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Abstract: Sandy, organic-rich mudrocks in the Prairie Canyon
Member of the Mancos Shale host a number of stratabound
dolomite-cemented concretions and laterally-extensive dolomite-
cemented layers. Detailed, high-density sampling of five cemented
horizons at three areal locations and four stratigraphic positions has
permitted isotopic data to be analyzed within a three-dimensional
framework, and at a variety of scales, ranging from mesoscopic
(cm-m) to megascopic (> km). Taken together, all the cements
(regardless of spatial position) show a remarkably linear correlation
(R? = 0.984) between 5'°C and §'0. Systematic center to edge
decreases in both §'°C and §'0 exist in each of the cemented
zones, and are persistent over lateral intervals of up to 1.5 km (and
possibly more). In addition, each of the five horizons studied has a
distinctive, laterally-persistent range of 3'°C and §'0. These
observations have important implications for geochemical
correlation of low-permeability carbonate-cemented zones in the
subsurface. The center to edge isotopic zonation suggests that
dolomite precipitation began in the centers of the cemented zones,
and then proceeded outward as isotopically lighter dolomite was
added to the core zones during progressive burial. The 5'°C values
offer strong evidence that the dolomite cements originated from
CO; generated by decomposition of organic detritus. The centers
of the cemented zones have positive 5'°C values (up to > +10%,
PDB) which resulted from incorporation of "*C-enriched CO, that
was produced as a by-product of methanogenesis. Conversely, the
edges of the cemented zones have negative 5'°C values (down to
< -9%0, PDB) which suggests incorporation of *C-depleted CO>
from thermocatalytic decarboxylation reactions (i.e., at greater
burial depths and higher temperatures). Oxygen isotope
paleothermometry indicates that precipitation may have initiated at
moderate temperatures (24-36°C) and ended at temperatures as
high as 84°C.
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INTRODUCTION

Diagenetic carbonate cements have received a considerable amount of
attention in the literature for a variety of reasons. First, carbonate concretions
often preserve an isotopic and chemical chronicle of the diagenetic evolution of
the host sediments and their pore-waters. Therefore, models of concretion
growth and internal zonation can be used to place geochemical data into a
temporal framework (e.g., Gautier and Claypool, 1984; Scotchman, 1991;
Mozley and Carothers, 1992; and others). Second, carbonate cements are of
interest to the petroleum community because of their potential to reduce primary
permeability and affect fluid migration. Although isolated concretions only affect
fluid flow locally, coalesced concretions can form laterally continuous cemented
horizons (Bjgrkum and Walderhaug, 1990) that can retard, or even eliminate,
vertical fluid flow. In extreme circumstances, this can lead to
compartmentalization of the reservoir and associated production problems
(Kantorowicz et al., 1987). Thus, understanding the geometry and spatial
distribution of carbonate cements is fundamental to effective reservoir
exploitation.

The purpose of this study is to present spatially distributed geochemical
and petrographic data from the dolomite-cemented concretions and laterally
continuous horizons of the Upper Cretaceous Prairie Canyon Member (PCM) of
the Mancos Shale. Comprehensive, high-density sampling of cemented zones
that are traceable in outcrop over intervals of several kilometers has revealed a

remarkably uniform isotopic distribution, both at local and regional scales.
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Because local, small-scale isotopic zonation appears to be persistent over large
lateral intervals (at least 1.5 km), the possibility exists for subsurface correlation

of the Prairie Canyon cements. The geochemical data also provides information
about the mode of growth of laterally-extensive cemented layers and concretions

in organic-rich mudrocks.

REGIONAL GEOLOGY

The field area for this study is situated at the type locality of the Prairie
Canyon Member of the Mancos Shale. The type area is located 23 miles
northwest of Grand Junction, in Mesa County, Colorado (Fig. 1). The Prairie
Canyon type area is bounded by four major physiographic provinces: the
Uncompahgre Plateau to the south; the Douglas Creek Arch to the north; and
the Uinta and Piceance Creek Basins to the west and east, respectively.
Stratigraphically, the Prairie Canyon Member (formerly known as the ‘Mancos B’
interval; Kopper, 1962) sits between the Upper and Lower Blue Gate Members
of the Mancos Shale. The PCM is 1,005 feet (306 m) thick and has been
subdivided into three informal intervals at the type locality: lower, middle and
upper (Fig. 2). The lower interval is 360 feet (110 m) thick, and the upper
interval is 413 feet (126 m) thick. The middle interval, which is the focus of this

investigation, is 233 feet (71 m) thick (Cole et al., submitted).



Figure 1: Field area location. Adapted from Cole and Young (1991).
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Figure 2: Stratigraphic setting and lithologies of the middle interval of the Prairie
Canyon Member of the Mancos Shale. Adapted from Cole and Young (1991).
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The Mancos Shale was deposited atop the Dakota Sandstone at the floor
of the Western Interior Seaway during Upper Cretaceous time (Cole and Young,
1991). Ranging in thickness from 1,067 m to 1,524 m (Young, 1955, 1959;
Kopper, 1962), the Mancos consists of gray to black calcareous shale with
zones of sandy shale and carbonate concretions. It is capped by the more
resistant Mesaverde Group in the upper part of the Book Cliffs of western
Colorado and eastern Utah (Young, 1960).

The Mancos Shale has traditionally been subdivided into three members:
Tununk, Juana Lopez (Ferron), and Blue Gate. Recently, however, Cole et al.
(submitted) have officially named an additional unit, the Prairie Canyon Member.
The PCM is situated in the upper third of the Mancos Shale and splits the Blue
Gate Shale into upper and lower submembers (Fig. 2). The PCM is more sandy
than the lower part of the Mancos and contains commercial quantities of natural
gas.

The upper and lower contacts of the Prairie Canyon Member are defined
in the subsurface by abrupt geophysical log kicks. The basal contact with the
Lower Blue Gate Shale Member occurs at approximately 2,300 feet (701 m)
above the top of the Dakota Sandstone. It is marked by a sudden upward
change from silty claystone to interlaminated sandstone and shale, and a
corresponding shift from high to low gamma-ray values. An opposite shift in
gamma-ray values marks the upper contact of the PCM at 300-500 feet (91-152
m) below the top of the Castlegate Sandstone, which extends into the Mancos

from the west. Two tongues of the Mancos Shale (Buck Tongue and Anchor
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Mine Tongue) are present above the Castlegate Sandstone in the Prairie
Canyon area (Cole et al., submitted).

The Prairie Canyon Member has been identified in wells throughout the
Douglas Creek Arch area. It is present in the subsurface throughout the
southern part of the Uinta Basin to the west where it grades into the much
thicker and sandier Emery Sandstone (Fouch and Cashion, 1979). To the east,
the PCM extends at least as far as the Piceance Creek Dome (Kellogg, 1977).
At the surface, the Prairie Canyon Member forms a broad, poorly defined
outcrop belt near the base of the Book Cliffs from Grand Junction, Colorado to
near Woodside, Utah.

Cole & Young (1991) and Cole et al. (submitted) have provided detailed
stratigraphic, paleogeographic, and sedimentological descriptions of the Prairie
Canyon Member, and their work is the basis for the remainder of this section.
The middle interval consists of four well-defined coarsening-upward
parasequences that are separated by transgressive marine flooding surfaces.
These parasequences are informally referred to as sequences A, B, C, and D
(Fig. 2). Sequence A grades from silty claystone to a sandstone-claystone
composite and features a thin (~30 cm) continuously-cemented sandy dolomite
layer at its base. Sequences B, C, and D are each made up of sandy siltstone
that coarsens upward into bioturbated muddy sandstone. Stratabound
concretions of sandy ferroan dolomite cap each of the three upper
parasequences. In addition, a laterally continuous cemented layer occurs just

below the concretions at the top of Sequence D.
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The Prairie Canyon sediments may have originated from several late
Santonian and early Campanian wave-dominated deltaic systems (e.g., Emery,
Star Point, and Blackhawk) located along the western shore of the Western
interior Seaway. Fine-grained sediments from these sources may have migrated
offshore in prodelta plumes via storm-generated, shore-parallel, downwelling
currents to be deposited below storm wave base. Southeast-trending (111°)
paleocurrent vectors in the Prairie Canyon type area suggest that the sediments
were derived from the northwest. The coarsening-upward sequences (A-D) that
comprise the middle interval of the PCM may represent regressive prodelta
deposits. At the top of each regressive sequence, a sea level rise may have cut
off the sediment supply to the more distal (deeper) offshore areas and allowed

carbonate precipitation and pelagic sedimentation.

SAMPLING STRATEGIES FOR GEOCHEMICAL
ANALYSIS

A variety of sampling strategies have been employed in geochemical
studies of carbonate cements, and many studies have shown that geochemical
heterogeneity can exist at a variety of scales. Reservoir geologists and
engineers recognize four different levels of scale: (1) microscopic (i.e., um-cm);
(2) mesoscopic (cm-m); (3) macroscopic (m-km); and (4) megascopic (> km;
Alpay, 1972). Many geochemical studies of carbonaté cements (see below)
have examined either small-scale (micro- to mesoscopic) or large-scale (macro-

to megascopic) geochemical variation in either a regional (lateral) or



stratigraphic (vertical) context. However, few studies have attempted to analyze

geochemical data at multiple scales and in both contexts. Previous methods of

sample collection for geochemical analysis include the following:

(1)

(4)

(5)

(6)

Obtaining single “grab” samples from individual concretions (e.g., Sass
and Kolodny, 1972; Note: these workers also did center-to-edge
sampling; see # 3 below).

Collecting samples from outcrops or drill core over macroscopic vertical
intervals (e.g., Pisciotto and Mahoney, 1981; Morad et al., 1990).
Mesoscopic sampling of concretions or cemented layers from center-to-
edge or edge-to-center-to-edge along vertical traverses (e.g., Sass and
Kolodny, 1972; Irwin, 1980; Walderhaug et al., 1989; Wilkinson, 1991,
1992).

Combined horizontal and vertical mesoscopic sampling traverses (e.g.,
Wilkinson, 1993; Scotchman, 1991, Raiswell, 1976).

Semi-random two dimensional mesoscopic sampling of cross-sections of
concretions (e.g., Hennessy and Knauth, 1985).

Mesoscopic sampling of vertical cross-sections of cemented layers in a
two dimensional grid pattern (10 cm grid spacing; e.g., Bjgrkum and
Walderhaug, 1993).

Nesting of mesoscopic vertical sampling traverse data sets (type 3 above)
within a regional (megascopic) and stratigraphic framework (Walderhaug

et al., 1989).



The advantages and limitations of each of these sampling strategies are
summarized in Table 1.

Detailed mesoscopic sampling of cemented zones (i.e., types (3)-(6);
Table 1) has drawn attention to the fact that considerable carbon and oxygen
isotopic variation may exist across intervals of only a few centimeters. In certain
cases, the variation may occur as zonation that is a distinguishing characteristic
of the cemented zone at a given locality. If the same, or similar, isotopic
zonation exists at multiple sampling localities, the possibility exists for regional
geochemical correlation of cemented zones. This would require that
mesoscopic data sets be nested within the larger regional (megascopic) and
stratigraphic framework (i.e., type (7); Table 1).

The more samples that are collected at a given locality, the higher the
likelihood of resolving local isotopic ionation. A single sample collected from a
given locality (i.e., types (1) and (2); Table 1) cannot provide a representative
cross-section of the local mesoscopic isotopic distribution. Similarly, centimeter-
scale vertical sampling traverses (i.e., type (3); Table 1) may or may not expose
a local isotopic zonation because of their one-dimensional (e.g., only vertical)
nature. Therefore, mesoscopic sampling should be extended in the horizontal
direction as well as the vertical direction (i.e., types (4)-(6); Table 1) whenever
possible. The most detailed example of bidimensional mesoscopic sampling to
date is the gridding method (i.e., type (6); Table 1) of Bjgrkum and Walderhaug

(1993).



Table 1: Overview of previous sampling strategies for geochemical analysis of
carbonate cements.

method scale advantages limitations reference(s)
)] N/A none cannot resolve local Sass and Kolodny, 1972
one sample mesoscopic isotopic
per concretion zonations
2) tens to allows comparison of unidimensicnal: Pisciotto and Mahoney,
large-scale hundreds of geochemical data within a | cannot resolve 1981;
vertical meters stratigraphic framework mesoscopic isotopic Morad et al., 1990
sampling {macroscopic) zonations at individual
through a sampling localities
stratigraphic
section
3) emto tens of shows vertical component | unidimensional: Irwin, 1980;
small-scale cm of isotopic spatial no horizontal spatial Walderhaug et al., 1989,
vertical (mesoscopic) distribution component of Sass and Kolodny, 1972;
sampling mesoscopic isotopic Wilkinson, 1991, 1992
distribution
4) cm to tens of bidimensional: data cannct be Wilkinson, 1993;
small-scale cm can show isotopic contoured well with only | Scotchman, 1991;
vertical and (mesoscopic) variation in both a single horiz. and vert. Raiswell, 1976
horizontal horizontal and vertical transect
sampling directions
(5) cm to tens of bidimensional: more difficult to contour | Hennessy and Knauth,
small-scale cm isotopic data can be than simple grids; 1985
semi-random (mesoscopic) contoured on a scaled cannot make inferences
sampling diagram of the outcrop about 3-D spatial
within distribution of C and O
concretiong isotopes
(6) cm to tens of bidimensional: cannot make inferences | Bjgrkum and Walderhaug,
sampling in a cm can show complete about 3-D spatial 1993
grid pattern (mesoscopic) spatial distribution of C distribution of C and O
and Q isotopes in 2 isotopes; sampling
dimensions by contouring | intensive
data on scaled diagrams
of outcrops; easier to
contour than (5)
7 local allows for comparison of mesoscopic data limited | Walderhaug et al., 1989
nesting of {mesoscopic) geochemical data at if only sampled in
Mesoscopic sampling multiple levels of scale vertical traverses (i.e.,
data sets separated by same as (3) above).
within a hundreds to This could be avoided
regional thousands of by using (4), (5), or (6)
{megascopic) meters (macro- to characterize local
and to megascopic) isotopic distribution.
stratigraphic
framework
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METHODS

Sampling

We used high-density, mesoscopic sampling to geochemically
characterize individual cemented outcrops within the middle interval of the
Prairie Canyon Member. The outcrop scale (mesoscopic) data sets were then
analyzed within the stratigraphic framework provided by Cole and Young (1991).
This method allowed the comparison of small-scale geochemical data sets
between outcrops of the same cemented layer over lateral intervals of up to 1.5
kilometers.

The gridding method of Bjgrkum and Walderhaug (1993; type (6) of Table
1) was used to characterize local mesoscopic isotopic zonation. Ten vertical,
two-dimensional grids were established perpendicular to bedding (as in Fig. 3)
on cemented outcrops at three locations (Areas 2, 3, and 4; Fig. 4). A battery-
powered hand drill equipped with a % inch masonry bit was used to obtain
powdered samples at the intersection of grid lines. Typical grid spacing was
10cm x 10cm, but the grid spacing varied between 5 cm and 30 cm. A 5cm x
5¢cm subgrid was collected in Grid 11 (main grid spacing 10cm x 10cm) as a
further check of scale. In addition, three consecutive samples were removed at
different drilling depths from hole Z2 (samples Z2-A, B, and C; Table 2) of Grid
11 to check for isotopic variation outside the vertical plane of the grid. Between

16 and 48 samples were collected per grid.
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Figure 3: Samples were collected in vertical grids such as Grid 13 (pictured).
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Figure 4: Lateral and stratigraphic position of sampling localities (adapted from
Cole and Young, 1991).
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Table 2: Results of 324 stable isotopic analyses. Abbreviations: ‘hag’ = host
above grid; 'hbg’ = host below grid; ‘s’ = sample from vertical host rock sampling
traverse; ‘scc’ = septarian calcite.

8130 8150 813c 6130 513C 8130 613c 8180

sample sample sampl
P poB |smow|®*™P| poe | smow ™| poB | smow|5*™P*®| ppe | smow
Grid 9 2 | 0.73 | 2434 | z1 | 585 | 2185 1 o5 | 329 | 2651

z1 -6.28 | 22.03 a3 7.71 28.73 al -6.19 | 21.93 e5 245 | 26.42
al -8.38 | 21.41 b3 7.76 | 28.71 b1 -6.14 | 2215 b6 159 | 25.30
b1 -8.74 | 21.32 c3 6.67 | 28.41 cl ©.10 | 21.86 b'2 -2.51 | 23.82
cl -8.20 | 21.18 d3 552 | 27.63 d1 -5.80 | 2215 | b25 248 | 26.83
d1 -9.70 | 20.73 e3 3.97 | 26.91 et | -8.14 | 2190 | b25 | 229 | 26.12
el ~7.47 | 20.81 3 3.51 26.71 x2 -1.21 | 2418 ] c25 248 | 26.35
22 0.71 | 24.A ad 10.74 | 30.39 y2 -1.59 | 23.98 b'3 3.95 | 27.10
a2 -3.05 | 23.23 b4 8.31 2871 | »-A | -0.71 | 24.45 Grid 12
b2 -1.97 | 23.98 c4 828 | 2906 | 22B | -056 | 24.62 al 4.20 | 27.07
c2 -1.82 | 24.00 d4 7.03 | 2891 | z2-C | -0.60 | 24.83 a2 656 | 28.39
d2 -4.15 | 23.05 e4 582 | 28.17 a2 073 | 2475 a3 8.29 | 2948
e2 -5.63 | 22.16 4 495 | 27.70 b2 -2.04 | 23.90 ad 8.48 | 29.38
z3 4.37 | 2746 ab 10.07 | 30.21 c2 -2.55 | 23.74 a5 10.73 | 30.36
a3 310 | 26.90 b5 10.71 | 30.34 d2 -247 | 23.60 ab 935 | 29.53
b3 343 | 27.09 c5 840 | 20.24 -2.29 | 23.67 a7 10.0¢ | 30.33
c3 4.31 27.14 d5 7.21 29.08 3.69 | 26.95 a8 10.35 | 30.24
d3 3.06 | 26.72 e5 480 | 2763 3.71 26.92 a9 8.61 | 2947
e3 -0.82 | 2457 5 482 | 27.53 482 | 2748 al0 802 | 29.35
7.19 | 28.98 ab 9.41 29.63 428 | 27.18 all 707 | 28.93
494 | 27.74 b6 1041 | 30.22 413 | 27.06 al2 519 | 27.75
5.81 28.28 c6 774 | 28.88 425 | 27.22 b2 6.09 | 28.29
6.25 | 28.41 dé 583 | 28.01 3.94 | 26.91 b5 10.01 | 30.12
6.03 | 28.32 6 293 | 26.59 3.58 | 26.89 b8 9.11 | 29.60
310 | 26.90 fé 312 | 26.70 3.25 | 26.80 b11 6.76 | 28.59
0.70 | 24.96 a7 713 | 28.77 6.75 | 28.65 c2 5.17 | 27.51
1.77 | 25.71 b7 7.99 | 29.25 6.93 | 28.86 €5 955 | 29.91
241 26.13 c7 646 | 2846 7.30 | 28.84 c8 498 | 27.75
-1.44 | 24.08 d7 3.11 26.86 6.99 | 29.14 cl1 540 | 28.17
-0.85 | 24.65 a7 -0.70 | 24.63 6.08 | 28,10 d5 7.68 | 29.28
Grid 10 7 -245 | 23.86 6.64 | 28.70 d8 6.23 | 28.48

al 1.57 | 26.73 a8 427 | 2712 594 | 28.07 d11 0.76 | 24.50
b1 257 | 26.35 b8 6.04 | 28.17 5.81 28.12 e5 6.81 28.80
¢l 294 | 26,77 c8 4.42 | 27.20 578 | 28.01 e8 511 | 27.H4
d1 294 | 26.62 ds 0,61 | 24.48 x5 522 | 27.78 5 7.07 | 28.75

EELEHRERERY

RPRERERAN SR 2282THD35

a2 6.31 28.04 e8 -4.88 | 22.58 y5 516 | 27.75 8 6.60 | 28.61
b2 534 | 27.76 SCC -2.56 | 15.99 z5 5.24 | 27.50 g8 1.72 | 25.96
c2 51 27.68 Grid 11 a5 4.74 | 27.51 sce -3.47 | 1519
d2 488 | 27.49 x1 -5.86 | 22.02 b5 348 | 26.56 1 253 | 17.47
&2 242 | 26.29 y1 -5.09 | 22.36 c5 3.87 | 26.87 2 975 | 21.07

3 0.03 | 17,51

14



Table 2: Stable isotope results (cont.).

813C 5150 8136 8130 8130 8150 8130 8180
sample) oop L smow |52 ™P* po | smow [5*™P"] poe | sMowlZ™P®! ppe | smow
Grid 13 W5 | 657 | 2838 | a2 | 1.60 | 2544 | b3 | 546 | 27.80
a6 | 179 12558 | ra | 520 | 2765 ) a3 | 523 | 2776 | b4 | 507 | 27.75
a5 | 476 | 2744 | n3 | 266 | 2628 | a4 | 567 | 2800] b5 | 226 | 26.28
as | 478 (2779 h2 | 541 | 2211} a5 | 371 | 2709| o1 | 148 | 24.9%
a3 | 114 | 2524 ) m1 | 877 | 2103] a6 | 025 2456 ] c2 | 230 | 26.08
a2 | -486 | 2254 Grid 14 b1 | 318 | 2334 | o3 | 547 | 27.70
al | 687 | 2233 a3 [ w07 [ 2252 | b2 | 162 | 2561 ) o4 | 474 | 2745
b6 | 149 | 2553 | b2 | <405 | 2258 | b3 | 521 | 2778} o5 | 0.93 | 24.91
b5 | 569 | 2802 | b3 | 390 | 2250 | b4 | 557 | 28.11 Host Rock
ba | 481 | 2757 | b4 | 444 | 2190 | b5 | 462 | 2755 | s0 | 0.49 | 2487
b3 | 136 | 2521 | o1 | 455 | 2236 | b6 | 094 | 2561 ) st | 044 | 2462
b2 | -399 | 2273 | c2 | 885 | 2282 | o1 | 376 | 2287 | s2 | 035 | 2458
6 | 147 | 2533 3 | 390 | 2267 | c2 | 026 | 2432 | s3 | 032 | 2437
5 | 525 | 2778 | ca | 476 | 2232 | 3 | 350 | 2678| s4 | 032 | 24.17
o4 | 686 | 2879 d1 | 430 | 252 | o4 | s62 | 2797 ) s5 | 020 | 27.12
3 | 325 | 2694 | d2 | 366 | 2205 | 5 | 458 | 2757 | s6 | 038 | 24.77
2 | 300 | 2334 | d3 | 358 | 2287 | & | 109 | 2532 ] s7 | 034 | 2420
1 | 828 | 2131 | a4 | 413 | 2280 Gnd 17 s8 | 060 | 24.65
a6 | 165 | 2532 | e2 | 421 | 2267 [ a2z | 885 | 2095 | s9 | 061 | 24.60
a5 | 547 | 2781 ) e3 | 371 | 2276 | a3 | 612 | 2159 | s10 | 044 | 2447
a4 | 663 | 2860} o4 | 454 | 2230 | a4 | 816 | 2113 | s11 | 027 | 23.90
a3 | 332 | 2684 ) £ | 400 2265 | b14a | -7.32 | 21.00 | s12 | 043 | 24.31
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o3 | 332 | 2661 | a2 | 274 | 2644 | 3 | 424 | 2252 | s18 | 841 | 2033
e2 | 297 | 2325 a3 | 542 | 2783 | o4 | 466 | 2245 | s20 | 039 | 2320
o1 | 768 | 2130 | a4 | 520 | 2708 ) d1 | 601 | 2163 | s21 | 072 | 2529
%6 | 156 | 2544 | a5 | 242 | 2648 | o2 | -500 | 2232 | s22 | 060 | 2483
&5 | 560 | 27781 b1 | 024 | 2415 | d3 | 408 | 2253 | 23 | 064 | 25.16
4 | 696 | 2874 | b2 | 207 | 2627 | a4 | 431 | 2248 | hage | 561 | 21.02
t3 | 344 | 2702} b3 | 544 | 2779 | e2 | 493 | 2230 | hbgto | 079 | 25.12
2 | 313 | 2322 ) b4 | 510 | 2770 | e3 | -4.05 | 22.48 | hagtt | -10.26 | 20.49
M | 791 | 2128] b5 | 211 | 2626 Grid 18 hbg11 | 0.67 | 24.88
g6 | 036 | 2450 | c1 | 060 | 2452 | a1 | 348 | 23.92 | hbgt1 | 0.75 | 24.84
o5 | 567 | 2787 | c2 | 315 | 2630 | a2 | 274 | 2635 | hogt2 | 0.73 | 26.83
g4 | 667 | 2849 | o3 | 548 | 27.82 | a3 | 531 | 27.76 | hbg13 | 0.62 | 24.62
g3 | 333 | 2698 | o4 | 469 | 2747 | a4 | 485 | 2762 | hagls | 461 | 2143
g2 | 362 | 2296 | 5 | 140 | 2837 | a5 | 324 | 2663 | hbgtd | -1.47 | 22.54
g1 | -815 | 21.25 Grid 16 b0 | -323 | 22.69 | hbgt4 | -1.35 | 21.68
he | 217 | 2562 | ai T 279 [ 2321 ] bt | 1.18 | 24.81 | hbg15 | 0.28 | 24.94
b2 | 352 | 2640 | nbgts | 0.35 | 24.77
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Figure 4 illustrates the sampling strategy in its stratigraphic and areal
context. We sampled two laterally continuous cemented layers (one at the
bottom of Sequence A and another just below the top of Sequence D) and three
concretionary horizons (at the tops of Sequences B, C, and D) within the Prairie
Canyon Member. Three grids were collected from the continuous layer of
Sequence D (Grid 9 at Area 2 and Grids 11 and 13 at Area 4). Similarly, three
grids were collected from the continuously cemented layer at the base of
Sequence A (Grids 15 and 16 at Area 2 and Grid 18 at Area 3). Two grids (Grid
10 at Area 2 and Grid 12 at Area 4) were sampled from concretions at the top of
Sequence D. Grids 17 and 14 (Area 2) were established on isolated concretions
marking the tops of Sequences B and C, respectively. Hand samples were
quarried from each of the grids for petrographic analysis.

in addition to the grid samples, a number of samples were collected from
the host rock for thin sections and isotopic analyses. Host rock samples were
collected from several centimeters above and below each grid. In addition, a
vertical sampling traverse was made from the base of Sequence C to just above
the top of Sequence D. Host rock samples were collected at five foot intervals

along the traverse (Fig. 4). -
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Mineralogic composition determination

Mineralogic composition was characterized by X-ray diffraction (XRD) and
by petrographic examination. The XRD data were collected at the New Mexico
Bureau of Mines and Mineral Resources’ X-ray laboratory using a Rigaku
D/MAX-II diffractometer driven by MDI's JADE/Datascan software package.
Quantitative mineral abundances were determined by 300-point point-counts of
24 thin sections (stained for K-spar and calcite). Visual estimates under
cathodoluminescence (using a MAAS/Nuclide ELM-3 luminoscope) were used
as a check of the relative abundances of quartz and feldspar. Mineral
abundances were rounded to the nearest percent, and abundances less than

0.5% are reported as trace (tr).

Stable isotopic analyses

Carbon and oxygen isotopic compositions were détermined for 324
cemented and host rock samples at the New Mexico Tech Stable Isotope
Laboratory. Powdered grid samples that had been extracted with the hand drill
did not need to be crushed, but host rock hand samples were crushed and
sieved through a 100-mesh screen. Forty milligram aliquots of the powdered
samples were then reacted under vacuum with 100% phosphoric acid in a 50°C
water bath for 12 hours. This method is a variation of the technique described
by Rosenbaum and Sheppard (19886; itself a variation of the method ofy McCrea,

1950). The resulting CO, gas was extracted on a carbonate vacuum extraction
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line and analyzed on a Finnigan MAT Delta E isotope ratio mass spectrometer
using OzTech gas standards.

Thirty-four host rock samples were determined to have a mixture of calcite
and dolomite. These samples were allowed to react with 100% phosphoric acid
at 25°C on the carbonate extraction line with the reaction vessels open to the
pump for 90 minutes (see Appendix 2). This aliowed calcite, which reacts
readily at room temperature, to be consumed and separated from the slow-
reacting dolomite. This ‘open-vessel’ extraction technique is described in
Phillips et al. (1992). Afterwards, the remainder of the sample (dolomite) was
placed in a 50°C water bath and analyzed as above.

The oxygen isotope data was corrected for phosphoric acid fractionation
using the acid fractionation relationship of Rosenbaum and Sheppard (1986) for
dolomite:

10°INctcoag)-camgcosz =6.85 x (10°/T%) + 4.23

This relationship yields a Acozg)-camgicosyz Value of 10.60%. at 50°C.

Elemental composition determination

Elemental composition of the carbonate cement was determined by
electron microprobe analyses. The analyses were performed at the University of
New Mexico Department of Earth and Planetary Science on a recently upgraded
JEOL-733 Superprobe. The system is equipped with a high-resolution back-
scattered electron (BSE) detector, X-ray mapping features, and image analysis

software. Dolomite, calcite, siderite, spessartine, and celestite mineral
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standards were used to standardize the microprobe for Mg, Ca, Fe, Mn, and Sr,
respectively. Analytical precision is estimated to be within 2% of the reported
values. Compositional variation within the dolomite cement was identified with

BSE imaging and quantified with spot microprobe analyses.

RESULTS

Mineralogic composition

X-ray diffraction analyses indicate that dolomite is the dominant
carbonate phase present in the cemented layers (grid samples). However, host
rock samples contain both dolomite and calcite. Quartz is present in both types
of samples. The XRD data are confirmed by the results of point-counts of 24
thin sections (Table 3).

Of the 24 thin sections, 18 are from cemented zones (continuous layers or
stratabound concretions). Dolomite cement accounts for between 50 and 85
percent of the volume of these layers. The framework grains in the cemented
zones are 5 to 28 percent quartz, trace to 4 percent feldspar, and 0 to 6 percent
lithic fragments (mainly chert). Opaque framework grains comprise an additional
1 to 11 percent. Taken together, clays and opaque matrix minerals account for 3
to 9 percent of the cemented zones. In general, there is no porosity in the
cemented samples.

The remaining six thin sections are from the vertical host rock sampling

traverse and from host rock above or below grids. Although present in smaller
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Table 3: Point-count results.

Grid Samples

grid _9 _1'0 _10 10 11

sample B5 B7 B5 B1 A2

type gbc gbc c gac gac

quartz 27.8 10.0 14.0 15.0 18.8

ffeldspar 4.0 1.0 1.5 22 2.3

VRF 0.0 0.0 0.0 0.6 0.0

SRF 5.5 4.5 0.0 0.6 0.0

MRF 0.0 0.0 0.0 0.0 0.0

porosity 0.0 0.0 0.0 0.0 0.0

authigenic dol 49.3 73.5 74.0 66.0 69.0

detrital calcite 0.0 0.0 0.0 0.0 0.0

undiff. clays 1.4 0.0 1.0 0.6 5.3

opaque grains 7.8 5.5 3.8 10.5 1.4

opague matrix 4.2 5.5 48 45 32

lopaque cement 0.0 0.0 0.9 0.0 0.0
ftotal 100.0 100.0 100.0 100.0 100.0

grains 451 21.0 19.3 28.9 22.5 19.1
cement 49.3 73.5 74.9 66.0 69.0 76.6
matrix 5.6 55 5.8 5.1 85 4.3
Jtotal 100.0 100.0 100.0 100.0 100.0 100.
Grid Samples (cont.)

grid 11 11 11 12 12 12
sample Ad Ab E3 Ad B8 Ab
type c ghc gac c gbc C|
quartz 9.3 14.6 16.1 11.6 9.5 4.5
feldspar 1.1 0.5 0.7 1.2 1.0 0.
VRF 0.0 0.0 0.0 0.0 0.0 0.0
SRF 0.0 0.0 6.1 2.3 3.0 1.0
MRF 0.0 0.0 0.0 0.0 0.0 0.0
norosity 0.0 2.0 0.0 0.3 0.0 0.0
authigenic dol 79.3 70.6 69.1 76.0 79.5 85.5
detrital calcite 0.3 1.0 0.0 0.0 0.0 0.0I
undiff. clays 2.0 0.3 0.0 0.0 0.5 0.0
opaque grains 3.2 5.5 3.2 2.6 2.4 3.4
opaque matrix 4.8 55 4.8 6.0 2.8 5.1
opague cement 0,0 0.0 0.0 0.0 1.3 0.0
Jtotal 100.0 100.0 100.0 100.0 100.0 100.
grains 13.9 22.0 26.1 17.8 156.9 9.4
cement 79.3 72.0 69.1 76.2 80.8 85.
matrix 6.8 5.9 4.8 6,0 33 53
ftotal 100.0 100.0 100.0 100.0 100.0 100.
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Table 3: Point count results (cont.).

Grid Samples (cont.)
grid _ 12 13 13 17 18 18
sample B11(3) A2 A3 D4 A1 Ad
type ghc gac gac c gac c
fauartz 11.0 23.0 20.6 13.3 7.0 6.0
feldspar 1.5 156 04 0.8 1.4 0.4
VRF 0.0 0.0 0.0 0.0 0.0 0.3
SRF 5.5 5,0 2.0 0.0 0.0 0.0
MRF 0.0 0.0 0.0 0.0 0.0 0.0
porosity 0.0 3.0 1.0 0.0 0.0 0.
authigenic dol 69.0 55.6 64.0 69.3 75.3 84.
detrital calcite 0.0 0.0 0.0 1.0 2.0 0.
Lundiff. clays 1.0 23 0.0 0.0 0.0 0.
opaque grains 7.2 6.7 7.2 10.9 8.6 4.5
opaque matrix 4.8 29 4.8 4.7 5.7 4.5
opaque cement 0.0 0.0 0.0 0.0 0.0 Od
ftotal 100.0 100.0 100.0 100.0 100.0 100.
grains 25.2 37.3 30.5 26.0 19.0 11.2
cement 69.0 57.3 64.6 69.3 75.3 84.
Imatrix 5.8 5.4 4.8 4.7 57 4.?1
Jtotal 100.0 100.0 100.0 100.0 100.0 100.
Host Rock Samples

grid vhrst vhrst 9 11 KK 14
sample S0 S6labove B1labove D1 |below Cb [below D4
type vhrst vhrst hag hag hbg

quartz 44.0 39.0 30.3 25.0 31.5
Ifeldspar 1.3 2.0 4.8 2.0 3.0

VRF .0 0.0 0.0 0.0 0.0

SRF 4.3 1.0 1.0 8.0 15.5

MRF 0.3 0.0 0.0 0.0 0.0

porosity 5.6 7.0 2.0 1.0 5.0

authigenic dol 18.3 7.5 453 53.5 30.0

detrital calcite 3.3 25 2.0 0.0 0.0

undiff. clays 4.9 12.6 1.6 0.5 4.5

lopague grains 6.8 8.6 9.1 8.0 42

opague matrix 10.2 19.9 39 1.0 4.2

opaque cement 0.0 0.0 0.0 1.0 2.1
Jtotal 100.0 100.0 100.0 100.0 100.0

grains 63.6 57.1 48.2 43.4 57.1 53.7
cement 204 8.1 46.2 55.1 33.8 26.2
matrix 16.0 34.8 5.6 1.6 9.2 20.
Jtotal 100.0 100.0 100.0 100.0 100.0 100.
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quantities than in the cemented zones, authigenic dolomite cement does occur
in the host rock and accounts for between 8 and 54 volume percent.
Foraminifera tests comprise up to 4 percent of the host rock. Framework grains
such as quartz, feldspar, opaque grains, and lithic fragments make up 43 to 57
percent of the host rock. Quartz varies in abundance from 25 to 44 percent and
feldspar abundances vary from 2 to 5 percent. Lithic fragments (mainly chert)
account for up to 16 percent, and opaque grains make up 4 to 9 percent of the
host rock. Clay minerals and opaque matrix minerals account for up to 32
percent of the host rock, and porosity does not exceed 7 percent.

Figure 5 is a ternary diagram that summarizes the point-count data.
Cemented (grid) samples are grouped according to their relative vertical
position. The categories ‘core, ‘grid above core,” and ‘grid below core’ are based
upon the spatial isotopic distribution within the individual grids (discussed in the
next section). Host rock samples were divided into three categories: host above
grid, host below grid, and vertical host rock traverse. In geﬁeral, the cores
(isotopically heaviest zones; see below) of the cemented zones contain the
highest amount of cement by volume, and the grid samples above and below the
. cores contain slightly less cement than the cores. Host rock samples from the
vertical sampling traverse have considerably more framework grains than the
bulk of the grid samples and so plot closer to the top of the diagram. Host rock
samples from above and below the grids are characterized by intermediate

proportions of cement and grains.
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Figure 5: Results of twenty-four 300-point point-counts.
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Stable isotopic composition

The results of 324 stable isotopic analyses are summarized in Table 2.
Figure 6 is a 80 - 8™C cross-plot that features isotopic data from each of the
grids. In addition, the spatial distribution of carbon and oxygen isotopes is
shown on scaled contour diagrams of each grid in Figures 7-16. The host rock

isotopic data is plotted in Figures 17-18.

Cemented (grid) samples

There is a strong linear correlation between carbon and oxygen isotopes
in the dolomite cements of this study (Fig. 6). Each grid sample (regardless of
areal location or stratigraphic depth) plots on or near a line (R*= 0.984) defined
by [6'%0=(0.5176) §"°C + 24.956]. There is 20.4%. of 8™°C variation (ranging from
-9.7 to +10.7%. PDB). "0 varies from 20.7 to 30.4%c SMOW (-9.9 to -0.4%o
PDB).

Figures 7 through 16 show the spatial distribution of carbon and oxygen
isotopes on scaled diagrams of each grid. The x and y coordinates of each of
the plots are in centimeters (x is horizontal and y is vertical), and the oxygen and
carbon isotopic data are contoured in the z direction. The “gunsite” symbols
represent the relative locations of sampling drill holes, and the number beside or
above each of the symbols is §'°C or 5'°0 expressed in permil relative to PDB or
SMOW, respectively. The contour interval for each of the plots is one permil

except where otherwise indicated.
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8"°C vs. 80 for all cemented (grid) samples.
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Figure 7: Stable isotope contour plots of Grid 9 samples. Grid 9 was sampled
from the laterally continuous cemented horizon just below the top of Sequence D
(same layer as Grids 11 and 13) at Area 2 (refer to Figure 4).
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Figure 8: Stable isotope contour plots of Grid 11 samples. Grid 11 was sampled
from the laterally continuous cemented horizon just below the top of Sequence D
(same layer as Grids 9 and 13) at Area 4 (refer to Figure 4).
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Figure 9: Stable isotope contour plots of Grid 13 samples. Grid 13 was sampled
from the laterally continuous cemented horizon just below the top of Sequence D
(same layer as Grids 9 and 11) at Area 4 (refer to Figure 4).
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Figure 10: Stable isotope contour plots of Grid 15 samples. Grid 15 was
sampled from the laterally continuous cemented horizon at the base of Sequence
A (same layer as Grids 16 and 18) at Area 2 (refer to Figure 4).
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Figure 11: Stable isotope contour plots of Grid 16 samples. Grid 16 was
sampled from the laterally continuous cemented horizon at the base of Sequence
A (same layer as Grids 15 and 18) at Area 2 (refer to Figure 4).
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Figure 12: Stable isotope contour plots of Grid 18 samples. Grid 18 was
sampled from the laterally continuous cemented horizon at the base of Sequence
A (same layer as Grids 15 and 16) at Area 3 (refer to Figure 4).
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Figure 13: Stable isotope contour plots of Grid 10 samples. Grid 10 was
sampled from the stratabound concretionary horizon at the top of Sequence D
(same layer as Grid 12) at Area 2 (refer to Figure 4).
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Figure 14: Stable isotope contour plots of Grid 12 samples. Grid 12 was
sampled from the stratabound concretionary horizon at the top of Sequence D
(same layer as Grid 10) at Area 4 (refer to Figure 4).
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Figure 15: Stable isotope contour plots of Grid 14 samples. Grid 14 was
sampled from the stratabound concretionary horizon at the top of Sequence C at
Area 2 (refer to Figure 4). Note: Cont. Int. = 0.1 %o (both diagrams).
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Figure 16: Stable isotope contour plots of Grid 17 samples. Grid 17 was
sampled from the stratabound concretionary horizon at the top of Sequence B at
Area 2 (refer to Figure 4). Note: contour interval = 0.1 %o (oxygen) and 0.5 %o
(carbon).
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In general, the heaviest 5'°0 and §'°C values occur in the cores (centers)
of the cemented zones, and the values decrease toward the edges. The
isotopically heavy cores of the two continuously cemented horizons (Sequence
D: Grids 9, 11, 13; Sequence A: Grids 15, 16, 18) are situated below the
physical centers of the layers, and the lightest values in these two horizons
occur at the upper margins (Figs. 7-12). In contrast, the heavy cores of the
concretions typically occur at their geometric centers. Isotopic variation is
greater in the vertical direction than in the horizontal direction in all of the grids,
but concretions (Grids 10, 12, 14, and 17; Figs. 13-16) tend to have more

horizontal variation than the laterally continuous cemented layers (Figs. 7-12).

Sequence D (continuous layer)

Grids 9, 11, and 13 (Figs. 7, 8, and 9) were collected at different outcrops
of the continuously cemented horizon situated just below the top of Sequence D.
Grid 9 is from Area 2, and Grids 11 and 13 are from Area 4, 1.5 km away. Grid
11 is located 2.3 meters to the right of Grid 13.

Grid 9 (Fig. 7) has 29 samples that are spaced 17 cm apart laterally and
12 cm apart vertically. 3'°0 values range from 20.7%o at the top of the grid to
29.0%o at the core, and 8'°C values range from -9.7to +7.2%.. There is more
horizontal isotopic variation (in both isotopes) at the core of Grid 9 than at either
the upper or the lower edges.

There are forty-eight samples in Grid 11 (Fig. 8). The main grid has 43
samples that are spaced 10 cm apart in both the horizontal and vertical
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directions. In addition, five more samples were analyzed from a subgrid (5 cm
spacing) near the top and center of Grid 11. 5'°0 ranges from 21.8%. at the top
of the grid to 29.1% at the core, and §"°C values range from -8.2 to +7.3%o. Like
Grid 9, there is more carbon and oxygen isotopic variation in the horizontal
direction at the core of Grid 11 than at either the upper or lower margins of the
grid.

Grid 13 (Fig. 9), located 2.3 meters to the left of Grid 11, has 47 samples
spaced 10 cm apart in both the horizontal and vertical directions. §'°0 values
range from 21.0% at the top of the grid to 28.8%. at the core, and 3'°C ranges
from -8.8%o (top) to +7.0%. (core). There is more horizontal isotopic variation (in

both isotopes) at the core of Grid 13 than at either the upper or the lower edges.

Sequence A (continuous layer)

Grids 15, 16, and 18 (Figs. 10, 11, and 12) are from the continuous layer
at the base of Sequence A. Grid 15 is situated 17.6 m left (west) of Grid 16 at
Area 2, and Grid 18 is located at Area 3, 1.0 km to the southeast. All three grids
have a 30cm x 6¢cm grid spacing. Because of the lower sampling density in the
horizontal direction of these grids, it is not possible to tell whether or not there is
more horizontal isotopic variation at the cores than at the outer margins.

Grid 15 (Fig. 10) is comprised of three columns of six samples each. §'°0
values range from 23.1%o at the top of the grid to 28.0%. at the core. Carbon

values range from —4.1 (top) to +5.5%o (core).
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Grid 16 (Fig. 11) features 18 samples from three columns. It has 5.2%o of
5'80 variation with values ranging from 22.9%. at the top to 28.1%. at the core.
§"°C values increase from -3.8%o at the top to 5.7%o at the core (9.5%o total
variation).

Grid 18 (Fig. 12) is made up of sixteen samples collected from three
columns. The middle column has six sample points, and the left and right
columns each contain five samples. The upper samples of the left and right
columns could not be attained because part of the top of the outcrop had been
removed by erosion. §'°0 values range from 22.7%. at the top of the grid to
27 8% at the core (5.1%. total change). Grid 18 has 8.7%o of §'°C variation with

values ranging from —3.2 (top) to 5.5%o (core).

Sequence D (concretions)

Grids 10 and 12 (Figs. 13 and 14) are from two stratabound concretions
at the top of Sequence D. Grid 10 (Area 2) is 1.5 km away from Grid 12 (Area 4)
in the same discontinuous layer. The left sides of both grids bisect the cores of
the concretions from which they originated, and the heaviest (core) delta values
for both isotopes are identical in both grids. Carbon and oxygen isotopic
contours show a general concentric decrease away from the concretion cores,
and a number of the contours show closure toward the right margins of the
diagrams.

Grid 10 (Fig. 13) has 45 samples that are spaced 27 cm apart horizontally
and 10 cm apart vertically. There is 7.8%o of variation in 5'°0 with values
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ranging from 22.6%. (lower right) to 30.4%o. at the core. Grid 10 boasts 15.6%o of
3130 variation with values ranging from -4.9%. (lower right) to +10.7%o (core).
There is more horizontal isotopic variation (in both isotopes) at the core of Grid
10 than at either the upper or the lower edges.

Grid 12 (Fig. 14), located 1.5 km to the northeast of Grid 10, has 28
samples. The grid has a 30cm x 30cm spacing (horizontally and vertically)
except for the left column which has a 10 cm vertical spacing. Oxygen isotope
delta values range from 24.5%o (lower right) to 30.4%. at the core, and 8"°C

ranges from -0.8 (lower right) to +10.7%o (core).

Sequence C (concretion)

Grid 14 (Fig. 15) of Area 2 is a small isolated concretion from the
discontinuous horizon that caps Sequence C. Samples were collected at 20 cm
intervals in the horizontal direction and 5 cm intervals in the vertical direction.
The entire concretion is only one meter long and 15 cm high so the grid covers
an entire cross-section of the concretion. Both isotopes have maximum values
at the center (core) of the concretion, but note that the contour interval is only
0.1%o (both isotopes) on Figure 15. There is only 1%o of variation in §8'®0 at Grid
14 with values ranging from 22.0 to 23.0%.. There is 1.2%o variation in §"°C with

values ranging from -4.8 to -3.6%eo.
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Sequence B (concretion)

Grid 17 (Fig. 16) of Area 2 is an isolated concretion from the
discontinuous horizon that caps Sequence B. Samples were collected at 30 cm
intervals in the horizontal direction and 15 cm intervals in the vertical direction.
The right side of the grid bisects the core of the concretion. Both isotopes have
maximum values at the center (core) of the concretion. However, note that the
contour interval is only 0.1%. for oxygen and 0.5%o for carbon on Figure 16.
There is 1.5%o variation in §'®0 at Grid 17 with values ranging from 21.0 to

22.5%0. 8'C values range from -8.8 to —4.0%o (4.8%o total variation).

Host rock samples

Figure 17 shows the relationship of the host rock samples to the grid
samples in 8'°C - §"°0 space. The host rock samples are divided into three
categories, based on where they were collected: host above grid, host below
grid, and vertical host rock sampling traverse. This nomenclature is consistent
with that used in the discussion of the point-count and microprobe data.
However, there do not seem to be any significant differences in the isotopic
behavior of the host rock among these three groups. Therefore, the term ‘host
rock’ applies to these three groﬁps collectively.

There is some scatter in the host rock data, but most of the points occur
on or below the line formed by the dolomite-cemented samples between
23.5%0<8'80<25.5%0 and 0%0<8"°C<1%o (Fig. 17). Two host rock samples plot
above the line, and several more samples plot below the dolomite cement line
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Figure 17: Cemented samples vs. host rock. Septarian caicite also shown.
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with -6%0<8"°C<0%0. One of the ‘host above grid’ samples is the isotopically
lightest sample (with respect to carbon) and plots at the lower left end of the
cement line. One of the ‘vertical host rock sampling traverse’ samples plots near
the upper right (isotopically heaviest) end of the line and appears to be an outlier
from the rest of the host rock samples.

Figure 18 shows the variation in 8"°C with depth along the vertical host
rock sampling traverse which begins at the base of Sequence C (above Grid 17)
and ends just above the top of Sequence D. Almost all of these samples lie
within the range 0%0<8'°C<1%.. However, there are wild fluctuations within the
upper 20 feet of Sequence D below its two cemented horizons. Within a twenty
foot interval, 5"°C values decrease to -3.6%o, increase to +8.4%o, and then return
to more average values (near 0%o).

The results of two analyses of calcite veins from the cores of septarian
concretions at Grids 10 and 12 are also shown on Figure 17. The two grids are
located 1.5 kilometers apart from each other. The septarian caicite plots well
below the dolémite cement line with —3.5%0<8"*C<-2.5%0 and 15%0<8'°0<17%o.

These are the most '?0O-depleted values in the data set.

Elemental composition

The results of 103 microprobe analyses from nine samples are presented
in Table 4. One host rock sample and eight cemented (grid) samples were
analyzed. Four of the eight grid samples are from a vertical traverse through

Grid 11. The remaining four are samples of the cores and edges of Grid 10
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Figure 18: Carbon isotopic variation with depth along the vertical host rock
sampling traverse (vhrst).
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Table 4: Microprobe results.

sample| BSE | type | FeCOs| CaCOs | MgCOs
G11-A2 light edge 7.88 65.22 36.90
G11-A2 dark edge 1.09 48.85 50.06
G11-A2 light edge 7.82 55.15 37.03
G11-A2 dark edge 0.65 49,99 49.36
G11-A2 light edge 8.02 54.41 37.57
G11-A2 dark edge 0.26 53.49 46.25
G11-A2 light edge 8.76 52.67 38.57
G11-A2 dark edge 0.47 50.97 48.56
G11-A2 dark edge 7.22 54.55 38.24
G11-A2 dark edge 3.14 51.62 45,24
G11-A2 light edge 8.43 54,52 37.05
G11-A2 dark edge 0.67 51.04 48.29
G11-A2 light edge 7.98 52.97 39.05
G11-A3 dark edge 0.55 50.30 49.15
G11-A3 light edge 445 56.02 39.53
G11-A3 light edge 4.21 55.42 40.37
G11-A3 dark edge 0.36 49,39 50.25
G11-A3 light edge 4.54 53.69 a41.77
G11-A4 dark core 6.11 55.31 38.59
G11-A4 light core 10.66 54.03 35.32
G11-A4 dark core 2.63 51.28 46.09
G11-A4d light core 9.33 55.62 35.04
G11-A4 dark core 6.03 53.16 40.81
G11-A4 light core 9.26 53.95 36.80
G11-A4 dark core 5.33 52.30 42.37
G11-A4 light core 7.07 53.92 39.02
G11-A4 dark core 4,38 53.51 42,12
G11-A4 dark core 4.96 53.29 41.76
G11-A4 dark core 1.54 51.80 46.65
G11-A4 light core 8.15 52.89 38.96
G11-A4 dark core 4.84 52.52 42.64
G11-A4 light core 3.75 55.21 41.04
G11-A4 dark core 4.32 51,91 43.77
G11-A4 light core 3.80 54.36 41.84
G11-AS dark edge 0.03 52.22 47.74
G11-A5 light edge 5.74 53.83 40.43
G11-AS light edge 513 55.44 39.43
G11-A5 dark edge 0.22 51.71 48.06
G11-A5 dark edge 0.03 50.10 49.87
G11-A5 light edge 563 53.35 41.03
G11-A5 dark edge 0.23 49.45 50.32
G11-A5 light edge 475 52.15 43.10
G18-A4 light core 5.37 52.18 4245
G18-A4 light core 3.72 49.93 46.35
G18-A4 light core 14.67 54.11 31.23
G18-A4 dark core 0.12 49,73 50.18
G18-A4 light core 6.43 51.88 41.69
G18-A4 light core 5.86 53.00 41.14
G18-A4 tight core 6.18 49.24 44.58
G18-A4 dark core 1.80 49.59 48.61
G18-A4 light core 6.65 48.84 44 .51
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(Sequence D, concretion) and Grid 18 (Sequence A, continuous layer). One
host rock sample was analyzed: sample S6 from the vertical host rock sampling
traverse.

Two compositionally distinct generations of cement are apparent in back-
scattered electron (BSE) images of all the cemented (grid) samples (Fig. 19a).

A dark, low-Fe dolomite preceded a lighter colored, more Fe-rich cement. This
temporal relationship is evidenced by the fact that the lighter cement surrounds
the dark material. There is a bimodal distribution in the chemistries of these two
generations of cement (Fig. 19b). The iron content of the early (dark) cement
ranges from end-member dolomite composition (no iron) to ferroan dolomite
(approximately 6% Fe). The lighter colored cement has between 4 and 15%
iron. Some of the light colored cements classify as ankerite.

Figure 20 shows the microprobe data plotted as core samples versus
edge samples. The designations are based upon the isotope patterns (Figs. 7- |
16), and ‘edge’ refers to samples that are either above or below an isotopically
heavy core. Both core and edge samples span the entire compositional range of
the cements, but the most ankeritic cements occur in the core of Grid 18.

There appears to be no significant difference in the proportion of light and
dark cements between the cores and edges of the cemented layers (Figs. 19b
and 20). A vertical traverse (top edge to core to bottom edge) of four Grid 11
samples (Sequence D, continuous) has a consistent ratio of light cement to dark
cement of approximately five to one as indicated by point-counts of digital BSE

photomicrographs.
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Figure 19: Microprobe results. (a) Two generations of dolomite cement were
evident in back scattered electron images. A dark, Fe-poor dolomite cement
preceded the lighter, more ferroan cement as is evidenced by the fact that the
light cement surrounds the dark cement. Bright areas are edge effects and do
not reflect compositional variation. (b) Some of the ferroan material is ankeritic in
composition. Both the dolomite and the calcite in the host rock have end-
member compositions.
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Figure 20: Both core and edge samples of each grid span the range of dolomite
cement chemistries. However, the most Fe-rich (ankeritic) cements were found
in the core of Grid 18.
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The one host rock sample (sample S6) that was analyzed contains calcite
and dolomite (Figs. 19b and 20). The microprobe analyses show that both of
these carbonates have end-member compositions. The host rock dolomite is
dark in BSE images and is similar in appearance and composition to the low-Fe,

early-stage dolomite in the grid samples.

DISCUSSION

Several questions need to be answered in order to make meaningful
inferences about the spatial .and temporal distribution of carbon and oxygen
isotopes in the Prairie Canyon dolomites. For example, how, when, and under
what thermal and microbiological conditions did the Prairie Canyon cements
form? What caused the isotopic zonation at the outcrop (mesoscopic) scale
(Figs. 7-16)? Are the observed zonations persistent over large (macro- to
megascopic) intervals? A satisfactory interpretation will also need to explain the
coupled fractionation of both carbon and oxygen isotopes (Fig. 6) through time,
and account for the high minus-cement porosities of the Prairie Canyon

dolomites.

5'®0 values in temperature-depth calculations

Numerous authors (e.g., Irwin et al., 1977; Hennessy and Knauth, 1985;
and others) have used 5'°O of carbonate minerals as a proxy measure of burial

depth because of its temperature dependence. [f pore-water §'°0 is assumed to
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be constant, the heaviest 3"°0 values should correspond to the lowest
temperatures of precipitation and therefore the shallowest burial depths. Lighter
values should represent higher temperatures and greater depths (Kelts and
McKenzie, 1982). However, several uncertainties are associated with
temperature and depth calculations. For instance, it is necessary to assume a
pore-water 5'°0, a geothermal gradient, and a bottom water temperature.
Further, it is necessary to know the temperature dependent fractionatiovn for the
dolomite-water system (there are several available; see below).

The §'®0 values of the Prairie Canyon dolomites vary from 20.7 to 30.4%o
(SMOW). If the pore-water 5'®0 was constant, these values could correspond to
precipitation temperatures of between 24 and 84°C (assuming a Cretaceous
seawater §'°0 of —1.2%. SMOW; Shackleton and Kennett, 1975). Conversely, if
temperature is assumed to have been a constant 5°C (reasonable for marine
bottom waters), this range of §'°0 values may represent a range of pore-water
5'®0 compositions from —15.4 to —5.7%. (SMOW). The fractionation relationship
of Fritz and Smith (1970) was chosen for these calculations because it is
calibrated for temperatures typical of diagenetic environments (25-78°C).
However, it yields slightly lower temperatures than the relationships of Northrop
and Clayton (1966), O’Neil and Epstein (1966), or Land (1983) given the same
dolomite 5'®0 values and pore-water composition.

Assuming a linear geothermal gradient of 30°C/km and a bottom water

temperature of 5°C, these temperatures (24-84°C) correspond loosely to
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precipitation depths of between 0.6 and 2.6 kilometers. Although these are not
unreasonable temperatures or burial depths, textural evidence suggests that
these cements began to form early (i.e., at shallow depths) rather than late in the
diagenetic history of the sediment. Thé point-count data indicates a higher
minus-cement porosity (upwards of 80%) in the cemented (grid) samples than in
the surrounding host rock (8-55%). This suggests that the concretions and
laterally extensive horizons of the Middle Interval of the PCM formed prior to
significant compaction (i.e., early in the sediment’s diagenetic history). If this
was the case, why are the oxygen isotope temperatures so high? Several
processes will be evaluated later in this discussion that could have caused the

depleted 5'°0 values (and correspondingly high oxygen isotope temperatures).

5'3C as an indicator of organic diagenesis

Like "0, carbon isotopic signatures are useful for understanding the
timing and depth of precipitation of authigenic carbonates (lrwin, et al., 1977;
Hennessy and Knauth, 1985; Baker and Burns, 1985; and others). There are
four main diagenetic reaction zones that occur at various depths in the sediment
column (Fig. 21). In each of the zones, CO; is generated as a by-product of
organic matter degradation. Listed downward from the sediment-water interface,
the individual zones are (1) microbial oxidation; (2) microbial sulfate reduction;
(3) microbial methanogenesis (fermentation); and (4) thermocatalytic

decarboxylation (Claypool and Kaplan, 1974). The actual depth and thickness
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Figure 21: Depth stratified 3"°C variation as a result of microbial and thermal
processes (adapted from Hennessy and Knauth after Claypool and Kaplan,
1974). The actual depths and thicknesses of each reaction interval varies from
site to site (Pisciotto and Mahoney, 1981; Lawrence, 1991).
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of each reaction interval may vary from one location to the next (Lawrence,
1991). |
| The CO, generated in most of these reaction intervals carries a negative
§'°C signature. However, microbial methanogenesis produces CO; that can be
strongly enriched in **C relative to PDB (Fig. 21). Methanogenic bacteria reduce
organic matter (abbreviated as CH,0 ) to carbon dioxide and methane by the
following reaction:

2CH,0 —» CH, + CO;
(Irwin et al., 1977). The carbon dioxide produced by this reaction is strongly
enriched in °C relative to the methane (by 68.3%. at 25°C; Bottinga, 1969).
Methanogenesis continues to produce 3*C-enriched CO, until either (1) all the
local organic material is consumed or (2) burial temperatures become too high to
sustain the methanic bacteria (Hesse, 1986).

As temperatures increase during increased compaction, thermocatalytic
decarboxylation of fatty acids begins to produce CO- (Fig. 21) by the following
general reaction:

fatty acids — n-alkanes + fatty acids + CO.
(Pisciotto and Mahoney, 1981). The CO; that is introduced to the system by
decarboxylation is "°C-depleted and may cause a trend toward lower 8"°C in
authigenic carbonates (Irwin et al., 1977). Decarboxylation and methanogenesis
can both be operative within the same depth interval (Pisciotto and Mahoney,
1981; Lawrence, 1991). However, as depth and temperature increase, the
amount of CO; produced by methanic bacteria diminishes, and the CO,
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produced by decarboxylation reactions becomes more volumetr.ically significant
(and thus more important for controlling the isotopic composition of Z¢op; Irwin et
al., 1977).

The 5'°C values of the Prairie Canyon dolomites decrease from +10.7 to
—9.7% (Fig. 6). Based on Figure 21, the strongly positive 5"°C values are
indicative of carbonate that was enriched in °C as a result of preferential
sequestering of '2C by methane (Claypool and Kaplan, 1974) in the zone of
methanogenesis. The negative §"°C values, on the other hand, could have
resulted from microbial oxidation or sulfate reduction reactions (i.e., before
methanogenesis) or from thermocatalytic decarboxylation reactions (i.e., after
methanogenesis). This ambiguity can be resolved if the isotopic data can be

placed into a temporal framework.

Temporal relationship of isotopic data

In each of the cemented zones, §'°0 and 3'°C values are heaviest at the
centers and decrease toward the edges. This suggests that the isotopically
heavy dolomites precipitated first, and progressively lighter cements wére added
to the heavy core zones in concentric fashion. With this model, the isotopically
lightest cements, which occur at the edges of the cemented zones, would have
precipitated last. This temporal relationship helps to resolve the problem of
whether the light 5'°C values at the edges of the cemented zones are a product
of precipitation in the sulfate reduction zone or the zone of thermocatalytic

decarboxylation. Because the "*C-depleted dolomite precipitated after the °C-
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enriched (methanic) cement, the light §'°C values may be indicative of
precipitation in the decarboxylation zone (Fig. 21).

A temporal trend from heavy to light 8"°C values may be correlated with
the calculated oxygen isotope temperatures if it can be demonstrated that the
pore-water §'°0 was not altered (i.e., by intrusion of meteoric water or by closed
system precipitation of isotopically heavy authigenic minerals; see below) during
progressive burial. The heaviest 5'%0 values may reflect the lowest
temperatures of precipitation (i.e., shallowest burial depths), and the trend
toward lighter values may indicate an increase in temperature associated with
greater compaction at depth. This explanation is consistent with late
precipitation in the zone of thermocatalytic decarboxylation because the lightest
$'°C values are associated with the highest §'°0 temperatures (up to 84°C). As
indicated in a previous section, this may reflect burial depths of up to 2.6 km.
Such depths are not compatible with sulfate reduction because sulfate reduction
typically occurs at low temperatures within several meters below the sediment-
water interfacé (Pisciotto and Mahoney, 1981).

In summary, there is a temporal trend from (early) high §'°C and §'°0
values to (late) low 3'°C and 8'®0 values (Fig. 6). Because the positive
(methanic) 5"°C values are associated with the lowest temperatures/depths,
carbonate precipitation began during methanogenesis. With increasing time,
compaction, and temperature, thermocatalytic decarboxylation became
increasingly more important, and methanogenesis waned. This transition

resulted in the change from heavy to light 3™C, and the increased temperature
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resulted in the change from heavy to light 3'°0 values. If this is the case, the
linear trend in Figure 6 could correspond to the trend labeled “Prairie Canyon

Dolomites” in Figure 21.

Evaluation of alternative hypotheses

Although it seems clear that the 8'3C values represent a temporal trend
from methanic to decarboxylation signatures (Fig. 21), several fractibnation
mechanisms must be evaluated and/or eliminated to justify the 8'°0 |
interpretations proposed thus far. For example, in order to make meaningful
temperature calculations, the pore-water 5'°0 has to be assumed to have been
constant with depth. However, if pore-water §'°0 was lowered as a result of
either (1) input of isotopically lighter meteoric water, or (2) Rayleigh-type
precipitation of isotopically heavy authigenic material, the calculated dolomite
5'%0 temperatures would be too high. Yet another process that could have
resulted in depleted dolomite &'°0 values (and associated higher temperatures)
is late-stage (deeper, higher temperature) recrystallization and re-equilibration of
early, poorly ordered dolomite to a more stoichiometric phase. Each of these
possibilities is evaluated in the sections below.

While evaluating these possibilities, it is important to keep in mind that
the ideal interpretation must be consistent with the strong coupled decrease in
8'C and 5'0 (Fig. 6) from the centers to the edges of the cemented zones

(Figs. 7-16). It must also allow the earliest cements (in the centers of the
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cemented zones) to have formed in the methanic zone, hased on their heavy
(positive) 8"°C values (Fig. 21). Further, the interpretation must account for the
high minus-cement porosities, which are typically used as evidence for early
(pre-compaction) precipitation. If precipitation did not initiate until the sediments
had been buried (and compacted) into the methanic zone, why are the minus-

cement porosities so high?

Intrusion of meteoric water (mixing of two end-member fluids)

One of the most widespread explanations in the literature for °O-depleted
values in diagenetic carbonates is mixing with meteoric waters (e.g., Sass and
Kolodny, 1972; Hudson, 1978; Carpente_r, et al., 1988; Machemer and Hutcheon,
1988; Thyne and Boles, 1989; Bloch, 1990; Scotchman, 1991). Meteoric water
has negative §'%0 values with respect to seawater (SMOW). If meteoric water
intrudes through the subsurface into offshore areas, it may interact with
sediment pore-waters early in the burial history of marine sediments and lower
the 5'0 of the pore-water. As a result, authigenic minerals precipitated from the
mixture of these two fluids should have more depleted oxygen isotope signatures
than if they had been precipitated entirely from unaltered marine pore-waters.

This explanation can be invoked to account for the high minus-cement
porosities because it allows for early (pre-compaction) precipitation of the
cement. However, it does not explain the fractionation pattern of these samples,
because an intrusion of meteoric water would have affected §'°0 more than §'°C.
Although an influx of meteoric water would include some dissolved CO., the

57



amount of carbon entering the system via the intrusion of meteoric water would
be insignificant compared to the amount of carbon available locally from the
decomposition of organic detritus. Furthermore, the amount of meteoric water
that could have intruded into the offshore sediments of the Prairie Canyon
Member would have been a function of the distance from the source of the
meteoric water (i.e., onshore) to the zone of mixing. Because the four
parasequences of the Middle Interval of the Prairie Canyon Member represent
regressive-transgressive cycles (Cole and Young, 1991, Cole et al., submitted),
the distance from shore to the site of precipitation had to have changed as sea
level fluctuated. Therefore, the amount of meteoric water that could have
reached the site of precipitation would have varied in response to changes in
sea level. If this were the case, there would be a more cyclic fluctuation in %0

rather than the smooth linear decrease that is observed.

Precipitation of °O-enriched authigenic minerals

Some pore-water profiles in modern marine sediments show a decrease
in 5'%0 with depth that is unrelated to mixing with meteoric water (see references
below). During low temperature diagenetic mineral precipitation, "0 is
preferentially fractionated into the solid phase. Therefore, precipitation of
volumetrically significant quantities of authigenic minerals could result in a
lowering of 3'®0 in sediment pore-waters. This effect would be most dramatic in
a closed system where precipitation of authigenic material could be modeled as

a Rayleigh-type process. With no outside recharge of '°0, pore-waters would
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become progressively depleted in "0 with time, and this depletion would be
reflected in the 5'°0 of the minerals precipitated from it. This has been shown to
occur when authigenic clay minerals precipitate during diagenetic alteration of
volcanogenic detritus (Lawrence et al., 1979; Lawrence and Gieskes, 1981,
Lawrence and Tavianni, 1988). Although the Prairie Canyon sediments contain
neither enough volcanogenic material nor enough authigenic clay to substantiate
such an interpretation, they do contain volumetrically significant quantities of
authigenic dolomite. Early (pre-compaction) precipitation of these cements
could have resulted in '®0-depleted pore-waters at shallow burial depths, and
could explain the high minus-cement porosities of the cemented zones. In
addition, the process could explain the observed temporal trend from heavy to
light $'°0 values between the centers (early) and edges (late) of the Prairie
Canyon dolomites. Mozley and Burns (1993) used a simple mass-balance
calculation to show that if a sediment of original 70% porosity was reduced to
60% porosity by calcite precipitation in a closed system at 10°C, the §'°0 of the
pore-water would decrease by 7.2%.. This suggests that if the Prairie Canyon
dolomites had formed under similar conditions, isotopically heavy dolomites
would have been precipitated before the lighter dolomites. This is because the
late-stage (light §'°0) dolomite would have formed in equilibrium with isotopically
lighter (with respect to §'°0) pore-water than had the heavy dolomites.
Unfortunately, this hypothesis does not offer an explanation for the
coupled decrease in §"°C. As previously indicated, the strong linear correlation

between §°C and 5'°0 (Fig. 6) suggests that the fractionation mechanism that
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affected oxygen also affected carbon simultaneously. If the ‘system’ is defined
as the sediment pore-waters, such that the ‘system’ was closed with respect to
input of both carbon and oxygen, then it is possible to envision a coupled
decrease in the 5°C of the dolomite as it consumed the available pore-water
bicarbonate (i.e., in Rayleigh fashion). However, this would imply that the
cements were precipitated from the Ca®, Mg®*, and HCOj3 contained in a single
pore-volume of fluid. This is clearly not the case, as it would be impossible to
precipitate volumes of dolomite in excess of 80% without importing some or all of
these constituents from the surrounding sediments, their pore-waters, or
overlying seawater. Furthermore, the high §"°C values (up to 10.7%o PDB) that
occur in the centers of the cemehted zones are indicative of Cdg that was
produced during microbial decomposition of organic material in the methanic
zone. This isotopic evidence indicates that the ‘system’ (pore-water) was not
closed with respect to carbon. Instead, there was a large reservoir present in
the organic material that provided carbon to the pore-water as dissolved
bicarbonate.

What if the ‘system’ was open with respect to carbon, but remained
closed with respect to oxygen? Under these circumstances, the bicarbonate in
the ‘system;” would be rapidly depleted of "®0 during authigenic mineral
precipitation while the bicarbonate 5"°C remained relatively unchanged.
Thermocatalytic decarboxylation of organic matter would still have to be called

upon to explain the °C-depleted values at the edges of the cemented zones.
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Such an isotopic trend (rapidly depleted ®0 but slowly depleted °C) is not

consistent with the smooth linear pattern shown in Figure 6.

Late-stage recrystallization of early cement

It is possible that early disordered dolomite (e.g., protodolomite) may
have experienced isotopic re-equilibration at higher temperatures during a late-
stage recrystallization event. If this were the case, the §'°0 temperatures (24-
84°C) may represent the temperatures of the protodolomite-dolomite transition
rather than the temperatures of primary precipitation. Therefore, a
recrystallization scenario is consistent with the high minus-cement porosity of
the cemented zones, because it allows for precipitation of large volumes of
dolomite early in the diagenetic history of the sediments (Fig. 5 and Table 3).
Furthermore, there are two chemically distinct generations of dolomite that are
visible in BSE images(Figs. 19a, 19b). Dark (low-Fe) dolomite precipitated
earlier than the more ferroan (and much more volumetrically significant) light-
colored dolomite. The BSE images reveal that some of the dark dolomite
crystals have irregular outlines. These features could have resulted from a
recrystallization event.

There are several problems with this hypothesis. Although some of the
dark (early, Fe-poor) dolomite has irregular crystal boundaries which could
support recrystallization, there is no simple two-phase mixing apparent in the
BSE images. If (1) the light (ferroan) dolomite was recrystallized from the

~ earlier, dark dolomite, and (2) the two phases are isotopically distinct, then there
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would have to be an increase in the light-to-dark ratio from core to edge to
explain the 5'®0 decrease across that interval. However, point-counts of 11
digital BSE photomicrographs indicate that the ratio remains constant throughout
the cemented zones. The photomicrographs are from various sample points.
(centers, edges, and points in between) within Grids 10 (Sequence D;
concretion), 11 (Sequence D; continuous) and 18 (Sequence A; continuous).
The light-to-dark ratio in all of these photomicrographs is approximately 5:1
which suggests that the isotopic variation did not result from simple mixing of
different proportions of the light and dark phases.

Although a recrystallization hypothesis could be used to explain the *O-
depleted signatures at the edges of the cemented zones, it fails to explain the
coupled decrease in "°C. The §'°0 of dolomite crystals that have experienced
recrystallization would have been affected by (1) the ambient temperature at the
time of recrystallization; and (2) the 5'°0 of the pore-fluid. However, the 5™°C
would have remained largely unchanged after recrystallization (Morad and
Eshete, 1990) because carbon isotopes are not as responsive to temperature-
related fractionation as oxygen isotopes (Veizer, 1983; Gautier and Claypool,
1984). Moreover, large volumes of pre-existing dolomite cement would have
acted as a virtually uniimited reservoir for carbon compared to the relatively
small amount of carbon dissolved in the sediment pore-waters. Therefore,
recrystallization at higher temperatures would have affected the §'°0 of the
cement to a much greater extent than its 3"°C, and is not compatible with the
covariance between both isotopes.
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Comparison with data from other studies

Simultaneous decreases in §'°C and §'°0 have been documented by
other investigators of marine dolomites (see references below). The results of
eleven stable isotopic data sets from six previous studies have been compiled
for comparison with the results of this study (Fig. 22). All of the data sets in this
compilation are from organic-rich, marine sediments, and have positive 5'°C -
§'°0 slopes (although some of the data sets have more scatter than others).
Data sets were omitted if they did not have (1) a positive 8"*C - §'°0 slope, and
(2) at least four data points. Only samples that were confirmed to be dolomite,
Fe-dolomite, or ankerite by microprobe and/or petrographic analyses were
plotted. The data sets that met these criteria include two sets from the Upper
Jurassic Kimmeridge Clay (Irwin, et al., 1977; Irwin, 1980), seven from the
Miocene Monterey Formation (five from Hennessy and Knauth, 1985; two from
Burns and Baker, 1987), one from the Late Cretaceous Herring Formation
(Lawrence, 1991), and one from the modern Guaymas Slope (Hole 479; Kelts
and McKenzie, 1982). Oxygen isotope values reported relative to PDB were
converted to the SMOW scale via the relationship:

5" Ogmow = 1.03 * §"°Oppg + 30.86%o
(Hoefs, 1987). One dolomite sample from Lawrence (1991) was omitted from
this compilation because it had an extremely light 8'°C value (-36.67%o., PDB)
and did not plot anywhere near the rest of the dolomites, which are in the range

~17%o0 < $"°C < +17%o, PDB (Fig. 22).
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Simultaneous decreases in both 3™°C and §'°0 are apparently a common
occurrence for marine dolomite cements in organic-rich sediments (Fig. 22). In
most of these studies, the authors have interpreted the systematic isotopic
covariation to reflect dolomite growth during progressive burial, as is suggested
for the Prairie Canyon dolomites. Lawrence (1991) and Burns and Baker (1987)
acknowledged this interpretation guardedly, however, because of evidence that
the %0 of dolomites in the Herring and Monterey Formations, respectively, had
been modified during recrystallization and dolomitization of precursor calcite. It
is possible that the large amount of scatter associated with these authors’ data
(Fig. 22) is an artifact of such a recrystallization event.

In general, however, the overall positive slopes of the various data sets
suggest that the diagenetic processes responsible for dolomite precipitation in
the Prairie Canyon Member may be widespread. For example, most of the
isotopic trends begin with methanic (positive 5°C) values and end with inferred
decarboxylation signatures (negative 5'°C and higher oxygen isotope
temperatures). This suggests that deep (i.e., depths of several hundred meters
to several kilometers) precipitation of authigenic dolomite may be more common
than shallow precipitation in spite of textural evidence (i.e., high minus-cement
porosity) that suggests shallow precipitation.

There are several similarities between the two Kimmeridge Clay data sets
(Irwin et al., 1977; Irwin, 1980) and the Prairie Canyon dolomites. Each of these
data sets spans a similar range of isotopic compositions (Fig. 22) and includes
8'°C signatures that reflect their origins in the zones of methanogenesis and
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thermal decarboxylation. In addition, both the Kimmeridge and Prairie Canyon
data sets have more scatter among the data at the isotopically light
(decarboxylation) ends of their respective linear trends. This may be the result
of differential availability of suitable molecules for decarboxylation reactions after
much of the organic matter and fatty acids had been consumed by earlier
microbial and/or thermal processes. |n any case, the geochemical similarity
between the Kimmeridge and Prairie Canyon dolomites suggests that the two

resulted from very similar geologic and diagenetic environments.

Explanation of high minus-cement porosities

Given that §'®0 modification via meteoric water intrusion, closed system
precipitation, or recrystallization scenarios can be ruled out, it seems the most
likely explanation for the coupled isotopic fractionation (Fig. 6) is that both the
oxygen and carbon isotopic compbsitions are related to burial depth (see
previous section, “Temporal relationship of isotopic data”). Although this
hypothesis is adequate to explain the linear relationship between 5'°0 and §'°C
(Fig. 6), another process needs to be invoked to explain the high minus-cement
porosities (> 80%) that are observed in thin section. As previously noted, high
minus-cement porosities are typically used as evidence for early (pre-
compaction) cementation, rather than of cementation that initiated at depths of
several hundreds of meters. This paradox can be explained if a small amount of
early cementation had occurred that was not enough to fill the existing pore-

space, but that was enough to stabilize the sediments during subsequent
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compaction. If this were the case, these zones could have become preferential
pathways for fluid after compaction had reduced the porosity of the surrounding
sediments. The upward expulsion of fluids into the cemented zones may have
even resulted in local fluid overpressure that could have helped these zones to
resist compaction, even at substantial depths. This scenario could account for
the high minus-cement porosities, because it allows for emplacement of late-
stage cements throughout the interiors of the cemented zones. Further, such a
scenario is supported by recent studies that show that marine carbonate
concretions commonly contain significant late-stage cements within their
interiors (Jordan et al., 1992; Mozley, 1996). It also solves the puzzle of how
dense cemented layers and concretions in the Prairie Canyon Member could
have been supported by low density, high porosity mud, without foundering due
to the density contrast (i.e., much of the cementation could have occurred after
the density contrast was diminished due to compaction; see discussion in
Mozley, 1996).

As previously indicated, two stages of cementation were documented in
BSE images of the Prairie Canyon dolomites. The early, Fe-poor dolomite
makes up approximately 17% of the total volume of cement. This early phase
may have precipitated at shallow burial depths, and its presence may have been
sufficient to hold the pore-space open during subsequent compaction. There is
approximately five times more late-stage, ferroan cement than early, Fe-poor

cement (5:1 ratio) so the whole-rock isotopic composition at any position in the
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cemented zones may be controlled by that of the ferroan (more volumetrically
significant) cement.

Kantorowicz et al. (1987) suggested that early cementation could occur
during periods of extremely low sedimentation rate in the microbial oxidation
zone (i.e., at, or immediately below, the sediment-water interface; Fig. 21), and
that such cements may be isotopically homogeneous (see Fig. 11 of
Kantorowicz et al., 1987). Most of the Prairie Canyon cements occur at the tops
of coarsening-upward parasequences (Cole and Young, 1991), and abrupt
deepening at the parasequence tops could have caused a decrease in
sedimentation rate and an associated increase in the amount of time that the
uppermost sediments were resident in the microbial oxidation zone (see
discussion in Taylor et al., 1995). The increased residence time in the oxic zone
may have permitted precipitation of the early, Fe-poor (dark) cement. Iron in this
zone is typically present in its +3 oxidization state, and Fe®" is not readily
incorporated into the dolomite crystal lattice. Further, if the Fe-poor dolomite is
indeed isotopically homogeneous, then this hypothesis is compatible with the
later, more volumetrically significant, ferroan dolomite being responsible for the
isotopic variability of the Prairie Canyon dolomites. However, spot ion

microprobe isotopic analyses would be necessary to test this idea.
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Spatial distribution of C and O isotopes

Mesoscopic (outcrop scale) isotopic zonation

As suggested by the core to edge relationships and the oxygen isotope
temperatures, precipitation of the isotopically heavy dolomites preceded that of
the lighter dolomites. However, several questions remain unanswered about the
spatial distribution of C and O isotopes at the outcrop scale. For example, what
mode of growth was responsible for the formation of the concretions and laterally
continuous horizons? Why are the isotopicaily heavy core zones of the
continuously cemented horizons situated below the geometric centers of the
layers? Are the spatial isotopic signatures of the concretions distinguishable
from those of the laterally extensive horizons? These questions will be
addressed in this section.

The growth model of Bjgrkum and Walderhaug (1990) suggests that
laterally extensive horizons result from coalescence of stratabound concretions,
and is consistent with the temporal and spatial distribution of C and O isotopes
in the Prairie Canyon cements (Figs. 7-16). The Prairie Canyon concretions and
laterally extensive horizons have considerably more vertical isotopic variation (in
both 8"C and §'®0) than horizontal variation. However, horizontal isotopic
variation is greater in the isotopically heavy cores (centers) of the cemented
zones (both concretionary and laterally extensive) than at the edges: compare
Figures 7 and 13. Figure 7 (Grid 9) is a laterally continuous horizon, and Figure
13 (Grid 10) is the right half of a concretion (the left side of the grid bisects the
physical center of the concretion). The Grid 10 Conqretion (Fig. 13) has a
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concentric zonation about the isotopically heavy core of the concretion which
exhibits closure about the right side of the grid. The geometry of this isotopic
zonation closely approximates the physical shape of the concretion and is very
similar to the geometry of the two isotopically heavy zones in the core of Grid 9
(Fig. 7). The isotopic pattern in Grid 9 (Fig. 7) may be a record of the merger of
two concretions (one bisected by the left side of the grid and the other just right
of center) that were originally similar to the Grid 10 (Fig. 13) concretion. After
the concretions merged, continued precipitation resulted in growth above and
below the merged concretions. However, more growth occurred above (i.e., in
the ‘up’ direction) than below the concretions. This is evidenced by the
occurrence of the lightest (i.e., latest stage) 3"°C and §'°0 values at the tops of
both of the continuous layers (Sequence D: Figs. 7-9; Sequence A: Figs. 10-12)
and by the presence of more cement above the core zones than below (i.e., the
core zones are situated below the geometric centers of the layers). This
observation contrasts with that of Irwin (1980), who found that the last stages of
cementation occurred on the underside of the Yellow Ledge, a laterally
continuous dolomite horizon in the Kimmeridge Clay Formation.

Similar patterns can be seen elsewhere in the same cemented layer
(continuous layer near top of Sequence D; Fig. 4). Grids 11 and 13 (Figs. 8 and
9, respectively) have isotopically heavy zones in their centers that may be the
cross-sections of early stratabound concretions prior to coalescence. After
concretions merged and the layer became continuous, growth continued above

and below the early core zones (with more growth above than below) as it had at
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Grid 9. The continuous layer at the base of Sequence A (Grids 15, 16, and 18;
Figs. 10, 11, and 12) may also be the result of the coalescence of concretions,
but that is difficult to evaluate because of the lower horizontal sampling density
in those grids.

Although the isotopically heavy core zones of the laterally continuous
horizons are located below the physical centers of the horizons, the same is not
true of the concretions. For the concretions, the heavy core zones are situated
in the geometric centers of the concretions. This suggests that the two types of
cemented zones may be distinguishable from one another by their spatial

isotopic distributions.

Macro- and megascopic (regional scale) isotopic patterns: implications for
geochemical correlation

Each of the cemented layers (concretionary or continuous) that were
sampled at muitiple locations has an isotopic signature that is persistent over
large lateral distances. Three layers were sampled at multiple locations: one
from Sequence A (continuous) and two from Sequence D (one continuous and
one concretionary). Each of these layers has a characteristic range and spatial
distribution of 5"°C and §'0 that recorded the timing and conditions of dolomite
precipitation.

Table 5 is a summary of the ranges of 5'°C and §'°0 values for each grid
in Sequence A (continuous) and Sequence D (concretionary and continuous).

Shown also is the mean maximum and mean minimum values for each layer and
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Table 5: Summary of maximum and minimum 8"C and §'°0 values for each grid
in the three layers that were sampled at multiple locations. Each layer has a
diagnostic range of 3"°C and 'O that could be used to geochemically correlate
the layer in the subsurface (see text). §'°C values are reported relative to PDB,
and §'°0 values are relative to SMOW.

max min max min
Sequence Type Grid Area Figure 00 8% 8¢ 8%

D concretions 10 2 13 304 226 107 4.9
12 4 14 304 245 107 -0.8

304 236 107 -29

mean for layer * maximum difference | 00 %10 200 +2A1

D continuous 9 2 7 29.0 207 7.2 97
11 4 8 291 218 7.3 6.1
13 4 9 288 210 7.0 -8.8

29.0 212 7.2 -8.2

mean for layer £ maximum difference 02 +06 +0.2 *2.1

A continuous 15 2 10 28.0 23.1 55 4.1
16 2 1 281 229 57 -3.8
18 3 12 27.8 227 55 3.2

280 229 58 -3.7

mean for layer ¥ maximum difference | 02 +02 +01 +05
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the maximum difference () from those means. Where the difference () is
negligible (i.e., less than 0.5%o), the range between these maximum and
minimum mean values can be used as an isotopic fingerprint for each layer that
could presumably be used to geochemically correlate it throughout the Prairie
Canyon area. Larger differences (%) are associated with lesser correlation
confidence. In general, all the maximum (core) mean values for both §"°C and
5'°0 have a small difference from their mean for the layer (+0.2%o or less), and
the minimum (edge) mean values have larger differences (up to £2.1%0). The
larger differences () at the edges may be an artifact of differential erosion and
weathering from site to site. The upper edges of some of the outcrops are
weathered, and in some cases, large chunks of the edges have been removed
by erosion and could not be sampled (resulting in odd-shaped grids such as
Grids 12, 17, and 18). Presumably, this would not be a problem in less
weathered samples (i.e., subsurface core material).

The fact that diagnostic isotopic patterns persist over large lateral
intervals at the surface has important implications for geochemical correlation of
low-permeability cemented zones in the subsurface. Although concretions may
only affect fluid flow locally, continuously cemented layers such as the two in this
study can restrict, or even eliminate, vertical fluid movement (Kantorowicz et al.,
1987). Cemented zones are commonly encountered during subsurface drilling
operations. However, because the well-bore only provides a vertical section
through these zones, their lateral dimensions cannot be readily established.

Therefore, the ability to correlate these low-permeability zones between adjacent
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wells could aid in establishing the geometry of the reservoir and promote
effective reservoir exploitation. Because the isotopic variation in the Prairie
Canyon samples is dominantly in the vertical direction, it may be possible to
make a positive identification of any layer from a vertical core section in spite of
the limited dimensions of the well-bore. Furthermore, because the concretions
and laterally continuous horizons have different spatial (particularly vertical)
isotopic distributions, it may be possible to distinguish between the two types of
cementation by analysis of isotopic data from subsurface core material.
Geochemical correlation may not be possible in every circumstance.
Although unlikely, it is not impossible that two layers could have identical
geochemical properties and thus be undifferentiable, especially in structurally
complex areas where relative stratigraphic positions are more difficult to
ascertain. It is also possible that a concretion could be mistaken for a
continuously cemented horizon, or vice-versa. Finally, there is no guarantee
that every carbonate-cemented horizon has a laterally persistent geochemical
signature; the Prairie Canyon dolomites may be the exception rather than the
norm. Walderhaug et al. (1989) concluded that geochemical analysis may only
be of limited value for correlation of the calcite cemented layers of the Fensfjord
Formation in the Brage Field. Their conclusion is based on significantly different
isotopic and trace element signatures between two vertical sampling traverses

spaced 30 cm laterally apart in the same layer.
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CONCLUSIONS

Detailed small-scale sampling is required to adequately characterize
the spatial distribution of carbon and oxygen isotopes in carbonate
cements at the outcrop (mesoscopic) scale. Small-scale data sets
must be nested within the larger regional (macro- to megascopic) and
stratigraphic framework in order to reliably correlate cements from one
location to the next.

3"°Cqq values indicate that the Prairie Canyon dolomites incorporated
CO; that was generated during organic matter decomposition.
Strongly positive §"°Cqy values suggest *C-enrichment during
methanogenesis, and “C-depleted dolomites may reflect later
(deeper, higher temperature) precipitation during thermocatalytic
decarboxylation. This is consistent with a trend from low to high
oxygen isotope temperatures, and with core to edge decreases in both
8'°C and 5"°0.

The Prairie Canyon dolomites show a strong linear relationship
(R?=0.984) between 3'°C and §"°0 that suggests that both isotopes
were fractionated by a common process. Isotopic covariance is not
uncommon in the literature, and most authors interpret the transition
from heavy to light §'°C and 5'°0 values as indicative of dolomite

precipitation during progressive burial.
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(4)

S)

Each cemented layer (concretionary or continuous) in the Middle
Interval of the Prairie Canyon Member has a characteristic spatial
isotopic distribution that is persistent over lateral intervals of up to 1.5
km (and possibly more). This suggests that it may be possible to
geochemically correlate these horizons in the subsurface.

It may be possible to distinguish concretionary cements from laterally
continuous cements based on differences in their spatial isotopic
distributions. The Prairie Canyon concretions have isotopically heavy
core zones that occur in their physical centers. The continuous
horizons also have heavy core zones, but they are situated below the
physical centers of the continuous layers (i.e., there is more cement
above the core zones than below). These observations suggest that
continuous horizons resulted from lateral coalescence of stratabound
concretions. Growth continued above and below the laterally
extensive layers, but most of the growth occurred above the merged

concretions (i.e., in the ‘up’ direction).
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APPENDIX 1:
Regional Structural Provinces

1. Uncompahgre Plateau

Rising above the south side of the Grand Valley is the Uncompahgre
Plateau. At this location, Precambrian gneisses and schists (1.7 Ga) are
unconformably overlain by Upper Triassic metasediments of the Chinle and
Wingate Formations. The prominent cliffs of the eolian Wingate Sandstone are
capped by the resistant, silica-cemented Kayenta Formation. The Upper
Jurassic Entrada, Summerville, and Morrison Formations are located upsection
from the Kayenta, and the Morrison is overlain with Cretaceous sediments of the
Burro Canyon, Dakota, and Mancos Formations. The Colorado National
Monument, near Grand Junction, is an excellent place to view the Mesozoic
stratigraphy and Laramide structures of the Uncompahgre Plateau, but the
Mancos Shale has been entirely eroded at the Monument.

The Uncompahgre Plateau has enjoyed at least four generations of
structural deformation. The first generation occurred during the Ancestral
Rockies orogeny (Pennsylvanian-Permian). Crustal shortening led to faulting
and initial uplift of the plateau. Two periods of lesser uplift in the middle Triassic
and middle Jurassic are marked by an absence of strata from those periods.
Most of the elevation of the modern plateau is the resuit of uplift and deformation
during the Laramide orogeny (late Cretaceous to late Paleocene). During this

time, pre-existing, northwest-trending, high-angle (70°-85°) faults in the
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Precambrian basement were reactivated. The result was monoclinal folding of
the overlying Mesozoic sandstones (especially of the Wingate Formation) along
shear fractures and microfaults. Sandstones overlying lower angle normal
faults (less than 70°) were fractured and faulted rather than folded (Heyman, et

al., 1986).

2. Douglas Creek Arch

The Douglas Creek Arch is a complex, north-trending structure which
extends northward from near the Prairie Canyon type area to near Rangely,
Colorado. The arch is characterized by a series of northwest-trending anticlines
and a well-developed series of northeast-striking normal faults. In addition, a
west-northwest-striking fault system, which roughly parallels the trend of the
Uncompahgre uplift, underlies much of the arch. The Douglas Creek Arch
separates two major Laramide structural and sedimentary basins, the Uinta
Basin to the west, and the Piceance Creek Basin to the east (Johnson and Finn,
1986). The Prairie Canyon Member of the Mancos Shale is well-recognized in
the subsurface along the arch where it is a major producer of natural gas and a
minor producer of oil (Cole and Young, 1991).

Stone (1977) has shown that formation of the ancestral Douglas Creek
Arch began at least as early as the Middle Triassic. This is evidenced by
southward truncation of all formations below the Shinarump Conglomerate
(Upper Triassic) on the arch along the Shinarump Unconformity. Later

movement of the structure during the Late Cretaceous Sevier orogeny (Gow,
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1950; Ritzma, 1955; Kopper, 1962; Tweto, 1975; Gries, 1983; Pang and
Nummedal, 1995) may have created a foreland-basin high at the floor of the
Western Interior Seaway. This topographic feature may have influenced Late
Cretaceous sedimentation and facies architecture, including that of the Prairie
Canyon Member of the Mancos Shale (Cole and Young, 1991).

Further structural development of the Douglas Creek Arch occurred
during the Laramide orogeny and created its modern morphology. During that
time, the Uinta and Piceance Creek Basins began to subside, and the Douglas
Creek Arch may have acted as a hingeline between the two subsiding basins

(Johnson and Finn, 1986).

3. Uinta and Piceance Creek Basins

The Uinta and Piceance Creek Basins flank the Douglas Creek Arch on
the west and east, respectively. Both are structural and sedimentary basins that
contain thick sequences of Paleozoic, Mesozoic and Cenozoic strata, all of
which are hydrocarbon reservoirs in the subsurface (Sanborn, 1977). The
basins began to subside during the Laramide orogeny and so are
contemporaneous with the uplift of the Uncompahgre Plateau, Uinta Mountains,
and the Douglas Creek Arch. These three positive topographic features
contributed a significant amount of sediment to both of the basins in the Upper
Cretaceous and Tertiary periods. Johnson and Finn (1986) have suggested that
the Douglas Creek Arch served as a hingeline between the two subsiding basins

during that period.
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Economic quantities of oil and gas have been produced at a variety of
stratigraphic levels in both basins. However, due to the great drilling depth
(<15,000 feet), much of the oldest strata have not been brought into production.
The Pennsylvanian-Permian Weber Sandstone is the oldest unit of economic
significance. By 1977, it had produced 555 million barrels of oil at Rangely
Field, Colorado. Wilson Creek Field, in the Piceance Creek Basin, Colorado,
has produced 24 million barrels of oil from the Jurassic Entrada Sandstone and
over 54 million barrels from the Jurassic Salt Wash Member of the Morrison
Formation. There are enormous reserves of natural gas in the Cretaceous
strata, but much Qf the Cretaceous section suffers from low permeability caused
by clay infilling and/or cementation. The continual advance of gas production
technology may one day make these reserves more accessible. Paleocene and
Eocene strata of the Wasatch and Green River Formations are some of the most
petroliferous deposits in the world, containing great quantities of gas, liquid
petroleum, solid petroleum, oil shale, and bituminous sand. By the end of 1976,
the Green River sediments had yielded over 117 million barrels of oil and 360
billion cubic feet (BCF) of natural gas, and more than 82 billion barrels of oil and
247 BCF of gas had been produced from the Wasatch Formation (Sanborn,
1977). One of the most exciting prospects for production of oil from these
Tertiary rocks is the potential for extraction of economic quantities of oil from the
oil shales of the Green River package. Donnell (1957) estimated oil reserves on
the order of several hundreds of billions of barrels may exist within the Green

River oil shales in the Piceance Creek basin alone.
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APPENDIX 2:
CO, extraction for dolomite-calcite mixtures

A series of samples with a 80:20 ratio of dolomite:calcite (by weight) were
prepared. Samples were tipped to allow the phosphoric acid reaction to begin
and were left open to the pump for different lengths of time ranging from zero to
120 minutes to dissolve the calcite. The remaining dolomite was reacted
overnight and extracted as described in Phillips et al. (1992; see also “Methods”
section, above). The sample that was left open to the pump for 90 minutes most
closely approached the end-member dolomite isotopic values (see attached

table and figures).

Iminutes pumped  5"°C (PDB) "0 (SMOW)

0 -3.239 31.67

2 -3.157 31.564

5 -3.162 31.703

10 -2.988 31.761

15 -2.89 31.843

20 -2.88 31.807

25 -2.828 31.867

30 -2.846 31.739

45 -2.681 31.886

60 -2.566 31.848

a0 -2.359 31.938

120 -2.369 31.877
end-members

100% calcite -8.791 29.947

100% dolomite -1.867 32.133
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5'°0 (SMOW) 80% dolomite - 20% calcite mixture
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