Rice, C.A., and Goldhaber, M.B., 1990, Geochemis-
try of organic and inorganic sulfur in ancient and modern
lacustrine environments—Case studies of freshwater and
saline lakes, in Orr, W.L., and White, C.M., eds., Geochemis-
try of Sulfur in Fossil Fuels: Washington, D.C., American
Chemical Society, p. 114-148.

Vine, 1.D., and Tourtelot, E.B., 1970, Geochemistry of black shale
deposits—A summary report: Economic Geology, v. 65, p.
253-272.

Wedepohl, K.H., ed., 1969-1978, Handbook of Geochemistry:
Berlin, Springer Verlag, volumes I-IV.

Weiss, R.F., 1970, The solubility of nitrogen, oxygen, and argon
in water and seawater: Deep-Sea Research, v. 17, p. 721-735.

Wengerd, S.A., 1962, Pennsylvanian sedimentation in Paradox
Basin, Four Corners region, ir Branson, C.C., ed., Pennsylva-
nian System in the United States; A Symposium: American
Association of Petroleum Geologists, p. 264-330.

Whelan, J.K., and Thompson-Rizer, C.L., 1993, Chemical meth-
ods for assessing kerogen and protokerogen types and maturi-
ty. in Engel, M.H., and Macko, S.A., eds., Organic
Geochemistry—Principles and Applications: New York, Ple-
num Press, p. 289-354.

Williams-Stroud, S., 1994, Solution to the Paradox? Results of
some chemical equilibrium and mass balance calculations
applied to the Paradox Basin evaporite deposit: American
Journal of Science, v. 294, p. 1-39.

Published in the Central Region, Denver, Colorado
Manuscript approved for publication November 21, 1995
Edited by Richard W. Scott, Jr.
Graphics prepared by Norma Maes;

use made of author-drafted material
Photocomposition by Gayle M. Dumonceaux






APPENDIX 1—CORE DESCRIPTIONS AND SAMPLING
INFORMATION




N34

EVOLUTION OF SEDIMENTARY BASINS—PARADOX BASIN

0 GAMMA RAY LOG 500 DEPTH CORE DESCRIPTION
200 (API units) 400 (meters)
808
Anhydrite
810 R
810= " Siltstone
e
i
815 Ii I 'l - Medium-gray
LT limestone
[T
T & 1
= 815 L L1 Dark-gray to black
N 820 /8.1 shaly to silty
e L. dolostone
= .
825
820
Dark-gray to gray-
. black shale
— '830 =
—e—
825 === Medium- to dark-
— 835 T 7] gray siltstone
: I 111 : Il Limestone
600! [T
® Sample

U.S. Department of Energy Elk Ridge No. 1, sec. 30, T. 37 S.,
R. 13 E., San Juan County, Utah. API 4303790625. Cycle 5.
Twenty-one meters of cycle 5 was examined and sampled. The
lower portion of the sampled interval is 3 m of limestone,
overlain by 1.5 m medium- to dark-gray siltstone and 8 m of
dark-gray to gray-black shale. The shale is laminated and
contains abundant reddish organic matter, silt-size quartz and
dolomite, well-oriented muscovite, and large pyrite grains

elongated along laminae. Above the shale are 1.5 m of dark-gray
to black dolostone, almost 5 m of gray limestone, 1.5 m of
siltstone, and 1.5 m of anhydrite at the top of the interval. The
dolostone is silty and weakly laminated and contains dolomite
rhombs in a clay-carbonate matrix. Some shell fragments and
possible echinoderm tests have been replaced by chalcedony and
(or) micritic calcite. Pyrite is present as euhedral cubes,
disseminated anhedral grains, and cement.
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GAMMA RAY LOG DEPTH CORE DESCRIPTION
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797 dolostone
- 800 ® Sample

U.S. Department of Energy Elk Ridge No. 1, sec. 30, T. 37 S.,
R. 13 E,, San Juan County, Utah. API 4303790625. Cycle 3.
Approximately 24 m of cycle 3 was examined and sampled in
this core. The lower part of the sampled interval is represented
by shaly to silty, laminated dolostone. In some areas, the
laminae are disrupted as if bioturbated. One area rich in organic
matter contains a vein of pyrite cement. The dolostone contains
minor to trace glauconite, anhydrite, and muscovite. About 16 m
of alternating silty to shaly limestone and massive dark-brown

calcareous shale beds overlies the dolostone. The shale contains
some fine-sand-size quartz and carbonate grains, well-oriented
muscovite grains, micritic carbonates, disseminated anhedral
pyrite, and minor pyrite cement. The silty limestone has
disrupted laminae, sparry calcite replacing shell fragments, and
fine-sand-size quartz. Pyrite is present as anhedral grains and
ragged-appearing framboids and framboid aggregates. A
calcareous siltstone (2.5 m thick) overlies the alternating bed
interval and is overlain by more silty limestone.
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GAMMA RAY LOG DEPTH CORE DESCRIPTION
0 (API units) 200 (meters)
1,735 FET7—=
- 1,725 =]
——'— Shaly crinoidal
——L—| limestone
—_— | J—
- 1,730 o —
1]
1 Shelly limestone
ﬁ#[ Gradational contact
— 4,735 E = Platy to massive
——1 black shale
I T7‘/ - Shaly dolostone
1,740 Finely laminated
\ ——e— black shale
1,740
AN Platy black shale
— 1,745\
™,741
® Sample
- 1,750
Carbonit Exploration State No. 1-16, SEYANWY sec. 16, T. 39 and calcite. Shell fragments are rare to common. Dolomite

S., R. 21 E., San Juan County, Utah. API 4303730603. Cycle
5. Approximately 6 m of cycle 5 core was examined and
sampled. A platy, dark-gray to black shale in the lower 3.4 m of
the interval grades upward into a massive, medium-gray,
fossiliferous limestone. The shale appears to be less organic rich
upward. Detrital grains in the shale are mostly silt-size quartz

rhombs are the major authigenic component and can make up a
major part of the shale. Pyrite is abundant as framboids and
shell replacement. Some larger (silt-size) euhedral crystals of
pyrite were observed in one sample (a dolomitic shale, 1,738.6
m). Marcasite may also be present.
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GAMMA RAY LOG DEPTH CORE DESCRIPTION
0 (API units) 200 (meters)
1,681 =r———
[ @ | o
~ 1,686 : :,:| Massive limestone
1 1
1
1 | [ |
e S
1,685 | ’ | ‘ ,
1 1
l [ | [ | 1 Porous limestone
T
1,690 1,685 T
I : [ | [
T T 1
C T 1
I : [ : [
- 1,695 [ | | | [ ' Massive, crinoidal
| : | : l limestone
T 1
e
- 1,700
__.____
= 1705 Massive to platy
black shale
- 1,710\ 1690
———
- 1,715
® Sample
1,692 —0—

Carbonit Exploration State No. 1-16, SEANWY, sec. 16, T. 39
S.,R. 21 E., San Juan County, Utah. API 4303730603. Cycle
3. During cycle 3 time, the location of this well was on or close
to a shallow marine shelf that bounded the western margin of the
basin (text fig. 4B). The interval examined is approximately
10.7 m thick and contains, in ascending order, a massive to platy,
dark-gray to black shale in the lowest part (4.9 m thick), a
massive, medium-gray, crinoidal limestone (2 m thick), a vuggy,
light-gray, fossiliferous limestone (3 m thick), and a massive,
light-gray, crinoidal limestone at the top. The lowermost dark

shale contains common to abundant, silt-size quartz, feldspar,
and muscovite. Some shell fragments, and lenticular
concentrations of sponge spicules as long as a few millimeters,
are present. Authigenic minerals include sparse patches of
microcrystalline calcite cement; common, well-developed, silt-
size dolomite rhombs; abundant pyrite, and possibly some
marcasite. The pyrite is present mostly as small (silt-size),
disseminated crystals, however, larger (silt-size), anhedral,
"hairy" crystals are common. Only a few framboids and pyrite
replacements of shell fragments were observed.
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GAMMA RAY LOG DEPTH CORE DESCRIPTION
0 (API units) 200 (meters)
= 1915 1,921 Massive black
shale
==
/
- 1,920 Fractures or
/ veins
1,925
_..5_
\ Massive black
— 1930 1925 shale
o —
= 1,935
1,927 ———|
= 1,940 ® Sample

Southland Royalty West Water Creek No. 1, SWY%SEY sec. 4,
T. 38 S, R. 22 E., San Juan County, Utah. API 4303730713.
Cycle 3. Cycle 3 in this core is approximately 6 m thick and is
predominantly a massive to platy, dark-gray to black shale.
Within the upper 2 m, massive fractures or veins are filled with
sulfides and sulfate minerals. The shale is more organic rich in
its upper part, and both organic matter and the amount of clastic
detritus increase upward. The uppermost sample contains
abundant, silt-size quartz, feldspar, and muscovite, whereas the
lowermost sample contains only rare silt-size quartz and
muscovite grains. In all of the samples, carbonate grains

(possibly abraded shell fragments), shell fragments, and sponge
spicules were common. Some lenticular concentrations of
sponge spicules are observed. Among the authigenic minerals
are sparse to common, well-developed, occasionally zoned
dolomite rhombs; pyrite; and, in the uppermost sample,
chalcedony (partially replacing shell fragments) and patches of
microcrystalline calcite cement in the spicule-rich lenses. Pyrite
is common and is present mostly as framboids and disseminated,
silt-size crystals. The framboids are most common in the lower
part of the sampled interval. In the lower part, pyrite partially
replaces sponge spicules and shell fragments.
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GAMMA RAY LOG DEPTH CORE DESCRIPTION
0 (API units) oqg (Mmeters)
1,942 = T
ETi LII Crinoidal and shelly
- 1,94 ll l Il limestone
T IIL[
: ‘r | Gradational contact
1,045 ——9
1,945
Massive black shale
- 1,950 ————
- 1,955
———
= 1,960 = =—
1,949
® Sample

E.L. and B.R. Cox Aztec Federal No. 1, sec. 24, T. 37 S, R.
23 E., San Juan County, Utah. API 4303730724. Cycle 5.
Approximately 6.3 m of core was sampled and examined. The
lower 4.5 m is a massive, dark-gray to black, very organic rich
shale that grades upward into a massive, medium-gray,
fossiliferous, limestone. In the shale, silt-size quartz and

muscovite grains are rare to common and decrease upward in
amount. Unlike the dolostone, no shell fragments are observed
in the shale. Pyrite was the only observed authigenic mineral.
Pyrite is common to abundant and is present mostly as dispersed,
single, silt-size crystals. A few framboids are present, and some
may be overgrown or infilled.
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GAMMA RAY LOG DEPTH CORE DESCRIPTION
0 (API units) 200 (meters)

- 1715
///
1,720
1,725

~ 1,730

No gamma ray tool response

- 1,735
— \\
— 1,740

McCulloch Oil and Gas Corp. Pickett Federal No. 1-33,
SE“NEYSWY, sec. 33, T. 36 S, R. 25 E., San Juan County,
Utah. API 43037330539. Cycle 5. Of the 9.5 m of core
examined, the lower 3 m is sandstone and siltstone. These are
overlain by platy to massive, dark-gray to black, fossiliferous,
organic-rich shale approximately 3 m thick. This shale grades
upward into a dark gray to black shale that is very organic-rich
and devoid of fossils. This upper shale is approximately 3.5 m
thick and grades upward into a massive, medium-gray,
fossiliferous (crinoidal) limestone. Sulfate- or carbonate-filled
fractures or veins are present in the shale close to the limestone
contact. The sandstone (and siltstone) is generally silt size to
very fine grained, sublitharenite to quartzarenite. Clay matrix
content ranges from trace to common and probably decreases

1,719 ——m-
/1,720 =T 1 Crinoidal limestone

.
——¢— Gradational contact
Fractures or

—@®— veins

= =
:F:

Massive to platy
black shale

1,725

—————{ Siltstone and

\ ~——— sandstone

\

upward. The sandstone is almost completely cemented by pore-
filling calcite and, in some samples, dolomite. The lower shale
interval contains abundant silt-size quartz and muscovite, shell
fragments, deformed phosphatic(?) pelloids, and elongate
agglomerates. The amount of shell fragments and pelloids
appears to decrease upward. The upper shale is very similar to
the lower shale, except, as mentioned before, it is more organic-
rich and is devoid of fossils. In both the upper and lower shale
intervals, dolomite and pyrite are the major authigenic minerals.
Dolomite is generally present as silt-size rhombs. Pyrite is
present as framboids or single crystals. The framboids are
sometimes clustered. In the lowermost shale interval, some shell
fragments are replaced by pyrite.

® Sample

1,709 ===
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0 GAMMA RAY LOG 200 DEPTH CORE DESCRIPTION
200 (API units) 400 (meters)
1,751=n T
L L1 Crinoidal limestone
- 1,740 -
= 1,745 Massive to platy
: black shale
> 1,750 == =
1,755
1,755
Carbonate and
P =% ulfide "stars"
1,760 ——&——
Massive black
= shale
- 1,765
#
- 1,770
1,760
® Sample

Santa Fe Energy Lake Canyon Prospect Federal No. 1-27,
NWYVNWY sec. 27, T. 36 S., R. 25 E., San Juan County,
Utah. API 4303730692. Cycle 3. Approximately 9 m of this
core was examined and sampled. The lower 8 m is a massive,
dark-gray to black, organic-rich shale and is capped by a
massive, medium-gray, crinoidal limestone. In roughly the
center of the shale interval are "star-shaped" sulfate-sulfide
nodules and possibly some halite crystals. Silt-size quariz,
muscovite, and carbonate grains are common to abundant in all
the shale samples. Some shell fragments are present in the
lowermost sample. Elongate patches (approximately 0.1 mm
long) of agglomerated carbonate and silica grains, some hollow,

are present in the shale and are most abundant in the uppermost
shale sample. The agglomerates are assumed to have biological
affinities and may be either compacted tests of agglutinated
foraminifera or algal spore cases. The major authigenic minerals
are silt-size dolomite rhombs (only in the upper part of the
shale), calcite, and pyrite. Pyrite is common to abundant and is
present mostly as dispersed single crystals in the upper part of
the shale and framboids in the lower part. Within the sulfate-
sulfide nodular interval, large patches of calcite laths are present.
These laths commonly contain anhydrite, large euhedral pyrite
crystals, and chalcedony. In addition, layers of microcrystalline
calcite-cemented shale are present in the nodular interval.
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GAMMA RAY LOG
0 (API units)

= 1,930

- 1,935

1,940

~"1,945—1,944

Davis Oil Company Duncan Tevault No. 1, SWYSEY, sec. 35,
T. 40 N, R. 20 W, Dolores County, Colorade. API
0503306047. Cycle 5. Approximately 2.7 m of this core was
examined and sampled. The lower 1.8 m is a massive to platy,
organic-rich, dark-gray to black shale. This shale grades upward
into a dolomitic shale or clay-rich dolostone. The organic-rich
shale contains common silt-size quartz, carbonate, and muscovite
grains, and elongate phosphatic(?) agglomerates. Pyrite, mostly
as single crystals and framboids, is common in the dolostone and
shale. Framboids are sometimes clustered, and their abundance

DEPTH
ogo (meters)

EVOLUTION OF SEDIMENTARY BASINS—PARADOX BASIN

CORE DESCRIPTION
1,939 ;
’ Dolostone and
1,940, 787 ] shaly dolostone with
7 /‘/ 71 nodules and fractures
7 ! i ! 71 or veins filled with
7 7 -
L T sulfate and silica

Gradational contact

Massive to platy black
shale with nodules and
fractures or veins filled
with pyrite, sulfate,
and silica

Massive to platy black
shale

® Sample

appears to decrease upward. Both the dolostone and shale
contain fractures or veins filled with chalcedony, pyrite, and
anhydrite and sparsely distributed calcite and sphalerite.
Generally, these fractures or veins are zoned as host, euhedral
pyrite crystals, euhedral sphalerite crystals and (or) calcite,
anhydrite, and chalcedony. In one sample (1,940-m depth), the
chalcedony may have undergone repeated fracturing and filling.
Some euhedral marcasite crystals were observed near or in these
veins.
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GAMMA RAY LOG DEPTH  CORE DESCRIPTION
0 (AP units) 200 (meters)
200 400
875 i Anhydrite
e Shaly dolostone
/ . / . /
[ 7

—®— Black shale

880
gamma ray log pr0pr|§tary Silty to shaly
and unavailable for publication dolostone
885 —
Anhydrite with
Delhi-Taylor Qil Co. Shafer No. 1, sec. 15, T. 26 S, R. 20 SOI’T?G S,haly
E., Grand County, Utah. Cycle 5. This is the northernmost laminations
well sampled. Approximately 28 m of this core was 890 —
examined and sampled. The lower 1 m is gray, laminated
anhydrite. Above the anhydrite is black to brown shale. The
black shale is overlain by about 5 m of gray to buff dolostone
that has organic matter disseminated throughout. The
dolomite is uniform anhedral grains, and some pyrite is :
present as anhedral grains. Above the dolostone is about 6 m Sllty to Shaly
of nodular anhydrite, overlain by 6 m of light-brown silty dolostone
dolomite, about 2.5 m of buff to black dolomitic shale 895
containing numerous halite veins, 3 m of light-brown =
dolomite with some halite veins, and a bed of gray anhydrite
at the top of the interval. —
Thinly bedded,

black to brown
900 ~=—g== shale

¢ Sample Anhydrite

903
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GAMMA RAY LOG DEPTH CORE DESCRIPTION
0 i 200 (meters)
200 (API units) 2400
765
Anhydrite
#2224 Gradational contact
7 7 7
77
7 7 7
7
11
77 77 Shaly to silty
dolostone

Gamma ray log proprietary
and unavailable for publication

Delhi-Taylor Qil Co. Shafer No. 1, sec. 15, T. 26 S., R. 20 E.,
Grand County, Utah. Cycle 3. Approximately 32 m of this
core was examined, and 33 samples were collected. It is the
most sampled of all the wells. The deepest part of the interval
contains a medium-gray anhydrite, above which is medium-gray
to brown, sometimes dolomitic or calcareous, shale; siltstone;
sandstone; and dolostone (total about 7.5 m thick). The siltstone
and sandstone decrease upward. These medium-gray to brown
beds grade upward into darker gray to black, organic-rich shale
about 4.5 m thick. The shale is overlain by dolostone 2 m thick
and the interval is capped by anhydrite. Fractures filled with
anhydrite, pyrite, and halite are common throughout the interval
but are most abundant in the upper shale and dolostone.
Generally, both the medium-gray to brown shale and the dark-
gray to black shale contain common to abundant, silt-size quartz,

Sharp contact

775=—

Massive black shale
and thin beds of
shaly dolostone

780 —

Sharp contact
Siltstone and
sandstone
Shaly to silty

dolostone
Sandstone
Anhydrite

785 —

¢ e <t

® Sample

feldspar, and muscovite. Some foraminfera tests and elongate
agglomerates of carbonate and silica grains are present in the
upper, organic-rich shale. Sporadic patches of microcrystalline
calcite are present. Dolomite thombs were observed only in the
uppermost shale. In one sample (775.3 m), a veinlet of
individual and coalesced sphalerite crystals was observed, as
well as calcium phosphate-rich patches. Pyrite is rare to
abundant in the interval and is present mostly as single,
dispersed, silt-size crystals or as framboids. Some possible
cuhedral to subhedral marcasite is present. The black shale and
shaly dolostone contain veins of halite, one of which (771.5 m)
was examined in thin section. The vein contains chalcedony,
dolomite, halite, and iron sulfide minerals. The iron sulfides are
very fine grained to coarse-grained anhedral grains, some of
which may be marcasite
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GAMMA RAY LOG DEPTH  CORE DESCRIPTION
(API units) (meters)
200
933 —
/ = Dolostone
- 925 ) A, :
/ 935 8 Anhydrite
/ 7%
/ L Dolostone and
77
- 930 L7117 shaly dolostone

935

940

945

- 950

U.S. Department of Energy Gibson Dome No. 1, sec. 21, T. 30
S., R. 21 E,, San Juan County, Utah. Cycle 5. Approximately
16 m was examined and sampled in this core. The lowest part of
the interval is about 1.5 m of laminated brown shale, the upper
part of which contains more silt and is grayer. Anhydrite, silt-
size carbonates, and disseminated anhedral pyrite grains are
present in minor or trace amounts. The shale is overlain by 3.5
m of brownish-black limestone, 0.4 m of anhydrite, and some 5

940 -

Brownish-black
dolomitic siltstone
and sandstone

Anhydrite

Brownish-black
limestone

Laminated brown
shale

949

® Sample

m of brownish-black dolomitic siltstone and sandstone. The
siltstone is quite porous. The dolomite is mostly rounded grains,
but some rhombs are present, minor amounts of muscovite,
biotite, anhydrite, and potassium feldspar were observed in thin
section. Approximately 6 m of dolostone to shaly dolostone
overlies the siltstone. The dolostone unit contains a small bed of
anhydrite.
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EVOLUTION OF SEDIMENTARY BASINS—PARADOX BASIN

GAMMA RAY LOG DEPTH CORE DESCRIPTION
0 (AP! units) o0 (Meters)
867
//
— 865 - Anhydrite
870 =R
7 7 7
7 7
7 7 7
870 .
77 ,
L[] Silty dolostone
7 7 7
875 875 =— -
797
7 7 7
———
880
=—
880
. Gray to black
§ sy seand
:‘:
ﬂ:
890 885 ——¢—
H\j Siltstone
-~ 895
Anhydrite
890 ~
\891
® Sample

U.S. Department of Energy Gibson Dome No. 1, sec. 21, T. 30
S., R. 21 E., San Juan County, Utah. Cycle 3. Approximately
24 m was examined and sampled. The lowest part of the
sampled interval is anhydrite overlain by 2 m of siltstone. The
siltstone contains very abundant shell fragments. Pyrite is
present as small anhedral grains and infilled framboids. The

siltstone is overlain by 9.5 m of gray to black silty shale and
claystone. This unit is calcareous, and thin dolomite beds are
present throughout. The shale contains variable amounts of shell
fragments, micritic calcite, well-oriented muscovite, and
abundant pyrite framboids. Above the shale is about 6 m of silty
dolostone overlain by anhydrite.
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0 GAMMA RAY LOG ogg DEPTH  CORE DESCRIPTION
200 (AP units) 400 (Meters)
- 1,790 1,798 ==
i
| Limestone
T,
= 1.795 —I——11 Gradational contact
1,800 == Vertical fracture or
1,800 vein (1,800.5 -
1,800.75)
> Massive to platy
— 1,805 black shale
Vertical fracture or
vein (1,802.25-
— 1810 1,803 —8— 1,802.9)
® Sample

Transco Exploration TXPOC Crowley Ranch No. 1-25, sec.
25, T. 34 S, R. 25 E.,, San Juan County, Utah. API
4303730978. Cycle 5. Out of the approximately 5 m of core
examined and sampled, the lower 3.7 m is a dark-gray to black,
organic-rich shale. The shale grades upward into a limestone or
dolostone that makes up the remainder of the core. Two
prominent veins filled with anhydrite and calcite are present
within the shale. One of the veins (1,802.8 m), examined in thin

section, is filled with calcite. Incorporated within the calcite are
large crystals of anhydrite and pyrite, and inclusions of the host
rock. Pyrite crystals generally line the vein. The shale contains
sparse silt-size quartz and muscovite grains, rare shell fragments,
and, in the lowermost sample (1,802.8 m), abundant elongate
agglomerates of calcite or silica. Dolomite rthombs are common
in the upper sample. Pyrite is common and present as framboids
and single crystals.
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GAMMA RAY LOG DEPTH CORE DESCRIPTION
0 (API units) opq (Meters)
1,842
[ 7 .
-~ 1,84 7 Dolostone with
7971 dead oil
/ /7 . /
771 Gradational
R tact
———— con
1,845 ——— | Fractures or
- veins
1 850 ————-1 Dolomitic siltstone
1,845 =]
Fracture or
- 1,855 vein
= =
McCulloch Oil and Gas Corp. Norton Federal No.
1-4, NE%SEYNEY: sec. 4, T. 38 N, R. 18 W,,
Montezuma County, Colorado. API 0508306260. —————
Cycle 5. Approximately 11 m was examined and
sampled in this core. The lower 1.2 m is anhydrite and
dolostone. The dolomite in the dolostone is finely s
crystalline, and all of the intercrystalline porosity is
filled with anhydrite and gypsum. The dolostone Platy black shale
grades upward into anhydrite. Both the dolostone and
anhydrite contain sparse, very fine grained, well-sorted —¢—
quartz and muscovite grains. Above the anhydrite is a
silty to very fine grained sublitharenite. This clastic
bed has a sparse clay-rich matrix and patchy calcite =
cement. Anhydrite veins vertically cut across this bed. 1
The siltstone and sandstone grade upward into a platy, ,850
dark-gray to black, very organic rich shale about 0.6 m ] .
thick. This darker shale grades into a massive, dark- L @ Siltstone and
gray shale 5.8 m thick that, in turn, grades upward into "] sandstone
a light-gray, vuggy dolostone. Both the darker and —
relatively lighter shale contain common silt-size quartz [
and muscovite grains. The darker shale contains Anhydrite
elongate agglomerates of calcite or silica. The lighter
shale contains dolomite rhombs and sparse patches of 7 7
microcrystalline carbonate cement (calcite?). Pyrite is .%‘7-L
common in both types of shale and is present as single 1.853 A — Dolostone
crystals and framboids. The framboids are more ’
common in the darker, organic-rich shale. The
dolostone is a mosaic of interlocking crystals and has
abundant intercrystalline porosity and vugs. Many
pores and vugs are filled with pyrobitumen ("dead oil")
or anhydrite. The pyrobitumen probably migrated into ® Sample

the rock after anhydrite cementation.
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GAMMA RAY LOG

0 (AP! units) 200

- 1,795

- 1,800

1,805

- 1,810

- 1,815

- 1,820

- 1825

- 1830

McCulloch Oil and Gas Corp. Norton Federal No. 1-4,
NEYSEYiNEY sec. 4, T. 38 N., R. 18 W., Montezuma County,
Colorado. API 0508306260. Cycle 3. Only about 3.6 m was
examined and sampled. The cored interval is represented by a
massive, dark-gray to black, organic-rich shale that contains
common silt-size quartz and muscovite. The uppermost sample
(1,804 m) is calcareous and contains sparse shell fragments.

DEPTH
(meters)

CORE DESCRIPTION

1,804

|

|
|

|

—{ Shaly limestone

|
|

1,805

Massive black shale

———
———

1,807
® Sample

Well-developed zoned dolomite rhombs are present in many of
the samples. The lowermost sample contains patches of
microcrystalline calcite. Pyrite is common to abundant and is
present as disseminated, silt-size crystals and as framboids.
Shell fragments partially replaced by pyrite are present in the
uppermost sample. Some anhedral to subhedral marcasite is
present in many of the samples.
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GAMMA RAY LOG
0 (API units)

——

- 1,795
- 1,800

1,805
- 1,810

Celsius Energy Woods Unit No. 1-S, NWZSEVNWY; sec. 20,
T. 37 N, R 18 W., Montezuma County, Colorado.
API508306359. Cycle 5. Approximately 6 m was examined
and -sampled. The lowest 0.6 m is a light-gray limestone.
Sharply overlying the limestone is 7 m of light- to medium-gray
shale intercalated with dark-gray shale. The shale grades
upward into 2.8 m of laminated and ripple-cross-laminated
siltstone and sandstone. Some convolute bedding is observed.
The siltstone and sandstone grade upward into a thin limestone,
that is overlain by a dark-gray to black, organic-rich shale. Some
veinlets filled with pyrite, calcite, and chalcedony are present
near the top of the core (1,802-1,803 m). The intercalated light
and dark shale exhibits organic-rich and organic-poor laminae
and cross laminae and contains common silt-size quartz,
muscovite, and calcite grains. A few pyritized foraminifera tests
were observed. Pyrite is common as single crystals and infilled

DEPTH
200 (meters)

CORE DESCRIPTION

1,80 Fracture or vein
Massive black shale
Shaly limestone

u

Fractures or veins
filled with pyrite

Massive to platy
black shale

Limestone
Crosslaminated,
light- to medium-
gray siltstone

and sandstone
(some convolute
bedding)

Light- to medium-
gray shaly limestone

Bedded, light-
gray limestone

1,805~

L

I

I

|
i

T

‘_
-|

:

1,808~
® Sample

framboids. The siltstone and sandstone are a sublitharenite or
subarkose. Coarser grained intervals are generally cemented
with patchy or micritic calcite cement and zoned dolomite
rhombs. Finer grained intervals are clay and mica rich. Pyrite is
present as crystals or infilled framboids. The overlying organic-
rich shale generally contains common silt-size quartz, muscovite,
and calcite grains, and the amount of siliciclastics inceases
upward. In addition, this shale contains abundant shell
fragments, rare to abundant dolomite rhombs (many zoned), and
some elongate agglomerates. In one sample (1,802.4 m), some
pelloids (possibly phosphatic) are present. Pyrite is common as
framboids, single grains, and shell replacement. In the
uppermost sample (1,802.4 m), one of the veinlets showed
zonation similar to that observed in other wells; that is, host
rock, pyrite, calcite, and chalcedony. Pyrite is present as
relatively large euhedral crystals within the vein.
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GAMMA RAY LOG DEPTH
0 (API units) 200 (meters)
- 2,540
- 2,645 Cycle 3
CORE DESCRIPTION
2,6?%228 —=———1 Vertical fractures or
’ -9 veins, some brecciated
Massive black shale
Shelly
- 2,655 2,652
2,656 —<—g—
—T——7| Very shelly, dark gray
——e—| to black shaly limestone
2 660 —1— Gradational contact
Shell content decreases
2,660 downward
2,665 L =
——
2,670 2,665—t——
Massive black shale
- 2,675 L=
\ 2670
\
- 2,680
\ —
~ 2685 2674
® Sample

See caption for above figure on following page.
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Houston Oil and Mineral Corp. Ute Mountain No. 44-34,
SEYSEY: sec. 24, T. 34 N, R. 14 W., Montezuma County,
Colorado. API 508306172. Cycle 3 (preceding page). This is
the southernmost well sampled. Only 23 m was available for
examination and sampling. No core material was retrieved from
2,674.3-m to 2,854.5-m depth. Below 2,854.5 m are anhydrite
and dolostone that are not discussed herein because they may
belong to cycle 4. The upper 21.5 m (above 2,674.3 m) is
predominantly a massive, dark-gray to black shale. The shale is
fossiliferous (shell fragments and sponge spicules) near the top,
but the fossil abundance decreases with depth. No shell
fragments were observed below 10 m from the top of the core.

Near the top of the sampled interval, vertical veins of anhydrite,
pyrite, calcite, and (or) chalcedony, and brecciated shale are
present. The shale is organic poor in the upper part of the
interval but becomes more organic rich with depth. Silt-size
quartz, calcite, and muscovite grains are generally common to
abundant throughout. However, in the uppermost sample, clastic
detritus is rare. The large amount of quartz indicated by XRD
(appendix 2) may be due to siliceous sponge spicules. Dolomite
rhombs, some zoned, are present in the upper samples but
become sparse with depth. Pyrite is generally sparse in the shale
and is present as disseminated silt-size crystals.



APPENDIX 2—LITHOLOGIC, CHEMICAL, ISOTOPIC, AND
MINERALOGIC DATA FOR CORE SAMPLES IN STUDY
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