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ABSTRACT: Twenty-nine sets of sandstone and stratigraphically adjacent, fine-grained, organic-rich samples representing diverse de-
positional environments (fluvial, coastal, paludal, and marine) have been obtained from cores of the Mesaverde Group within the
Piceance Basin, Colorado. These units have been buried to a sufficient depth that organic maturation has progressed to an advanced
state (vitrinite-reflectance values range from 1.0 to 2.2 in the study area). The authigenic-mineral paragenesis and organic data are
integrated with burial and thermal-history modeling to place diagenetic events and hydrocarbon generation into a temporal framework.
Three phases of diagenesis (early, late, and post-hydrocarbon) are characterized on the basis of petrography, XRD, and geochemistry
of authigenic phases.

Clay-mineral distributions of sandstone/mudstone pairs indicate that mixed-layer illite/smectite dominates mudstone mineralogy,
although subordinate amounts of chlorite are observed in the marine interval. Sandstone mineralogy also includes mixed-layer clays
and chlorite, with the addition of kaolinite. Additional aspects of sandstone diagenesis examined include feldspar albitization and
dissolution, and carbonate mineralogy.

Organic analyses indicate the presence of a type Il kerogen component in all samples. The paludal interval contains the most oxygen-
rich organic material and exhibits the highest sandstone porosities. Water-soluble organic compounds released from organic material
as burial progresses have been invoked as agents affecting the course of mineral diagenesis in clastic sediments and sedimentary rocks.
Our results indicate the potential for the field evaluation of the effects of thermal maturation of organic matter on the diagenesis of

closely adjacent sandstones.

INTRODUCTION

One of the primary goals of diagenetic studies is to un-
derstand the processes operating on sedimentary materials
as they undergo progressive burial. Once the processes, or
pathways, of diagenesis are known, the results can be in-
tegrated with burial and thermal modeling to evaluate the
timing of events of regional significance (e.g., the devel-
opment of porosity and the production and migration of hy-
drocarbons). A process-oriented approach is essential if
models are to be applied to a variety of sedimentary basins.
This approach has been used with great success in the eval-
uation of liquid-hydrocarbon production from organic-rich
source rocks (see reviews in Demaison and Murris, 1984,
Waples, 1985). A similar approach applied to potential res-
ervoir rocks should enable prediction of spatial and tem-
poral porosity variations within a basin.

A key aspect of a process-oriented approach to clastic
diagenesis is the incorporation of organic-maturation re-
actions (including the generation and release of water-sol-
uble organic compounds) into diagenetic models. Numer-
ous workers have shown experimentally and theoretically
that water-soluble organic compounds can have a profound
effect on stability of aluminosilicates and carbonates through
pH control and complexation (Huang and Keller, 1970;
Surdam and others, 1984; Crossey, 1985; Kharaka and oth-
ers, 1986; Surdam and Crossey, 1987), although others
question the overall importance of these effects in diage-
netic processes (e.g., Lundegard and Land, 1986; Lunde-
gard and Kharaka, 1990; Stoessell and Pittman, 1990). Both
the type of organic material initially present and the extent
of thermal exposure during burial are critical to the eval-
uation of the impact of organic-maturation reactions on ‘in-
organic’ diagenesis (Surdam and others, 1984; Kawamura
and others, 1985, 1986; Kawamura and Kaplan, 1987;
Lundegard and Senftle, 1987; Surdam and MacGowan,
1987). Water-soluble organic compounds contain oxygen-
bearing functional groups; thus, a terrigenous (type III, ox-

ygen-rich) kerogen would have a greater capacity for the
production of these reactive compounds than a marine (type
I1, more hydrogen-rich) kerogen (Surdam and others, 1984,
Crossey and others, 1986a).

Authigenic clay minerals and clay-mineral transforma-
tions are important to organic-inorganic models for diagen-
esis. These minerals are sensitive to variations in pore-fluid
composition, and also can serve as thermal-maturity indi-
cators (e.g., Hower and others, 1976).

APPROACH

Whereas much remains to be learned about the chemistry
of organic-inorganic interactions through controlled exper-
iments, detailed examinations of natural systems are essen-
tial to guide such studies. Several studies have described
the effects of organic-inorganic interactions during burial
diagenesis in actual field settings (e.g., Fischer and Sur-
dam, 1988; Dixon and others, 1989; Moraes, 1989; Surdam
and others, 1989a; Hayes and Boles, 1990), but have fo-
cused on sandstone reservoirs at a field or regional scale,
where fluid movements are complex and reservoir rocks are
stratigraphically removed from source rocks. Sandstones
intimately associated with organic material are the ideal
testing ground for the hypothesis that water-soluble organic
compounds, released from kerogen as burial depth in-
creases, significantly influence subsequent mineral diagen-
esis. Ideally, the authigenic mineralogy and geochemistry
(including mass-balance constraints), paragenetic se-
quence, and structure of the remaining organic matter must
be examined in order to elucidate these interactions. In ad-
dition, detailed burial- and thermal-history models are re-
quired to provide a temporal framework. This study at-
tempts to examine the paragenetic sequence in genetically
related depositional units where some initial variation in type
of buried organic matter is present and reasonable thermal-
history constraints are available.

The initial type and quantity of organic matter present
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are anticipated to exert a degree of control over the dia-
genesis of adjacent sandstones. The Department of Ener-
gy’s multiwell experiment (MWX) site in the Piceance Ba-
sin (near Rifle, Colorado) may provide an excellent
opportunity for testing of this proposed hypothesis. In brief,
extensive core coverage (from three closely spaced drill holes)
of a series of sandstone reservoirs within the Upper Cre-
taceous Mesaverde Group (MVG) is available, as well as
a wealth of subsurface data generated by the Department
of Energy’s continued investigation of the site.

The MVG is interpreted to record a series of minor ma-
rine transgressive and regressive events, followed by mar-
ginal marine and coastal-plain deposition associated with a
major regression and the subsequent infilling of an epeiric
seaway. Depositional environments of the MVG at the MWX
site have been described in detail (summarized in Lorenz,
1989). The diverse environments represented within the
MVG are ideal for the examination of sandstones intimately
associated with organic material of various types (predom-
inantly humic [type III] and marine [type II]). Investigation
of the authigenic mineralogy and paragenetic sequence of
sandstones, coupled with organic characterization of adja-
cent organic-rich mudstones, may allow correlation of or-
ganic and inorganic diagenesis. Despite the inherent com-
plexity of the overall diagenetic picture, several factors
indicate that the diagenetic effects of the maturation of or-
ganic matter may be isolated to some degree within sand-
stones of the MVG: (1) the source area throughout the time
of deposition is interpreted to have been relatively consis-
tently from the west (Sevier Orogenic Belt), minimizing
inherited differences in lithology; and (2) the MVG has been
interpreted to have been relatively impermeable since the
onset of gas accumulation in Tertiary time (Johnson, 1989),
preserving burial diagenetic effects and minimizing over-
printing during the last 10 million years as formation tem-
peratures decreased (associated with regional downcutting
of the Colorado River system).

REGIONAL SETTING

The depositional and structural setting of the MVG are
closely intertwined, and will be discussed together. The set-
ting presented here is abstracted from the overview pro-
vided by Johnson (1989). Figures 1 and 2A depict the lo-
cation of critical elements of the geologic setting of the
Piceance Basin.

The Piceance Basin is one of several subsidiary sedi-
mentary basins within the Rocky Mountain foreland basin
formed by Laramide tectonism from latest Cretaceous through
Paleocene time (Fig. 2A). The MVG represents the depos-
its accumulated during cycles of marine transgression and
regression, as well as the subsequent infilling of the basin
with marginal marine and coastal-plain sediments. Re-
gional uplift at the end of Cretaceous time produced an un-
conformity separating the MVG from overlying strata (Fig.
2B). Renewed subsidence during Paleocene and Eocene time
resulted in the deposition of a thick nonmarine sequence,
although regional relief is interpreted to have been subdued
(as evidenced by extensive sediment-starved lacustrine de-
posits of the Eocene Green River Formation). Between Late
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Fi1G. 1.—Location of the Cretaceous epeiric seaway during Cretaceous
time. From Johnson (1989).

Eocene and Late Miocene time, little sedimentation oc-
curred. Two periods of rapid downcutting associated with
the Colorado River system, which occurred between 10 and
8 Ma and from 1.5 Ma to the present, are interpreted to
have resulted from renewed pulses of regional uplift (Lar-
sen and others, 1975). This depositional scenario is used
as the basis for a burial-history reconstruction (discussed
and illustrated later).

Sedimentology and Diagenesis of the Mesaverde Group

A comprehensive summary of sedimentology of the MVG
in the Piceance Basin has been provided by Lorenz (1989).
The petrography and mineralogy of the MVG at the MWX
site has been summarized by Pitman and others (1989) and
Lorenz and others (1989).

Four major depositional settings are recognized within
the MVG at the MWX site and are referred to according
to the ‘interval’ designations listed below.

(1) Marine (shoreline-coastal) interval (2,272-2,545 m).
This interval (at the base of the MVG) is composed of
fine-grained, cross-bedded, laterally continuous sand-
stones interbedded with shales and coals. The sand-
stones are interpreted as shallow marine and shoreline
deposits associated with a wave-dominated deltaic sys-
tem. As a group, these sandstones are the most quartz
rich of the MVG (generally >75%) and fall in the su-
barkose and sublitharenite categories of Folk (1968) (Fig.
3E). Subequal amounts of feldspar grains and lithic
fragments are present. The dominant feldspar is pla-
gioclase, ranging from relatively unaltered to albitized
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FiG. 2.—(A) Location of the Piceance Basin and other regional basins and uplifts. (B) Stratigraphy of Cretaceous and Tertiary units across the
Uinta and Piceance Basins. The Hunter Canyon and Mount Garfield Formations comprise the Mesaverde Group. Both from Johnson (1989).

(2)

and/or replaced by clays and carbonate. Chert is a
common sedimentary lithic constituent, as are intra-
clasts of mudstone and siltstone exhibiting compaction
deformation. Detrital dolomite also is present. Calcite-
and dolomite-cement contents range up to 20%. Over-
all porosities (range 5.6—7.3%, average 6.4%) and
permeabilities (range 0.5—1.5 pd, average 1.0 pd) are
relatively low (Table 1).

Paludal (or lower delta plain) interval (2,012-2,272
m). This interval contains lenticular, distributary-chan-
nel and overbank-splay sandstones interbedded with
coals, carbonaceous mudstones, mudstones, and silt-
stones. Framework-grain mineralogy of this interval is
more variable than that of the underlying marine inter-
val; as a result, sandstone classifications range from
sublitharenite to feldspathic litharenite to litharenite (Fig.
3D). Again, the dominant feldspar is plagioclase, with
minor potassium feldspar. Deformed mudstone and
siltstone clasts are the major lithic component; detrital-
carbonate, coal, and chert fragments also are present.

3)

4)

Abundant carbonate cements (including ankerite and
dolomite) and authigenic-clay minerals are present.
Highest average porosities are observed in the paludal
interval (9.4%; range 7.7-11.4%). Permeabilities are
low, ranging from 0.6-8.3 pd (average 2.8 ud; see
Table 1).

Coastal (or upper delta plain) interval (1,829-2,012
m). This interval is lithologically similar to the under-
lying lower delta-plain deposits, but coal beds are much
less abundant. It is interpreted to have been deposited
in an upper delta-plain environment. The detrital- and
authigenic-mineral assemblages of these sandstones also
are similar to those of the underlying paludal deposits,
although a slightly higher lithic component is present
(Fig. 3C). Porosity ranges from 4.4 to 7.7% (average
5.9%) and permeabilities are consistently the lowest of
the depositional environments at the study site (range
0.1-2.0 pd, average 1.0 pd; see Table 1).

Fluvial interval (1,340—1,830 m). This interval is dom-
inated by stacked point-bar sequences, with rare in-
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Fi6. 3.— QFL diagrams for five depositional intervals of the MVG
(sandstone classification boundaries as described by Folk, 1968). Points
represent results presented in Pitman and others (1989); asterisks repre-
sent samples from this study. Environmental designations interpreted by
Lorenz (1989).

terbeds of carbonaceous shale, mudstone, and siltstone.
It is interpreted to represent deposits of a meandering
fluvial system. The detrital mineralogy of the fluvial
interval is the most diverse within the MVG at the MWX
site. Most sandstones are characterized as lithic arkoses
or feldspathic litharenites, but sublitharenites and lith-
arenites are also noted (a few samples would be clas-
sified as subarkoses and arkoses as well; Fig. 3B). Quartz
is the dominant framework constituent, but both so-
dium and potassium feldspars are present. Detrital car-
bonate (dolomite) and volcanic and sedimentary lithic
clasts occur in minor amounts. Mudstone and siltstone
fragments are extensively deformed. Authigenic quartz,
carbonate, chlorite, and kaolinite are noted. Feldspar
dissolution is commonly observed in this interval. Po-
rosity ranges from 4.6 to 10.8%, with an average of
7.4%; permeabilities range from 0.1 to 4.9 pd, aver-
aging 2.6 pd (Table 1).

In addition to these environments, the uppermost portion
of the MVG at the MWX site represents mixed marine and
nonmarine settings, and is interpreted to represent deposi-
tion during a marine transgression associated with the Up-
per Cretaceous Lewis Shale. The interval was not sampled
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for the current study. A summary of framework-grain min-
eralogy is shown in Figure 3A; note lithologic similarity to
the delta-plain deposits of the paludal and coastal intervals.

METHODS
Sampling

Twenty-nine sets of sandstone/organic-rich pairs were
obtained from slabbed cores. The sampling goal was to ob-
tain closely adjacent sandstone-mudstone pairs. Relative
thicknesses of sandstone and mudstone units typically vary
with depositional environment, but generally sandstones are
meters to tens of meters in thickness, with interbedded
mudstones and coals generally as thick as 1 meter. Sample
sets are given a ‘type’ designation according to the follow-
ing association:

Type A: adjacent pair-sandstone and associated fine-grained
unit are in direct contact (sampled interval ranges up to
10 cm).

Type B: interbedded pair—sandstone and mudstone lithol-
ogies are finely interbedded (at approximately a 1:1 ratio)
to laminated (sampled interval represents one hand spec-
imen; scale of centimeters).

Type C: transitional—usually a set of three samples was ob-
tained from a fining-upward sequence (sampled interval
ranges up to 1 m).

Figure 4 depicts location of sample sets within the envi-
ronmental designations of Lorenz (1989). Table 2 presents
actual depths and sample-set ‘types’.

Analysis
Organic Material.—

Samples were ground in a mortar and pestle; organic de-
terminations were performed on aliquots of the ground ma-
terial. Total carbon (TC) was measured on a Carlo Erba
1106 Elemental Analyzer. Inorganic carbon (IC) values were
obtained from coulometric titration of CO, evolved from
acidification of a sample aliquot. Total organic carbon (TOC)
was determined by difference. Programmed pyrolysis also
was performed on at least one sample per sample set. Vol-
atile reduced-carbon species evolved during sample pyrol-
ysis (300-650°C over 15 min.) were detected as carbon by
flame-ionization detection. Calibrated peak areas for S,
(volatile hydrocarbons already present in the sample) and
S, (hydrocarbons generated during pyrolysis) were deter-
mined. CO, (S;) evolved during pyrolysis was not ana-
lyzed. Two parameters were calculated from the pyrolysis
data. Hydrogen Index (HI) is defined as the quantity of hy-
drocarbon compounds evolved during pyrolysis (S,), nor-
malized to the TOC content of the sample. The Production
Index (PI) refers to the ratio of hydrocarbons measured as
S to the total quantity of hydrocarbons released by the sample
(Si +8y).

Petrography.—

Standard thin sections were prepared for at least one sam-
ple per sample set and detailed point-count analyses (500
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TaBLE 1.—ORGANIC- AND CLAY-MINERAL RESULTS

Sample  Well Sample Depth Lith? ToC HIC pd MLe chf Kaol9 1P MU %l R
Sot# (MWX) Type®  (m) (%C) s/l Ch/S ML

Fluvial

1 1 B 14305 ss 045 1978 0.28 2 2 0 0 0 8 1

2 1 c 14792  ss N . - 2 2 0 0 0 8 1

. 1 c 14798 sl 0.31 96.8 0.25 1 2 1 0 0 8 1

. 1 c 14806 md  0.45 40.0 0.14 2 1 0 1 0 8 1

3 1 B 14938 ss 056 64.3 0.25 2 1 1 0 0 8 13

4 2 B 14978 ss 1363  105.0 0.20 2 2 0 2 0 8 13

5 2 A 1507.8  ss - - - 2 3 2 0 0 66 -

. 2 A 1507.8 sl 034 1853 0.42 3 2 0 0 0 8 1

6 1 B 15373 ss  5.89 69.1 0.42 1 2 0 0 0 90 -

7 1 A 15543  ss - - - 1 2 1 0 0 - -

. 1 A 15543 md  1.08 55.6 0.26 2 1 0 1 0 8 13

8 1 A 1633.8  ss - - - 2 3 0 0 0 9% 13

. 1 A 16338 md  1.24 87.1 0.41 3 2 0 2 0 8 1

9 2 B 16741 ss 461 85.2 0.20 2 1 0 0 9% 3

10 2 A 17651  ss - - - 2 2 2 0 0 8 3

. 2 A 17652 md  1.63 62.6 0.38 3 2 0 0 0 9% 3

11 2 B 17737 ss  0.78 34.6 0.70 2 3 1 0 9 1

Coastal

12 1 A 18416 sl 619  106.8 0.24 1 0 0 0 0o - -

. 1 A 18417  ss - - . 1 2 1 0 0 90 13

13 1 A 18719 md  6.38 83.2 0.19 1 0 1 0 0o - -

- 1 A 18719  ss - - - 2 0 2 2 0 84 1

14 1 AC 19036 md 11.77 83.7 0.17 2 0 0 0 0 - -

. 1 AC 19039 ss  1.13 35.4 0.44 2 0 o0 1 1 90 1

. 1 c 1904.4  ss . - - 2 1 3 0 1 89 1

15 1 B 1939.1 ss 492 63.4 0.61 2 0 0 1 0 8 1,3

Paludal

16 1 A 20243  ss - - - 10 2 0 0 9 -

- 1 A 2024.5 sl 1.72 57.0 0.36 2 0 2 0 0 8 13

17 3 A 2096.7 ss - - - 1 0 1 0 0 90 -

" 3 A 20970 md  7.62 33.2 0.31 1 1 0 1 0o - .

18 3 B 2161.0 ss 044 43.2 0.51 2 0 0 1 0 8 3

19 2 B 21689 ss  4.04 28.7 0.51 2 0 2 0 0 o1 31

20 3 B 21722 ss  2.82 25.9 0.44 1 0 0 0 0 8 3

21 2 A 21781  ss - - - 2 0 1 0 0 8 3

" 2 A 21783 co 4378 33.7 0.08 - - - - - - -

22 2 B 22186 ss  1.96 10.7 0.80 2 0 0 0 0 8 31

23 2 B 22343 ss  6.05 23.0 0.61 2 0 0 0 0 90 3

Marine

24 3 (8) 23055 ss - - - 3 0 0 0 0 84 3

25 1 B 24070 ss 225 17.8 0.49 2 1 0 2 0 9% 3

26 1 A 24149  ss - - - 2 1 0 0 0 9 -

- 1 A 24149 md 271 22.1 0.69 2 1 0 0 0 9% -

27 1 A 24158  ss - - - 2 1 0 0 0 9 -

" 1 A 24159 md  2.08 11.5 0.74 1 1 0 0 o 8 3

28 2 B 24724 ss 167 35.9 0.77 2 1 1 0 0 9% 3

29 2 B 24749 ss 090 12.2 0.92 3 1 0 1 0 8 3

8sample type designations defined in text.
ss = sandstone, sl = siltstone, md = mudstone, co = coal.
Chydrogen index = mg hydrocarbon generated per gm organic carbon in sample.
dproduction index = mg hydrocarbon generated at 300°C/total hydrocarbons generated during pyrolysis.
€proportion of mixed-layer smectitejillite in <1 um clay fraction (1 = major, 2 = minor, 3 = trace).
'proportion of chlorite in <1 um clay fraction (1 = major, 2 = minor, 3 = trace).
9porportion of kaolinite in <1 pm clay fraction (1 = major, 2 = minor, 3 = trace).
_hproportion of discrete illite in <1 pm clay fraction (1 = major, 2 = minor, 3 = trace).
fproponion of mixed-layer chlorite/smectite in <1 pm clay fraction (1 = major, 2 = minor, 3 = trace).
Ipercent non-expandable layers in mixed-layer smectitefillite as determined by XRD.
KReichweite ordering as determined by XRD (see Moore and Reynolds, 1989).
hot determined.
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FiG. 4.—Stratigraphy and sampling locations of the MVG at the MWX
site. Sample types are as discussed in the text. The paralic unit is equiv-
alent to the mixed marine-nonmarine interval; upper and lower delta-plain
units correspond to coastal and paludal intervals, respectively. Km is
Mancos Shale, and Tw is Wasatch Formation.
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counts per section) were performed on two sandstones from
each environment to compare with previous studies. Quartz,
feldspar, and lithic components were categorized according
to Folk (1968) for classification purposes, although nu-
merous diagenetic and detrital components also were eval-
uated quantitatively. Paragenetic-sequence and textural data
were obtained from petrographic examination of 30 sand-
stone samples. Cathodoluminescence was used in the qual-
itative evaluation of carbonate paragenesis, the extent of
overgrowths on quartz and feldspar, and to assist in se-
lecting areas for microprobe analysis.

Clay Mineralogy.—

Samples were gently disaggregated in a mortar and pes-
tle, then treated according to Jackson (1979) for carbonate
removal. Two size separates were obtained by centrifuga-
tion (<1 pwm and <2 wm). Following Mg-saturation, ori-
ented mounts for XRD analysis were prepared according to
the method of Drever (1973). Samples were subsequently
solvated with ethylene glycol. Analyses were performed on
a Scintag diffraction unit with Cu-K radiation operated at
30 mA and 40 kV. Clay-mineral identification was per-

TasLE 2.—POINT-COUNT RESULTS

Dep.@ Depth amP Qp° Qcd Fe Felf Fcc9 Fah Mica Sed Metak  Volc! Ls™
Int. (m)
F 1430.5 29.8 7.2 8.2 6.0 9.2 08 4.0 3.6 3.6 ngn nd nd
F 1493.8 34.8 3.4 5.8 2.2 74 nd nd 0.8 6.0 nd nd nd
C 1841.7 31.0 8.2 15.0 2.4 nd 7.6 nd 04 4.2 1.0 1.0 nd
C 1939.1 39.0 9.0 18.8 24 2.6 22 2.0 04 8.0 0.2 0.2 nd
P 2024 .2 17.2 2.8 1.2 0.6 0.4 6.6 0.2 0.2 6.2 04 04 1.2
P 2161.0 31.8 1.8 19.0 1.8 1.4 1.4 nd 0.2 5.8 nd nd 0.8
M 24149 29.8 3.6 27.6 2.6 1.6 04 nd 0.8 4.0 02 0.2 nd
M 2472.4 28.2 2.2 12.6 1.2 0.6 0.8 1.0 0.2 5.2 2.4 2.4 nd
Dep.2 Depth Kaol® ChiP S/9 Cmmf  CcS  Ankf DoM  Dolv SidW OMX PorY
Int. (m) det auth
F 1430.5 3.2 1.8 4.2 8.4 nd nd nd nd 1.0 3.8 4.0
F 1493.8 1.2 1.0 11.8 234 nd nd nd nd nd 1.4 0.2
C 1841.7 04 nd 2.6 94 9.2 nd nd 8.8 1.2 nd 1.0
c 1939.1 1.2 nd 3.2 56 0.8 1.0 0.2 2.4 0.2 nd 5.6
P 2024.2 nd nd nd nd 0.8 554 0.6 2.2 nd 0.6 1.6
P 2161.0 nd nd 4.0 12.6 2.2 3.6 1.2 4.0 1.2 6.6 1.6
M 24149 nd 3.8 1.2 104 nd 2.8 0.6 4.8 nd nd 1.4
M 2472.4 0.8 14 5.8 12.0 0.2 1.0 04 2.2 0.4 1.4 6.8

8depositional intervals: F = fluvial, C = coastal, P = paludal, M = marine.

bmonocrys(alline quartz.
Cpolycrystalline quartz.
quartz cement.
€framework feldspar.
rclay-replaced feldspar.
9carbonate-replaced feldspar.
_hdissolved feldspar.
'detrital biotite + muscovite.
Isedimentary-rock fragments (-limestone clasts).
kme!.amorphic—(ock fragments.
Ivolcanic-rock fragments.
Miimestone-rock fragments.

Mot detected.

Okaolinite (including associated microporosity).
Pchilorite.

ASmixed-layer smectitefillite.

"finely intergrown clay mineral-quartz-carbonate cement.
Scalcite cement.

tankerite rims + cement.

Ydetrital dolomite.

Vauthigenic dolomite.

Wsiderite.

Xorganic matter.

Yporosity.
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formed on XRD results obtained from the <1-pm size frac-
tions. Mixed-layer compositions were estimated as de-
scribed by Hower (1981) with no correction for extent of
R3 ordering. Relative abundance determinations (qualita-
tively designated as ‘major’, ‘minor’, ‘trace’, or ‘absent’)
are based on relative peak heights.

Geochemistry.—

Selected samples were analyzed using a JEOL 2000FX
electron microprobe operated at 15 kV and a reduced cur-
rent of 9 nA, using a 3-pm spot and 20-sec. analysis time.
Carbonate and feldspar compositions were determined us-
ing natural feldspar and pyroxene standards. Average total
of the 21 carbonate analyses was 99% with a standard de-
viation of 2.9%. Average total for 105 feldspar analyses
was 99% with a standard deviation of 1.6%. Backscatter-
electron (BSE) imaging also was performed to obtain tex-
tural information associated with carbonate phases and al-
bitization of feldspars.

RESULTS
Organic Material

The results of anhydrous pyrolysis of mudstones and in-
terbedded sandstones and mudstones are presented in Table
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F1G. 5.—Total organic carbon (TOC) values plotted versus depth.
Crosses designate data from coals, sandstones, and mudstones presented
by Barker (1989b). Squares designate analyses of mudstone and interbed-
ded sandstone and mudstone (type B) samples from this study. One coal
sample (TOC = 44%) was excluded from the plot.

2. TOC and HI values for the sample sets are shown graph-
ically in Figures 5 and 6, along with data for the MWX
site from other sources. TOC values range between 0.3 and
3% for most of the mudstone samples, except for those from
the coastal and paludal intervals, which have values up to
11.8%. The one coal sampled for this study (from the palu-
dal interval) has a TOC content of 43.8% and was omitted
from Figure 5. Numerous coals are present in the paludal
interval and have TOC values up to 68.1% (Barker, 1989b).
TOC values for interbedded mudstone and sandstone sam-
ples of the fluvial interval range from 0.44 to 6.05%, with
one outlier of 13.6%.

Fluvial-interval mudstones have low (<<300), but vari-
able, HI values (Fig. 6). HI values progressively decrease
with depth from the fluvial to the marine interval. The over-
all low values are interpreted to result primarily from two
factors. The first is the mature to overmature nature of the
organic material at the MWX site (Barker, 1989b), as an
increase in maturation generally causes a decrease in HI
relative to that for immature kerogen, regardless of kerogen
type (Hunt, 1979; Waples, 1985; Crossey and others, 1986a).
Secondly, the abundance of coals in the paludal interval
indicates a large terrestrial component (type IIl kerogen),
which has characteristically low HI values regardless of level
of maturation (Hunt, 1979; Waples, 1985; Crossey and oth-
ers, 1986a).
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FiG. 6.—Hydrogen index (HI) values plotted versus depth. Crosses

designate data from coals, sandstones, and mudstones presented by Bar-
ker (1989b). Squares designate analyses of mudstone and interbedded
sandstone and mudstone (type B) samples from this study.
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The general trend of decreasing HI with increasing depth
observed in this study is not apparent in results of previous
studies (Fig. 6). In fact, the HI values from the pre-existing
data base appear to remain constant or increase slightly with
depth. This may be a result of matrix effects induced by
analysis of whole-rock samples with variable TOC and li-
thology (Fig. 5; see Crossey and others, 1986a), as the data
presented by Barker (1989b) include sandstones, mud-
stones, and coals with almost one-third of the samples con-
taining <0.5% TOC. Crossey and others (1986a) have
demonstrated that type I1I kerogens are most susceptible to
mineral-matrix effects during pyrolysis. Only mudstones and
one coal were analyzed for this study. However, the goal
of sampling for this study was not to obtain representative
samples of organic material within the MVG; rather to ob-
tain sandstones and adjacent organic-rich mudstones. Thus,
any conclusions regarding general downhole trends in or-
ganic-matter characteristics are not justified from data ob-
tained from this study. An additional possibility for the
variable HI values reported by Barker (1989b) is the mixing
of types II and III organic materials in the coastal and palu-
dal intervals; but again, all HI values observed in both stud-
ies are fairly low (classified as type III kerogen; Tissot and
Welte, 1978; Crossey and others, 1986a).
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X-ray Diffraction

The results of X-ray diffraction analysis of the <l-pm
size fraction for all samples are given in Table 2. The clays
are interpreted to represent a mixture of detrital and authi-
genic minerals. The clay mineralogy is dominated by four
clay species: R1- and R3-ordered smectite/illite mixed-layer
clay (S/1 ML); Fe-rich chlorite; kaolinite; and illite. An R1-
ordered chlorite /smectite mixed-layer clay (corrensite) was
noted in two adjacent sandstones of the coastal interval.
Quartz and feldspar were occasionally detected in the <1-pum
size fraction. Clay-mineral distributions are plotted by li-
thology and depositional environment in Figure 7.

S/1I ML clay is ubiquitous throughout the sampled inter-
vals, although chlorite is more abundant in many of the
fluvial-sandstone samples (Fig. 8A). In general, a mixture
(either physical or intergrowth) of R1- and R3-ordered S/
I ML clays is present in the fluvial through paludal inter-
vals, although a progressive decrease in R1 ordering occurs
with increasing depth (Table 2; Fig. 8). Only R3 ordering
is exhibited by S/I ML clays in the marine interval. Inter-
stratified illite content ranges from 82 to 90%, with a de-
crease in the occurrence of values less than 88% with in-
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FiG. 8.—Representative XRD patterns of the <I-pm size fractions of closely adjacent sandstone-mudstone (type A) sample sets from the fluvial
(A) and paludal (B) intervals. All d spacings are given in angstroms. CH — chlorite, K — kaolinite. S/I + I — composite peak for ML S/I and
illite, Q — quartz, FDSP ~ feldspar. Peaks labeled with d spacing alone are ML S/I. Mg-air indicates samples saturated with magnesium chloride
and air dried; Mg-EG indicates samples saturated with magnesium chloride and solvated with ethylene glycol.

Chlorite is abundant in both sandstones and shales of the
fluvial interval, common in the marine interval, and gen-
erally absent in the coastal and paludal intervals. The re-
duced intensity of odd-ordered (00l) peaks relative to even-
ordered peaks and the approximately 2:1 ratio of the (001)
and (003) peaks observed in Figure 8A suggest that the
chlorite has a high-iron content concentrated mostly in the
octahedral sheet (Moore and Reynolds, 1989). The XRD
characteristics of MWX chlorites appear to be similar to
other sedimentary grain-coating chlorites (Curtis and oth-
ers, 1985). Kaolinite occurs sporadically in the fluvial
through paludal intervals (Fig. 7), and is the most abundant
clay mineral in several sandstones from the fluvial, coastal,
and paludal intervals. It is most commonly absent in shales.
Illite occurs in a few samples in all of the depositional
intervals. It is identified on the basis of a sharp 10A (001)
peak resolvable within the broad S/I ML 10A band, and
by a sharp peak at 3.3A (003; Fig. 8B).

Several observations are noted regarding the distribution
of clay minerals in the <1-wm size fraction in sandstones,
mudstones, and interbedded samples as indicated by X-ray
diffraction data: (1) coastal and paludal mudstones are

dominated by S/I ML clays, although chlorite is abundant
in marine mudstones; (2) S/I ML clays also are present in
sandstones from all environments, but other clay-mineral
species also are important. The mixed-layer clay consists
of detrital material (based on petrographic textures) and
probably an authigenic component as well. Kaolinite is an
additional component observed in all but the marine sand-
stones (authigenic, based on petrographic textures), whereas
chlorite is present mainly in fluvial and marine sandstones,
and interbedded type B samples (authigenic, based on pe-
trographic textures); (3) kaolinite is consistently absent in
shales from all depositional environments. The interbedded
samples (type C) are generally similar in their clay mineral
distribution to the shale patterns, with the exception of no-
table kaolinite in several samples; and (4) variations in clay
mineralogy do not appear to correlate with variations in the
organic parameters.

Sandstone Petrography

Framework-grain compositions were determined for two
samples within each depositional environment. These re-
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sults are similar to those of other workers (Pitman and oth-
ers, 1989). Sandstone compositions cover a broad range and
vary with depositional environment (Fig. 3). Sandstones of
the marine interval are relatively quartz rich, those of the
coastal and paludal intervals are predominantly litharenites
or feldspathic litharenites, and those of the fluvial interval
cover the broadest range and contain the most feldspar. Point-
count data are presented in Tables 3A and 3B.

All 30 sandstone samples were examined for character-
ization of paragenetic sequence and replacement textures.
The earliest diagenetic textures observed are associated with
the tight packing of grains resulting from early compaction.
Some labile lithic and mineral grains show deformation and
pseudomatrix pore-filling characteristics as a result of pres-
sure from neighboring grains.

Carbonate-cementation events are mineralogically and
texturally distinguishable. The earliest type is a pore-filling
calcite and the later carbonates are pervasive ankerites and
dolomites. These are discussed in more detail later. Grain-
rimming chlorite and S/I ML, and quartz overgrowths and
cements are abundant in most samples (Fig. 9A). Albite
overgrowths on feldspars are rare in fluvial and marine
sandstones, and absent in coastal and paludal sandstones.
Chlorite rim growth is generally followed by quartz ce-
mentation in fluvial sandstones, but multiple generations of
chlorite and quartz may be present locally. In contrast,
chlorite commonly follows quartz cementation in the ma-
rine interval. In coastal and paludal sandstones grain-rim-
ming chlorite is rare, but partial rims of S/1 ML clay are
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present locally. The calcite cement occurs in many sand-
stones from the fluvial interval and commonly fills. pore
space following chlorite and quartz cementation (Fig. 9B).
Quartz and calcite cements between grains appear to have
retarded compaction.

Where present, intergranular pore-filling clays of the
coastal, paludal, and marine intervals include S/I ML clays
with intergrown authigenic quartz (Fig. 9C). These mixed-
layer clays are interpreted to represent a mixture of altered/
transformed detrital clay (as evidenced by fine-grained lam-
inations in many samples; no clay coats on grains or me-
niscus-clay cements were noted). In the fluvial interval,
chlorite and kaolinite are present (textures indicative of au-
thigenic origin). The S/I ML clays are difficult to distin-
guish from pseudomatrix resulting from deformation of
sedimentary lithic fragments. C/S ML clay (corrensite;
identified on the basis of XRD analysis) was noted only in
two adjacent sandstones of the coastal interval, and was not
positively identified petrographically.

Altered, dissolved, and replaced feldspar grains are ubiq-
uitous (Fig. 9D) and are usually rimmed by clay-mineral
and quartz cements or authigenic albite. Feldspars in all
sandstones are commonly altered to illite or S/I ML clay,
especially those in fine-grained or organic-rich sandstones.
Feldspar dissolution and its replacement with calcite (flu-
vial and coastal intervals) or dolomite and ankerite (in the
deeply buried intervals) are more common in medium-grained
sandstones. Both the dissolution of plagioclase and alkali
feldspars and their replacement with albite are evident by

TaBLe 3.—BURIAL-MODEL RESULTS

Layerd Present Max.P Max.¢ Finald EVR® TR! Ro9
Depth (m) Depth (m) T(C) TTI (depth)

Top of Wasatch 2 1639 78.9 3 0.50 -h 0.6 (surf)
124 m above
Wasatch base 1058 2695 117.0 23 0.72 - 1.06 (1056)
Base of Wasatch 1182 2819 120.9 29 0.75 - 1.06 (1158)
Base of Mixed
Marine-Nonmarine
Interval 1333 2970 127.6 42 0.86 - 0.88 (1341)
Base of Fluvial
Interval 1818 3455 150.6 164 1.30 0.68 1.39 (1828)
Base of Coastal
Interval 2000 3637 159.2 277 1.45 0.72 1.43 (2000)
Base of Paludal
Interval 2259 3896 173.8 687 1.85 0.75 1.80 (2250)

3)ayer used for thermal-maturation modeling.

Prmaximum depth as determined from burial history described in text (attained between 36 and 24 Ma for all layers).
Cmaximum temperature determined from burial and thermal model as described in text (Model C; at 12 Ma for all layers).
dfinal TT as determined from maturation model described in text (Model C).

€estimated vitrinite reflectance obtained by conversion from TT| (Waples, 1985).

ftransformation ratio as determined from kinetic-maturation model as described in text (Model C).

9Imeasured vitrinite reflectance at closest interval to model layer (depth of measured value in m).

Aot calcutated.
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F16. 9.—Fluvial-sandstone photomicrographs (scale bars = 0.1 mm). (A) A fine- to medium-grained sandstone. Partial chlorite rims (PChR) are
present on most quartz (Q) grains, with quartz cement (QC) filling intergranular regions. (B) A medium-grained sandstone. Complete chlorite rims
(ChR) on cherty lithic fragments (CLF). Note that pore in center of photo is completcly rimmed by chlorite, and filled with calcite cement (CC)
and minor quartz cement (QC). Microdolomite inclusions (MD) occur in most of the cherty lithic fragments. (C) A fine-grained sandstone. Pore-
filling clay minerals (PFC) (probably a mixture of ML S/I, chlorite, and kaolinite) and quartz cement (QC) occlude all porosity between quartz
grains (Q). (D) A fine- to medium-grained sandstone. Partially dissolved plagioclase grain with albitized cleavage remnants (Ab) and secondary

porosity (dark — SP) rimmed by chlorite (ChR).

extensive crystallographically controlled inclusions and mi-
croporosity. Petrographic observations are verified by mi-
croprobe analyses (discussed later) and backscattered elec-
tron images (BSE) of andesine and oligoclase replaced by
albite; chlorite and S/I ML clay intragranular pore fill; and
microporosity (Fig. 10A). Dissolution of plagioclase and
partial replacement by clays, carbonates, or albite to pro-
duce secondary intragranular porosity occurs in many sand-
stones, especially in high-porosity sandstones of the more
deeply buried intervals.

Dolomite rhombs and anhedral cements are common in
sandstones from the coastal through marine intervals (Fig.

11A) and are locally present in sandstones at the base of
the fluvial interval. Detrital-dolomite rhombs also are pres-
ent and are distinguished by subrounded and sorted grains,
abundant inclusions, and extensive twinning and recrystal-
lization due to compaction. Partial dolomitization of early
calcite cements is observed in the lower part of the fluvial
and coastal intervals.

Dolomite precipitation was followed by extensive car-
bonate and aluminosilicate dissolution to produce oversized
pores; ragged, dolomite-grain and cement margins; and
oversized pores partially filled with clay minerals and feld-
spar remnants. These textures are best observed in medium-
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Fic. 10.—Backscattered electron images. (A) Partially and completely albitized feldspar grains in a fine- to medium-grained sandstone from the
fluvial interval (scale bar = 0.1 mm). Light gray areas are plagioclase (Pl), slightly darker gray areas are albite (Ab), bright areas are ML S/I (S/
D), and black areas within grains are microporosity (MP). Point chemical analyses are as follows: 1. (Cag4Nag6)Al 651,405 — andesine; 2.
Nag.osAl;.01513.0004 albite; 3. (Caq sNag 5:Ko.0)Al 155155504 andesine; 4. (Cap¢2Nag Ko 02) Al 10Si; 9604 albite; 5.
(K, 53Nag 07)(Cag 01Fe0.0sM20.0sA13.32)(Sis.06Al1.03)O20(OH); — S/T ML; 6. (Cag 02Nag 53Ko.01)Al; 065120805 — albite; 7. (Cagp3Nag 36Ko.01)Alj0sSiz 0605 — al-
bite. (B) Diagenetic dolomite with ankerite rim and cement in a fine-grained sandstone from the paludal interval (scale bar = 0.1 mm). Dark gray
dolomite (D) is surrounded by a thin, light gray ankerite rim and patchy ankerite cement (A). ML S/I (S/I) fills pore space adjacent to carbonate
phases. Point chemical analyses are as follows: 1. (Ca, ;Mg )(CO;), — dolomite; 2. (Ca, , Mgy gsFeoq )(COy), — dolomite; 3. (Ca, ;Mg 31Feg.)(CO),
— ankerite; 4. (Ca, ;;Mg, 3;Fe;46)(CO;), — ankerite.

grained sandstones and sandstones lacking abundant late some sandstones in the coastal through marine intervals and

carbonate cement. Secondary intergranular and feldspar in-
tragranular porosity in coastal and paludal sandstones is
commonly occluded by coarsely crystalline (up to 5 pm),
vermicular kaolinite (Fig. 11B).

Ankerite rims on dolomite and ankerite cement occur in

v

fill porosity almost completely in sandstones at the top of
the paludal interval (Fig. 11A). Ankerite cement also oc-
curs in a sandstone lens between two organic-rich laminae
in an interbedded-sandstone sample from the fluvial inter-
val. Ankerite rims and cement, as observed with back-

FiG. 11.—Photomicrographs of sandstones from the paludal interval (scale bars = 0.1 mm). (A) A fine-grained sandstone: diagenetic dolomite
(D) and inclusion-rich detrital dolomite (Dt D) are rimmed by gray ankerite (AR). Light gray ankerite cement (AC) fills in the intergranular spaces.
(B) A fine- to medium-grained sandstone; secondary pore-filling kaolinite (SPFK) occludes porosity within ML S/I pore fill.
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scattered-electron images (Fig. 10B), appear to replace the
margins of, and surround, dolomitic precursors.

As is evident from sandstones of the fluvial and paludal
intervals, bitumen migrated into porosity remaining after
partial pore filling by dolomite and ankerite, and/or gen-
erated by renewed dissolution of carbonates (Fig. 12). lllite
partially fills secondary porosity in all of the intervals. In-
tergranular and secondary pore-filling pyrite and siderite
occur sparsely in sandstones throughout the MVG, with py-
rite commonly associated with organic matter.

Siltstone, claystone, chert, and silicic volcanic lithic
fragments locally are partially dissolved, replaced by S/I
ML and chlorite clays, and, in sandstones from the coastal
through marine intervals, partially replaced by dolomite
rhombs (Fig. 9B). Detrital biotite, muscovite, and chlorite
are generally deformed and locally are partially replaced by
S/I ML and chlorite clays. Granitic lithics show sericiti-
zation, and carbonate and albite replacement of feldspars.

Some general trends in cementation and porosity, based
on petrographic examination of 30 samples, are noted within
each interval. In the fluvial interval, the abundance of car-
bonate replacement and cement correlates well with prox-
imal organic material and extensive feldspar alteration and
replacement. Fine-grained sandstones of the fluvial interval
tend to exhibit low porosity due to abundant clay-mineral
matrix (Fig. 9C), whereas medium-grained sandstones have
higher porosities and are dominated by authigenic chlorite,
quartz, and calcite (Fig. 9B). However, some medium-
grained fluvial sandstones have low porosity due to partial
pore filling by illite.

In the paludal and coastal intervals, sandstone porosity
is Jow in ankerite- and dolomite-cemented sandstones near
the top of each interval, but increases with depth in each
interval concurrent with decreases in the degree of carbon-
ate cementation. Qualitatively, the abundance of organic-

F1G. 12.—Photomicrograph of a type B sample (cm-scale interbedded,
fine-grained sandstone and organic-rich mudstone) from the marine in-
terval (scale bar = 0.1 mm). Secondary pore-filling bitumen (SPFB) oc-
cluding porosity in partially dissolved feldspar.

rich material in mud rocks is correlated with dolomite and
ankerite cement in sandstones for sample sets of the coastal
and paludal intervals. Factors such as degree of bioturba-
tion also influence the abundance of late carbonate cements.

In sandstones of the marine interval, porosity increases
with increasing grain size and decreases with the degree of
secondary pore filling by illite. Late carbonate phases are
dominated by dolomite with ankerite rims. The extent of
cementation shows no apparent relation with the quantity
of organic material in adjacent mudstones.

Geochemistry

Compositional data obtained from carbonates and feld-
spars are presented graphically in Figure 13. Carbonates are
classified as dolomite and ankerite according to composi-
tional results (Fig. 13A). Representative point chemical
analyses (Fig. 10B) indicate Ca-rich compositions for both
ankerite and dolomite, and a low-iron content in the do-
lomites. Feldspar-grain compositions cluster toward the al-
bite end member (a large number of analyses are >90%
Ab), with no plagioclase compositions below 75% Ab ob-
served (Fig. 13B). Representative point chemical analyses
(Fig. 10A) indicate excess aluminum in most of the albi-
tized feldspars. Similar depletion of Na', K™, and Ca**
relative to AI’* in microporous diagenetic albite has been
reported by Milliken and others (1989). The S/I ML anal-
ysis indicates significant Mg and Fe content.

DISCUSSION
Burial and Uplift Model

Prior to the presentation of an overall model for diagen-
esis of the MVG, a thermal and burial history of the MWX
site will be presented. The burial scenario described by
Nuccio and Johnson (1989) and Johnson and Nuccio (1986),
with stratigraphic modification based on the analyses of
Lorenz (1985) and Barker (1989a), is used as the basis for
interpreting the diagenetic sequence of the MVG (Fig. 14).
Numerous heat-flow conditions, thermal-conductivity vari-
ations, and overburden reconstructions have been exam-
ined. Models were constrained by attainment of reasonable
fits to the present geothermal profile (Blackwell and Steele,
1988) and to measured vitrinite profiles (Barker, 1989b).
The significant stratigraphic and thermal configurations used
in the model will be described first, followed by a discus-
sion of the organic-maturation model results.

Regional deposition of the MVG is assumed to have oc-
curred at a relatively uniform rate from 72 to 67 Ma. The
post-Cretaceous unconformity is modeled essentially as a
hiatus from 67 to 60 Ma. From 60 to 51 Ma, the present
stratigraphic thickness of Tertiary Wasatch Formation ac-
cumulated in the Piceance Basin, followed by deposition
of the Green River and Uinta Formations from 51 to 36
Ma. The youngest rocks in the Piceance Basin today are
basalts deposited approximately 10 Ma (Marvin and others,
1966), associated with regional volcanism occurring from
12 to 10 Ma (Larsen and others, 1975). The time of max-
imum burial occurred between 36 and 24 Ma. Uplift of the
sequence is interpreted to have occurred in several stages.
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FIG. 13.—(A) Ternary plot of microprobe analyses of carbonates from the coastal interval. Analyses of ankerite rims and cements cluster in the
center of the carbonate cation triangle, whereas the dolomite compositions lie along the Ca-Mg line. (B) Ternary plot of microprobe analyses of
feldspars (fluvial and coastal intervals). Plagioclase compositions range from Any, to Ang, with albite compositions being by far the most common.
Alkali feldspar compositions range from nearly pure orthoclase to nearly pure albite, with a higher proportion of analyses toward albite compositions.

Slow rates of uplift occurred from 24 to 10 Ma, followed
by a rapid pulse at 10 to 8 Ma, a hiatus from 8 to 2 Ma,
and a final small uplift from 2 Ma to the present (Larsen
and others, 1975). The pulsed nature of Cenozoic uplift
used in this study differs from the model of Nuccio and
Johnson (1989) in that the time spent at maximum burial
depth is shortened. Because units stratigraphically above
the Wasatch Formation have been removed by erosion at
the MWX site, regional-isopach reconstructions used by
Johnson and Nuccio (1986) were applied to estimate for-
mation thicknesses at the MWX site (including an addi-
tional 550 m of Wasatch Formation).
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FIG. 14.— Burial history for the Cretaceous Mesaverde Group (MVG)
(excluding the basal marine interval) and Tertiary strata at the MW X site.
Model C (heat pulse initiated 13 Ma) thermal parameters were used to
generate the organic-maturation parameter (TT]). The region between the
TTI contours is interpreted to represent the liquid-hydrocarbon window
(Waples, 1985). The abbreviations for depositional intervals are as fol-
lows: P, paludal; C, coastal; F, fluvial; M M-N, mixed marine and
nonmarine.

Heat Flow and Thermal Conductivity

The computer program used for generation of time-tem-
perature profiles and organic-maturation estimates (TTIN-
DEX; written by the senior author) assumes constant strati-
graphic thickness of units and allows for variable heat flow
and thermal conductivity of units throughout the burial his-
tory. This method differs significantly from the downhole-
adjusted thermal-gradient approach of Nuccio and Johnson
(1989); it provides a means of evaluating complex burial
and thermal histories using geologic input (thermal con-
ductivity of lithologic units and heat-flow values) and al-
lows reasonable extrapolations of temperature for lithologic
units throughout the stratigraphic section. A modern heat-
flow value of 90 mWm ~* is obtained using thermal profiles
for the MWX site and average thermal conductivities based
on lithology (both from Blackwell and Steele (1988); ther-
mal conductivities assumed to be constant throughout the
history of the unit). The heat-flow value is high compared
to the available published values for the closest site (Rifle,
CO; 58 and 62 mWm' %; Decker and others, 1988), but has
been confirmed for the MWX site based on thermal well
logs and thermal-conductivity measurements (Hagedorn,
1985; Blackwell, pers. commun., 1990). Local heat-flow
variations on this order have been observed in other Lar-
amide basins (San Juan Basin, for example; Decker and
others, 1988). The 90-mWm  value is applied to the site
from 12 Ma to the present (Model A), 14 Ma to the present
(Model B), 13 Ma to the present (Model C), and 25 Ma to
the present (Model D). The timing of elevated heat flow at
the MWX site is interpreted to be associated with regional
basaltic volcanism (known events range from 34 Ma to the
present, local basalts are approximately 10 Ma; summa-
rized in Johnson, 1989). High degrees of thermal matura-
tion of organic matter would be noted if such an elevated
heat flow had been active throughout the burial history. Thus,
the interval of relatively high heat flow (extending to the
present) is preceded by average crustal heat flow (60
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mWm ) for the entire history of the MVG. Thermal his-
tories for selected intervals of the MVG are shown in Fig-
ure 15.

Maturation Parameters

As noted by Nuccio and Johnson (1989), the actual effect
of the assumption of a linear geothermal gradient rather than
allowing the gradient to vary with depth (due to lithologic
heterogeneity of the section) is, in this instance, negligible
in terms of the prediction of the timing of hydrocarbon gen-
eration. The time spent at maximum burial depth and the
elevated heat-flow application are critical to the degree and
timing of kerogen maturation. TTI values were calculated
according to Waples’ (1980) modification of Lopatin’s Time-
Temperature Index. Additional calculations based on six
parallel reaction rates describing the transformation of ker-
ogen to petroleum (Tissot and Welte, 1978) were also per-
formed. The Transformation Ratio (TR) calculated in this
phase of the modeling is the ratio of amount of hydrocar-
bons generated to the generation potential of the kerogen,
and has an advantage over the TTI in that different kinetic
parameters may be applied for different kerogen types. Fig-

ure 16 demonstrates the model fit to the modern thermal
nrafila and Ticusa 17 ~nrevalatac calanlated TTT walnace

10- —_— _— -
40
1 fluvial
70
1 paludai
2 100
- i
130
160 I _
HF = 90 mW/nf from 13 Ma to present l
190 —_— .= o= =, =
70 60 50 40 30 20 10 L]
Age (Ma)
10 _ —p
HF = 90 mVWmz at:
401 (A) 12 Ma
| (B) 14 Ma
_ (C) 13 Ma
701 (D) 25 Ma
O inn basae of
.
A= J e—
_ /
e E— q\\ /1 —




140
TEMPERATURE
(°C)
10 50
0 IllIIIlIIIIIIIIIIIIE
MWX-1 3
200 f =
E 3
400 -
F WASATCH FM 3
600 - —
B0OO - 3
1000 F- 3
Er200F ‘mums z‘:on:_;
T E l 3
1400 - w 3
w E a 3
°© I g 3
1600 3
F =4 —
F & 3
F Y
1800 :_NLUVIAL ZONI _:
F 3
F coASTAL zon:\‘ B
2000 =
E PALUDAL ZONE g
2200 —
E ROLLINS SS | o
E MANCOS SH _ \ o
2400 = cozzevie ss_\
E——CORCORAN $5 —¢
2600 B MEHEESY PR d

FiG. 16.—Model temperature results for selected intervals (asterisks)
compared with measured modern geothermal profile (modified from
Blackwell and Steele, 1988).

hydrocarbon production determined by this procedure is used
to constrain the timing of diagenetic events in the following
section. Model outputs of present depth; estimated maxi-
mum burial depths and temperatures; final TTI, EVR, and
TR; and measured vitrinite-reflectance values are presented
for several intervals in Table 3.

Diagenetic Sequence

A diagenetic sequence can be constructed from the pe-
trographic, SEM, and X-ray diffraction results (Fig. 18).
The sequence is divided into three parts (early, late, and
post-HC; see Fig. 19 for integration with burial history)
based on interpretation of diagenetic events that are thought
to be closely related. Note that the actual timing of these
divisions differ for each unit, and are related to the degree
of thermal exposure. Also, some diagenetic features (e.g.,
feldspar reactions, smectite-to-illite transformation) are not
discrete events but occurred throughout much of the doc-
umented diagenetic history.

Early diagenetic events are associated with lithification,
and involve cementation and recrystallization or transfor-
mation reactions involving unstable detrital components.
These events are interpreted to have occurred from time of
burial through early Cenozoic burial (timing varies, de-
pending upon position in the MVG section; see Fig. 19).
During this period, clay-mineral, quartz, and calcite ce-
ments precipitated from mildly alkaline solutions at tem-
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FiG. 17.—Labeled lines represent estimated vitrinite-reflectance (EVR)
values calculated from the thermal and burial history for the MWX site:
(EVR determined from TTI-Ro correlation of Waples, 1985). Model A,
B, and C results compare favorably with measured vitrinite-reflectance
values from coals for the MVG (crosses; from compilation by Law and
others, 1989). Midpoints of sampling intervals are plotted for depths <
1,340 m.

Diagenetic Sequence

Post-

Early | | Hydrocarbon

Late

compaction
quartz cement

calcite
dolomite
ankerite
siderite

pyrite
bitumen

feldspar
alteration
diss./repl.
albitization

1/8 ML
illite
chlorite
kaolinite
C/S ML

111
bl
|

Fi1G. 18.—Generalized diagenetic sequence for the MVG at the MWX
site as interpreted from petrographic analysis. Early, late, and post-hy-
drocarbon refer to stages of diagenesis discussed in the text. Dissolution
of phases other than feldspar are not shown, but is discussed in the text,
as is the smectite-to-illite transformation and hydrocarbon generation.
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FiG. 19.—Burial history for the Cretaceous Mesaverde Group (MVG)
(excluding the basal marine interval) and Tertiary strata at the MWX site.
Parameters used to construct the diagram and abbreviations used are the
same as those for Figure 14. Timing of the boundary between early and
late diagenetic stages is interpreted to represent changes in pore-fluid
composition and temperature occurring during rapid burial. Timing of
boundary between late and post-hydrocarbon-generation diagenetic stages
is interpreted to coincide with entrance into the liquid-hydrocarbon window.

peratures less than 50°C (see Figs. 15A and 19). Other re-
actions include dissolution and recrystallization of fine oxide
rims, dissolution and alteration of feldspar grains, and ini-
tial stages of transformation of detrital S/I ML clays (Whit-
ney, 1990).

Late diagenetic events are associated with rapid burial of
the section to maximum depth during Laramide basinal
subsidence (see Figs. 15A and 19 for timing of these events
for various intervals of the MVG). The late diagenetic ef-
fects are interpreted to have resulted from changes in tem-
perature and pore-fluid chemistry with respect to conditions
developed during early diagenesis. The resulting diagenetic
reactions include transformation and dissolution of earlier
precipitated diagenetic phases, precipitation of cements, and,
to a lesser degree, transformation of unstable detrital com-
ponents. Events common to all intervals during the late phase
of diagenesis include albitization of feldspar, formation of
secondary porosity, and much of the S/I ML clay trans-
formation. Dolomitization and precipitation of dolomite,
kaolinite, and ankerite cements also occurred, and will be
discussed later.

Post-HC diagenetic events are associated with hydrocar-
bon maturation and thermal decomposition of organic com-
ponents (see Figs. 15A and 19 for timing). Events occur-
ring during this phase of diagenesis include migration of
hydrocarbons into secondary porosity and precipitation of
illite, pyrite, and siderite in remaining secondary pores.

The interpreted diagenetic sequence is generally similar
to those of Pitman and others (1989) and Lorenz and others
(1989); however, several significant differences are worthy
of note. Kaolinite is observed to be more abundant in our
XRD analyses compared to those of Pitman and others (1989)
and Pollastro (1984). This may be due to the focus on sam-
pling of organic-rich mudstone-sandstone associations for

this study. The relative timing of some diagenetic phases
and events does not correspond to those of Pitman and oth-
ers (1989) or Lorenz and others (1989). These workers,
however, are not always in agreement in terms of relative
timing of diagenetic events, a problem commonly encoun-
tered when comparing petrographic observations. In addi-
tion, some diagenetic aspects and phases incorporated into
the sequence determined from this study were not recog-
nized or reported by previous workers (e.g., C/S ML clay,
albitization, pyrite, and siderite).

Association of Diagenetic Events with Depositional
Facies and Environments

Within a given depositional interval of the cores studied,
differences in the proportion and distribution of diagenetic
phases are observed. Two consistent relations between de-
positional facies and distribution of diagenetic minerals are
noted. (1) Diagenetic phases in fine-grained sandstones are
usually dominated by quartz cements and clay minerals,
whereas medium-grained sandstones are more likely to con-
tain a mixture of early clay-mineral, quartz, and calcite ce-
ments, with later dolomite and ankerite. This relation is
interpreted to result from the greater amount of detrital clay
and fine-grained lithic and soil materials deposited with fine-
grained sandstones (especially in the fluvial through paludal
intervals), coupled with the attendant effect on porosity
(Curtis, 1985; Wilson and Pittman, 1977), contrasted with
the more permeable nature of the medium-grained sand-
stones. (2) Proximity to coal or organic-rich mudstones
generally results in either abundant secondary porosity or
porosity occluded by late diagenetic carbonates (especially
ankerite). This relation is interpreted in terms of inorganic-
organic reactions resulting from progressive burial (Surdam
and others, 1984; Surdam and others, 1989b), and will be
discussed later in this section.

Differences in the diagenetic mineralogy and sequence
are closely associated with changes in depositional envi-
ronment and depth of burial. The three major differences
in diagenetic relations discussed in this paper are: (1) grain-
rimming chlorite is abundant in the fluvial and marine in-
tervals, but rare or absent in the coastal and paludal inter-
vals; (2) kaolinite occurs as early diagenetic pore fill in the
fluvial interval, whereas it occurs as late diagenetic, sec-
ondary pore fill in the coastal and paludal intervals, and is
absent in the marine interval; and (3) the distribution and
abundance of authigenic carbonates change from sparse early
diagenetic calcite through much of the fluvial interval, to
abundant late diagenetic dolomite and ankerite in the coastal
and paludal intervals, to common dolomite with ankerite
rims in the marine interval.

At present, insufficient quantitative chemical data and
mass-balance information are available for rigorous eval-
uation of the mechanisms and conditions that produced the
observed variations in diagenetic mineralogy. A prelimi-
nary interpretation regarding the distribution of chlorite is
that, rather than formation via reaction with kaolinite or
smectite (Kaiser, 1984; Boles and Franks, 1979), chlorite
formed by recrystallization of iron oxy-hydroxides and
amorphous aluminosilicates in Mg-rich pore fluids. Based
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on work in Pennsylvanian deltaic strata in Texas, Land and
Dutton (1978) suggested that iron oxides and hydroxides,
and X-ray-amorphous aluminosilicates may combine with
magnesium from pore waters during early diagenesis to
produce chlorite-grain coatings. This interpretation is at-
tractive for two reasons: (1) sandstones and mudstones in
the fluvial interval probably contained abundant hydrated
oxides of iron, aluminum, and silica from soil materials as
grain coatings or colloids that could combine to produce
the observed abundance of early diagenetic chlorite in sand-
stones of the fluvial interval; and (2) the lower Eh and pH
conditions of pore waters in the organic-rich sediments of
the coastal and paludal intervals may have dissolved or
complexed more of the oxides and oxy-hydroxides, and al-
lowed iron and aluminum to remain in solution or tied up
in the organic phase (Stumm and Morgan, 1981; Curtis,
1985).

The formation of late diagenetic dolomite, secondary po-
rosity, secondary pore-filling kaolinite, and ankerite are in-
terpreted in terms of interactions between organic and in-
organic reactions with increased depth of burial (Surdam
and others, 1989b). Organic reactions are thought to play
a major role in this part of diagenetic history because of:
(1) the abundance of dolomite, kaolinite, ankerite, and de-
velopment/preservation of high porosity in sandstones ad-
jacent to high organic-content mudstones and coals (rich in
type Il organic materials) in the coastal and paludal inter-
vals, and (2) the ability of type IIl kerogens to produce
water-soluble organic compounds upon maturation that are
known to affect pore-fluid compositions and carbonate- and
aluminosilicate-mineral stability (Crossey and others, 1984;
Surdam and others, 1984; Kharaka and others, 1986).

Diagenetic dolomite is interpreted to have resulted largely
from dolomitization of early calcite cements, driven by an
increase in Mg*? contents of pore fluids and decrease in the
hydration energy of magnesium with increasing tempera-
ture during progressive burial. CO, and HCO;~ produced
through bacterial degradation of kerogen and kerogen-cleaved
organic acids in the subsurface (Kharaka and others, 1986)
also may have been a driving force by supplying carbonate
to pore fluids. Increased magnesium, and presumably iron,
content of pore waters may have been related to release of
cations during the transformation of smectite to illite (Boles
and Franks, 1979). The iron-poor nature of the dolomite
(Fig. 13A) suggests, however, that the origin of the Mg"?
may be associated with some other process.

The occurrence of secondary pore-filling, late diagenetic
kaolinite in the coastal and paludal intervals implies that
secondary porosity was generated prior to precipitation, and
that pore-fluid pH was low (Franks and Forester, 1984;
Kaiser, 1984). Another important consideration is the fact
that kaolinite occurs within intergranular pores as well as
intragranular feldspar pores. This observation implies aqueous
transport of aluminum, assuming feldspar dissolution is the
source of aluminum. The development of the secondary po-
rosity and precipitation of late diagenetic kaolinite are in-
terpreted to have been aided by the corrosive nature and
complexing ability of water-soluble organic compounds
known to be generated during kerogen maturation. An al-
ternative interpretation for late diagenetic kaolinite has been

LAURA J. CROSSEY AND DANIEL LARSEN

described by Hansley and Johnson (1980) on the basis of
outcrop and core studies in the southern and western re-
gions of the Piceance Basin. These workers related kaolin-
ite formation to the deep weathering of the upper portion
of the MVG during post-Cretaceous exposure. More de-
tailed morphologic and isotopic studies of the kaolinite oc-
currences could assist in assessing the degree to which me-
teoric waters may have played a role during later diagenesis.

The late diagenetic ankerite shows textures that suggest
replacement of dolomite and pervasive cementation. The
critical driving force for the replacement reaction is the ra-
tio of Fe'? to Mg'? in solution, implying that iron was re-
leased into solution by a concomitant reaction. Cementation
by ankerite requires both cation and carbonate sources. Di-
functional and long-chain monofunctional carboxylic acids
are known to be less stable than acetic and formic acids in
the diagenetic environment, and degrade to form CO, as
well as other products (Crossey, 1991). CO, generated by
such a mechanism is interpreted to have driven the ankerite-
cementation reaction under the influence of the external
acetic-acid pH-buffer, where sufficient calcium, iron, and
magnesium were available. The close spatial association of
pervasive ankerite with high organic contents in the paludal
interval (despite the lack of early iron-bearing phases) sug-
gests that iron may have been incorporated into the organic
matter, not discernible through routine petrographic obser-
vation (see discussion in Surdam and others, 1989a).

Type 11l organic components occur throughout the MVG
section, although late diagenetic dolomite, kaolinite, and
ankerite phases occur together only in the coastal and palu-
dal intervals. This suggests that the effects of kerogen-
cleaved, water-soluble organic compounds may be local-
ized to those strata with high organic contents.

SUMMARY

Based on organic, petrologic, and mineralogic exami-
nations, the diagenesis of the Mesaverde Group at the mul-
tiwell experiment site in the Piceance Basin in northwestern
Colorado is integrated with burial and thermal data for the
basin. Three phases of diagenesis are described relative to
the thermal history of the MVG: an early phase (charac-
terized by compaction, feldspar alteration, chlorite-rim
growth, and quartz and calcite cementation), a late phase
(with dolomite and ankerite precipitation, feldspar disso-
lution and albitization, and continued mixed-layer clay
transformation), and a ‘post-hydrocarbon’ phase (charac-
terized by the presence of bitumen, pyrite, siderite, and au-
thigenic illite). Differences in clay-mineral assemblage are
noted between associated sandstone/mudstone pairs (ka-
olinite and chlorite generally more abundant in the sand-
stones), and among the four depositional environments
(chlorite commonly dominating the marine and fluvial in-
tervals; kaolinite prevalent in all sandstones except those of
the marine interval). Some aspects of diagenesis may be
related to the abundance and nature of organic matter (itself
undergoing modification during burial) within the sedimen-
tary sequence.

Whereas the diagenesis of sedimentary materials is a re-
sponse to a complex interaction of factors (including, but
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not limited to: inherited characteristics of the detrital grains;
early burial processes such as bioturbation, microbial ac-
tivity and possible meteoric influences; later basin-source
fluid migration, uplift, and erosion), the sample selection
scheme utilized in this study has attempted to minimize these
complexities. Investigation of the Mesaverde Group allows
for the examination of the diagenetic modification of or-
ganic matter, mudstones, and sandstones deposited in ma-
rine and terrestrial settings, while maintaining a degree of
constancy of source materials, as well as burial and thermal
history. The sampling of closely adjacent pairs of interbed-
ded sandstones and organic-rich mudstones maximizes the
probability that local diagenetic effects resulting from or-
ganic-rich mudstone/sandstone interactions will be re-
flected, and may help to delineate specific processes op-
erating during diagenesis (thick, more permeable sandstones
will most likely undergo a broader spectrum of diagenetic
processes as both meteoric influences and basin-source fluids
may participate to a greater degree). Selection of the MWX
site itself permits a view of the full spectrum of processes,
as the site has attained a high degree of thermal maturity
during its burial history. Numerous ancillary studies at this
site provide a broad base of supporting information.

Results indicate that sandstones associated with terres-
trially derived kerogen exhibit characteristic diagenetic as-
sociations, which may be linked to the presence of water-
soluble organic compounds generated during the course of
progressive diagenesis. This concept could be tested through
comparison of diagenetic patterns observed within the MVG
at this site with those at sites of lower degrees of thermal
maturation.
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