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STRATIGRAPHIC FRAMEWORK AND CORRELATION
OF A PRINCIPAL REFERENCE SECTION OF THE

MANCOS SHALE (UPPER CRETACEOUS), MESA VERDE, COLORADO

R. MARK LECKIE!, JAMES 1. KIRKLAND? AND WILLIAM P. ELDER?

Geology, California Academy of Sciences, San Francisco, CA 94118

Abstract—A principal reference section is proposed for the Mancos Shale in its type area of southwestern
Colorado (northern rim of the San Juan Basin). The section is located at the north end of Mesa Verde
National Park, where the exposures were trenched and the rocks described with centimeter-scale resolution
through the 682 m formation. The Mancos was thoroughly examined for fossils and a molluscan bios-
tratigraphy is presented herein. In addition, bulk samples were collected throughout and a detailed
gamma-ray survey conducted, thereby permitting correlation with subsurface geophysical logs. The
Mancos Shale spans the upper Cenomanian through basal Campanian Stages at the Mesa Verde principal
reference section, and is bounded by the Dakota Sandstone below and the Point Lookout Sandstone above.
Eight members are recognized, two of which are new. Stratigraphic nomenclature of the Colorado Front
Range can be applied in this region of the Colorado Plateau. The upper Cenomanian Graneros Member
overlies the Dakota Sandstone and is 24.1 m thick. Numerous thin beds of light-gray limestone and
marlstone characterize the lower to middle Turonian Bridge Creek Limestone Member, which is 13.8 m
thick at Mesa Verde. The Fairport, Blue Hill, and Juana Lopez Members are 28.2, 75.5 m, and 42.6 m thick,
respectively. Several ledges or benches of well-cemented fossiliferous calcarenite mark the middle and
upper parts of the upper Turonian Juana Lopez Member. The 16.2 m-thick upper Turonian Montezuma
Valley Member is named herein; it correlates with the upper part of the D-Cross Tongue of the Mancos
Shale in the southern and southwestern parts of the San Juan Basin. At Mesa Verde, a major regional
disconformity separates uppermost Turonian rocks of the Prionocyclus quadratus ammonite zone from
upper middle Coniacian rocks of the Scaphites ventricosus Zone. The “Carlile-Niobrara” disconformity is
represented by a sharp shale-on-shale contact and disseminated glauconite and fine quartz sand in the basal
meters of the overlying Smoky Hill Member. The Smoky Hill Member (middle Coniacian-middle Santonian)
is 88.6 m thick, the upper 23 m of which forms a prominent gray bench of calcarecous shale. This unit
correlates with the upper part of the lower shale, lower limestone and middle shale units of the Smoky Hill
Member, Niobrara Formation, near Pueblo, Colorado. Capping the Mancos Shale section is the 393.0 m-
thick upper Santonian-basal Campanian Cortez Member, named herein. Six informal units representing
two coarsening upwards sequences are recognized within the Cortez Member. The lowest of these informal
units (289.0-335.7 m) is gradational with the underlying Smoky Hill Member and correlates with the
uppermost part of the middie shale unit and the middle chalk unit of the Smoky Hill Member, Niobrara
Formation. A middle sandy unit (389.6-451.7 m) may partially correlate with the Emery Sandstone of
central Utah. The uppermost part of the Cortez Member contains sandy mudstone and thicker sandstone
beds, and is gradational with the overlying Point Lookout Sandstone through a 22 m interval (660-682
m). The principal reference section of the Mancos Shale is an important lithostratigraphic and biostrati-
graphic tie point between the thick siliciclastic-dominated sequences deposited on the western margin of
the Western Interior Sea, and the thinner carbonate-rich central and eastern sequences.
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INTRODUCTION

The Mancos Shale is a thick, widespread Upper Cretaceous formation
of the Colorado Plateau region, where the unit consists predominantly of
marine shales and mudstones (Fig. 1). Subordinate lithologies include thin
beds of limestone, calcarenite, bentonite, concretions, dolomitic mudstone
and sandstone. The Mancos is bounded below by the transgressive Dakota
Sandstone and above by regressive deposits of the Mesa Verde Group,
among others, including the Tres Hermanos Formation, Gallup Sandstone,
Crevasse Canyon Formation, Toreva Sandstone, Straight Cliffs Forma-
tion, Blackhawk Formation and Point Lookout Sandstone (Dyman et al.,
1993; Elder and Kirkland, 1993a, b). In the northern part of the San Juan
Basin, the Mancos Shale records nearly continuous marine deposition
from late Cenomanian to earliest Campanian time.

This paper summarizes the lithostratigraphy and molluscan biostratigra-
phy of the Mancos Shale in the type area, southwestern Colorado (northern
rim of the San Juan Basin). Because an adequately defined or described
type section had not been designated previously, we are establishing a
principal reference section for the Mancos Shale. The Mancos Shale was
named by Cross (in Cross and Purington, 1899) for “typical exposures”
that occur in the Mancos River Valley between the LaPlata Mountains and
Mesa Verde near Mancos, Colorado (Fig. 2). He estimated a thickness of
1200 ft in the type area and furnished a brief description. While acknowl-
edging that fossils of the Mancos Shale are characteristic of several distinct
formations east of the Front Range, Cross concluded that subdivision of
the Mancos west of the Front Range is not practical.

Crossetal. (1899, p.4) noted that “the whole formation is well exposed
along the north face of the Mesa Verde near Mancos” and included (fig. 3)
a photograph of Mancos Shale slopes along the northern edge of Mesa
Verde, where today the national park is located (Fig. 3). Later investigators
measured and described the nearly continuous exposures of Mancos Shale
along the northern face of Mesa Verde National Park, below the sandstone
cliffs that form the prominent erosional headland known as Point Lookout.
The first detailed study of the Mancos Shale in the type area was that of
Pike (1947), who described the lithology and collected fossils from a
section below Point Lookout. He recognized five faunal zones within the
668 m section. Wanek (1959) measured 609 m of Mancos Shale but ex-
cluded the transitional interval with the overlying Point Lookout Sand-
stone. We measured a total Mancos thickness of 682 m in the section
exposed below Point Lookout and recognize eight members, two of which
are new (Fig. 4; Table 1).

We propose the Mesa Verde section as the principal reference section for
the Mancos Shale because (1) this section lies within the type area as
defined by Cross (in Cross and Purington, 1899), (2) this is the only place
in or near the type area where a complete Mancos Shale section, from the
Dakota Sandstone below to the Point Lookout Sandstone above, can be
measured and described, and (3) we were able to trench the entire Mancos
section so as to expose fresh rock, describe the section with centimeter-
scale detail, conduct a thorough macrofossil survey, and collect closely
spaced gamma-ray data that permit correlation of the outcrop section with
nearby subsurface geophysical logs through the Mancos Shale.
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FIGURE 1. Map depicting Cretaceous outcrops (stippled) of the southern Colorado Plateau and adjacent areas (modified after Molenaar, 1983). Curved line
through Utah and Arizona shows the approximate position of the western shoreline at peak transgression of the Western Interior Sea during early Turonian
time (Molenaar, 1983; Cobban and Hook, 1984) (from Leckie et al., 1991).
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FIGURE 2. Map of La Plata and Montezuma counties, Colorado, showing location of Mesa Verde National Park and the principal reference section of the
Mancos Shale (diagonal ruling). Numerals (1-4) mark the locations of boreholes that yielded geophysical log profiles that we correlated with the Mancos
outcrop gamma-ray profile (Fig. 9). 1 = Houston Oil & Minerals Corp. Ute Mountain No. 44-34 (sec. 34, T34N, R14W); 2 = Cities Service Oil Co. Story A
No. 1 (sec. 15, T34N, R13W); 3 = Skelly Qil Co. Ute-E No. 1 (sec. 9, T33N, R10W) (= Well #34 of Molenaar and Baird, 1989); 4 = Fuelco Craig No. 1 (sec.

16, T34N, R9W) (= Well #8 of Molenaar and Baird, 1989).
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FIGURE 3. Mancos Shale principal reference section as viewed from the northwest. Point Lookout forms the prominent erosional headland at the north end
of Mesa Verde National Park (see Fig. 5). Low slopes in the foreground are capped with orange-weathering calcarenite beds of the upper Juana Lopez Member
of the Mancos Shale. Behind these slopes and in front of the long erosional ridge extending below Point Lookout is a continuous, horizontal bench marking
the contact between the Smoky Hill and Cortez Members of the Mancos Shale (compare with Fig. 18).

POINT LOOKOUT
FEET METERS SANDSTONE
9 7004
MANCOS SHALE 22004 gradatienal
SECTION: | 650
Sec.19,20,29,31,32, T36N,R14W
Sec.5,T35N,RI4W 20004 .0
MONTEZUMA €O, COLORADO )
1800 4 55014
1 CORTEZ
500 - MEMBER
1600 Lt
7 aso —J
1400 4 <
LEGEND 1 4004 L
~~ Carlile - Niobraro w
Discanformity 1200 4
B Bentonite {>10cm) 350 -
D Dolomitic mudstone T W gradational
M Morlstone bench o
<> Concretions 2504 SMOKY
N HiLL
. 800 = MEMBER
]:_J Sandstone 4 <L
Eu:l‘-- Sandy mudstone with thin 200~ Z MONTEZUMA o e
=] interbedded sandstones 600 - VALLEY
LA Silty or sandy shale with thin JUANA LOPEZ
— nterbedded sandstanes 91 1504 MEMBER
Noncalcareous shole or
mudstone 400
Slightly calcareous shale 1004 Bh:EJSSNE”;?L
or mudstone 4 )
Caicareous shole and marlstone
2009 4o FAIRPORT
[LT] Interbedded calcarenite ond MEMBER
I noncalcareous shale B [BRIDGE_CREEK fr T
Interbedded limestone, maristone GRANEROS
E and caolcareous shale o 4 o MEMBER
DAKOTA SANOSTONE

FIGURE 4. Generalized graphic section of the Mancos Shale principal
reference section at Mesa Verde. See Figure 2 for location.

METHODS

The Mancos Shale at Mesa Verde was measured, described, and sampled
during the summers of 1988 and 1989. Measurement of a complete strati-
graphic section was made possible by the occurrence of numerous key
beds (e.g., bentonite, limestone, calcarenite, dolomitic mudstone, sand-
stone) that are scattered throughout the formation (Fig. 4). Bentonite beds
are particularly useful in the lower third of the section where the relief is
low and stratigraphic subsections are short. We recognized 188 bentonite
beds (91 of these are in the lower 220 m of the section); 21 are 5-10 cm in
thickness and 14 are greater than 10 cm. In addition, there are numerous
(>60) limonite seams, particularly in the Fairport, Montezuma Valley and
Smoky Hill Members.

TABLE 1. Comparison of thickness data of Mancos Shale section beneath
the sandstone cliffs of Point Lookout at the northern edge of Mesa Verde
National Park. Pike (1947) and Wanek (1959) measured the section in feet
(values in parentheses). These values have been converted to meters for
comparison with this study.

interval | Pike (1947) [ Wanek (1959) [ this study
(Principal Reference Section of Mancos Shale beneath Point Lookout, ;
Mesa Verde National Park, Colorado) ]
i
Bidge Creekand | 125m 146m | 160m
Juana Lopez Members e t) (478.51t.) 4 (24-184 m)
—— 4 A —
Montezuma Valiey and | contacts uncertain 79m | 105 m
Smeky Hill Members L from data provided (259 ft.) | (184-289 m)
S NS -
Cortez Member | contacts uncertain 361 m 393 m
| from data provided (1185 ft.) (289-682m) |
top of Juana Lopez Mbr. 510 m indeterminate 517m |
to base of massive (1674ft) from data provided | (184-701 m)
Point Lookout Ss. cliff { L |
total thickness of B I 668 m | 609 m | 682 m (701 m*)
Mancos Shale LS (19975ft) (2237 1)
*measured to base of massive sandstone ciiff at the base of Point Lookout
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FIGURE 5. Topographic base map of the area at the north end of Mesa Verde National Park, showing the 23 areas that were used to compile the continuous
Mancos Shale principal reference (sections 19-21 and 28-33, T36N, R14W, and sections 4-6, T35N, R14W; Point Lookout 7.5' Quadrangle, Colorado).
Additional information about each area is presented in Table 2. Kd = Dakota Sandstone, Kmg = Graneros Member of the Mancos Shale, Kmbc = Bridge Creek

Limestone Member, Kmf = Fairport Member, Kmbh = Blue Hill Member, Kmjl =
Hill Member, Kmc = Cortez Member, Kpl = Point Lookout Sandstone.

The section was trenched from the top of the Dakota Sandstone to a
position well into the transition interval with the overlying Point Lookout
Sandstone. The upper 4.4 m of Mancos was not trenched owing to an
apron of talus beneath the sandstone cliffs at Point Lookout (see Dunbar
et al., this volume, for additional details of the Mancos-Point Lookout
transition). Ninety-five trenches were cut in 23 different areas to expose
the entire Mancos Shale sequence in a transect extending from sec. 19
and 20, T36N, R14W, north of Mesa Verde National Park, to sec. 5,
T35N, R14W at the base of the sandstone cliffs of Point Lookout within
the park (Fig. 5; Table 2). Trenches 0.3—-0.6 m wide were dug to expose
fresh rock prior to description, measurement, and collection, and were
stepped in areas of high relief. Large nails with colored flagging were
used to mark meter-thick intervals within each trench and to mark posi-
tions of lithologic change.

A total of 686 lithostratigraphic units are recognized in 678 m of trenched
section, some of which are as little as 1 cm thick (Appendix 1). Key units

Juana Lopez Member, Kmmv = Montezuma Valley Member, Kmsh = Smoky

(e.g.. bentonite beds and seams) were used to ensure proper correlation and
overlap of sections in adjacent trenches. Multiple units were used as often
as possible to correlate between trenches and areas. The longest continuous
trenches were possible in areas of high relief, particularly on the shale
slopes beneath Point Lookout. The Mancos Shale is fossiliferous through
much of its thickness, at least to 647 m above the base of the measured
section, and numerous fossils were collected, identified, and cataloged.
Macrofossils collected from the overlying Point Lookout Sandstone fur-
nished additional age control. The Research Center at Mesa Verde National
Park is the repository for these collections.

Six hundred and sixty-four bulk sediment samples were collected, includ-
ing at least one sample per meter through the lower 494 m of section. A wider
sampling interval was employed above 494 m, where at least one sample was
collected for each 2 m of section. In addition to mudrock lithologies, numer-
ous key beds were sampled, including the major bentonites. These samples
are currently being analyzed for microfossil content, clay mineralogy and
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TABLE 2. Locations of the 23 areas where trenches were dug to measure, describe, and collect the composite Mancos Shale principal reference section at Mesa

Verde (refer to Figs. 2, 5).

Area [Section [Township, Range |Lithologic Units |interval  [Member(s) of Mancos Shale _|Comments
1 |NEV/4, SEV/4, sec. 19 T36N, R14W MV1-MV57 0-25.6m Graneros-basal Bridge Creek low flank of ridge/knoll capped |
' o o B B by limestone beds
2 [SW1/4, SW1/4, sec. 20 T36N, R14W MV49-MV63 24.3-26.5m Wer Bridge Creek [in arroyo WSW of Area 4
3 |NW1/4, NW1/4, sec. 29 T36N, R14W MV57-MV75 255282 m lower Bridge Creek in arroyo S of Area 2 |
4 [center of line between Ta6N, R14W MV67-MV107  |27.3-38.2m |middle-upper Bridge Creek exposed low relief slopes with
| [SW1/4 and SE1/4, sec. 20 light and med. light gray bands |
5 [NE1/4, NW1/4, sec. 29 T36N, R14W MV107-MV119 38.0-424m lower Fairport o in arroyo below earthen dam
SW1/4, SE1/4, sec. 20 T36N, R14W MV109-MV150 39.5-59.2 m much of Fairport 'low relief area below tree
line; abundant gypsum dust
_ﬁz NW1/4, NE1/4, sec. 29 T36N, R14W MV148-MV171 58.5-71.1m upper Fairport-basal Blue Hill |good exposures in deep arroyo
8 |NE1/4, NE1/4,sec. 29and | T36N, R14W MV169-Mv222 A170.0-139.0 m  {much of Blue Hill |steep slope exposure of R
SE1/4, SE1/4, sec. 20 B [ | dark gray to black shale
9 |SW1/4, NE1/4, sec. 29 T36N, R14W MV219-MV226 138.5-142.3m |Blue Hill/Juana Lopez transition  NW end of ridge capped by
calcarenite beds
10 SW1/4, NE1/4, sec. 29 [T36N, R14W MV225-MV258  (141.7-162.0 m |lower half of Juana Lopez along ridge of orange-
L 4 [ weathering caicarenite beds
11 [NW1/4, SEV/4,sec.29  |T36N, R14W  |MV255-MV283  |161.2-171.4m middle Juanalopez |ridge of calcarenite beds
12 |sw1/4, SE1/4, sec. 29 | T36N, R14W MV278-MV283  (170.0-171.4 m |middle Juana Lopez |acoss from MVNP entrance
| 13 |Sw1/4, NE1/4, sec. 31 |T36N, R14W MV277-MV293  |169.8-182.0 m |upper Juana Lopez |exposures along siope
| 14 |SW1/4, NE1/4, sec. 31 |T36N, R14W MV293-MV310 181.5-186.2 m |uppermost Juana Lopez- upper part of slope in wooded
- B 1 | basal Montezuma Valley area of steep-sided gulleys |
15 |NW1/4, SE1/4,sec. 31 | T36N, R14W MV307-MV312  |185.0-187.5m |lower Montezuma Valley in arroyo; south of aqueduct
16 [NW1/4, SE1/4,sec. 31 |T36N, R14W MV312-MV324  |187.4-194.0m |lower-middie Montezuma Valiey |in arroyo; south of aqueduct
! 17 |[NW1/4, SE1/4, sec. 31 [T36N, R14W MV324-MV328  193.9-196.3 m |middie Montezuma Valley slope of knol; east of arroyo |
| ) v ) = and along aqueduct
| 18 |NE1/4, SE1/4,86C.31 'T3§N. R14W MV328-MV362  |196.3-231.2 m |upper Montezuma Valley- exposed gray slopes; south of |
1 - T lower Smoky Hill | aqueduct -
19 |NE1/4, SE1/4,sec. 31 |T36N,R14W  |MV362-MV365, 231.2-248.2m |middie Smoky Hill lower third of slope and
| MV368-MV372  [261.0-273.5m - | upper fifth of slope ]
| 20 [SE1/4,SE1/4,sec. 31  |T36N,R14W__ [MV365-MV369  |248.2-261.4 m |middle Smoky Hill |mig-siope section
21 [SE1/4, SE1/4, sec. 31 Ta6N, R14W MV372-MV385  |273.2-299.5 m |upper Smoky Hill-basal Cortez | upper gray slopes and cliffs |
| = | of prominent Smoky Hill bench |
22 |SW1/4,NW1/4,sec. 5 T35N,-RT4V_V ] Wss&-ﬂﬁab 297.5-383.2 m  lower Cortez continuous shale slopes,
| | . o west side of N-S ridge ]
23 [NW1/4, SW1/4, sec. 5 T35N, R14W MV430-MV686  |382.9-677.7 m  middie-upper Cortez continuous steep slopes along
' ' | spur, NW of Point Lookout

selected geochemistry (e.g., Leckieetal., 1991, in press; West and Leckie, in
press). Gamma-ray measurements were taken through the entire section
using a GRS-101A portable gamma-ray scintillometer.

DAKOTA SANDSTONE

The Dakota Sandstone is well exposed on cuestas east of Cortez, Colo-
rado. Sandstone units exposed opposite the Montezuma County Fairgrounds
north of US-160 (NW% sec. 27, T36N, R15W) consist of two coarsening
upward sequences above a unit containing carbonaceous muddy sandstone.
The lower sequence is approximately 9-10 m thick and consists of muddy
sandstone to shaly sandstone and is capped by a meter-thick very fine-
grained sandstone. The upper sequence is approximately 12—13 m thick and
consists of very fine-grained muddy sandstone and fine- to medium-grained
sandstone containing some units with low-angle cross stratification and
others that are massively bedded or burrowed by Ophiomorpha. The cuesta
is capped by a meter-thick, resistant, medium-grained sandstone with low-
angle cross stratification. These sandstones are at least partially equivalent in
age to the Twowells Tongue of the Dakota Sandstone, based on the presence
of the ammonite Calycoceras canitaurinum in concretions from the Cortez
locality. Where present, the Twowells Tongue represents the top of the Da-
kota Sandstone in the San Juan Basin (e.g., Owen, 1966, 1973; Landis et al.
1973). About 6.5 km to the east and just north of the Mancos Shale reference
section, exposures of the Dakota Sandstone crop out along Road 34 (NWY4
and NEY sec. 19, T36N, R14W). These outcrops consist of medium- to
fine-grained cross-bedded sandstone, muddy sandstone, claystone and two
5-6-m-thick coarsening upwards packages, each of which is capped by
clean, medium- to fine-grained, cross-bedded sandstone. The Dakota-Mancos
contact is placed at the top of the second package; a 1.1-m-thick clean, fine-
grained sandstone exposed north of US-160 and near Road 34 (NEY4 SE%

sec. 19, T36N, R14W) (Fig. 5). This unit is well indurated and has well-
developed cross stratification.

MANCOS SHALE
Introduction

Eight members in the Mancos Shale are recognized below Point Look-
out (Fig. 4). In ascending order, they are the Graneros, Bridge Creek
Limestone, Fairport, Blue Hill, Juana Lopez , Montezuma Valley, Smoky
Hill and Cortez Members. The Montezuma Valley and Cortez Members are
new. Type section information is furnished in the following descriptions.
The other six members derive their names from lithostratigraphic units of
the Colorado Front Range and plains areas of eastern Colorado and west-
ern Kansas. This subdivision of the Mancos differs from previous descrip-
tions of the Mesa Verde section as follows (Fig. 6): (1) the Bridge Creek
Limestone Member is now used in place of Greenhorn Limestone Member
in the San Juan Basin (e.g., Hook and Cobban, 1981; Hook et al., 1983);
(2) the lower Carlile member is subdivided into the Fairport and Blue Hill
Members based on a sharp lithologic contact; (3) the upper Carlile member
is formally named the Montezuma Valley Member of the Mancos Shale;
(4) the Niobrara member is now referred to as the Smoky Hill Member on
the basis of lithologic similarities with the Smoky Hill Member of the
Niobrara Formation and absence of the Fort Hays Limestone Member at
Mesa Verde; and (5) the Cortez Shale Member is proposed as a formal
name for the upper Mancos Shale member. Descriptions of each member
includes information on lithology, fossil content, molluscan biostratigra-
phy and geophysical log character.

The biostratigraphic zones and subzones used in this report (Fig. 7) are
based primarily on the work of Cobban (1951, 1984), Cobban and Reeside
(1952), Gill and Cobban (1966), Kauffman (1975), Hattin (1982), Scott et
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FIGURE 6. History of Mancos Shale stratigraphic nomenclature in the type area, southwestern Colorado.

al. (1986), Cobban et al. (1989) and Kirkland (1990, 1991). The time scale
follows Kauffman et al. (1993) and Obradovich (1993). A summary of the
chronostratigraphy and molluscan biostratigraphy of the Mancos Shale
principal reference section is shown in Figure 8; molluscan taxa are illus-
trated in a series of figures (Figs. 31-46) at the end of this paper.

Graneros Member
Summary

Interval 0-24.1 m; units MV 1-MV47; thickness 24.1 m; lower contact
sharp; upper contact sharp.

Lithostratigraphy and geophysical log character

The Graneros Member is a dark-gray sandy mudstone and silty shale in
the lower 10 m, and a fossiliferous slightly silty calcareous shale in the upper
14.1 m (Figs. 4, 8). The mudrock and shale is moderately indurated and the
calcareous shale is moderately well indurated. Several bentonite beds occur
throughout the member; 5-9 cm-thick bentonite beds occurat4.2 m, 7.3 m,
16.1 m and 17.6 m, and >10-cm-thick bentonite beds occur at 4.0 m (unit
MV6),20.7 m (unit MV36) and 23.2 m (unit MV44). A 36-cm-thick argilla-
ceous sandstone unit occurs at 3.2 m (unit MV?2). Large (as much as 42 cm
thick, 100 ¢m across), orange-weathering septarian concretions occur at 8.3
m (unit MV 15), and two nearly continuous gray-weatheting concretion beds
occur at 12.1 m (8 cm thick, unit MV20) and 14.2 m (12 cm thick, unit MV
22). Scattered concretions occur also at 4.3 m, 10.5 mand 21.6 m.

The lower 10 m of section is poorly exposed in low relief gray- to tan-
colored slopes. The more calcareous, less sandy upper 14 m of the Graneros
Member is better exposed in light-gray slopes that lie beneath ledges formed
by limestones of the overlying Bridge Creek Member. Abundant Pycrodonte
newberryi newberryi are scattered as float on these upper slopes. The
measured section of Graneros is exposed east of Road 34 and west of alow
light-gray hill in the NE% SEV4 sec. 19, T36N, R14W (Fig. 5).

In outcrop, the Graneros Member is characterized by a variable gamma
ray signal that is sandwiched between distinctly lower values of the under-

lying Dakota Sandstone and overlying Bridge Creek Limestone Member.
This signal is also observable in subsurface geophysical logs (Fig. 9). Part
of the reason for the variable signal through this interval is the presence of
several concretion horizons and bentonites. In particular, bentonites at 4.0
m (unit MV6) and 23.1 m (unit MV44) are recorded also on gamma and
resistivity logs from nearby wells. The latter bentonite occurs 1 m below
the basal limestone bed of the overlying Bridge Creek Member.

Biostratigraphy and age

The Graneros Member is very poorly fossiliferous in the lower 12 m
and becomes increasingly fossiliferous upwards to near the top. The upper
three mollusk zones of the Western Interior Cenomanian zonal scheme are
recognized in the member (Figs. 10, 31).

The base of the member apparently lies within the upper Cenomanian
Metoicoceras mosbyense Zone. This interpretation is supported by marker-
bed correlations across the region (Sageman, 1985). This age assignment
is further indicated by an ammonite fauna containing a very large quadrate
species of Calycoceras (probably C. canitaurinum) and a species of
Cunningtoniceras found in the underlying Dakota Sandstone. Calycoceras
canitaurinum (Haas) is a zonal index to the basal upper Cenomanian. The
Twowells Tongue of the Dakota Sandstone in west-central New Mexico
includes both the C. canitaurinum and M. mosbyense Zones (Cobban,
1977; Cobban et al., 1989; Hook et al., 1983).

The interval of the Metoicoceras mosbyense Zone is poorly fossilifer-
ous at this site as at other offshore marine sites in the Western Interior (e.g.,
Sageman, 1985, 1989). An external mold of a large specimen of Calycoceras
in the collections of Mesa Verde National Park may be from a horizon of
large septarian concretions that lies 8.5 m above the base of the member and
is tentatively identified as Calycoceras obrieni Young. A monotypic fauna
of the epifaunal bivalve Plicatula sp. first appears at 12 m and becomes
more common up-section to 17 m. A nearly monotypic Plicatula sp. fauna
is known from this level in the Mancos Shale in the northeastern Black
Mesa area in northeastern Arizona and appears to represent an inner shelf
environment with reduced benthic oxygen levels (Kirkland, 1990).
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FIGURE 7. Time scale and biostratigraphic zonation of the Mancos Shale
principal reference section. Radiometric ages (italics) are from Obradovich
(1993). Interpolated ages of substage boundaries are from Kauffman et al.
(1993). Refer to text for details of the molluscan biostratigraphy.

Faunal diversity increases at 18 m above the base of the Graneros
Member, as is typical of the Sciponoceras gracile Zone (Kauffman,
1986; Sageman, 1985, 1989). The S. gracile Zone extends to approxi-
mately 22.2 m. Faunal elements of the zone include rare specimens of the
ammonites S. gracile (Shumard), Euomphaloceras septemseriatum
(Cragin), Metoicoceras geslinianum (d’Orbigny), and Allocrioceras
annulatum (Shumard); and the bivalves Inoceramus pictus Sowerby,
Pycnodonte newberryi newberryi (Stanton), Rhynchostreon acroumbonata
(Kauffman), Lucina subundata Hall and Meek, and Camptonectes sp.;
and the gastropods Drepanochilus ruidium (White), Turritella whitei
Stanton, Turritella n.sp. (= Turritella n.sp. B of Kirkland, 1996),
Charonia? kanabensis (Stanton), Graphidula walcotti (Stanton),
Eunaticina textilis Stanton and Cerithiopsis sohli Kirkland. Concretions
preserving this fauna have been collected along US-160 between Cortez
and Mesa Verde, approximately 2.4 km west of the Mancos Shale refer-
ence section. This is the most diverse fauna recognized in the Mancos
Shale of the region, and is indicative of the Euomphaloceras
septemseriatum Subzone.

Bentonite marker-bed correlations suggest that the level of the Vascoceras
diartianum Subzone of other regions may correlate to the interval from
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FIGURE 8. Summary of the lithostratigraphy, chronostratigraphy, and
biostratigraphy of the Mancos Shale principal reference section at Mesa
Verde. Refer to Figure 7 for the names of the numbered biozones.

approximately 15—17 m above the base of the member. This interpretation
is based on (1) our correlation of the bentonite bed at 16 m (unit MV24)
with Black Mesa, Arizona, marker-bed BMS5 of Kirkland (1991), and with
the thin bentonitic clay above Kansas marker-bed HL-1 of Hattin (1975a,
1985), and (2) correlation of the bentonite bed at 17.8 m (unit MV30) with
BMG6 of Kirkland (1991) and Pueblo, Colorado, Bridge Creek marker-bed
PBC-4 of Elder and Kirkland (1985). The bentonite bed at 20.7 m (unit
MV36) correlates with BM7 of Kirkland (1991), PBC-5 of Elder and
Kirkland (1985), bentonite A of Elder (1987, 1989), southern Utah Tropic-
Tununk bentonite marker-bed TT1 of Leithold (1993, 1994) and the bento-
nite seam below HL-2 of Hattin (1985).

The uppermost Cenomanian Neocardioceras juddii Zone is recognized
on the basis of Euomphaloceras irregulare (Cobban, Hook, and Kennedy),
which occurs at 22.5 m. This ammonite is restricted to the basal subzone of
N. juddii in Arizona and Utah (Kirkland, 1991, 1996). The base of the N.
Jjuddii Zone is placed at 22.2 m, at the base of a bed of Pycnodonte newberryi
newberryi shells (unit MV40) that represents a period of sediment bypass.
Associated fossils include the ammonites Sciponoceras gracile and
Thomasites sp., and the bivalves Inoceramus nodai Matsumoto and Tanaka
and Psilomya concentrica Stanton. The prominent bentonite (unit MV44)
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lying 23.1 m above the base of the member correlates with the “Neocard”
bentonite of Eaton and others (1987), marker bed HL-3 of Hattin (1975a),
PBC-11 of Elder and Kirkland (1985), BM13 of Kirkland (1990, 1991),
bentonite B of Elder (1987, 1989), and TT2 of Leithold (1993, 1994), and
is typically associated with common to abundant Neocardioceras juddii
(Barrois and de Guerne) at other sections. The top of the N. juddii Zone is
placed at the top of the member at 24.1 m, at the contact between a 24-cm-
thick shale bed containing abundant shells of P. newberryi (unit MV47)
and the basal limestone bed (unit MV48) of the overlying Bridge Creek
Limestone Member. The basal Bridge Creek limestone bed contains abun-
dant shells of P. newberryi umbonata Kirkland that have a smooth um-
bonal area. This form of P. newberryi is known only from the uppermost
Cenomanian and basal Turonian (Elder, 1987, 1989; Kirkland, 1990, 1991,
1996). Condensation and sediment bypass is indicated by these shell beds,
and therefore sediments of the Nigericeras scotti Subzone (uppermost
Cenomanian; Fig. 5) may not have accumulated, or were removed by
erosion at this location.

In conclusion, the Graneros Member of the Mancos Shale at Mesa
Verde ranges from upper Cenomanian Metoicoceras mosbyensis Zone to
the Cenomanian/Turonian boundary. Accordingly, the Graneros Member
correlates to the middle and upper parts of the Hartland Shale Member and
much of the lower Bridge Creek Limestone Member of the Greenhorn
Limestone along the Colorado Front Range (Sageman, 1985; Elder and
Kirkland, 1985).

Bridge Creek Limestone Member
Summary

Interval 24.1-37.9 m; units MV48-MV 105; thickness 13.8 m; lower
contact sharp; upper contact sharp.

Lithostratigraphy and geophysical log character

The Bridge Creek Limestone Member contains interbedded limestone
and calcareous shale in the lower 3.7 m (24.1-27.8 m); and interbedded
calcarenite, shaly limestone or platy marlstone and calcareous shale in the
upper 10.1 m (27.8-37.9 m) (Fig. 3). The shale has subparallel parting
and is moderately well indurated. The unweathered shale is light olive
gray to medium olive gray in the lower part of the member where
interbedded with limestone, becoming dark olive gray in the upper part
where interbedded with marlstone. The basal limestone bed (unit MV48)
is 22 cm thick where the section was measured and is not quite as hard
and resistant as the overlying limestones. These latter limestone beds are
as little as 6 cm thick and others are as much as 23 cm thick. The thickness
of the individual limestone beds varies across the area. For example, a
limestone bed with a calcarenitic upper surface (unit MV57) caps low
light-gray hills in the area north and east of Cortez, Colorado, and varies
in thickness between 18-23 c¢cm (Fig. 11). Above the uppermost lime-
stone (unit MV71) is a meter (27.8—28.7 m) of thin beds (4—11 cm thick)
of calcarenite and interbedded calcareous shale, followed by a meter
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FIGURE 10. Stratigraphic ranges of selected mollusks and biozones of the lower 100 m of Mancos Shale principal reference section (Graneros to lower Blue

Hill Members). Refer to Figure 7 for the names of the numbered biozones.

(28.7--29.5 m) of interbedded shaly limestone and calcareous shale. An
11-cm-thick calcarenite bed at 28.2 m (unit MV75) is ripple-bedded and
contains scour features, load structures, and abundant broken and whole
inoceramid bivalve shells on the upper bedding surface. Interbedded
platy marlstone and calcareous shale dominate the remainder of the mem-
ber (29.5-37.9 m) (Fig. 12). The marlstone is gradational with the calcar-
eous shale. The limestone beds are typically bioturbated and the calcare-
ous shale is, in general weakly bioturbated. Several of the marlstone beds
have calcarenitic upper surfaces, including the uppermost unit of the
member (unit MV 105), which is 24 cm thick. The Bridge Creek-Fairport
Member boundary is placed at the highest marlstone bed. The Bridge
Creek is fossiliferous throughout.

Relatively thick bentonite beds occur in the interval of interbedded lime-
stones and calcareous shale, whereas very thin (<1 c¢m) bentonite and
limonite seams occur throughout the upper three-quarters of the member. A
19-cm-thick bentonite bed occurs at 24.3 m (unit MV49) and a 9-cm-thick
bentonite lies at 27.8 m (unit MV72).

The interval of interbedded limestone and calcareous shale in the lower
part of the Bridge Creek Member caps low light-gray hills in Montezuma
Valley north of Mesa Verde National Park. The upper part of the member
crops out as low-relief light-gray slopes on which are scattered slabs of
platy marlstone (Fig. 12). Numerous short trenched intervals were needed
to assemble a composite section of the Bridge Creek Member, including
the southwest side of a low gray hill in the NEY SEY sec. 19, T36N,

R14W, an arroyo in the SW% SW¥% sec. 20, and an arroyo in the NW'%
NW sec. 29 (Fig. 5).

The Bridge Creek Member is characterized by low gamma-ray values
owing to the dominance of limestone, marlstone and hard calcareous shale.
In geophysical logs of nearby wells, the basal limestone produces a strong
resistivity kick directly above a strong gamma-ray kick that represents the
upper bentonite of the underlying Graneros Member (Fig. 9). The Bridge
Creek Member is an excellent geophysical log marker across the San Juan
Basin (Molenaar, 1977; Molenaar and Baird, 1989).

Biostratigraphy and age

The Bridge Creek Limestone Member contains ammonites and
inoceramid bivalves that enable us to recognize three biozones (Figs. 10,
31, 32). The encrusting oyster, Pseudoperna bentonense (Logan) is ubiq-
uitous in the member and apparently utilized ammonite and inoceramid
shells as substrates.

The lowermost Turonian Watinoceras coloradoense Zone is considered
to range from the shell bed of Pycnodonte newberryi umbonata Kirkland at
the base of the member at (unit MV48) up to the first occurrence of a
mammitid ammonite at 25.3 m (unit MV55). Overlying the basal limestone
is a 19-cm-thick bentonite bed (unit MV49), which we correlate with HL-
4 of Hattin (1975a), PBC-17 of Elder and Kirkland (1985), BM15 of
Kirkland (1991), bentonite C of Elder (1987, 1989) and TT3 of Leithold
(1993, 1994). Limestone unit MV51 at 24.9 m contains Watinoceras cf.
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FIGURE 11. Interbedded limestone (units MV57, MV60, and MV63) and
calcareous shale in the lower part of the Bridge Creek Limestone Member
exposed in Area 2 (see Fig. 5; Appendix 1). Limestone unit MV57 caps the
small knoll in Area 1.
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FIGURE 12. Alternating bands of lighter colored platey marlstone and darker-
colored calcareous shale units in the upper part of the Bridge Creek Limestone
Member (units MV93-MV105) exposed in low-relief gray slopes in Area 4
(Fig. 5; Table 2).
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praecursor Wright and Kennedy, Mytiloides hattini Elder, and Pseudoperna
bentonense (Logan), the first of which is indicative of the Pseudospidoceras
flexuosum Subzone (Cobban, 1984, 1988).

Marker-bed correlations suggest that the overlying Vascoceras
(Greenhornoceras) birchbyi Subzone (Watinoceras coloradoense Zone)
should be represented in the interval of the Bridge Creek Member. These
correlations include (1) a 3-cm-thick bentonite bed (unit MV53) at 25.2 m
that may be equivalent to HL.-5 of Hattin (1985), PBC-20 of Elder and
Kirkland (1985), BM17 of Kirkland (1991), bentonite D of Elder (1987,
1989), and TT4 of Leithold (1993, 1994), and (2) a 6-cm-thick limestone
bed (unit MV55) at 25.3 m that may be equivalent to JT-1 of Hattin (1971,
1985), PBC-21 of Elder and Kirkland (1985) and BM19 of Kirkland
(1991). However, fossils diagnostic of this subzone were not found in this
interval. In fact, although regional marker-bed correlation suggests that
limestone unit MVS5S5 correlates to the V. birchbyi bed at Pueblo (Rock
Canyon), Colorado, included in the W. coloradoense Zone, common
mammitid ammonites in unit MV55 imply that at Mesa Verde the Mammites
nodosoides Zone begins at this level. This suggests that unit MV55 corre-
lates to limestone bed JT-3 of Hattin (1971, 1985) and PBC-23 of Elder
and Kirkland (1985) and is underlain by a disconformity. A disconformity
removing approximately ten limestone-shale cycles of the Bridge Creek
Member has been observed at about this level on the north flank of the San
Juan Basin near Pagosa Springs, Colorado (Elder, 1991). Alternatively,
mammitids may occur in older strata in this area.

Mammitids indicative of the Mammites nodosoides Zone occur in the
interval from 25.3 m (unit MV55) to 27.8 m (unit MV71) and appear to
include both M. nodosoides (Schluter) and Morrowites wingi (Morrow).
Cobban and Hook (1983) established the genus Morrowites, which over-
laps the temporal range of Mammites and is superficially very similar,
being distinguished by the nature of the early whorls and suture. Unit
MV67 at 27.4 m is the most fossiliferous limestone bed in the Bridge
Creek Member and preserves other ammonite species, including
Kamerunoceras puebloense (Cobban and Scott), Choffaticeras papillieri
(Pervinquiere) and Baculites yokoyamai Tokunaga and Shimizu. The pres-
ence of K. puebloense together with the fact that this is the sixth limestone
bedin the section beginning at unit MVSS5 (assuming it correlates to marker-
bed JT-1) suggests that this bed may correlate to JT-6 of Hattin (1971,
1985), which contains a diverse molluscan fauna at Pueblo (Cobban and
Scott, 1972; Cobban, 1985, 1988). However, the sequence of beds from
units MV67 through MV72 (limestone, calcarenite, thin bentonite, chalky
shale, limestone and thick bentonite) is identical to the sequence at Pueblo
from marker-beds PBC-29 through PBC-32 (Elder and Kirkland, 1985),
indicating that limestone units MV67 and MV71 correlate to limestone
marker beds JT-9 and JT-10 (Hattin, 1971, 1985), respectively. This corre-
lation is further supported by the same sequence of beds in a section of the
Bridge Creek Member near Pagosa Springs (Elder, 1991). This analysis
also further supports the correlation of limestone unit MV55 to limestone
marker bed JT-3 rather than to JT-1 (discussed above).

Inoceramids of the genus Mytiloides are common and evolved rapidly
during the early Turonian, and although discredited as a biostratigraphically
useful group by some researchers (e.g., Badillet and Sornay, 1980), many
Cretaceous paleontologists have found the genus to be highly useful in
biostratigraphy (Seitz, 1934; Kauffman, 1975, 1976a, b, 1977a, b;
Kauffman et al., 1977; Keller, 1982; Elder and Kirkland, 1985; Kirkland,
1990, 1991, 1996). Mytiloides hattini Elder and Mytiloides kossmati (Heinz)
(= Mytiloides opalensis sensu Kauffman and Seitz) occur in the basal
Turonian, Mytiloides columbianus (Heinz) occurs from 25.4 m (unit MV57)
to 27.4 m (unit MV67), and early forms of M. mytiloides (Mantell) occur
commonly from 26.4 m (unit MV63) to 28.2 m (unit MV75) in the
Mammites nodosoides Zone. An orange-weathering and widely traceable
calcarenite bed at 28.2 m (unit MV75) and the limestone bed below (unit
MV71) both contain M. mytiloides and a late form of the species, M.
mytiloides arcuata (Seitz). Identifiable specimens of M. labiatus
(Schlotheim) and M. subhercynicus (Seitz) also first occur at 27.7 m (unit
MV71), and rare juvenile specimens of the ammonite Tragodesmoceras
sp. are found with these inoceramids at 32.7 m (unit MV89). The middle
Turonian Inoceramus cuvieri Sowerby first occurs at 33.4 m (unit MV90)
and indicates that the most probable level for the top of the lower Turonian
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Mammites nodosoides Zone and the base of the middle Turonian
Collignoniceras woollgari Zone lies between 27.7 m and 33.4 m (Kauffman,
1977b; Elder and Kirkland, 1985; Kirkland, 1991). Mytiloides hercynicus
(Petracheck) was recovered from 36.0 m (unit MV98). This latter occur-
rence suggests that the uppermost part of the Bridge Creek lies within the
C. woollgari woollgari-M. hercynicus Subzone of the C. woollgari Zone
(Kirkland, 1990, 1991, 1996), although C. woollgari was not found in the
Bridge Creek Member at Mesa Verde.

In summary, the faunal data and marker-bed correlations indicate that the
Bridge Creek Limestone Member contains a relatively continuous strati-
graphic record extending from the basal Turonian Pseudaspidoceras
flexuosum Subzone of the Watinoceras coloradoense Zone to the basal
middle Turonian Collignoniceras woollgari woollgari-Mytiloides
hercynicus Subzone of the C. woollgari Zone. The W. coloradoense Zone
is condensed and a disconformity was delimited in the lower Turonian
Mammites nodosoides Zone.

Fairport Member
Summary

Interval 37.9-66.1 m; units MV106-MV 163; thickness 28.2 m; lower
contact sharp; upper contact sharp.

Lithostratigraphy and geophysical log character

The Fairport Member consists of fossiliferous calcareous shale con-
taining numerous limonite seams, bentonite seams, and bentonite beds
(Fig. 4). Carbonate content decreases sharply upward through the mem-
ber although contact with the overlying Blue Hill Member is sharp.
Several marly shale intervals occur in the lower 3 m of the member
(37.9-41.1 m) and thin calcarenitic stringers occur in an interval above
(42.4-47.4 m). The shale is moderately to moderately well indurated and
has subparallel to parallel parting. Unweathered colors of the shale in-
clude medium gray, and light olive gray to dark olive gray. Forty-five
limonite seams (most <1 cm) and 11 thin bentonite beds (<5 cm) are
recorded within the Fairport Member (Fig. 13). Bentonite beds from 5-
9 cm thick occur at 43.1 m, 51.1 m, 56.5 m and 64.9 m, and bentonite
beds >10 cm thick occur at 38.1 m (unit MV 107), 48.3 m (unit MV 134)
and 58.5 m (unit MV 148). The Fairport-Blue Hill Member boundary is
placed at the sharp contact between slightly calcareous shale and
noncalcareous shale. Evidence of seafloor erosion is suggested by the
presence of calcisilt streaks defining the lamination in the upper 5 m of
the Fairport and a lag of broken juvenile ammonite shells and oysters
along a bedding plane in the basal meter of the Blue Hill Member.

The Fairport Member is poorly exposed in low-relief, light- to medium-
gray slopes that rise topographically above the Bridge Creek Member.
Numerous short sections were utilized in an area of low-relief gray slopes
in the center of the SW¥% and SEW line, sec. 20, T36N, R14W, and in an
arroyo below an earthen dam in the NEY4 NW4 sec. 29 (Fig. 5).

The gamma-ray values observed in outcrop and on logs from nearby
boreholes show a basal part that is transitional with the underlying Bridge
Creek Limestone Member followed by steadily increasing values (Fig. 9).
This upward trend probably is due to the combined effects of upward-
decreasing carbonate content of the member and the presence of numerous
thin bentonite beds and limonite seams throughout the member. By compari-
son, the overlying Blue Hill Member is largely devoid of bentonites and
limonite seams, resulting in lower gamma-ray values. The subsurface gamma-
ray log contact between the Fairport and Blue Hill Members is placed at the
change from increasing gamma-ray values to decreasing values.

Biostratigraphy and age

Fossils, although common in the Fairport Member, are of low diversity
and consist almost exclusively Collignoniceras woollgari (Mantell),
Baculites yokoyamai Tokunaga and Shimizu, Inoceramus cuvieri, and
Pseudoperna bentonense. This fauna occurs from 39.5 m to the top of the
member at 66.1 m and indicates that the entire Fairport lies within the
middle Turonian C. woollgari Zone (Figs. 10, 33).

The basis for dividing the Collignoniceras woollgari Zone into subzones
is recognition of two distinct subspecies, which are best differentiated in
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FIGURE 13. Close view of a 1.5-m-thick interval of calcareous shale in the
upper part of the Fairport Member. Flag at the bottom of the trench marks a 15-
cm-thick bentonite bed (unit MV148). The upper three flags mark a concretion
horizon (unit MV150) and two thin bentonite seams (units MV 152 and MV154).
This part of the section was trenched in Area 7 (Fig. 5; Table 2).

specimens that represent middle to late growth stages (Cobban and Hook,
1979). All specimens encountered in the Mesa Verde reference section are
juveniles so we cannot divide the Fairport Member into subzones on the
basis of ammonites. However, the inoceramid Mytiloides latus sensu Hattin
(1962, 1975b) occurs in the upper 4 m of the member. In the Black Mesa
Basin, this taxon is associated with the basal part of the C. woollgari
regulare (Haas) Subzone (Kirkland, 1991, 1996).

A regional disconformity at the Fairport-Blue Hill Member boundary is
suggested by the abrupt lithologic change from calcareous to noncalcareous
shale (Glenister and Kauffman, 1985; Merewether and Cobban, 1986).
Much of the Collignoniceras woollgari regulare Subzone may be missing
in this area due to erosion or non-deposition. Absence of age-diagnostic
fossils in the basal Blue Hill Member precludes us from determining the
magnitude of this suspected disconformity.

Blue Hill Member
Summary

Interval 66.1-141.6 m; units MV 164-MV223; thickness 75.5 m; lower
contact sharp; upper contact sharp.

Lithostratigraphy and geophysical log character

The Blue Hill Member is a dark-olive-gray to olive-black, noncalcareous,
poorly fossiliferous shale to silty shale that contains widely scattered con-
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cretions (Fig. 4). The number of bentonite beds and limonite seams de-
creases sharply at the Fairport/Blue Hill contact. The shale is moderately to
moderately well indurated and has parallel to subparallel parting surfaces.
The lower 15.5 m of the member (66.1-81.6 m) comprises shale, widely
scattered concretions, and a few bentonite beds. Above this is a 4.2-m-thick
interval (81.6-85.8 m) of shale that contains an 8-cm-thick sandy concre-
tion bed with cone-in-cone structures (unit MV 175), and numerous thin
(1-4 cm) siltstone beds, siltstone lenses, and silt laminae. The siltstone beds
have scoured bases and multidirectional tool marks. The remainder of the
member (85.8—141.6 m) consists of slightly silty to silty shale with occa-
sional thin (1-4 cm thick) siltstone beds and silt laminae, scattered concre-
tion horizons and several bentonite beds. Thin bentonites at 73.8 m and
79.3 m fill depressions along shale-on-shale scour surfaces. Yellow-weath-
ering jarosite occurs on shale bedding planes and along joints, a character-
istic also observed at the type locality of the Blue Hill Member of the Carlile
Shale in Kansas (Hattin, 1962). In addition, a metallic sheen is also ob-
served on some fracture surfaces.

Large, irregular (bulbous-shaped), orange-weathering septarian concre-
tions (Fig. 14), some in excess of one meter in diameter, are present at
approximately 116 m and 118 m (unit MV194). Concretions with similar
character and stratigraphic position occur in the upper Blue Hill Member,
Carlile Shale, at Pueblo (Rock Canyon), Colorado (Glenister and Kauffman,
1985) and in Kansas (Hattin, 1962). Coarse silt/very fine-grained sand-
stone gutter casts are associated with the upper bulbous septarian concre-
tion horizon at Mesa Verde. The gutter casts are oriented N15°W to N20°W.
Other smaller septarian concretionary beds occur at 131.2 m (12 cm thick,
unit MV206) and 138.1 m (37 cm thick, unit MV218). Bentonite beds with
a thickness of 5 to 9 cm occur at 71.0 m, 79.3 m, 95.1 m and 118.5 m.
Bentonite beds >10 cm thick occur at 70.0 m (unit MV169), 113.8 m (unit
MV193) and 123.6 m (21 cm thick, unit MV 199). A 46-cm-thick interval
of brownish-gray silty mudstone at 121.4 m (unit MV197) yielded the
only macrofossils in the middle and upper parts of the Blue Hill Member.
Interval 136.8-137.8 m contains five thin beds (1-4 ¢cm thick) of very fine-
grained sandstone with wavy upper and lower contacts and low-angle
cross stratification that we interpret as distal equivalents of the Semilla or
Codell sandstones.

The lowermost part of the Blue Hill Member was measured in an arroyo
in the SW4 SEY4 sec. 20, T36N, R14W, above the light-gray slopes devel-
oped on the Fairport Member. The bulk of the member is exposed on low
to fairly steep dark-gray to black slopes beneath resistant beds of the
overlying Juana Lopez Member in the NW'4 and NEY4 NEY sec 29 and
SE'Y4 SEY sec. 20 (Fig. 5).

Gamma-ray trends of the Blue Hill Member show decreasing values
through the lower third of the member followed by steady or slightly
increasing values through the upper third (Fig. 9). A strong, positive gamma-
ray kick in the upper quarter of the Blue Hill corresponds with a 21-cm-
thick bentonite at 123.6 m (unit MV 199) in the Mesa Verde section. This
bentonite can be traced widely on geophysical logs from wells in the
northern San Juan Basin (e.g., Molenaar and Baird, 1989). The thin Semilla
or Codell-equivalent sandstone beds of the Mesa Verde outcrop section
could not be distinctly detected on the logs from nearby boreholes.

Biostratigraphy and age

Most workers in the Western Interior place the top of the Collignoniceras
woollgari Zone at the top of the Fairport. No fossils are known from the
lower part of the Blue Hill Member in the central Western Interior and the
oldest examples of Prionocyclus hyatti (Stanton) first occur in the middle
part of the Blue Hill Shale in Kansas (Hattin, 1962). Biostratigraphic
relationships between sections at Black Mesa, Arizona and the central
Western Interior strongly suggest that the C. woollgari regulare Subzone
is present in the lower Blue Hill (Kirkland, 1991, 1996). In fact, toward the
eastern margin of the Western Interior Basin in northeastern Nebraska, C.
woollgari regulare is present near the top of the member (Hattin, 1975b).
The Blue Hill Member at Mesa Verde does little to clarify this biostrati-
graphic problem as the member is nearly devoid of invertebrate fossils.
However, rare specimens of C. woollgari and marine reptile bones were
found in a concretion from the basal part of the member (lower part of unit
MV 172; approximately 72 m) (Fig. 10).
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FIGURE 14. Upper part of the Blue Hill Member containing large bulbous
septarian concretions (unit MV194). Much of the Blue Hill Member is
exposed on a relatively steep hill in Area 8 (Fig. 5; Table 2).

The only other fossiliferous unit in the Blue Hill Member is a 46-cm-
thick silty mudstone (unit MV197) that lies 121.4 m above the base of the
Mesa Verde reference section (Figs. 15, 33). This bed contains a diverse
fauna including Prionocyclus hyatti (Stanton), Inoceramus costellatus
Woods, I cf. flaccidus White, I. cf. howelli White, Breviarca sp., Nucula
coloradoensis Stanton, Yoldia sp., Syncyclonema sp., Camptonectes sp.,
oyster, Pleurocardia pauperculum Meek), Cyclorisma orbiculata (Hall
and Meek), Corbula kanabensis Stanton, Turritella sp., Levicerithium cf.
timberanum Stephenson, Eoacteon sp., and Gyrotropis sp. This fauna
suggests a shallow marine environment and is assigned to the Prionocyclus
hyatti Zone (subzone assignment is indeterminate). On the basis of these
fossils and those found at the base of the overlying Juana Lopez Member,
we assume that the P. hyatti Zone ranges up to the top of the Blue Hill
Member (Fig. 15).

Juana Lopez Member
Summary

Interval 141.6-184.2 m; units MV 224-MV304; thickness 42.6 m; lower
contact sharp; upper contact sharp.

Lithostratigraphy and geophysical log character

The Juana Lopez Member is a dark, noncalcareous, slightly silty to silty
shale that contains numerous beds of orange-weathering calcarenite (Fig.
4). The shale of the Juana Lopez is moderately well indurated, has subparallel
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parting, and is generally olive black in color, but becomes brown, dusky
yellow brown, and gray where silty. Silt laminae define stratification in
some intervals. Other shaly intervals contain calcarenite lenses or thin beds
of calcarenite (<1 cm thick). Limonite staining and jarosite occur along
some fractures and parting surfaces.

The base of the Juana Lopez is recognized by the first occurrence of
calcarenite above typical beds of the Blue Hill Member (Dane et al., 1966;
Hook and Cobban, 1980; MacLachlan, 1981). At Mesa Verde, this is a 6-
cm-thick sandy calcarenite bed (unit MV224) containing abundant fish
bones and shark teeth. A half-meter above this lies a 5-cm-thick, lenticular,
coquina-like calcarenite bed (unit MV226) containing a Prionocyclus
macombi fauna that may have filled cutter casts on the seafloor. Calcarenite
beds are rare in the lower 9.4 m (141.6-151.0 m) of the member. Even
though the Juana Lopez is dominated by noncalcareous shale, four promi-
nent bench-forming calcarenitic intervals are recognized, the uppermost of
which contains the thickest beds of calcarenite. These intervals are charac-
terized by interbedded calcarenite and noncalcareous shale. The interven-
ing shale intervals also contain numerous thin beds or laminae of calcarenite;
most are <1 cm in thickness but several are as much as 4 cm thick. The
calcarenite beds consist primarily of well-cemented bioclastic debris, in-
cluding the shells of foraminifers, inoceramid shell debris (calcite “prisms”
from the prismatic layer of the shell), broken and abraded shells of ammo-
nites and oysters, and phosphatic debris including fish bones and teeth.
Detrital quartz sand and silt may also be a minor component of the calcarenite
(Dane et al., 1966). Many of the calcarenite beds have basal scour surfaces
and sole marks, and often contain low angle cross-stratification and rippled
upper surfaces. In addition, many of these beds yield excellent molluscan
fossils. The lowest calcarenitic interval extends from 151.0 to 156.8 m
(units MV232-MV246) in the Mesa Verde section. The most prominent
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individual calcarenite bed is 18 cm thick. Several concretionary beds also
occur in this interval. The second calcarenitic interval extends from 162.7
m to 164.1 m (units MV260-MV266), and the thickest calcarenite bed is
16 cm. The third calcarenitic interval extends from 170.6 to 171.4 m (units
MV279-MV283). The thickest calcarenite bed in this interval is 29 cm.
Capping the Juana Lopez Member is the fourth and most prominent of the
calcarenitic intervals (Fig. 16), which extends from 181.5 to 184.2 m (units
MV293-MV304). Included within this interval are two thick calcarenite
beds, unit MV293 (59 ¢cm) and unit MV301 (78 cm).

Concretion horizons are scattered throughout the Juana Lopez. Two con-
cretionary beds are associated with bentonite beds at 155.3 m (20 cm thick,
unit MV240) and at 167.3 m (30 cm thick, unit MV273), and two are
associated with calcarenite beds at 151.1 m (30 cm thick, unit MV232) and at
178.5 m (9 cm thick, unit MV291). Other noteworthy concretion beds occur
at 147.9 m (6 cm thick, unit MV228), 161.9 m (8 cm thick, unit MV258), and
174.3 m (8 cm thick, unit MV287). Bentonites in the Juana Lopez with
thicknesses of 5 to 9 cm occur at 149.9 m, 167.2 m, 169.8 m and 184.1 m.
Bentonites with thicknesses >10 ¢cm occur at 155.2 m (a multiple bentonite,
33 c¢m thick, unit MV240) and at 182.9 m (13 cm thick, unit MV297).

The Juana Lopez Member caps low, orange hills north of Mesa Verde
National Park. Numerous short trenched sections were used to measure the
thickness of the Juana Lopez, including sections both north and south of
US-160. The contact with the underlying Blue Hill Member was described
in the SW¥ NEY sec. 29, T36N, R14W, at the northwestern end of a
prominent northwest-trending ridge of uppermost Blue Hill and lower to
middle Juana Lopez strata (Fig. 5). The ridge lies to the north of US-160,
west of the entrance road to Mesa Verde National Park, and extends parallel
to the highway. The third calcarenitic interval (170.6 to 171.4 m, units
MV279-MV283) caps this ridge. Three additional areas along the south-
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Hill to Montezuma Valley Members). Refer to Figure 7 for the names of the numbered biozones.

mollusks and biozones of the interval from 100 to 200 m of Mancos Shale principal reference section (upper Blue
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west-facing slopes of this ridge were used to assemble the composite
section: SW¥ NEY sec. 29; NW% SE% sec. 29; and at the boundary
between the SW' and SEY% SEY sec. 29. Two additional areas south of
US-160 were used to define the uppermost part of the Juana Lopez Mem-
ber: SWl4 NEY sec. 31, and NW4% SEY sec. 31.

The Juana Lopez Member is characterized by strongly fluctuating
gamma-ray values in outcrop and logs of nearby boreholes, and by strong
resistivity kicks on the borehole logs (Fig. 9). The resistivity values are
greatest in the upper two-thirds of the member in correspondence with
the increasing abundance and thickness of calcarenite beds in outcrop.
On borehole gamma-ray and resistivity logs the top of the Juana Lopez
Member is placed at the top of a resistivity bench that lies ditectly below
a strong gamma-ray kick. The uppermost calcarenitic interval in the Mesa
Verde outcrop section (181.5-184.2 m), which defines the top of the
Juana Lopez, contains a 13-cm-thick bentonite bed (unit MV 297). How-
ever, we believe the well-cemented calcarenite beds are responsible for
the resistivity bench observed in the nearby well logs, while the several
bentonite beds in the basal 2 m of the overlying Montezuma Valley
Member are responsible for the strong gamma-ray kick above the ob-
served resistivity bench.

Biostratigraphy and age

The Juana Lopez Member contains well-preserved ammonites,
inoceramid bivalves, and oysters that permit the recognition of three
upper Turonian ammonite biozones (Figs. 15, 33-37). A slight discon-
formity at the base of the member is suggested by a concentration of fish
debris, shark teeth and possible cutter casts. The lower upper Turonian
Prionocyclus macombi Zone is first recognized at 142.2 m (unit MV226)
by the occurrence of P. macombi Meek, Baculites sp., Inoceramus dimidius
White, and the encrusting oyster Lopha lugubris (Conrad). These fossils
are recognized up-section in the shale, with particularly good material
preserved at 155.0 m (unit MV239, within the lowest calcarenitic inter-
val) and in the second calcarenitic interval at 164 m (units MV264,
MV266), where L. lugubris occurs with the ammonites Hourcquia
mirabilis Collignon and Coilopoceras cf. inflatum Cobban and Hook,
and Inoceramus n. sp.

Inoceramus perplexus Whitfield first appears at 170.0 m (unit MV278)
followed by the first appearance of Prionocyclus wyomingensis Meek at
170.7 m (unit MV280). A bench-forming calcarenite bed at 171.2 m (unit
MV283, third calcarenitic interval) contains a diverse fauna indicative of
the P. wyomingensis Zone, and includes the ammonites P. wyomingensis,
Scaphites warreni Meek and Hayden, Baculites undulatus d’ Orbigny, and
B. yokoyamai, the inoceramids I. perplexus and I. dimidius, and the oyster
Lopha lugubris (Conrad). This is the highest occurrence of L. lugubris and

FIGURE 16. Calcarenite bed (unit MV293) from the upper part of the Juana
Lopez Member exposed in Area 14 (Fig. 5; Table 2). Note the ripple lamination
in the center of the bed.
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I dimidius in this section. Impressions in the overlying shale indicate that
this zone ranges up-section.

The Scaphites whitfieldi Zone is readily recognized on the basis of abun-
dant specimens of S. whitfieldi Cobban in the bench-forming calcarenite
beds in the upper 2.7 m of the member (units MV293-MV301). Scattered
concretions at the base of this interval contain very well-preserved speci-
mens of ammonites S. whitfieldi, Prionocyclus novimexicanus (Marcou),
Baculites yokoyamai, Reesidites minimus Hayasaka and Fukada and
Subprionocyclus normalis (Anderson); the inoceramid bivalves Inoceramus
perplexus, I. longealatus Troeger, Mytiloides striatoconcentricus (Guebel),
and M. carpathicus (Simionescu); and the gastropods Drepanochilus sp.
and Anisomyon sp. Until now, S. normalis had not been recognized in the
Western Interior (e.g., Wright, 1979). The S. whitfieldi Zone extends up-
ward into the lower part of the overlying Monteznma Valley Member. In
summary, the Juana Lopez Member at Mesa Verde extends from the lower
upper Turonian Prionocyclus macombi Zone into the upper Turonian
Scaphites whitfieldi Zone.

Montezuma Valley Member
Summary

Interval 184.2-200.4 m; units MV 305-MV329; thickness 16.2 m; lower
contact sharp; upper contact sharp.

Lithostratigraphy and geophysical log character

The Montezuma Valley Member consists of slightly silty to slightly
sandy calcareous shale that contains numerous septarian concretions (Fig.
4). The shale is moderately well indurated with subparallel to parallel
parting, and it varies in color from gray at the base to medium dark gray,
olive gray, and dark olive gray through the remainder of the unit. The shale
of the Montezuma Valley contains disseminated carbonaceous plant mate-
rial and is fossiliferous with inoceramid bivalves and baculites. Three
informal units can be distinguished. The interval from 184.2 to 187.4 m
(units MV305-MV311) is a slightly silty, weakly calcareous shale con-
taining several thin calcarenite beds and calcarenite lenses. The shale be-
comes distinctly more calcareous in the interval containing numerous
septarian concretions between 187.4 and 194.7 m (units MV312-MV326)
(Fig. 17). A swarm of limonite seams also occurs within this interval
(189.6-190.1 m). The uppermost concretion bed occurs at 196.5 m. The
concretions range from 5 ¢cm to as much as 20 ¢cm in thickness, and several
preserve large ammonites. A horizon of abundant current-oriented baculites
occurs at 188 m (unit MV313). The upper part of the Montezuma Valley
Member consists of slightly sandy (very fine- to fine-grained) calcareous
shale. The Montezuma Valley Member contains several bentonite beds,
including an 8-cm-thick bed at 186.1 (unit MV310) m and a 10-cm-thick
bed at 193.9 m (unit MV324).

The Montezuma Valley Member is exposed on slopes and in arroyos
beneath the more resistant marlstones and calcareous shales of the over-
lying Smoky Hill Shale Member. The type section of the Montezuma
Valley Member is exposed on both sides of the Mesa Verde National
Park aqueduct and along an unimproved service road in SE' sec. 31,
T36N, R14W (Fig. 5). Five short trench sections were used to assemble
a composite section of the member. The contact with the underlying
Juana Lopez Member was described north of the aqueduct and service
road in NW% SE% sec. 31. The bulk of the Montezuma Valley Member
is exposed in a major arroyo about 0.25 km south of the service road
along the boundary between SW'4 and SEY SE% sec. 31. Contact with
the overlying Smoky Hill Member was described near the base of a west-
facing slope just south of the service road along the boundary between
NW4 and NEY% SEY sec. 31.

Gamma-ray values recorded through the Montezuma Valley Member
outcrop section are variable due to the numerous concretion beds in the
lower two-thirds of the member. However, the amplitude of the variation is
notas large as observed in the underlying Juana Lopez Member. On gamma-
ray and resistivity logs from nearby boreholes, the Montezuma Valley
Member can be recognized as the interval between the distinctive high-
amplitude Juana Lopez geophysical log signature and the lower gamma-
ray/higher resistivity values of the calcareous shales and marlstones of the
lower Smoky Hill (Fig. 9).
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Biostratigraphy and age

The Montezuma Valley Member contains common ammonites and
inoceramid bivalves, that are preserved both as compressions in shale
and variably preserved specimens in septarian concretions. Scaphites
whitfieldi, Prionocyclus novimexicanus, Baculites yokoyamai, Inoceramus
perplexus, I. longealatus, and Mytiloides carpathicus occur through the
lower half of the member, indicating the Scaphites whitfieldi Zone. Large
prionocyclids (as much as 45 cm in diameter) with weak lateral tubercles
occur sporadically in septarian concretions near the middle of the mem-
ber (191-195 m) and are probably assignable to Prionocyclus quadratus
Cobban, which defines the uppermost Turonian ammonite zone. These
occur with Mytiloides labiatoidiformis (Troeger), M. incertus (Jimbo)
and Inoceramus aff. ernsti Heinz. Fossils are scarce in the upper part of
the member, but those present are in agreement with a latest Turonian age.
The member thus ranges from within the upper Turonian Scaphites
whitfieldi Zone upward into the uppermost Turonian Prionocyclus quadra-
tus Zone (Figs. 15, 36, 37, 38). Lower Coniacian rocks, and perhaps also
uppermost Turonian and lower middle Coniacian rocks, are missing in
the sharp shale-on-shale disconformity between the Montezuma Valley
Member and the overlying Smoky Hill Member.

FIGURE 17. Middle part of the Montezuma Valley Member exposed in an
arroyo in Area 16 (Fig. 5; Appendix 1). The trench that Jim Kirkland is
working in contains a 6.5-m-thick interval of calcareous shale with numerous
septarian concretions (unit MV312 at base of trench near hoe-pick, unit
MV323 at the top of the trench).
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Smoky Hill Member
Summary

Interval 200.4-289.0 m; units MV330-MV376; thickness 88.6 m; lower
contact sharp; upper contact gradational.

Lithostratigraphy and geophysical log character

The Smoky Hill Member consists of dark-gray, well-laminated, fora-
minifer-rich calcareous shale, foraminifer-rich calcareous mudstone, and
medium-gray foraminiferal marlstone (Fig. 4). The member is fossilifer-
ous throughout and calcarenitic in places. Limonite seams are numerous,
particularly in the upper 13 m of the member. Bentonite beds are rare, and
most are <S cm thick. The dominant lithology is calcareous shale. The
calcareous shale and marlstone have platy weathering, in contrast with the
calcareous mudstone beds, which show knobby weathering. Fecal pellet
laminae occur commonly through the member and fecal pellets are abun-
dant on many calcareous shale, calcareous mudstone, and marlstone bed-
ding surfaces. Calcareous mudstone is best represented in the lower part of
the member, particularly in the interval from 204.6 to 213.4 m.

The marlstone units are more resistant than the calcareous shale and
calcareous mudstone, and weather to a light gray. Benches are developed
on marlstone beds in intervals 202.3-204.6 m (unit MV332), 213.4-215.7
m (unit MV341), 219.6-219.8 m (unit MV347), 266.2-273.2 m (unit
MV371) and 276.0-289.0 m (units MV374-MV376). The two thick up-
per marlstone intervals form steep outcrop faces (Fig. 18). The second
from the top is capped by a 23-cm-thick bentonite (unit MV372). The
upper marlstone interval is 13 m thick and forms a prominent bench around
the northernmost edge of Mesa Verde National Park. Two calcarenitic
intervals are observed: 231.2-233.9 m (unit MV363) and 260.3-261.4 m
(units MV367-MV369). The upper interval forms a distinctive mid-slope
bench.

The lower contact of the Smoky Hill Member corresponds with a wide-
spread disconformity (Fig. 8) separating Carlile rocks below from Niobrara
rocks above (Pike, 1947; Dane, 1960; Lamb, 1968; Molenaar, 1977, 1983;
Dyman et al., 1993). In this section, the Carlile-Niobrara disconformity is
represented by a sharp shale-on-shale contact that is unrecognizable with-
out trenching. The calcareous shales above (light olive gray) and below the
disconformity (dark olive gray) are similar except for a subtle color differ-
ence and the presence of disseminated glauconite, biotite, and fine-grain
quartz sand in the basal 2-3 m of the Smoky Hill Member. Isolated medium
to coarse grains of quartz sand also occur above the disconformity at Mesa
Verde. The lighter color, absence of disseminated carbonaceous plant ma-
terial, and the presence of glauconite and more abundant foraminifera dis-

FIGURE 18. Prominent bench formed by calcareous shale and marlstone in
the upper part of the Smoky Hill Member. The break in slope above the cliff
marks the contact between the Smoky Hill and the overlying Cortez Member.
A 23-cm-thick bentonite bed (unit MV372) forms a white band in the slope
below the cliff. The relief on the cliff face is approximately 15 m.
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tinguish the Smoky Hill from the underlying Montezuma Valley Member.

The upper contact of the Smoky Hill Member is placed at the top of a
prominent marlstone bench (289.0 m; Fig. 18). Contact between the Smoky
Hill and the overlying Cortez Member is gradational. Similar lithologies,
namely calcareous shales, constitute the bulk of the lower 46.5 m (289.0—
335.5 m) of the Cortez Member. The decision to place the Smoky Hill-
Cortez contact at 289.0 m is based on mappability of the prominent marl-
stone bench and distinctive geophysical log character, as discussed below.
In addition, the Cortez Member is distinguished from the Smoky Hill
Member by numerous well-cemented dolomitic mudstone beds and nu-
merous thin sandstone beds. The lowest of the dolomitic mudstone beds
occurs at 307 m and the lowest sandstone bed lies at 321.6 m.

The Smoky Hill Member forms steep, medium- to light-gray slopes on
the northern edge of Mesa Verde National Park. Uppermost parts of the
member are benched and form nearly vertical cliffs of sharp, platy marl-
stone. The disconformable contact with the underlying Montezuma Valley
Member was described near the base of a west-facing slope just south of
the aqueduct service road along the boundary of NW'4 and NEY4 SEY sec.
31, T36N, R14W, and contact with the overlying Cortez Member was
described in the SEY4 SEY% sec. 31 (Fig. 5). Additional trenches used in
compiling the composite Smoky Hill section were dug in the NEY SE%
sec. 31.

The marlstone and calcarenite benches that characterize surface expo-
sures are expressed distinctively in geophysical log profiles of the member.
One such bench in the basal part of the member facilitates recognition of the
disconformable Montezuma Valley-Smoky Hill contact in nearby geo-
physical subsurface logs (Fig. 9). Gamma-ray values increase slightly and
gradually in the upper 16 m of the Smoky Hill Member, above a 23-cm-
thick bentonite bed at 273.2 m (unit MV 372). We attribute the increasing
gamma-ray values to numerous limonite seams (thin remnants of volcanic
ash?) in the upper part of the Smoky Hill Member at Mesa Verde. The
contact with the overlying Cortez Member is placed at the top of the upper-
most bench-forming Smoky Hill marlstone unit. The relative resistance
pattern observed in outcrop is perfectly mimicked in subsurface resistivity
logs. In addition, bentonite MV372 is distinguished on the logs by a strong
gamma-ray and low resistivity kick. This results in a very distinctive geo-
physical log profile for the uppermost part of the Smoky Hill Member, and
can be easily traced in the subsurface (e.g., Molenaar and Baird, 1989).

Biostratigraphy and age

The amount of time represented by the disconformity at the base of the
Smoky Hill Member can be estimated on the basis of fossils recorded in the
underlying Montezuma Valley Member and by stratigraphically lowermost
age-determinant fossils within the Smoky Hill. Inoceramus (Platyceramus)
stantoni (Sokolow) first occurs 2.3 m above the base of the member (202.7
m; unit MV332), and poorly preserved specimens of the genus Inoceramus
(Volviceramus) appear at 219.4 m (unit MV347). Scaphites depressus
Reeside first appears at 223 m (unit MV353) together with Inoceramus
(Magadiceramus) subquadratus (Schlueter), thus indicating the upper
Coniacian Scaphites depressus Zone. Inoceramus (P.) stantoni occurs in
the lower shale unit of the Smoky Hill in the area near Pueblo, Colorado
(Scott and Cobban, 1964; Scott et al., 1986). The interval between the base
of the Smoky Hill Member and the first occurrence of S. depressus (200.4-
223 m) may represent the middle Coniacian Scaphites ventricosus Zone.
The unconformity at the base of this member thus omits the interval from
within the uppermost Turonian Prionocyclus quadratus Zone through the
lower Coniacian and into the middle Coniacian S. ventricosus Zone, or
perhaps even into the lower upper Coniacian S. depressus Zone (Figs. 19,
38-40).

The Scaphites depressus Zone can be recognized through the interval
extending from 223 to 266 m (unit MV353-MV370). This zone is the
most fossiliferous interval in the member and contains the ammonites S.
depressus, Baculites codyensis Reeside (includes forms referable to B.
asper Morton), Protexanites bourgeoisi (d’Orbigny) [= P. shoshonensis
(Meek)], and Phlycticrioceras trinodosus (= P. oregonense Reeside), the
inoceramid bivalves Inoceramus (P.) stantoni, I. (Magadiceramus)
subquadratus, and I. (Volviceramus) grandis (Conrad), the encrusting
oyster Pseudoperna congesta (Conrad), the epifaunal bivalves Phelopteria
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sp. and Modiolus n. sp., the deep infaunal generalist Lucina sp., and the
brachiopods Discinisca sp. and Lingula sp. The inoceramids 1. (M.)
subquadratus and 1. (V.) grandis last occur at 266 m (unit MV370),
suggesting that the top of the Coniacian may occur at approximately this
level.

The upper 22.5 m of the Smoky Hill Member (266.5-289 m) contains
common Platyceramus platinus (Logan), Pseudoperna congesta, and rare
Phelopteria. We collected no ammonites that can be used to precisely date
these strata, but a fauna indicative of a Santonian age occurs 8.5 m above
the top of the Smoky Hill, at 297.5 m (unit MV 381). In addition, the lower
upper Santonian zonal ammonite marker species Clioscaphites choteauensis
is present at 307 m (unit MV389). These relationships suggest that the
upper Smoky Hill includes the lower Santonian Clioscaphites saxitonianus
Zone and middle Santonian Clioscaphites vermiformis Zone, and may
include the basal part of the upper Santonian Clioscaphites choteauensis
Zone. Clioscaphites choteauensis and associated taxa occur with Uintacrinus
socialis Grinnell in central Kansas (Hattin, 1982) and in the Grand Valley
of western Colorado. In Europe, the upper Santonian is divided into two
zones based on pelagic crinoids with Uintacrinus at the base and Marsupites
at the top (Rawson et al., 1978; Hancock, personal commun., 1989). How-
ever, no specimens of C. choteauensis or Uintacrinus were found in the
upper Smoky Hill Member at Mesa Verde.

In summary, the lower and middle Santonian is represented by upper
bluff-forming units (266.5-289.0 m) of the Smoky Hill Member in this
area, with the entire member spanning the upper middle Coniacian through
middle Santonian.

Cortez Member
Summary

Interval 289.0-682.0 m; units MV377-MV686 (677.7 m); thickness
393.0 m; lower contact gradational; upper contact gradational.

Lithostratigraphy and geophysical log character

The Cortez Member consists of two coarsening upwards sequences that
make up most of the shaly slopes exposed beneath the northern rim of
Mesa Verde (Fig. 4). The lower part of the Cortez Member consists of
calcareous shale at the base overlain by silty calcareous shale containing an
increasing abundance of thin (1-4 cm thick) very fine- to fine-grained
sandstones in the middle of the unit (389.6—451.7 m). The upper part
represents a second overall coarsening upwards package with silty to sandy
shale and sandy mudstone overlain by interbedded very fine- to fine-
grained sandstone, argillaceous sandstone, and sandy mudstone in the
transition with the overlying Point Lookout Sandstone. A distinctive fea-
ture of the Cortez Member are the numerous beds or discontinuous pod-
like concretions of dolomitic mudstone. Cole et al. (in press) described
similar beds from the Prairie Canyon Member of the Mancos Shale in
western Colorado as “rusty weathering, sandy, ankeritic dolomite.” X-ray
diffraction analysis of six of the beds from the Prairie Canyon Member
reveal that the primary carbonate mineral is ferroan dolomite (Cole et al., in
press).

The Cortez Member is subdivided into six informal units, each of which is
gradational with the corresponding suprajacent unit. The lowest of these
informal units is 46.7 m thick (289.0-335.7 m; units MV377-MV418) and
is composed of olive-gray foraminifer-bearing calcareous shale and slightly
silty calcareous shale that contain numerous limonite seams and thin bento-
nite beds. The shale is moderately well indurated, well stratified, and contains
fecal pellet laminae and scattered fish scales. Most of the shale has subparallel
to parallel parting. Five very well-indurated, orange-weathering dolomitic
mudstone beds are present at 307 m (unit MV389), 313.6 m (unit MV397),
320 m (unit MV401), 324.2 m (unit MV411) and 335.5 m (unit MV418).
These distinctive units are from 10 to 22 cm in thickness, medium gray to
medium light gray in color, and well stratified with parallel parting and
irregular fracture. Some of the beds are sparingly fossiliferous, and all five
stand out prominently on the shale slopes. A 21-cm-thick, discontinuous,
oyster-inoceramid biostrome (unit MV381) lies at 297.6 m (Fig. 20). Rela-
tively thin (8-23 cm in thickness) foraminiferal marlstone beds occur at
322.6 m (unit MV409), 324.7 m (unit MV413) and 325.8 m (unit MV415).
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FIGURE 19. Stratigraphic ranges of selected mollusks and biozones of the interval from 200 to 700 m of Mancos Shale principal reference section (Smoky
Hill and Cortez Members). Refer to Figure 7 for the names of the numbered biozones.

A bentonite bed approximately 95 cm thick is present at 325 m (unit MV414),
and forms a distinctive whitish band in the gray shale slope (Fig. 21). The
lower contact of this bentonite is sharp but the upper contact is gradational
through a 20-30 cm interval. A thin sandstone bed (unit MV405) occurs at
321.6 m. This bed is 2-3 cm thick and is composed of wavy ripple bedded,
very fine-grained sandstone. This informal interval of the Cortez Member is
lithologically similar to the underlying Smoky Hill Member but can be distin-
guished by absence of thick bench-forming marlstone units, by presence of
prominent dolomitic mudstone beds, and by presence of the lowest sand-
stone bed of the regressive upper Mancos sequence.

The second informal unit of the Cortez Member is 53.9 m thick (335.7—
389.6 m, units MV419-MV435) and is composed of dark-olive-gray slightly
calcareous silty shale. The shale is moderately well to well indurated, well
stratified, and contains laminae of silt and fecal pellets. Subparallel to parallel
parting with plant material and fish scales on the parting surfaces is common.
No bentonite beds, and only one limonite seam, occur in this interval. Very
thin beds (mostly <0.5 cm), starved ripples, and laminae of coarse siltstone to
very fine-grained sandstone occur more commonly upward toward the top of
the interval. In addition, the interval contains several 2—4-cm-thick very fine-
grained sandstone beds with scour-fill bases, ripple laminations, and shale
partings. Two very well indurated dolomitic mudstones are present at 365.7
m (14 cm thick, unit MV425) and 383.0 m (31 cm thick, unit MV430) (Fig.
22). This interval differs from the one below in being less calcareous, more
silty, and marked by presence of numerous thin siltstones/sandstones, fewer
dolomitic mudstones, and absence of bentonites.

More common and thicker sandstone beds are present in the 62.1 m
interval from 389.6-451.7 m (units MV436-MV477) (Fig. 23). This in-
formal unit of the Cortez Member is composed of slightly calcareous sandy

shale and interbedded sandstone. Bentonite beds and limonite seams are
absent. The shale is dusky yellowish-brown to olive-gray in color, moder-
ately well to well indurated, and well stratified. The shale contains dissemi-
nated plant debris along the partings, and laminae or lenses of very fine-
grained sandstone. Sandstone also occurs in thin beds between 0.5 and 9
cm thick, although most beds are in the range of 0.5-2.0 cm. The sandstone
is yellow gray to light gray in color and weathers grayish orange. Itis well

FIGURE 20. Basal Cortez Member with a discontinuous 21-cm-thick oyster-
inoceramid biostrome (unit MV381). This distinctive unit occurs on low
relief slopes above the bench formed by the upper marlstone of the Smoky
Hill Member (see Fig. 5).



180

FIGURE 21. Lower part of the Cortez Member (upper part of informal unit
1 and basal part of unit 2). Note trench in the middle of the photograph (with
person for scale). Below the trench are several thin marlstone beds (units
MV409-MV413) overlain by a 95-cm-thick bentonite bed (unit MV414)
that forms a distinctive whitish band in the shale slope. At the top of the
trench is a 22-cm-thick dolomitic mudstone bed (unit MV418). This part of
the section is exposed in the lower part of Area 22 (see Fig. 5; Table 2).

indurated, ripple laminated, and commonly has scour-fill bases. The thicker
sandstone beds (>2 ¢cm) contain shale partings or thin shale drapes over the
ripple crests. A 26-cm-thick dolomitic mudstone bed is present at427.6 m
(unit MV464) and a large lenticular dolomitic(?) concretionary mudstone,
approximately 45 cm thick and 150 cm across, is present at 406.2 m. This
informal interval differs from the one below by its greater abundance of
thin interbedded sandstone.

The fourth informal unit of the Cortez Member contains significantly
fewer thin sandstone beds. This interval is 131.9 m thick and extends from
451.7t0 583.6 m above the Dakota Sandstone (units MV478-MV615). The
unit is composed primarily of slightly calcareous, silty to sandy shale con-
taining thin very fine-grained sandstone beds, thin grayish red-weathering,
concretionary horizons, and a few thin (<10 ¢cm) bentonite beds. Three
prominent dolomitic mudstone beds are present in this interval. A discontinu-
ous bed as much as 49 ¢cm thick lies at 464.2 m (unit MV495) and is exposed
along the Mesa Verde National Park entrance road (Fig. 24); another discon-
tinuous bed as much as 22 c¢m thick lies at 509 m (unit MV551) and is also

FIGURE 22. Lower part of the Cortez Member (upper part of informal unit 2
and basal part of unit 3). Interval of slightly calcareous silty shale with numerous
laminae or very thin beds of coarse siltstone/very fine-grained sandstone. The
resistant bed at the base of the trench is a 31-cm-thick dolomitic mudstone
(unit MV430). The trench extends from 383 m to 392 m in the Mancos Shale
reference section (lower part of Area 23; Fig. 5; Table 2).
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exposed along the entrance road, and an apparently continuous bed ranging
in thickness from 3 to 20 cm lies at 546.2 m (unit MV604). Units MV495
and MV551 occur as long pods, 6-10 m in length, with 2-4 m between pods.
Unit MV604 is the uppermost of eleven dolomitic mudstone beds in the
Cortez Member. There is a suggestion of three coarsening upwards cycles in
the lower part of this informal unit (451.7-534.4 m) based on the abundance
of thin interbedded sandstone. Overall, the shale becomes sandier above
534.4 m, The interval from 456.6-481.0 m contains nine 3—11 cm-thick beds
of silty to sandy brown to yellowish-brown calcareous shale. Twenty-eight
beds of slightly silty, concretionary calcareous shale are present in the interval
from 483.5-540.0 m. These beds range in thickness between 2 and 16 cm,
although many are about 3—4 c¢m thick. Most are grayish red to pale-red to
grayish orange-pink in color, and some are fossiliferous (Fig. 25). Four
additional pinkish red, concretionary calcareous shale beds occur in the inter-
val from 540.0-591.7 m.

The interval from 583.6-660.2 m (units MV616-MV658) is the fifth
informal unit of the Cortez Member, and is composed of slightly calcare-
ous sandy mudstone and sandy shale with thin interbedded sandstone and
sparse small micritic limestone concretions (Fig. 26). These concretions
occur throughout the 76.6-m-thick unit; many weather grayish red, and
thus resemble those of the underlying informal unit. The concretions are
ovate to subspherical in shape, typically 2-5 cm thick, and 5-7 cm in
diameter. They occur in isolated and widely spaced, to distinctly closely
spaced horizons. A 35-cm-thick bentonite is present at 607.2 m (unit
MV633), and several thin (<5 ¢cm) bentonite beds occur in this interval.
Sand content increases generally toward the top of the unit, as does the
abundance of argillaceous sandstone and interbedded sandy mudstone.

The uppermost interval of the Mancos Shale, and sixth informal unit of
the Cortez Member, extends from 660.2-682.0 m (units MV659-MV686).
This unit is composed of interbedded very fine- to fine-grained sandstone,
argillaceous sandstone, and sandy mudstone (Fig. 27). The individual
sandstone beds increase in thickness from 15 cm at the base of the 21.8 m
interval to 60 cm near the top. This interval represents the transition with
the overlying Point Lookout Sandstone. We trenched the section to a hori-
zon 677.7 m above the Dakota Sandstone (unit MV686, a 60-cm-thick,
clean, fine-grained sandstone bed). Above this level, an apron of talus
beneath the sandstone cliffs of Point Lookout prevented complete expo-
sure, although numerous prominent sandstone beds, from 29 cm to 200 cm
in thickness, crop out through the cover. The mudrock-dominated portion
of the transition is assigned to the uppermost Mancos Shale, and the sand-
stone-dominated portion to the Point Lookout Sandstone (Dunbar et al.,
this volume). The Mancos-Point Lookout contact is placed where sand-
stone thickness exceeds mudrock thickness over an interval greater than 2

FIGURE 23. Middle part of the Cortez Member (informal unit 3) containing
numerous thin beds of coarse siltstone/very fine-grained sandstone. Note
hoe-pick for scale. This exposure is along the winding entrance road into
Mesa Verde National Park (below Point Lookout; see Fig. 5).
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FIGURE 24. Middle part of the Cortez Member (lower part of informal unit
4) containing 49-cm-thick discontinuous dolomitic mudstone bed (unit
MV495) exposed at hairpin turn along the entrance road into Mesa Verde
National Park (below Point Lookout; see Fig. 5).

m, and where the sandstone beds are clean (not argillaceous) and form
hard, resistant beds with interbedded mudrocks (Dunbar et al., this vol-
ume). Many of the argillaceous sandstone beds are thoroughly bioturbated
and generally lack depositional sedimentary structures. They also tend to
be less well indurated and are therefore less prominent than the cleaner
sandstone beds. The thicker, more massive beds of argillaceous sandstone
(>50 cm) contain ball-and-pillow structures. In the lower part of this infor-
mal unit, the muddy sandstone beds thicken upwards in repetitive cycles.
The cleaner sandstone beds are calcareous and the grains are well sorted,
very fine to fine grained, and manifest a general coarsening upward trend
through the unit. They are light gray to medium light gray in color and
weather to a yellowish gray, pale yellowish brown or light olive gray. The
sandstone beds are well indurated and well stratified, exhibiting planar to
low-angle cross stratification or hummocky cross stratification. Burrows
and disseminated plant debris are common on parting surfaces. The sandy
shale in this interval is slightly calcareous, and the sparse thin beds or
laminae of paper shale are noncalcareous.

The type section of the Cortez Member is in the western half of sec. 5,
T35N, R14W (Fig. 5). The Cortez Member makes up the bulk of the steep

FIGURE 25. Middle part of the Cortez Member (informal unit 4) containing
slightly calcareous, slightly silty shale. Grayish red-weathering concretion
(unit MV525) overlies shale containing pinkish or grayish red, knobby
weathering (concretionary?) intervals typical of this part of the Cortez Member.
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FIGURE 26. Middle part of the Cortez Member (upper part of informal unit
4). Note 7-cm-thick shaly, very fine-grained sandstone bed (unit MV575)
and 6-cm-thick bentonite bed (unit MV577) at position of Abney level.

gray slopes below the Point Lookout Sandstone. Contact with the underlying
Smoky Hill Member was described on the basis of an exposure in the SE%
SEY sec. 31, T36N, R14W. The contact with the overlying Point Lookout
Sandstone was described beneath the cliffs of Point Lookout in the NE%
SW4 sec. 5, T36N, R14W. Most of the Cortez Member was described on
the basis of 10 trenches in the SW% NWY% sec. 5, T36N, R14W, and 21
trenches in the NW% SW% sec. 5, T36N, R14W.

The gamma-ray profile generated on the outcrop shows variability that
reflects the six informal units (Fig. 9). The sharp low gamma kicks are from
the numerous hard dolomitic mudstone beds and concretion horizons ob-
served in the field. Unfortunately, few of these hard beds or the six informal
units discussed above can be recognized with great confidence on the logs
from nearby wells. Comparison of the Mesa Verde outcrop gamma-ray
profile with borehole logs from farther east in the northern San Juan Basin
(Molenaar and Baird, 1989) shows several intervals of likely correlation
within the Cortez Member (Fig. 6). For example, a 35-cm-thick bentonite at
607.2 m in the Mesa Verde section (unit MV633) can be traced eastward by
its distinctive positive gamma-ray kick, and several of the dolomitic mud-
stones may correspond with strong resistivity kicks on the subsurface logs.

Biostratigraphy and age

The Cortez Member is sparsely fossiliferous. The best preserved mate-
rial is associated with concretionary units. Fossils also occur in the inter-
vening shale but are generally poorly preserved and widely scattered. The



FIGURE 27. Upper part of the Cortez Member (informal unit 6). Interval of
very fine-grained argillaceous sandstone and mudstone. Note 10-cm-thick
very fine-grained sandstone bed with hummocky cross-stratification in upper
part of photograph (unit MV671).

sporadic distribution of fossils in this member makes precise zonal divi-
ston impractical at this time (Figs. 8, 19, 40-46).

The lower foraminifer-bearing calcareous shale interval (289—335.7 m)
may be included largely within the upper Santonian Clioscaphites
choteauensis Zone on the basis of contained ammonites and inoceramids.
These include the ammonites C. choteauensis Cobban, Baculites thomi?
Reeside and Baculites sp. (smooth); the inoceramids 1. (Platyceramus)
platinus, I. (Sphenoceramus) lundbreckensis Mclearn, I. (Endocostea)
balticus (Bohm), I (Cordiceramus) muelleri Petrascheck, and I (C.)
brancioformis Seitz; and the encrusting oyster Pseudoperna congesta. A
dolomitic mudstone at the top of this interval (335.5 m, unit MV418)
contains Desmoscaphites bassleri Reeside, the nominal species of that
subzone of the Scaphites leei Zone (Cobban, 1951; Hattin, 1982), suggest-
ing that the D. erdmanni Subzone is also included in the underlying calcar-
eous shale.

The lower silty shale interval (335.7-389.6 m) is within the upper
Santonian Desmoscaphites bassleri Subzone. Fossils are rare but include
the ammonites D. bassleri Cobban, Scaphites leei Reeside, and Baculites
sp. (smooth), as well as scattered specimens of Inoceramus (Platyceramus)
cycloides (Wegner). The middle sandy interval (389.6-451.7 m) also lies in
the D. bassleri Subzone. Fossils also are sparse in this interval. A concre-
tionary unit at approximately 405 m (unit MV441) contains the ammonites
S. leei Reeside, Haresiceras montanaense (Reeside), Baculites sp. (smooth),
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and Placenticeras sp., and the bivalves I (Endocostea) balticus and
Phelopteria sp. In addition, Baculites thomi? was recorded at 425.6 m (unit
MV460) and D. bassleri and Baculites sp. (smooth) were recorded in a
dolomitic mudstone at 427.5 m (unit MV464).

The highest occurrence of the genus Desmoscaphites is recorded at 454 m
(unit MV478), 2 m above the base of the middle silty shale interval (451.7-
583.6 m). Scaphites leei occurs as scattered isolated specimens in the lower
60 m of this interval. Cobban (1969) recognized three forms of S. leei,
namely I, IT and IT1. The recovered material at Mesa Verde is too sparse and
poorly preserved for specific assignment. Desmoscaphites is reported to
occur throughout the range of S. leei, but has not been recognized in the upper
part of the S. leei Zone at Mesa Verde. Scott et al. (1986) recognized the S. leei
IIT Zone above the Desmoscaphites bassleri Zone. Thus, the lower 60 m
(451-511 m) of the middle silty shale unit may represent the §. leei ITII
Subzone of the upper Santonian S. leei Zone (Figs. 7, 19). Fossils are sparse
in this interval but include Baculites sp. (smooth) throughout, pelagic crinoids
(Uintacrinus sp.) in the interval from 481 to 491 m, Glyptoxoceras sp. at 494
m, and Placenticeras aff. sancarloense Hyatt at 509 m (unit MV551). In the
upper 72 m (511-583 m) of the middle silty shale unit we recorded only a few
widely scattered specimens of Baculites sp. (smooth), Placenticeras sp., .
(Endocostea) balticus, and Phelopteria sp.

The base of Campanian is placed between 511.0 m (unit MV555) and
588.4 m (unit MV619) in the stratigraphic gap between the highest oc-
currence of Scaphites leei and the lowest occurrence of S. hippocrepis
(DeKay) (Fig. 19). The presence of Placenticeras aff. sancarloense at
509 m suggests that the base of the Campanian may lie as low as this
level. Scott et al. (1986) placed the Santonian/Campanian boundary be-
tween the zones of S. hippocrepis I and S. hippocrepis 11. Kauffman
(1975) placed it between S. leei I1 and S. leei III. Here, we follow Hattin
(1982), among others, and place the Santonian/Campanian boundary
between S. leei I1l and S. hippocrepis L. In Europe, S. hippocrepis occurs
in the basal Campanian.

Isolated specimens of S. hippocrepis were collected from 588.4 m (unit
MV619), 610.1 m (unit MV636), and 629.1 m (unit MV649) within the
upper sandy shale unit (583.6-660.2 m). The material is too sparse and
poorly preserved to distinguish the individual forms I, IT and IIT of Cobban
(1969), and therefore we can recognize only a broad lower Campanian
zone of S. hippocrepis for this interval. Other fossils are present in the
lower 64 m (583-647 m) of the upper sandy shale unit and include widely
scattered specimens of the ammonites Placenticeras planum Hyatt, Baculites
sp. (smooth), and B. haresi Reeside, the bivalves Inoceramus (Endocostea)
balticus and Phelopteria sp, and very rarely the encrusting worm, Serpula
sp.An upper age constraint is difficult to put on the Cortez Member in its
type area because the overlying Point Lookout Sandstone contains few
fossils. However, B. haresi, P. planum?, and I (E.) balticus have been
identified within the overlying Point Lookout Sandstone. These fossils
may indicate a continuation of the S. hippocrepis Zone into the Point
Lookout Sandstone in this area. However, a cautionary note is needed
because it is possible that the smooth baculite identified as B. haresi could
represent the smooth species of Baculites from the next higher zone
(Reeside, 1927; Gill and Cobban, 1966).

The sparse fossils found within the Cortez Member indicate the strata
span the upper Santonian Clioscaphites choteauensis Zone through the
lowermost Campanian Scaphites hippocrepis Zone.

DISCUSSION AND REGIONAL CORRELATIONS

Colorado Front Range stratigraphic nomenclature works well at the
Mesa Verde section of the Mancos Shale (Fig. 28). Along the southern part
of the Front Range and eastward into Kansas, the Graneros Shale com-
prises transgressive marine muds that overlie the marginal marine sands of
the Dakota Sandstone (Hattin, 1965; Kauffman, 1985). In the San Juan
Basin, the Graneros Member is defined as that part of the Mancos Shale
that lies above the highest member of the Dakota Sandstone and below the
Bridge Creek Limestone Member (or Greenhorn Limestone Member of
authors) (Molenaar, 1977). Stratigraphically, the Graneros Member be-
comes less sandy and silty, and more calcareous and fossiliferous upward
in response to increasing distance from shore and improving marine condi-
tions as the unit was being deposited during late Cenomanian time. At
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Mesa Verde, the Graneros Member is time-equivalent to the upper part of
the Hartland Shale and basal part of the Bridge Creek Limestone Members
of the Greenhorn Formation at Rock Canyon, Colorado (Elder, 1985;
Elder and Kirkland, 1985; Sageman, 1985). A prominent bentonite bed
(unit MV44) near the top of the member correlates with the uppermost
Cenomanian marker beds HL-3 of Hattin (1975a), PBC-11 of Elder and
Kirkland (1985), bentonite B of Elder (1987, 1988, 1989), BM13 of Kirkland
(1991, 1996), and TT2 of Leithold (1993, 1994). The Bridge Creek Lime-
stone Member of the Mancos Shale represents peak transgression of the
Western Interior Sea during early Turonian time (T-1 of Molenaar, 1983).
The basal limestone bed of the Mesa Verde reference section (unit MV48)
is correlated with marker-bed PBC-16 (Elder and Kirkland, 1985) from the
lower part of the Bridge Creek Limestone Member at Rock Canyon, west
of Pueblo, Colorado. A 19-cm-thick bentonite bed (unit MV49) that over-
lies the basal limestone bed, is correlated with HL.-4 (Hattin, 1975a, 1985)
in the uppermost part of Hartland Shale Member in central Kansas, PBC-
17 (Elder and Kirkland, 1985) from Rock Canyon, bentonite C (Elder,
1987, 1988, 1989) from the Colorado Plateau and Front Range, BM15
(Kirkland, 1991) from the lower shale member of the Mancos Shale in the
Black Mesa Basin of northeasternArizona, and TT3 (Leithold, 1993, 1994)
from the Tropic Shale and Tununk Member of the Mancos Shale of south-
ern Utah.

Not all thirteen limestone beds of the Jetmore Member of the Greenhorn
Formation of central Kansas (Hattin, 1975a, 1985) (= middle part of Bridge
Creek Limestone Member at Rock Canyon; Elder and Kirkland, 1985) are
present in the Mesa Verde section. The upper Graneros and lower Bridge
Creek Members accumulated at an average sedimentation rate of 4.5-8 m/
Mareflecting condensation of the uppermost Cenomanian part of the sec-
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tion and a diastem in the lower Turonian (Fig. 29). Individual marker beds
of the Pfeifer Member of central Kansas (Hattin, 1975A, 1985) or upper
part of the Bridge Creek Limestone Member of Rock Canyon (Elder and
Kirkland, 1985) cannot be accurately identified in the Mesa Verde section.
However, the distribution and thickness of marlstone and bentonite beds
closely mimics the stratigraphy at Rock Canyon (Elder and Kirkland, 1985)
suggesting that the upper part of the Bridge Creek Member at Mesa Verde
(29-38 m above base of section) is complete relative to the section at Rock
Canyon. The Bridge Creek Member at Mesa Verde is equivalent to part of
the Rio Salado Tongue of the Mancos Shale in west-central New Mexico
(Molenaar, 1983; Hook et al., 1983; Fig. 28). The Bridge Creek is an
excellent marker on electric logs from wells in the San Juan Basin (Molenaar,
1977; Molenaar and Baird, 1989).

The Fairport Member of the Mancos Shale contains abundant thin ben-
tonite beds and limonite seams that furnish stark lithologic contrast with the
darker, noncalcareous shales of the overlying Blue Hill Member. Together,
the Fairport and Blue Hill Members record a stepped regression of the
Western Interior Sea during middle Turonian time (R-1 of Molenaar, 1983).
An interval of condensation and/or surface of erosion may separate these
two units (Fig. 29). The Fairport Member at Mesa Verde is equivalent to
the lower part of the lower shale unit of the Mancos in the eastern and
northeastern San Juan Basin (Fassett, 1974; Landis et al., 1974), and the
Fairport Member of the Carlile Shale along the Colorado Front Range
(e.g., Kauffman, Pratt et al., 1985). The Fairport is partly equivalent to the
middle shale and Hopi Sandy Member of the Mancos in the Black Mesa
Basin (Kirkland, 1990, 1991, 1996) and to the lower part of the Tres
Hermanos Formation of west-central New Mexico (Molenaar, 1983;
Cobban and Hook, 1984; Hook et al., 1983).

2 M
2 . . . esa Verde
Ma Stage § Black |\7/Iesa Zuni Basin San Juan Basin Mancos Shale Rock (1C9?nyon
2 (12,13,17,19) 3 (5,7,14, 18) N s $6.7,14,18) N Reference Section '
= 26 |?’;; If R R, T . ;" . )
o155 |z ru Menefee Formauon ot | GOKOUT Sandsmne Pierre Shale
= i i e
% P H 2 - , '
82 g g 23 o8 upper chalk unit
. Re]
g3 O o % Cortez | € upper chalky
= i © c Member .% s shale unit
- @
84 3 5 ) g E
c 7] o 75
g5 2 SEtnIr Tongus » o | E | micde chalk unit
3 2 9 |8 gl 3
n Cravasee ] = 8| | m ;
86 E [0 a middle shale unit
= it g g |S Smoky Hill 215
& z ) y
&5 g Mulatto Tongue = Member lower limestone unit
8 - TocHo Sa. Lentit lower shale unit
88 S 1l TIF T 1 T shale and fimestons unit
| O = | Fort Hays Limestone
89 = ~ Montezuma Valley Member TAEIJ{I Py
i @ o Juana Lopez < [, T
%0 1 £ | s o Toreva Formatlon S _fg ] Member & | ]
b . 8 y o R o) Semilla Ss. Mbr. (-[C) Blue Hill Member % e t] S her
o m . : ey =
‘E 7 E Hopi Sandy Member - 8 8 Fairport Member | O Fairport Member
92 - " %) ) (&) Q
8 Ré(; '\S/Izlf SC?STSO: gge % Bridge Creek % Bridge Creek Limestone €0
93 51 ¢ s Limestone Vbr. | < Member S §| Bridge Creek Member
5]
- g o ‘,‘ = Twowelis Tongue Whitewater Arroyo Tongus | Twowatis Tongue Whitewater Amoyo Tongus Graneros Member § g
18¢ N e, T of Dakota Ss. 2 of Mancos Sh. lekoIa Ss = VWM @ £ Hartiand Shale Member
o ‘Dakota Sandstone: e ’ﬁ‘ h S——; g (G -
95 L O ! g oo T R e %, = Lincoln Member
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The Blue Hill Member of the Mancos Shale at Mesa Verde is a distinc-
tive, widespread dark-gray to olive-black, noncalcareous shale facies
(Hattin, 1962) that is equivalent to the upper part of the lower shale unit
of the Mancos in the eastern and northeastern San Juan Basin (Fassett,
1974; Landis et al., 1974) and the Blue Hill and Codell Sandstone Mem-
bers of the Carlile Shale along the Front Range (Kauffman, Pratt et al.,
1985). The Blue Hill is equivalent to the upper shale member of the
Mancos in the Black Mesa Basin (Kirkland, 1990, 1991) and the middle?
and upper parts of the Tres Hermanos Formation of west-central New
Mexico (Molenaar, 1983; Hook et al., 1983; Cobban and Hook, 1984). A
1-m-thick interval (136.8-137.8 m) of shale containing thin beds of
sandstone that lies near the top of the Blue Hill Member may represent
the distal equivalents of the Semilla Sandstone Member of the Mancos
Shale in the eastern San Juan Basin (Dane et al., 1968), Codell Sandstone
Member of the Carlile Shale along the Colorado Front Range (Kauffman,
Pratt et al., 1985), lower sandstone member of the Toreva Formation in
the Black Mesa Basin (Franczyk, 1988), and the lower part of the Ferron

Sandstone Member of the Mancos Shale in east-central Utah (Peterson
and Kirk, 1977; Merewether and Cobban, 1986) (Figs. 28, 30). The
upper Bridge Creek, Fairport and Blue Hill interval accumulated at an
average rate of 64—66 m/Ma (Fig. 29).

The Juana Lopez Member of the Mancos Shale represents a transgres-
sive phase during late Turonian time (T-2 of Molenaar, 1983). The base of
the Juana Lopez is recognized by the lowermost of numerous calcarenite
beds that characterize the section directly above the Blue Hill (Dane et al.,
1966; Hook and Cobban, 1980; MacLachlan, 1981). As observed in the
type area by Dane et al. (1966) and Hook and Cobban (1980), the thickest
beds of calcarenite occur near the top of the Juana Lopez Member. We
observed a similar trend at Mesa Verde. Hook and Cobban (1980) also
noted that the shale overlying the Juana Lopez at the type section is calcar-
eous and silty at the base, and the silt content decreasing upwards. The
same gradation was observed in the basal part of the overlying Montezuma
Valley Member in the Mesa Verde section. The Juana Lopez is a lithologi-
cally distinctive and laterally persistent member of the Mancos Shale in
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FIGURE 30. Generalized time-stratigraphic cross-section illustrating relationships between the Mancos Shale section at Mesa Verde (northern part of San Juan

Basin) and sections to the west and east, For localities refer to Figure 1.

western and southwestern Colorado, eastern Utah, and northwestern New
Mexico, and of the Carlile Shale in central and southeastern Colorado and
northeastern New Mexico (Dane et al., 1966; Molenaar and Cobban, 1991,
Dyman et al., 1993). The lower Juana Lopez may be partly correlative to
the uppermost Tres Hermanos Formation at the reference section of the
latter unit in the southern San Juan Basin, based on the presence of
Prionocyclus macombi (Hook et al., 1983). Much of the Juana Lopez
correlates to the transgressive Pescado Tongue and lower part of the D-
Cross Tongue of the Mancos Shale of west-central New Mexico (south-
western San Juan Basin-Zuni Uplift-Zuni Basin; Hook et al., 1983;
Molenaar, 1983; Molenaar in Baars et al., 1988; Cobban and Hook, 1989:
Dyman et al., 1993).

The newly proposed Montezuma Valley Member is widely distributed
across the northern San Juan Basin, where it has not been cut out by
erosion (e.g., Dane, 1960; Molenaar, 1983). Named and unnamed correla-
tive strata can be traced across much of the San Juan Basin and beyond,
particularly to the east and northeast (Figs. 28, 30; Dyman et al., 1993).
Kirkland (unpublished) has recognized the Montezuma Valley Member as
far north as the Grand Valley of west-central Colorado where it is also
separated from the Smoky Hill Member by a distinct disconformity. In
central Colorado, strata correlative to the Montezuma Valley Member have
been referred to as the Sage Breaks equivalent member of the Carlile Shale
(Fisher et al.,, 1985). The Montezuma Valley correlates with a stepped
regressive sequence in the southwestern part of the San Juan Basin (R-2 of
Molenaar, 1983). The concretion-rich lower half of the unit probably cor-
relates with the transgressive upper part of the D-Cross Tongue of the
Mancos Shale along the southwestern edge of the San Juan Basin and Zuni
uplift area of west-central New Mexico, whereas the upper part of the
Montezuma Valley Member correlates with the uppermost part of the D-
Cross Tongue and the regressive Gallup Sandstone (Molenaar, 1974, 1977,
1983; Hook et al., 1983; Cobban and Hook, 1984). In the eastern part of

the San Juan Basin, the Montezuma Valley Member is equivalent to the
lower part of the middle shale unit of the Mancos, beneath the widespread
“Carlile-Niobrara” disconformity (Fassett, 1974; Landis et al., 1974). The
Montezuma Valley and underlying Juana Lopez Members accumulated at
an average rate of 34-39 m/Ma (Fig. 29).

Landis et al. (1974) observed that the thickness of the lower part of the
middle shale unit between the Juana Lopez Member and a thin, medium- to
coarse-grained glauconitic sandstone, the Cooper Arroyo Sandstone Member
of the Mancos Shale, is probably 24.3-30.4 m. We suggest that this inter-
val is equivalent to the Montezuma Valley Member at Mesa Verde (16.2 m).
King (1974) proposed that the contact between the lower part of the middle
shale unit and the Cooper Arroyo Sandstone Member in the eastern part of
the San Juan Basin represents the “Carlile-Niobrara” disconformity. The
Montezuma Valley Member also correlates with an unnamed calcareous
shale member of the Carlile Shale in the Raton Basin (Cobban and Hook,
1984; Scott et al., 1986) and with the condensed Sage Breaks Shale equiva-
lent at Rock Canyon anticline south of the Colorado Front Range (Fisher et
al., 1985; Kauffman, Pratt et al., 1985).

The Montezuma Valley Member is overlain by the Smoky Hill Member.
The contact between these two units is a sharp shale-on-shale disconfor-
mity at Mesa Verde. Disseminated glauconite grains and medium quartz
sand occur in the basal meter of the Smoky Hill, although no discrete
sandstone bodies were observed. Molenaar (1974) noted that in areas of
the San Juan Basin where the basal Niobrara transgressive sandstones are
absent, sand and glauconite typically occur in the basal few feet of the
upper Mancos Shale. These disseminated grains may be the muddy equiva-
lent of the transgressive Tocito Sandstone Lentil in the western and south-
western parts of the San Juan Basin, and the CooperArroyo Member of the
Mancos Shale in the northeastern part of the San Juan Basin. This surface
represents the “Carlile-Niobrara” disconformity that is widely recognized
in the northern part of the San Juan Basin (Dane, 1960; Lamb, 1968;
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Thompson, 1972; Molenaar, 1973, 1974, 1977, 1983; King, 1974; Dyman
etal., 1993).

At Mesa Verde, the Smoky Hill Member is composed of hard calcareous
shales and marlstones. Lithologically, it is very similar to the Smoky Hill
Member of the Niobrara Chalk of western Kansas (Hattin, 1982) and the
Smoky Hill Shale Member of the Niobrara Formation along the Colorado
Front Range (Scott and Cobban, 1964; Kauffman, Pratt et al., 1985).
Lithologies equivalent to the Fort Hays Limestone Member of the Niobrara
are absent at Mesa Verde, although the upper part of the Montezuma Valley
Member is probably temporally equivalent to the lower part of the Fort
Hays Limestone Member in the Raton Basin (Scott et al., 1986; Dyman et
al., 1993). The Smoky Hill Member at Mesa Verde correlates with the
upper part of the lower shale, lower limestone, and middle shale units of the
Smoky Hill along the Front Range (Scott and Cobban, 1964). The “Carlile-
Niobrara™ disconformity probably spans the uppermost Turonian
(Prionocyclus quadratus Zone) to upper middle Coniacian (upper Scaphites
ventricosus Zone) in the Mesa Verde reference section. The duration of the
hiatus is estimated to be 0.7—1.3 Ma (Fig. 29).

The lower part of the Smoky Hill Member at Mesa Verde correlates with
the transgressive Mulatto Tongue of the Mancos Shale along the south-
western side of the San Juan Basin and Zuni Basin of west-central New
Mexico (T-3 of Molenaar, 1983). The average rate of sedimentation for this
part of the Smoky Hill was 39-51 m/Ma, depending on the age of the strata
above the “Carlile-Niobrara™ disconformity. The prominent bench-form-
ing marlstone that caps the Smoky Hill Member at Mesa Verde correlates
with the regressive Dalton Sandstone Member of the Crevasse Canyon
Formation (R-3 of Molenaar, 1983) (Fig. 28). The latter interval accumu-
lated at a rate of approximately 23 m/Ma (Fig. 29).

The Smoky Hill Member of the Mancos at Mesa Verde also correlates
with the upper part of the middle shale unit of the Mancos Shale (including
the Cooper Arroyo Sandstone Member), El Vado Sandstone Member, and
basal part of the upper shale unit of the Mancos in the eastern San Juan
Basin (Fassett, 1974; King, 1974; Landis et al., 1974). The sandy unit of
the Smoky Hill Shale Member of the Niobrara Formation in the Raton
Basin (Scott et al., 1986) correlates with the upper part of the Smoky Hill
Member at Mesa Verde. The El Vado Sandstone in the eastern San Juan
Basin occurs in the same stratigraphic position as the sandy unit in the
Raton Basin (Fig. 30). Both the El Vado Sandstone and sandy unit correlate
with regressive deposits (R-3 of Molenaar, 1983). The presence of thick
sandy units in the eastern San Juan Basin and Raton Basin, and the paucity
of sand in equivalent strata at Mesa Verde on the northern rim of the San
Juan Basin and along the Colorado Front Range suggest the existence of a
paleohigh in north-central New Mexico during Late Cretaceous time (e.g.,
Fassett, 1976). The middle Turonian Semilla Sandstone and mid-Campanian
La Ventana tongue of the Cliff House Sandstone, both of which are devel-
oped in the eastern part of the San Juan Basin, also furnish evidence for a
sediment source (i.e., paleohigh) to the east or southeast of Mesa Verde
(Dane et al., 1968; Fuchs-Parker, 1977).

The newly named Cortez Member of the Mancos Shale is a thick, wide-
spread unit (Figs. 28, 30) and much of it represents a time of overall
regression in the Western Interior Basin (R-4 of Molenaar, 1983). The six
informal units of the Cortez Member may prove to be related to changes in
rates of regression and to reversals in overall regression of the sea, with the
lower three subunits representing one coarsening upwards sequence and
the upper three subunits representing a second. The sandy interval in the
middle of the Cortez Member may record the same regressive interval
responsible for the Emery Sandstone Member of the Mancos Shale, which
splits the Blue Gate Member into lower and upper units in eastern Utah
(Dyman et al., 1993; Elder and Kirkland, 1993a, b; Cole et al., in press).
The Cortez accumulated at a high rate of sedimentation, approximately
135-195 m/Ma, depending on the placement of the Santonian/Campanian
boundary (Fig. 29).

The Cortez Member correlates with the middle chalk, upper chalky
shale, and upper chalk units of the Smoky Hill Shale Member, Niobrara
Formation, along the Colorado Front Range (Scott and Cobban, 1964;
Kauffman, Pratt et al., 1985). The lowest informal unit of the Cortez Mem-
ber is transitional with the underlying Smoky Hill Member and it correlates
with the middle chalk unit of the Smoky Hill Shale Member of the Niobrara
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Formation, and with the transgressive Satan Tongue of the Mancos Shale
(T-4 of Molenaar, 1983; Dyman et al., 1993).

The Cortez Member at Mesa Verde (393 m thick) is equivalent to much
of the 364.8-m-thick upper shale unit of the Mancos Shale in the eastern
part of San Juan Basin (Fassett, 1974; Landis et al., 1974). Landis et al.
(1974) noted the occurrence of a discontinuous silty oyster-coquina, sev-
eral inches thick that lies at or near the base of the upper shale unit. We also
recorded a very distinctive oyster-inoceramid biostrome (unit MV381), 21
cm thick, near the base of the Cortez Member at Mesa Verde. The biostrome
could not be traced for as much as a kilometer, but the presence of several
thin oyster-rich horizons can be shown to represent the equivalent strati-
graphic level based on bentonite correlation. These oyster-rich beds and
bedding planes may be equivalent to the oyster-coquina described by Landis
etal. (1974), and they may represent a time of transgression and sediment
bypass in the basin.

Most of the upper shale unit of the Smoky Hill Shale Member, Niobrara
Formation, in the Raton Basin is equivalent to the Cortez Member. One of
the characteristics of the Cortez Member at Mesa Verde is the occurrence of
eleven well-indurated, orange-weathering dolomitic mudstone beds, some
of which are fossiliferous. The upper shale unit of the Raton Basin contains
as many as ten hard, dense, orange-weathering limestone beds (Scottet al.,
1986). The dolomitic mudstones of the Cortez Member may be equivalent
to limestone beds in the upper shale unit of the Raton Basin. Similar
dolomitic beds and concretions also occur in the Mancos Shale of eastern
Utah and western Colorado. These hard carbonate beds tend to cap coars-
ening upwards packages in the Prairie Canyon Member of the Mancos and
have been interpreted as transgressive pulses at the end of progradational
intervals (Cole, et al., in press).

SUMMARY

A principal reference section for the Mancos Shale is located at the
northern edge of Mesa Verde National Park. This section is an important
lithostratigraphic and biostratigraphic control point for correlation of
strata between the western margin of the Cretaceous Western Interior
Basin, and the central and eastern parts of the basin. We have demon-
strated that it is possible to correlate the Colorado Front Range stratigra-
phy westward into the thick sequences of marine shale and mudrock, and
to recognize Fairport, Blue Hill and Smoky Hill lithofacies within the
Mancos Shale. We have formally named and described two new mem-
bers of the Mancos Shale, the Montezuma Valley Member and the Cortez
Member, both of which can be recognized beyond the northern San Juan
Basin. The Mesa Verde section is fossiliferous through much of'its thick-
ness. A molluscan biostratigraphy has been established and several strati-
graphic breaks are noted. The uppermost Cenomanian-lower Turonian
part of the sequence is condensed and a diastem is detected in lower
Turonian strata of the Bridge Creek Limestone Member. Another diastem
is suspected within the middle Turonian, between the Fairport and Blue
Hill Members. All of the lower Coniacian and part of the middle Coniacian
section is missing at the contact between the Montezuma Valley and
Smoky Hill Members (“Carlile-Niobrara” disconformity). The Santonian/
Campanian boundary cannot be accurately placed at this writing owing to
the paucity of fossils in the upper part of the Cortez Member. The genera-
tion of an outcrop gamma-ray profile has permitted us to correlate the
principal reference section of the Mancos Shale with the subsurface
section of the northern part of the San Juan Basin, including the recogni-
tion of prominent bentonite beds.

ACKNOWLEDGMENTS

This project would not have been possible without the hard work and
good humor of David Finkelstein, “Sooz” Kirkland, Richard Cashman,
Christie Farnham, Constance Hayden-Scott, Huaibao Liu, George “Skip”
Price, John Roy, Peter Vaz, Oona West and Richard Yuretich. We express
our sincere appreciation to the helpful people of Mesa Verde National Park
and ARA Leizure Services, Inc., for making our stay at Mesa Verde (1988,
1989) enjoyable and productive. In particular, we thank Mary Griffitts,
Jack Smith and LindaTowle of the Mesa Verde Research Center, and park
rangers Jim Lynch and Dave Dyson. A very special thanks is extended to
Mr. Stanley Hindmarsh for access to parts of the section. CM. (‘K’)



MANCOS REFERENCE SECTION

Molenaar (USGS-Denver) provided invaluable assistance in the form of
numerous discussions about Colorado Plateau stratigraphy and correla-
tion, and in providing access to subsurface geophysical logs. Elana Leithold
assisted with supplementary field checking through the Bridge Creek,
Fairport and Blue Hill Members. Neil Tibert assisted with road log prepa-
ration and final computer drafting of the graphic section. We would also
like to acknowledge helpful discussions with William Cobban (USGS-
Denver), Rex Cole (Mesa State College), Donald Hattin (Indiana Univ.),
Erle Kauffman (Univ. of Colorado, now Indiana Univ.), Marge MacLachlan
(USGS-Denver), Robyn Wright Dunbar (Rice Univ.) and Rob Zech
(USGS-Denver). The paper has greatly benefited from the reviews of Don
Hattin, ‘K’ Molenaar, Frank Ethridge and John Hobson. We thank Marie
Litterer for drafting assistance and Carl Carlson for computer drafting of
the graphic section. Acknowledgment is made to the donors of The Petro-
leum Research Fund, administered by the American Chemical Society, for
field and laboratory research support to R.M.L. Additional support for
field work was provided by the University of Massachusetts (Faculty
Research Grant to R.M.L.), Amoco Production Company (Denver), NSF
Grant No. EAR-8904608 to R.M.L. and R. Yuretich, and NSF Grant No.
EAR-9219113 to R.M.L. and E. Leithold. This paper is dedicated to ‘K’
Molenaar; he was an inspiration and teacher to a younger generation of
Cretaceous stratigraphers.

REFERENCES

Baars, D. L. and 15 others, 1988, Basins of the Rocky Mountain region; in
Sloss, L.L., ed., Sedimentary cover-North American craton: Boulder,
Geological Society of America, v. D-2, p. 129-134.

Badillet, G. and Sornay, J., 1980, Sur quelques formes du groupe
d’Inoceramus labiatus decrites par O. Seitz. Impossibilite d’utiliser ce
groupe pour une datation stratigraphique du Turonian inferieur du
Saumurois (France): Comte Rendue Acadamie due Science Paris, v. 290
D, p. 323-325.

Cobban, W. A,, 1951, Scaphitoid cephalopods of the Colorado Group: U.S.
Geological Survey, Professional Paper 239, 42 p.

Cobban, W. A. 1969, The Late Cretaceous ammonites Scaphites leei Reeside
and Scaphites hippocrepis (Dekay) in the Western Interior of the United
States: U.S. Geological Survey, Professional Paper 619, 29 p.

Cobban, W. A., 1977, Characteristic marine molluscan fossils from the Da-
kota Sandstone and intertongued Mancos Shale, west-central New Mexico:
U.S. Geological Survey, Professional Paper 1009, 30 p.

Cobban, W. A., 1984, Mid-Cretaceous ammonite zones, Western Interior,
United States: Bulletin, Geological Society of Denmark, v. 33, p. 71-89.

Cobban, W. A., 1985, Ammonite record from the Bridge Creek Member of
the Greenhorn Limestone at Pueblo Reservoir State Recreation Area, Colo-
rado; in Pratt, L. M., Kauffman, E. G. and Zelt, F. B., eds., Fine-grained
deposits and biofacies of the Cretaceous Western Interior Seaway: evi-
dence of cyclic sedimentary processes: Society of Economic Paleontolo-
gists and Mineralogists Field Trip Guidebook no. 4, 1985 Midyear Meet-
ing, Golden, Colorado, p. 135-138.

Cobban, W. A., 1988, The Upper Cretaceous ammonite Watinoceras in the
Western Interior of the United States: U.S. Geological Survey, Bulletin
1788, 15 p.

Cobban, W. A. and Hook, S. C., 1979, Collignoniceras woollgari woollgari
(Mantell) ammonite fauna from Upper Cretaceous of Western Interior,
United States: New Mexico Bureau of Mines and Mineral Resources,
Memoir 37, 51 p.

Cobban, W. A. and Hook, S. C., 1983, Mid-Cretaceous (Turonian) ammo-
nite fauna from Fence Lake area of west-central New Mexico: New Mexico
Bureau of Mines and Mineral Resources, Memoir 41, 50 p.

Cobban, W. A, and Hook, S. C., 1984, Mid-Cretaceous molluscan biostratig-
raphy and paleogeography of southwestern part of western interior, United
States; in Westermann, G. E. G., ed., Jurassic-Cretaceous biochronology
and paleogeography of North America: Geological Association of Canada,
Special Paper 27, p. 257-271.

Cobban, W. A. and Hook, S. C., 1989, Mid-Cretaceous molluscan record
from west-central New Mexico: New Mexico Geological Society, Guide-
book 40, p. 247-264.

Cobban, W. A. and Scott, G. R., 1972, Stratigraphy and ammonite fauna of
the Graneros Shale and Greenhorn Limestone near Pueblo, Colorado:
U.S. Geological Survey, Professional Paper 645, 108 p.

Cobban, W. A., Hook, S. C. and Kennedy, W. J., 1989, Upper Cretaceous
rocks and ammonite faunas of southwestern New Mexico: New Mexico

187

Bureau of Mines and Mineral Resources, Memoir 45, 137 p.

Cobban, W. A. and Reeside, J. B., Jr., 1952, Frontier Formation, Wyoming
and adjacent areas: American Association of Petroleum Geologists Bulle-
tin, v. 36, p. 1913-1961.

Cole, R. D., Young, R. G. and Willis, G. C., in press, The Prairie Canyon
Member, a new unit of the Upper Cretaceous Mancos Shale, west-central
Colorado and east-central Utah: Utah Geological Survey, Miscellaneous
Publication, 97-4.

Cross, W. and Purington, C. W., 1899, Geologic atlas of the United States,
Telluride, Colorado, Folio 57: Washington, D.C., U.S. Geological Survey.

Cross, W., Spencer, A. C. and Purington, C. W., 1899, Geologic atlas of the
United States, La Plata, Colorado, Folio 60: Washington, D.C., U.S. Geo-
logical Survey.

Dane, C. H., 1960, The boundary between rocks of Carlile and Niobrara age
in the San Juan Basin, New Mexico and Colorado: American Journal of
Science, v. 258-A, p. 46-56.

Dane, C. H., Cobban, W. A. and Kauffman, E. G., 1966, Stratigraphy and
regional relationships of a reference section for the Juana Lopez Member,
Mancos Shale, in the San Juan Basin, New Mexico: U.S. Geological Sur-
vey, Bulletin 1224-H, p. H1-H15.

Dane, C. H., Kauffman, E. G. and Cobban, W. A., 1968, Semilla Sandstone,
a new member of the Mancos Shale in the southeastern part of the San
Juan Basin, New Mexico: U.S. Geological Survey, Bulletin 1254-F, 21 p.

Dunbar, R. W., Leckie, R. M., Zech, R. S. and Kirkland, J. I., 1997, The
Mancos to Point Lookout transition: vertical correlation of two principal
reference sections at Mesa Verde National Park: New Mexico Geological
Society, Guidebook 48.

Dyman, T. S., Merewether, E. A., Molenaar, C. M., Cobban, W. A,,
Obradovich, J. D., Weimer, R. J. and Bryant, W. A., 1993, Stratigraphic
transects for Cretaceous rocks, Rocky Mountains and Great Plains re-
gions; in Caputo, M. V., Peterson, J. A. and Franczyk, K. J., eds., Mesozoic
Systems of the Rocky Mountain Region, USA: Rocky Mountain Associa-
tion of Geologists, p. 365-392.

Eaton, J. G., 1990, Stratigraphic revision of Campanian (Upper Cretaceous)
rocks of the Henry Basin, Utah: The Mountain Geologist, v. 27, p. 27-38.

Eaton, J. G., 1991, Biostratigraphic framework for Upper Cretaceous rocks
of the Kaiparowits Plateau, southern Utah: Geological Society of America,
Special Paper 260, p. 47-63.

Eaton, J. G., Kirkland, J. 1., Gustason, E. R., Nations, J. D., Franczyk, K. J.,
Ryer, T. A. and Carr, D. A., 1987, Stratigraphy, correlation, and tectonic
setting of Late Cretaceous rocks in the Kaiparowits and Black Mesa Ba-
sins: Arizona Bureau of Geology and Mineral Technology, Geological
Survey Branch, Special Paper 5, p. 113-125.

Elder, W. P, 1985, Biotic patterns across the Cenomanian-Turonian extinc-
tion boundary near Pueblo, Colorado; in Pratt, L. M., Kauffman, E. G.
and Zelt, F. B., eds., Fine-grained deposits and biofacies of the Cretaceous
Western Interior Seaway: evidence of cyclic sedimentary processes: Soci-
ety of Economic Paleontologists and Mineralogists Field Trip Guidebook
no. 4, 1985 Midyear Meeting, Golden, Colorado, p. 157-169.

Elder, W. P, 1987, The paleoecology of the Cenomanian-Turonian (Creta-
ceous) stage boundary at Black Mesa, Arizona: Palaios, v. 2, p. 24-40.
Elder, W. P, 1989, Molluscan extinction patterns across the Cenomanian-
Turonian stage boundary in the western interior of the United States:

Paleobiology, v. 15, p. 299-320.

Elder, W. P, 1991, Molluscan paleoecology and sedimentation patterns of
the Cenomanian-Turonian extinction interval in the southern Colorado
Plateau region: Geological Society of America, Special Paper 260, p.
113-137.

Elder, W. P. and Kirkland, J. L., 1985, Stratigraphy and depositional environ-
ments of the Bridge Creek Limestone Member of the Greenhorn Limestone
at Rock Canyon Anticline near Pueblo, Colorado; in Pratt, L. M., Kauffman,
E. G. and Zelt, F. B., eds., Fine-grained deposits and biofacies of the Creta-
ceous Western Interior Seaway: evidence of cyclic sedimentary processes:
Society of Economic Paleontologists and Mineralogists Field Trip Guide-
book no. 4, 1985 Midyear Meeting, Golden, Colorado, p. 122-134.

Elder, W. P. and Kirkland, J. I., 1993a, Cretaceous paleogeography of the
Colorado Plateau and adjacent areas: Museum of Northern Arizona Bulle-
tin, v. 59, p. 129-152.

Elder, W. P. and Kirkland, J. L., 1993b, Cretaceous paleogeography of the
southern western interior region; in Caputo, M. V., Peterson, J. A. and
Franczyk, K. J., eds., Mesozoic Systems of the Rocky Mountain Region,
USA: Rocky Mountain Association of Geologists, p. 415-440.

Etheridge, R., 1872, Description of the Paleozoic and Mesozoic fossils from
Queensland: Quarterly Journal, Geological Society of London, v. 28, p.
317-350.



188

Fassett, J. E., 1974, Cretaceous and Tertiary rocks of the eastern San Juan
basin, New Mexico and Colorado: New Mexico Geological Society, Guide-
book 25, p. 225-230.

Fassett, J. E., 1976, What happened during Late Cretaceous time in the Raton
and San Juan Basins—with some thoughts about the area in between: New
Mexico Geological Society, Guidebook 27, p. 185-190.

Fisher, C. G., Kauffman, E. G. and Von Holdt Wilhelm, L., 1985, The
Niobrara transgressive hemicyclothem in central and eastern Colorado:
the anatomy of a multiple disconformity; in Pratt, L. M., Kauffman, E. G.
and Zelt, F. B., eds., Fine-grained deposits and biofacies of the Cretaceous
Western Interior Seaway: evidence of cyclic sedimentary processes: Soci-
ety of Economic Paleontologists and Mineralogists Field Trip Guidebook
no. 4, 1985 Midyear Meeting, Golden, Colorado, p. 184-198.

Franczyk, K.J., 1988, Stratigraphic revision and depositional environments
of the Upper Cretaceous Toreva Formation in the northern Black Mesa
area, Navajo and Apache counties, Arizona: U.S. Geological Survey, Bul-
letin 1685, 32 p.

Fuchs-Parker, J.W., 1977, Alibi for a Mesa Verde misfit—the La Ventana
Formation Cretaceous delta, New Mexico: New Mexico Geological Soci-
ety, Guidebook 28, p. 199-206.

Gill, J. R. and Cobban, W. A., 1966, The Red Bird Section of the Upper
Cretaceous Pierre Shale in Wyoming: U.S. Geological Survey, Profes-
sional Paper 393-A, 73 p.

Glenister, L. M. and Kauffman, E. G., 1985; High resolution stratigraphy
and depositional history of the Greenhorn regressive hemicyclothem,
Rock Canyon Anticline, Pueblo, Colorado; in Pratt, L. M., Kauffman, E.
G. and Zelt, F. B., eds., Fine-grained deposits and biofacies of the Creta-
ceous Western Interior Seaway: evidence of cyclic sedimentary processes:
Society of Economic Paleontologists and Mineralogists Field Trip Guide-
book no. 4, 1985 Midyear Meeting, Golden, Colorado, p. 170-183.

Hattin, D. E., 1962, Stratigraphy of the Carlile Shale (Upper Cretaceous) in
Kansas: Kansas Geological Survey, Bulletin 156, 155 p.

Hattin, D. E., 1965, Stratigraphy of the Graneros Shale (Upper Cretaceous)
in central Kansas: Kansas Geological Survey, Bulletin 178, 83 p.

Hattin, D. E., 1971, Widespread, synchronously deposited beds in the Green-
horn Limestone (Upper Cretaceous) of Kansas and southeastern Colo-
rado: American Association of Petroleum Geologists Bulletin, v. 55, p.
110-119.

Hattin, D. E., 1975a, Stratigraphy and depositional environment of the
Greenhorn Limestone (Upper Cretaceous) of Kansas: Kansas Geological
Survey, Bulletin 209, 128 p.

Hattin, D. E., 1975b, Stratigraphic study of the Carlile-Niobrara (Upper
Cretaceous) unconformity in Kansas and northeastern Nebraska; in
Caldwell, W. G. E,, ed., The Cretaceous System in the Western Interior of
North America: Geological Association of Canada Special Paper 13, p.
163-194.

Hattin, D. E., 1982, Stratigraphy and depositional environment of Smoky
Hill Chalk Member, Niobrara Chalk (Upper Cretaceous) of the type area,
western Kansas: Kansas Geological Survey, Bulletin 225, 108 p.

Hattin, D. E., 1985, Distribution and significance of widespread, time-paral-
lel pelagic limestone beds in Greenhorn Limestone (Upper Cretaceous) of
the central Great Plains and southern Rocky Mountains; in Pratt, L. M.,
Kauffman, E. G. and Zelt, F. B., eds., Fine-grained deposits and biofacies
of the Cretaceous Western Interior Seaway: evidence of cyclic sedimen-
tary processes: Society of Economic Paleontologists and Mineralogists
Field Trip Guidebook no. 4, 1985 Midyear Meeting, Golden, Colorado,
p. 28-37.

Hook, S. C. and Cobban, W. A., 1980, Reinterpretation of type section of
Juana Lopez Member of Mancos Shale: New Mexico Geology, v. 2, p.
17-22.

Hook, S. C. and Cobban, W. A., 1981, Late Greenhorn (mid-Cretaceous)
discontinuity surfaces, southwest New Mexico: New Mexico Bureau of
Mines and Mineral Resources, Circular 180, p. 5-21.

Hook, S. C., Molenaar, C. M. and Cobban, W. A., 1983, Stratigraphy and
revision of upper Cenomanian to Turonian (Upper Cretaceous) rocks of
west-central New Mexico: New Mexico Bureau of Mines and Mineral
Resources, Circular 185, p. 7-28.

Kauffman, E. G., 1975, Dispersal and biostratigraphic potential of Creta-
ceous benthonic Bivalvia in the Western Interior; in Caldwell, W. G. E.,
ed., The Cretaceous System in the Western Interior of North America:
Geological Association of Canada Special Paper 13, p. 163-194.

Kauffman, E. G., 1976a, An outline of Middle Cretaceous marine history
and inoceramid biostratigraphy in the Bohemian Basin Czechoslovakia:
Annales du Museum D’Histoire Naturelle de Nice, France, Tome [V, p.
X1 1-XIII 12.

Kauffman, E. G., 1976b, British Middle Cretaceous inoceramid biostratigra-

LECKIE et al.

phy: Annales du Museum D’Histoire Naturelle de Nice, France, Tome 1V,
p. IV 1-IV 11.

Kauffman, E. G., 1977a, Tllustrated guide to biostratigraphically important
Cretaceous macrofossils, Western Interior Basin, U.S.A.: The Mountain
Geologist, v. 13, p. 225-274.

Kauffman, E. G., 1977b, Systematic, biostratigraphic, and biogeographic
relationships between Middle Cretaceous Euramerican and North Pacific
Inoceramidae: Paleontological Society of Japan, Special Papers, no. 21, p.
169-212.

Kauffman, E. G., 1985, Depositional history of the Graneros Shale
(Cenomanian), Rock Canyon Anticline; in Pratt, L. M., Kauffman, E. G.
and Zelt, F. B., eds., Fine-grained deposits and biofacies of the Cretaceous
Western Interior Seaway: evidence of cyclic sedimentary processes: Soci-
ety of Economic Paleontologists and Mineralogists Field Trip Guidebook
no. 4, 1985 Midyear Meeting, Golden, Colorado, p. 90-99.

Kauffman, E. G., 1986, High-resolution event stratigraphy; regional and
global Cretaceous bioevents: Lecture Notes in Earth Sciences, v. 8, p.
279-335.

Kauffman, E. G., Hattin, D. E. and Powell, J. D., 1977, Stratigraphic, pale-
ontologic, and paleoenvironmental analysis of the Upper Cretaceous Rocks
of Cimatron County, northwestern Oklahoma: Geological Society America,
Memoir 149, 150 p.

Kauffman, E. G. and Pratt, L. M. and contributors, 1985, A field guide to the
stratigraphy, geochemistry, and depositional environments of the Kiowa-
Skull Creek, Greenhorn, and Niobrara marine cycles in the Pueblo-Canon
City area, Colorado; in Pratt, L. M., Kauffman, E. G. and Zelt, F. B., eds.,
Fine-grained deposits and biofacies of the Cretaceous Western Interior
Seaway: evidence of cyclic sedimentary processes: Society of Economic
Paleontologists and Mineralogists Field Trip Guidebook no. 4, 1985 Mid-
year Meeting, Golden, Colorado, p. FRS-1-FRS-26.

Keller, S., 1982, Die Oberkreide der Sack-Mulde bei Alfeld (Cenoman-
Unter-Coniac) lithologie, biostratigraphie, und inoceramen: Geologishes
Jahrbuch, Bundesanstalt fur Geowissenshaften und Rohstoffe, v. 64, p. 3—
171.

King, N. R., 1974, The Carlile-Niobrara contact and Jower Niobrara strata
near El Vado, New Mexico: New Mexico Geological Society, Guidebook
25, p. 259-266.

Kirkland, J. 1., 1990, The paleontology and paleoenvironments of the middle
Cretaceous (late Cenomanian-middle Turonian) Greenhorn Cyclothem at
Black Mesa, northeastern Arizona [Ph.D. dissertation]: Boulder, Univer-
sity of Colorado, 1320 p.

Kirkland, J. I, 1991, Lithostratigraphic and biostratigraphic framework for
the Mancos Shale (late Cenomanian-middle Turonian) at Black Mesa,
northeastern Arizona: Geological Society of America, Special Paper 260,
p. 85-111.

Kirkland, J.I., 1996, Paleontology of the Greenhorn Cyclothem (Creta-
ceous: late Cenomanian to middle Turonian) at Black Mesa, northeastern
Arizona: New Mexico Museum of Natural History and Science, Bulletin
9, 131 p.

Lamb, G.M., 1968, Stratigraphy of the lower Mancos Shale in the San Juan
Basin: Geological Society of America Bulletin, v. 79, p. 827-854.

Landis, E. R., Dane, C. H. and Cobban, W. A., 1973, The Dakota Sandstone
and Mancos Shale in the Laguna-Acoma-Grants area, New Mexico; in
Fassett, J. E., ed., Cretaceous and Tertiary rocks of the southern Colorado
Plateau: Four Corners Geological Society Memoir, p. 28-36.

Landis, E. R., Dane, C. H. and Cobban, W. A., 1974, Cretaceous rocks of the
Tierra Amarilla coal field and adjacent areas, Rio Arriba County, New
Mexico: New Mexico Geological Society, Guidebook 25, p. 231-238.

Leckie, R. M., Schmidt, M. G., Finkelstein, D. and Yuretich, R., 1991,
Paleoceanographic and paleoclimatic interpretations of the Mancos Shale
(Upper Cretaceous), Black Mesa Basin, Arizona: Geological Society of
America, Special Paper 260, p. 139-152.

Leckie, R. M., Yuretich, R. F, West, O. L. O., Finkelstein, D. and Schmidt,
M., in press, Paleoceanography of the southwestern Western Interior Sea
during the time of the Cenomanian/Turonian boundary (Late Cretaceous);
in Dean, W. E. and Arthur, M. A., eds., Stratigraphy and paleoenvironments
of the Western Interior Sea Along the Kansas-Colorado-Utah drilling
transect: SEPM (Society for Sedimentary Geology), Special Publication.

Leithold, E. L., 1993, Preservation of laminated shale in ancient clinoforms;
comparison to modern subaqueous deltas: Geology, v. 21, p. 359-362.

Leithold, E.L., 1994, Stratigraphical architecture at the muddy margin of
the Cretaceous Western Interior Seaway, southern Utah: Sedimentology, v.
41, p. 521-542.

MacLachlan, M. E., 1981, Modifications of stratigraphic nomenclature in
New Mexico for 1980: New Mexico Geology, v. 3, p. 47-48.

Merewether, E. A. and Cobban, W. A., 1986, Biostratigraphic units and



MANCOS REFERENCE SECTION

tectonism in the mid-Cretaceous foreland of Wyoming, Colorado, and
adjoining areas; in Peterson, J. A., ed., Paleotectonics and sedimentation in
the Rocky Mountain region, United States: American Association of Pe-
troleum Geologists, Memoir 41, p. 443-468.

Merewether, E. A., Molenaar, C. M. and Cobban, W. A., 1983, Map and
diagrams showing lithofacies and stratigraphic nomenclature for forma-
tions of Turonian and Coniacian age in the middle Rocky Mountains; in
Spring field trip guidebook, mid-Cretaceous Codell Sandstone Member
of Carlile Shale, eastern Colorado: Denver, Rocky Mountain Section,
Society of Economic Paleontologists and Mineralogists, p. 19-25.

Molenaar, C. M., 1973, Sedimentary facies and correlation of the Gallup
Sandstone and associated formations, northwestern New Mexico; in Fassett,
J. E,, ed., Cretaceous and Tertiary rocks of the southern Colorado Plateau:
Four Corners Geological Society Memoir, p. 85-110.

Molenaar, C. M., 1974, Correlation of the Gallup Sandstone and associated
formations, Upper Cretaceous, eastern San Juan and Acoma Basins, New
Mexico: New Mexico Geological Society, Guidebook 25, p. 251-258.

Molenaar, C. M., 1977, Stratigraphy and depositional history of Upper
Cretaceous rocks of the San Juan basin area, New Mexico and Colorado,
with a note on economic resources: New Mexico Geological Society,
Guidebook 28, p. 159-166.

Molenaar, C. M., 1983, Major depositional cycles and regional correlations
of Upper Cretaceous rocks, southern Colorado Plateau and adjacent areas;
in Reynolds, M. W. and Dolly, E. D., eds., Mesozoic paleogeography of
west-central United States: Denver, Rocky Mountain Section, Society of
Economic Paleontologists and Mineralogists, p. 201-224.

Molenaar, C. M. and Baird, J. K., 1989, Stratigraphic cross sections of Upper
Cretaceous rocks, northern San Juan basin, southwestern Colorado: U.S.
Geological Survey, Miscellancous Field Studies, Map MF-2068.

Molenaat, C. M. and Cobban, W. A., 1991, Middle Cretaceous stratigraphy
on the south and east sides of the Uinta basin, northeastern Utah and
northwestern Colorado: U.S. Geological Survey, Bulletin 1787-P, 34 p.

Owen, D.E., 1966, Nomenclature of the Dakota Sandstone (Cretaceous) in
the San Juan Basin, New Mexico and Colorado: American Association of
Petroleum Geologists Bulletin, v. 50, p. 1023-1028.

Owen, D. E., 1973, Depositional history of the Dakota Sandstone, San Juan
Basin area, New Mexico; in Fassett, J. E., ed., Cretaceous and Tertiary
rocks of the southern Colorado Plateau: Four Corners Geological Society
Memoir, p. 37-51.

Peterson, F. and Kirk, A. R., 1977, Correlation of the Cretaceous rocks in the
San Juan, Black Mesa, Kaiparowits and Henry Basins, southern Colorado
Plateau: New Mexico Geological Society, Guidebook 28, p. 167-178.

189

Pike, W. S., Jr., 1947, Intertonguing marine and nonmarine Upper Creta-
ceous deposits of New Mexico, Arizona, and southwestern Colorado:
Geological Society of America, Memoir 24, 103 p.

Rawson, P. F et al., 1978, A correlation of the Cretaceous rocks in the British
Isles: Special Report, Geological Society of London, v. 9, 70 p.

Reeside, J. B., Jr., 1927, The cephalopods of the Eagle Sandstone and related
formations in the Western Interior of the United States: U.S. Geological
Survey, Professional Paper 151, 40 p.

Sageman, B. B., 1985, High-resolution stratigraphy and paleobiology of
Hartland Shale Member; analysis of an oxygen-deficient epicontinental
sea; in Pratt, L. M., Kauffman, E. G. and Zelt, F., eds., Fine-grained
deposits and biofacies of the Cretaceous Western Interior Seaway: evi-
dence of cyclic sedimentary processes: Society of Economic Paleontolo-
gists and Mineralogists Field trip guidebook no. 4, 1985 Midyear Meet-
ing, Golden, Colorado, p. 110-121.

Sageman, B. B., 1989, The benthic boundary biofacies model; Hartland
Shale Member, Greenhorn Formation (Cenomanian) Western Interior,
North America: Palacogeography, Paleoclimatology, and Palaecoecology,
v. 74, p. 87-110.

Scott, G. R. and Cobban, W. A., 1964, Stratigraphy of the Niobrara Forma-
tion at Pueblo, Colorado, Colorado: U.S. Geological Survey, Professional
Paper 454-L, p. L1-L30.

Scott, G. R., Cobban, W. A. and Merewether, E. A., 1986, Stratigraphy of the
Upper Cretaceous Niobrara Formation in the Raton Basin, New Mexico:
New Mexico Bureau of Mines and Mineral Resources, Bulletin 115, 34 p.

Seitz, O., 1934, Die Variablitat Des Inoceramus labiatus var. Schlotheim;
Palaontologie Zentralblatt, v. 4, no. 229, p. 430-474.

Thompson, G.G., 1972, Palynologic correlation and environmental analysis
within the marine Mancos Shale of southwestern Colorado: Journal of
Sedimentary Petrology, v. 42, p. 287-300.

Wanek, A. A., 1959, Geology and fuel resources of the Mesa Verde area,
Montezuma and La Plata Counties, Colorado: U.S. Geological Survey,
Bulletin 1072-M, p. 667-717.

West, O. L. O. and Leckie, R. M., in press, Foraminiferal paleoecology and
paleoceanography of the Greenhorn Cycle along the southwestern mar-
gin of the U.S. Western Interior Seaway; in Dean, W. E. and Arthur, M. A,,
eds., Stratigraphy and paleoenvironments of the Western Interior Sea
along the Kansas-Colorado-Utah drilling transect: SEPM (Society for Sedi-
mentary Geology), Special Publication.

Wright, C. W., 1979, The ammonites of the English Chalk Rock (Upper
Turonian): Bulletin of the British Museum (Natural History), Geology
Series, v. 31, p. 281-332.



190 LECKIE et al.

CAPTIONS FOR FIGURES 31-46
(Figure number in upper right corner of each figure)

FIGURE 31. Mollusks from the Graneros Member (A-M) and Bridge Creek Limestone Member (N-U) of the Mancos Shale. Specimens are natural size unless
otherwise indicated. A, Metoicoceras geslinianum (d’Orbigny), MEVE 74299, 22 m, unit MV39. B-D, Rhynchostreon acroumbonata (Kauffman); B, MEVE
74300, 22 m, unit MV39, x2; C, D, MEVE 74301, 21 m, unit MV39, left and dorsal views. E, Phelopteria sp., MEVE 74302, 22 m, unit MV39, x2. F,
Inoceramus pictus Sowerby, MEVE 74303, 22 m, unit MV39, left valve. G, Lucina subundata Hall and Meek, MEVE 74304, 22 m, unit MV39, x2. H,
Corbula kanabensis (Stanton), MEVE 74305, 22 m, unit MV39, x2. I, Psilomya concentrica Stanton, MEVE 74306, 23 m, unit MV41. J, K, Allocrioceras
annulatum (Shumard), MEVE 74307, 22 m, unit MV39, ventral and side views. L, Sciponoceras gracile (Shumard), MEVE 74308, 22 m, unit MV39. M,
Turritella n. sp., MEVE 65849, 19 m, unit MV33, x2. N, Plicatula n. sp., MEVE 65844, 25.3 m, unit MV55, x2. O, P, Mytiloides hattini Elder, 24.9 m, unit
MV51; O, MEVE 74309; P, MEVE 74310. Q, Watinoceras cf. praecursor Wright and Kennedy, MEVE 74311, 24.9 m, unit MV51. R-T, Pseudoperna
bentonensis (Logan); R, MEVE 74312, 27.7 m, unit MV71; S, MEVE 74313, 37 m, unit MV103; T, MEVE 74314, 24.9 m, unit MV51. U, Mammitid
ammonite, MEVE 74315, 25.25 m, unit MV55.

FIGURE 32. Inoceramids and ammonite from the Bridge Creek Limestone Member of the Mancos Shale; except Q, which is from the Fairport Member.
Specimens are natural size unless otherwise indicated. A~C, Mytiloides columbianus (Heinz), 27.4 m, unit MV67; A, MEVE 74316; B, MEVE 74317; C,
MEVE 74318. D-F, Mytiloides mytiloides mytiloides (Mantell), 27.4 m, unit MV67; D, MEVE 74319; E, MEVE 74320; F, MEVE 74321. G, Mytiloides
mytiloides arcuata (Seitz), MEVE 74322, 27.75 m, unit MV71. H, I, Mytiloides labiatus (Schlotheim), 27.75 m, unit MV71; H, MEVE 74323; 1, MEVE
74324. J, K, Mytiloides subhercynicus (Seitz); J, MEVE 74325, 30.5 m, unit MV85; K, MEVE 74326, 27.75 m, unit MV7]. L, Kamerunoceras puebloense
(Cobban & Scott), MEVE 74327, 27.4 m, unit MV67b. M, Mytiloides cf. hartti (Hessel), MEVE 74328, 32.6 m, unit MV89, x2. N-P, Pycnodonte n. sp.; N,
O, MEVE 74329, 37 m, unit MV103, left valve, top and posterior views, x2; P, MEVE 74330, 37.8 m, unit MV 105, right valve. Q-S, Inoceramus cuvieri
Sowerby; Q, MEVE 74331, Fairport Member, 40.3 m, unit MV112; R, S, MEVE 74332, 37 m, unit MV103, latex pull of external mold and composite mold.

FIGURE 33. Ammonites and bivalves from the Fairport (A-G), Blue Hill (H-N) and lower part of the Juana Lopez Members (O-BB) of the Mancos Shale.
A-F, Collignoniceras woollgari (Mantell); A, MEVE 74333, 40.7 m, unit MV114; B, MEVE 74334, 57.4 m, unit MV147; C, MEVE 65846, 40.3 m, unit
MV112; D, MEVE 74335, 59.6 m, unit MV153; E, MEVE 74336, 57.4 m, unit MV147: F, MEVE 74337, 57.4 m, unit MV147. G, Mytiloides latus
(Sowerby), MEVE 74338, 62.6 m, unit MV157. H, Prionocyclus hyatti (Stanton), MEVE 74339, 121.6 m, unit MV 197, x2. I, Cyclorisma orbiculata (Hall
and Meek), MEVE 74340, 121.6 m, unit MV197. J, Cardium sp., MEVE 74341, 121.6 m, unit MV197, x2. K-M, Breviarca sp., 121.6 m, unit MV197, x2;
K, MEVE 74342; L, MEVE 74343; M, MEVE 74344. N, Inoceramus costellatus Woods, MEVE 74345, 121.6 m, unit MV197. 0O-Q, BB, Prionocyclus
macombi Meek; O, MEVE 74346, 155.2 m, unit MV240; P, MEVE 74347, 155.2 m, unit MV240; Q, MEVE 74348, 155 m, unit MV239; BB, MEVE 74356,
unit MV266. R-U, Lopha lugubris (Conrad), R, MEVE 74349, 153.2 m, unit MV234; S, MEVE 74350, 153.2 m, unit MV234; T, MEVE 74351, unit
MV266; U, MEVE 74352, unit MV266. V, W, Coilopoceras cf. inflatum Cobban and Hook, MEVE 60677, 164 m, unit MV266, side and ventral views. X~
AA, Inoceramus dimidius White; X, Y, MEVE 74353, 155.2 m, unit MV240, right and posterior views; Z, MEVE 74354, 155 m, unit MV239; AA, MEVE
74355, unit MV283.

FIGURE 34. Ammonite and inoceramid bivalves characteristic of the Juana Lopez Member of the Mancos Shale. Specimens are natural size unless otherwise
indicated. A, Prionocyclus macombi Meek, MEVE 74357, 164 m, unit MV266, x0.67. B-J, Inoceramus n. sp.; ridge between Areas 10 & 11; B, C, MEVE
65843, dorsal and left views; D, MEVE 74358; E, MEVE 74359; F, G, MEVE 74360, anterior and right views; H-J, MEVE 74361, anterior, left, and dorsal
views. K-N, Inoceramus dimidius White, ridge between Areas 10 & 11; K, L, MEVE 74362, left and anterior views; M, N, MEVE 74363, left and posterior
views. O-R, Inoceramus perplexus Whitfield, 181.6 m, unit MV293; O, MEVE 74364; P, MEVE 74365; Q, R, MEVE 74366, left and dorsal views.

FIGURE 35. Ammonites characteristic of the upper part of the Juana Lopez Member of the Mancos Shale. Specimens are natural size unless otherwise
indicated. A-E, Scaphites warreni Meek & Hayden, Area 11; A, B, MEVE 74367, macroconch, side and front views; C, D, MEVE 74368, microconch, side
and front views; E, MEVE 74369, microconch and macroconch on slab. F~H, Baculites undulatus d’Orbigny, 171.2 m, unit MV283; F, MEVE 74370; G,
MEVE 74371; H, MEVE 74372. 1-K, Subprionocyclus normalis (Anderson), 181.6 m, unit MV293; I, J, MEVE 74373, side and front views; K, MEVE
74374. L-N, Reesidites minimus (Hayasaka & Fukada), 181.6 m, unit MV293, L, M, MEVE 74375, side and ventral view; N, MEVE 74376. O-S,
Prionocyclus wyomingensis Meek; O, P, MEVE 74377, Area 12, side and apertural views; Q, R, MEVE 74378, 171.2 m, unit MV283, side and ventral view;
S, MEVE 74379, Area 13.

FIGURE 36. Ammonites and inoceramid bivalves of the upper part of the Juana Lopez (E~G, M-P) and Montezuma Valley Members (A-D, H-L, Q-U) of
the Mancos Shale. Specimens are natural size unless otherwise indicated. A~D, Scaphites whitfieldi Cobban; A, B, MEVE 74380, 181.6 m, unit MV293, side
and apertural view; C, D, MEVE 74381, Area 14, side and apertural view. E-G, Inoceramus longealatus Troger, 181.6 m, unit MV293; E, MEVE 74382;
F, MEVE 74383; G, MEVE 74384. H-L, Mytiloides striatoconcentricus (Giimbel); H, I, MEVE 74385, Area 14, right and posterior views; J, MEVE 74386,
Area 14; K, MEVE 74387, Area 14; L, MEVE 74388, 185 m, unit MV307. M-P, Baculites yokoyamai Tokunaga & Shimizu; M, P, MEVE 74389, 181.6 m,
unit MV293, end and side; N, MEVE 74390, Area 13, P. wyomingensis zone?, unwhitened; O, MEVE 74391, 181.6 m, unit MV293. Q-U, Prionocyclus
novimexicanus (Marcou), 181.6 m, unit MV293; Q. R, MEVE 74392, side and apertural views; S, T, MEVE 74393, apertural and side views, x0.67; U,
MEVE 74394,

FIGURE 37. Bivalves characteristic of the upper part of the Juana Lopez (P) and Montezuma Valley Members (A-O, Q) of the Mancos Shale. Specimens are
natural size unless otherwise indicated. A, B, Mytiloides carpathicus (Simionescu); A, MEVE 74395, 193 m, unit MV322; B, MEVE 74396, 181.6 m, unit
MV293. C-G, Inoceramus aff. ernsti Heinz, 194 m, unit MV325; C, D, MEVE 74397, anterior and left views; E, MEVE 74398; F, MEVE 74399; G, MEVE
74400. H, Veniella goniophora Meek, MEVE 74401, 185 m, unit MV307, x2. I-K, Tellinid?, 185 m, unit MV307; I, MEVE 74402, x2; J, MEVE 74403,
%2, K, MEVE 74404, x2. L, M, Mytiloides aff. labiatoidiformis (Troger); L, MEVE 74405, 193 m, unit MV322; M, MEVE 74406, 194 m, unit MV325, N~
Q, Mytiloides incertus (Jimbo); N, MEVE 74407, 191 m, unit MV319; O, MEVE 74408, 185 m, unit MV307; P, MEVE 74409, 159.9 m, unit MV249; Q,
MEVE 74410, 196.5 m, unit MV329.

FIGURE 38. Ammonites and bivalves from the Montezuma Valley Member (A), the Smoky Hill Member (B-E) and the lower part of the Cortez Member (G~
I) of the Mancos Shale. Specimens are natural size unless otherwise indicated. A, Prionocyclus quadratus Cobban, MEVE 74411, 194 m, unit MV326, x0.67.
B-D, Inoceramus (Platyceramus) stantoni Sokolow; B, MEVE 74412, 10 m above Area 18; C, MEVE 74413, 219.5 m, unit MV347; D, MEVE 74414, 10
m above Area 18. E, F, Baculites codyensis Reeside; E, MEVE 74415, 266 m, unit MV370; F, MEVE 74416, 222 m, unit MV352. G-I, Pseudoperna
congesta (Conrad); G, MEVE 74417, 289 m, unit MV381; H, MEVE 74418, 289 m, unit MV381; I, MEVE 74419, 299 m, unit MV384.
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FIGURE 39. Bivalves and ammonites characteristic of the lower to middle parts of the Smoky Hill Member of the Mancos Shale. Specimens are natural size
unless otherwise indicated. A, E, Inoceramus (Volviceramus) grandis Conrad; A, MEVE 74420, Area 18; E, MEVE 74423, 265 m, unit MV370, x0.5. B,
Phylcticrioceras trinodosum (Geinitz), MEVE 74421, 221 m, unit MV351. C, Inoceramus (Volviceramus) involutus Sowerby, MEVE 74422, 219.5 m, unit
MV347. D, Modiolus n. sp., MEVE 65848, 225 m, unit MV357. F, G, Protexanites (Protexanites) bourgeoisianus (d’Orbigny); F, MEVE 74424, 246 m, unit
MV364, x2; G, MEVE 74425, 237 m, unit MV364. H-J, Inoceramus (Magadiceramus) subquadratus subquadratus Schliiter; H, MEVE 74426, 229 m, unit
MV361; I, MEVE 65842, 252 m, unit MV365; J, MEVE 74427, 227 m, unit MV359. K, Scaphites depressus Reeside, MEVE 74428, 224 m, unit MV357.

FIGURE 40. Inoceramid bivalves from the Smoky Hill Member (A-D, F) and the lower part of the Cortez Member (E) of the Mancos Shale. Specimens are
natural size unless otherwise indicated. A, Inoceramus (Magadiceramus) subquadratus subquadratus Schliiter, MEVE 74429, 254 m, unit MV366. B, C,
Inoceramus (Magadiceramus) subquadratus crenelatus Seitz, 233 m, unit MV366; B, MEVE 74430; C, MEVE 74431. D. F, Inoceramus (Magadiceramus)
subquadratus complicatus Heine; D, MEVE 51259, Area 18; F, MEVE 74432, 264 m, unit MV370. E, Inoceramus (Platyceramus) platinus Logan, MEVE
74433, 335 m, unit MV418, x0.67.

FIGURE 41. Inoceramid bivalves and ammonites from the lower part of the Cortez Member of the Mancos Shale. Specimens are natural size unless otherwise
indicated. A, B, Inoceramus (Platyceramus) platinus Logan, 335 m, unit MV418; A, MEVE 74434, endocostate form; B, MEVE 74435. C, Clioscaphites
choteauensis Cobban, MEVE 74436, 307 m, unit MV389, latex pull. D, Baculites thomi Reeside, MEVE 74437, 298.5 m, unit MV384. E, F, Inoceramus
(Cordiceramus) miilleri miilleri Petrascheck, MEVE 74438, 307 m, unit MV389, dorsal and side views.

FIGURE 42. Inoceramid bivalves from the Cortez Member of the Mancos Shale. Specimens are natural size unless otherwise indicated. A, Inoceramus
(Cordiceramus) miilleri miilleri Petrascheck, MEVE 74439, 307 m, unit MV389, x0.67. B, F, Inoceramus (Cordiceramus) miilleri germanicus Heinz; B,
MEVE 74440, 298.5 m, unit MV384; F, MEVE 74443, 307 m, unit MV389. C-E, Inoceramus (Endocostea) balticus Bohm; C, D, MEVE 74441, 624 m,
unit MV648, side and dorsal views. E, MEVE 74442, 637 m, unit MV650.

FIGURE 43. Inoceramid bivalves and ammonite from the lower to middle part of the Cortez Member of the Mancos Shale. Specimens are natural size unless
otherwise indicated. A, D, F, Inoceramus (Sphenoceramus) lundbreckensis McLearn, 335 m, unit MV418; A, MEVE 74444; D, MEVE 74447; F, MEVE
74449. B, E, Inoceramus (Platyceramus) cycloides Wegner, 348 m, unit MV421; B, MEVE 74445; E, MEVE 74448. C, Scaphites leei Reeside, MEVE 74446,
358 m, unit MV428, x2.

FIGURE 44. Inoceramid bivalves, ammonites and crinoid from the lower to middle part of the Cortez Member of the Mancos Shale. Specimens are natural
size unless otherwise indicated. A, F, Inoceramus (Cordiceramus) aff. brancoiformis Seitz, 307 m, unit MV389; A, MEVE 74450, x 0.67; F, MEVE 74455.
B-D, Desmoscaphites bassleri Reeside, 335 m, unit MV418; B, MEVE 74451; C, MEVE 74452; D, MEVE 74453, latex pull. E, Inoceramus (Endocostea)
balticus Bohm, MEVE 74454, 307 m, unit MV389. G, Haresiceras cf. montanaense (Reeside), MEVE 74456, 405 m, unit MV441, oblique view. H,
Uintacrinus sp., MEVE 65845, 481 m, unit MV502.

FIGURE 45. Ammonites from the middle part of the Cortez Member of the Mancos Shale. Specimens are natural size. A, Placenticeras aff. sancarlosense
Hyatt, MEVE 51936, 509 m, unit MVS551, latex pull. B, Baculites sp. (smooth, rapid taper), MEVE 74457, 584 m, unit MV617.

FIGURE 46. Ammonites from the upper part of the Cortez Member of the Mancos Shale (Scaphites hippocrepis zone) (A-L) and the Point Lookout Sandstone
(L, M). Specimens are natural size unless otherwise indicated. A~C, M, Placenticeras planum Hyatt, A, MEVE 74458, 624 m, unit MV648; B, C, MEVE
74459, 624 m, unit MV648, side and ventral views; M, MEVE 51835, sandstone float block, x0.5. D, G-K, Baculites haresi Reeside; D, I, MEVE 74460,
624 m, unit MV648; G, MEVE 74463, 610 m, unit MV636; H, MEVE 74464, 587 m, unit MV618, side and end view; J, K, MEVE 74465, 624 m, unit
MV648, side and ventral view. E, F, Scaphites hippocrepis (Dekay); E, MEVE 74461, 588.5 m, unit MV619, ventral view, x2; F, MEVE 74462, 629 m, unit
MV649. L, Baculites sp., MEVE 51839, sandstone float block.
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APPENDIX 1

Graphic section of the Mancos Shale at Mesa Verde. Stratigraphic position refers to meters above the Dakota Sandstone. Note change in scale at 300 m.
B = bentonite bed or bentonite seam, L. = limonite seam.

]
Dakota Sandstone

§ & % Unit Thickness  Lithology § § %
i :
2 ,§ 2 83 T2em very caicareous shale @ » Uoh  Theknews L
30 155 51.cm calcareous shale
— 82 19¢m shaly mestone 60+ " '
. T T 81 0 cm caicareous shale 1 154 4 cm bentonite
E 80 Yem bentonitaimonite ——— 153 41cm calcareous shale as unit 148
el lelolell” 79 3gem calcareous shale 1 B 152 1em  bentonite
[ 2g et abnbuels 78 7em shaly limestone, very well laminaled 50 151 20em calcareous shale as unit 148
= M ez o - ” 3em bentonitic ciay 150 Tem concretion horizon
i i il IR 45 cm inirbxded grtly caic. shale & calcarerile 148 53cm calcareous shale
2 sl % 42 Seemmiogre RS
y
=] 73 4cm calcarenile
> a - =72 gem  beronie .
" om limestone. calcarenitic upper surface
g % 8| == B % 19em chky S s Cacarenins 188 om calcareous shale with limonite seams
2 2 69 3em
SIEl 8|z Ept] \ 68 50m ievacbeddod chalky shale & caicaranie
o o o 4 12-1: limesione, phnulnm in upper part
14 cm chatky
[V '5 § 20 om shaty chaik 9 cm bentonite
D=l S 38om chalky shale with two monite horizons
5 | - 1;an lmsmu&-zl:av\)
37em calcareous shal
© Gg’ Fom beniooke chaik 1818m caicaneous shale with imonite seams
5 4 cm macsione
oo 2
fg | 4cm chaiky shai
& 18m mmmmmummpua-zsm) 2em pontonita
6cm limesionn (5 om) 53cm calcarsous shale as unit 135
11em chalky shake 3em bantonile (orange
Jam bentonite ( )
13om chaiky shale
gy 12 cm limestons (12:18 am)
0 428m y shaie
Z 190m mmwn(mrzaamwcsn) 208m  caloarsous shale as unit 135
22 em imes one
- 240m ot cateaiii s
40om skightly sitty calcareous shals
22em cakareous
" bentonite
g Tom cakcareous shale .00 benlonite (orange)
S 2om el 368m calcareous shale es unit 135
© 43 om calcareous shaie 28m bentonite {pinkish gray)
151 30om calcareous shale with abund. oysterss 158m calcareous shale as unit 135
| (= wﬁ » 134 om shghty sdy caic sh. with ara cancs . 9om bentonite {orange)
} v o b 1om discontinuous ionite seam
© oo ‘\ 37 9sm claysione [ 265 sm caicareous shale (dark olive gray
o e NN 128m bentonste o weathers 1o okve gray), with
| D2 SR 35 26com shghtly silty calcarecus shale E lmonite horizons
| 8 e .iLLA: 34 2om bentorute r)
< e g 33 172om shghtly silty caicarsous shale =
S = e =
PTO ot e e
% e 32 1em banionite seam
| ] r oy 11om bentonite
e S S s 3 97 am shghtly silty caicareous shaie o— = 5cm calcareous shale
| S LT o ror e et lf © 1om bentonte/kmonite seam
Lt ol o o 820m calcareous shale s unit 129
I draciveshodnach 30 Tom  benionile = but slighty darker
e o o
B 28 88om slightly sifty caicareous shale 5 8 » o it wilh calcarenite streaks
28 5em siightly gritty calcareous shale c|2 Tem  limonite/bentonite seam
Toa Ll T 27 20m  bentoniie <] 9
% 348m very iy calcarsous shale —
2 21 em siightly silty caicareous shale E by 2188m "‘":o’:;::""’ with #manis
24 6ecm benionite ® o
% hodor e oo 23 177 em slightly sity calcareous shale; > =
o P S o et with limonite horizons 3le
- ‘C“ [ b Sy 5 5, 8cm four hmonite honizons
B 2 _gﬂ o e e = 20 om calcareous shale withcaic arenitic
1 abundant concretions forming streaks
gEl® 8 P = o = zem nearty coninuous bed 8 81cm v. caicareous shale
nalies cenilinsabssdl b "
) E e e e @ horizons & limonites
s|6 g Pl e ot 10m limonite/bantonite
clo oo sy 21 197 om Slightly sifty calcareous shale 56 om calcareous shale with
B oo with limonite horizon calcarenite horizons
olols 12om bentonite
69 cm cak. shale with calcarenite hofizons
g a-; 8 2om orange calcaranite, imoniie at top
o 51com calcareous shale
Bem  septarian concrelion horizon
(L; & g 63em slightly sifty calcareous shate Tom benlonite seam
D= : 84 cm calcareous shate
(7} 4 cm bentonite .
= 143om  siightly caicareous silty shale
{more calcareous than belew 15 cm very caicargous shale
seplarian concretion horizon) 38 cm calcareous shale
14om very calcarsous shale
73em calc shale with limonite at top
. por"ioCaled with sbundant ossits
om ntonite seam
5 cm calcareous shate
16 128 cm sandy mudsions, decreasing sand 13em very calcareous shala
upwards (gradational with overying unit)
128 em calcareous shale
42.0m sepiarian concretions. terge
13am bentonita
— 8 om very calcareous shale
s8am  argikaceous sandsione 10 sandy 24 cm platy maristone, arenits at top
shaie at top 69 am very calcareous shale
8om bentonite
2em  sandstone - Hem platy maristone, aranhe
) (] 9cm very calcareous shale
1" 114 cm skightly silty shale becoming sandy Fe] 14cm platy maristone
upward E 23cem very calcareous shale
., ® 50cm v. cal. shals grading to piaty marisione
el s 7om aconitic maristone; ino,oyster ag al top
17 am vary calcareous shal
29 am laty mariaione
MSem  very sandy mudsions 0 g 4am Romontec clay
-= 131 moni
67om  sighty sitty shaie 7] o Yory licareous are il imocite
8om bentonite (]
:: : ::z‘:r:nsm .‘_E_ 10 em platy marisione
| 2cm sty shaie — Zom benicnila
{ lem bentonite ~ 58 sm very calcareous shale
t 19 am sandy mudstone 3 64 cm very caicarsous shale grading
| Bom  sighty anaceos sandsione [ inko pilkty. meisir
! biokx Q 3Mom platy marisione
()
% 81cm very calcareous shale with limanites
= 1om Emonileentonite seam
317cm  sandy mudstene. biokurbaled o
iy mpt ugt ngtwpt 86 67 8m as unit 85 with imofli
AR Vet v o
e e e e b A — 5 69 am very calcarsous shale grading upward
o s o] ST L gy Into platy maristone
R o apr 84 18m beatoniteimonita
30 83 72om vary calcareous shale



MANCOS REFERENCE SECTION

Stage

Biozone

Blue Hill Member

Il

Fairport Member

Middle Turonian

Prionocyclus hyatti

igari

ignoniceras woo

i

Coll

a7

a

81 om =

78 e e e

7

—_———

N{=—==

75 - = o 2 ]

74

n{=—=J

e ]

= — =]

s l=——=

[rect=CT§

63 i i i e i

B2 bl A A
ol sher-wi

183
182
181

178
178
177

176

175

174

173

172

170

168

167
166
165

181

156
156

Thickness

622 cm

1em

310 em

3em
10cm
6cm

260 cm

2cm
45 cm
2cm
770n

8on

213em

820 cm

7 om

94 om

$2em

122 cm

Tem
68 cm
1em

183 om

118cm

Scm
&1cm

2om

10cm
1fem

379cm

3em
51cm

Lithology
shghty sifty shale

bentonite seam

slightty silty shale

silistone as unit 181
siightly silty shale
concrebonary sitstone
{scoured base with sole marks))

shaie with 0 S cm sdtsione
honzons & other thin
siltstone lens

sitsione

shale as unit 176

siltstone (thickens 1o 4 cm)

shale with scatiered
siitstona lens

sandy concretion honzon
(cone-in-cone)

shale with scattered thin
sitstone (dark olive gray
10 oitve black),
widely scatierad concretions
(not observed in wench)

bentonite (0-7 cm) with scoured base

shale becoming darker loward 10p;
in places; discontin. bantonite
filing cutter casts (shale on shale scour),
concretons at 72 m contain
C. woollgan and marine replile bones.
siderite-camented sitstone lens
near top of unit

bentonite

shale with small egg-shaped
siightly caicareous nodules

bentonite

shale

seplarian concrebon honzon

shale

bentonite/imonite {concretionary
to 6-7 om, seplanized)

non-calcareous shase (dark olive gray):
with scatiersd bmonite stresks.
1ag of broken juvenia ammoniles &
oysters at approx. 66.5 m

slightly calcarsous shala with
scattered kmaonite sweaks

bentonite

slightly calcareous shale
as unit 157

bentonite

calcareous shale

bentonite (thickens 10 4 cm in Youghs
of fipples)

calcareous shale with thm
calasilt sireaks defining
lamination (*rusty” limonite seam
at base of discontin. 1-3 cm
coarse sitstone layer)

bentonite
calcareous shale

Stage

Biczone

Blue Hill Member
Middle Turonian

ionocyclus hyatti

Pri

1184

117

1164

115

S

13

12

111

110

aitst

914

60-1

Unit Thickness

196 281 cm
195 7em
194 566 cm
193 10em
182 876 cm
192 876 cm
191 acm
190 61W@om
190 619 cm
188 1om
188 370¢m
187 Scm
186 622 cm

Lithology

ity shate

sity shale.
large bulbous septarian
concrations al 116 & 118 m,
gutier casts assocaled
with upper concrelionary zone

bentonite. double

silty shale

slghtly sifty to sity shale with
several thin siltstone hanzons

bentonite

sty shale

silty shale

sitstone

skghtly silty shale (olive black)
more silty towards lop

bentonite

slightly silty shale:
1 cm sHistone near top

m

209



210

g ¢
5 8
£ 88 .
149
5| 2
'g 5 8 147
Oz
Z|gi&
N3 @»|4
D3
elslS
Q) Qs
|9
c|Di§
CARENS
_% Q[
143
142 Jmes smmeoms
141
140
’"'Eﬁ%§
136 \
{ 135+ -y
|
|
|
|
133
=
5§81~
E| 5T
ol 2|2
3
= E S|
= >
28
T e
olB|5 [
338
[T
Y‘ 129
128
8
| 27
|
[ 128
124

123

122

121

Unit
230

228

22t

226

225
224

223

207

206

205
204

203

202
201

200

197

Thickness
7em

193 cm

6om

Scm

S2em
6om

533 cm

12em

100 cm
4cm

fcm

3cm

478 cm

46 cm

281 em

Lithology
benlonite

shale ko sightly
silty shale

concrebon harizon
{brick red)

siightly silty shale 10 shale with
abund. jarosite and gypsum along
fractures

lenticutar calcarenitic

caquina? (cutier casts?}

skohtly sity shale

very fine grsined sandsions and
calcarenite with abund. fish bone
and shark leeth

shghtly silty shale with thin
discontinuous siltstone jens

bentonite
clay shale
bentonite

slightly silty shale
very fine sandstone
shghty silty shale
very fine sandsione
slightly silty shale
very fine sandstone
shghtly siity shaie
very fine sandstone
skghtly silty shale
very fine sandsione

sitty shale o slightly
silty shale fowards top
with two concretion horizons.

septarian concration horizon
sity shale

siltsione

silty shaie

finly interbedded sittstone
and sandy shale
bentonile

silty shale

bentonite

silly shale

silty mudstone, fossiliferous

sity shale

185

153

152

151

b i o)

3 2
583
2 B @ s Unat
292
179 L
201
178
» 290
@ |
3
o’ B
E 176 ] 289
S L
g‘ 178 288
3
S 287
> 286
8 285
S
2 -
Q
172
23
282
1714 281
z 288
279
278
277
276
275
o
168
bopn, 273
T
. ] m
B
B n
c
E ‘g 166 8 210
s s e 208
NI D
o= 165 oo | 28
Q e %
ol B o
= Q]
© |
|2
©
3
5
£
Q
(&
£
g ) e %5
S0 fm=ml a 249
g ] 248
S oyl
Q
s
S
s
Q 247
158
157 P
Je—— 246
spigapdn 25
244
15682 ] 243
— 242
- 241

233

232

120-180 m

Thickness

Som

232om

181cm

8om
51cm
3cm

230 cm

28om
25cm
14cm

7 em
6 com
65 cm

8cm
75cm
4cm

150 cm

30cm

6cm

112em

3cm
125¢cm

2cm
66 cm

28cm

A0 cm

101 cm

Lithology

silty shate

conoretion horizon & calcarenite

slighty silty to silty shale

bentonitic day

slightly sity to silty shale
with calcarenite horizons

concretion horizon
shghtly sity 4o sifty shale
calcarenite

slightly sitty Io silty shale
with interbedded calcisiits and
numerous calcarenite horizons

caicarends
shghtly silty (o silty shale
inerbedded calcarenie and shale
shghtly sity 0 silty shale
calcarenile
shightly silly o silty shale

with thin calcarenites
bentonite

shighty silty to silty shale
calcarenita

shghtly silty shale with
numerous calcarenites

concretion honzon
bentonite

slightly sity shale, same as
unit 271

bentorite
skightly silty shale, with
numerous thin caicarenite horizons

bentonite shate
siightly sitty shale with
calicarenite horizon and
bentonite
cakaronita with shaie in middle
as unif 261
cakarenite with shate pariings
as unit 261
caicarenite with shale parings
stightly sifty ta sity shale with

numerous twn caicarenite

with interbedded shale

siightly sitty 1o silty shale
concration horizon
slightly sifty shals
calcarenils coguina
slightly silty shais, v. fossikferous
caicarenite
shale with discontinuous bentonite
calcarenite
slightly sity shate. v. fossiiferous
benionite saam
slightty sitty shale
benionite

skighty silty 1o sitty shale
{lossits bacoming more
abundant up section;
cutter cagt: NSOW,
observed in area 11}

caicaranita
ehghtly sifty shate
very fina sandsione/coarse sit
claystone
bentonite
claystona
muitipia bantonites with
large concrations
sightiy silty 1o sifty shale
with calcarenites

caicarenita

shale & skghtly sity shale

caicarenite

shghtly sity shale with
honzon

caicarenite
calcarenite

slightly sity shale with
thin calcareruias

interbedded sitty shale &
calcarenite; concrebon
horizon

shals 10 slightly sity shale
wilh thin caicaranies

LECKIE et al.
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88}
(88

Member

Stage

Biozone

Lower Santonian

C. sax. - C. ver.

Smoky Hill Member

laclan

Upper Con
Scaphites depressus

b
FkiF

265

b
k
3
s

b
i
H
b

.
b
o H LR

F
b

Ll
bF
b

=

257

255

253

252

251

249

248

247

1245

Unit

370

366

365

364

Theckness

476 cm

42cm

16 em
56 cm

1207 cm

Lithology

maristone (platy)

cakcarsous shale (nobbly)

hentonite? calcareous shale

calsisit (caicaranita
with shale partings)

calcaraous shale (foram-bearing)

dom  bentonits

1429 cm

caicareous shale (foram-bearing)

Cortez Member

Upper Santonian
C. choteauensis - S. leei (D. erdmanni)

Smoky Hill Member
Lower and Middle Santonian

Clinoscaphites saxtonianus - C. vermiformis

%

e

e 8 9

2 B _© .,
ey
e
s
DTt
e
b EEETTT,
ke e e o e
LLnES

-
TN

i L

297

HH

HHH R

LF

fH

FrEpRLELER
[,

1
1

r

H

F
FERFLFLE
FHPRRH

Unit

385

383
382
381

378

a7e

377

376

s

374

374

3nz

LECKIE et al.

240-300 m

Thickness Lithology

238 cm calcareous shale
3em bentonite
128 cm chaky shale
3em bentonite
46 cm chaky shale
21 em oysier+no-ostrome
1-3em bentonite
350 om chaky shale (caicareous
shade in aree 22)
&om bentonite
497 em calcareous shale
becoming chalky lowards top
384 cm martsione (foram-bearing to foram-rich)
281em martstone (nobbly)
835 em manstone (foram-bearing 1 foram-nch)
635 cm martstone (foram-bearing 1o foram-rich)
258cm calcareous shale (foram-bearing)
23cm bentonite
69Bcm  marisione (foram-besnng to foram-nch)



MANCOS REFERENCE SECTION

2 300-420 m

§ ®
s &5 & [ e " $ Unit  Thickness  Lithalogy
520 cm sandy shale
b
< 5cm very fine sandsione
o 82cm sandy shale
. 4an very fine sandsione
4
4 1298cm  siightly cakareous silty shale
468 am sandy shale
— v 8cm very fine sandsione
&
5 247 em sandy shaie
g sem very fine sandsions
Q 48om sandy shale
y 22 34an  very fine sandaions LD o ioesmndcone
9_ 23cm very fine sandsione
= 27cm sandy shale
o 4om very fine sandstone
K3 421 45Tcm  skghtly calcaraous sitty shale
With numerous v.{ 10 fine
3 il YR 376cm sandy shale with large.
6 upper 2 m e concrations
£ 6om very fine sandsione
% 420 2.3am coarse sitsione with shale partings
o 364 om shightly calcareous
[%] silly shaie (same
as units 436/421)
a9 781 am shghtly calcaneous sifty shale
with numerous thin v.. ss. beds
inupperz5m 7em wterbeddad vary fine
8 sandskone & shale
"
781 am skghtly caicarsous silty shale

22om dolomitic mudstone, fossilferous 437 804 an slightly caicareous silty shale

88Me ca unis 436/431

850cm sy cakarsous shaie

436 278om  slightly cakareous sity shale
with numerous very fine

sandstone beds, laminae &
lenses (starved rippies)

Cortez Member
Upper Santonian
Scaphites leei (Desmoscaphites bassleri)

Cortez Member
Upper Santonian

435 165 am same as LNt 431

434 34 an very fine sandstona

1N5em silty calcarsous shale 433 204 om same as unit 431

7am marisione

£
&
. a2 88am ke 431, with more
£ :‘2 : m;:: numerous crs. sitstone/
E 34 am shghtly silty Calcareous shaie 431 179 an .u;.;yﬁmm
; y
Q 10cm dolomitic mudsiona with numerous Lhin crs.
5 153cm  saghtly sity calcaraous shale
a Sem i sitstone/very fine sandsione
= 52am sightly sity caicareous shale 430 31om dolomitic mudsione, fossikferous.
a 3om bentonite
3Mom  sightly sity calcareous & 26 calcarsous silly shak
2 Jom slom sand (first) 29 o dv«"& numerous v:w-mm-/
% STam skt sy calcarsous shale vory O sandeinie
S 82cm  skghtly sitty caicarecus shale
0cm  dolomitic mudsione, fossilerous
R 8cm ightly grilty calcareous shale §
g o bentoee 428 328am  slighty calcareous sity shaie
(9]
% B 198 604 an skighty sily calcareous shale
®»| - a7 1M0an  skghtly calcareous sty shake
’6 B16= with numerous thin sitstone
A and very fina sandsione beds
G| -
w3
14~
g E e %7 18com dolomitic mudsione, fossilterous
£ 4 o o 306 4cm bentonita
Q| A 395 180cm slightly sitly cakcaraous shale
8 312« ;-I.-I.«A---t-‘ W 4 - et 426 1008 om slightly calcarsous sitty shaie
(g . Lkl - 3 137em shghtly silty caicarsous shale
'?:; 1o - 8 382 1am bentonite
391 304cm shghtly séty? cakareous shale
390 4cm bentonie
8 20cm dolomitic mudsione
(fossiferous)
425 lacm  dolomitic mudsione
424 448cm  sightly calcareous silty shae
366 490am shightly sitty” calcarecus shale with mora trequent sandstone
horizons
387 1am bentonite
R 386 238 cm skightly sity7 calcarsous shaie
- 423 12990m  sighty calcarsous silty shale

2



214

Member

Stage
Biozone

Cortez Member
Upper Santonian

Scaphites leei (S. leei i11)

Scaphites leei (D. bassleri)

4560m  slighly Gakareous 1o
calcareous, sity 0
sandy shale (ike unit

496)
13cm  benfonite (discontinuous)
67 cm sitty 0 sandy shale
tike unil 496
10em calcareous shty shale
(brown weathenng)
919 em skghtly caicareous to

caicareous, silty o
sandy shale with numerous

thin sandstone beds
49 ecm dolomitic mudsione {long pods):
exposed along MVNP enirance
124 cm uqmry Ccalcareous 1|Iry shale wiss.
1em calcareous S
47 cm sbqn»y cdmnxwu mlry shale
4 cm
89 cm slqhtly cnlc-raoui suty shale wiss
3om sandstone
14cm shghtly calcarecus ﬁlty shale
7cm calcareous
Nem siightty calcareous smy shale
6 cm caicareous silty shal
103 em wightly calcareous sllty shale
6em caicareous silty shale
(weathered brown)
159 em sughtly calcareous silty shale
4cm calcarsous sifty shaie
(weathered brown)
130 em shghtly caicareous sifty shale
3am calcareous silty shale
{wealhered brown)

482cm skghtly caicareous sity shale

3em fine sandsione
1807 em sandy shale
34cm  fne sandsione

176cm  sandy shake

4-5em fine sandsione

26cm dolomitic mudsione. fossiliferous
112em sandy shale
23cem fine sandstone
97 em sandy shaie
9cm fine sandsione, fossilferous
254 cm sandy shate

2-3cm fine sandsione

38om  sandy shale
3em  fine sandsione

520cm  sandy shale

=

Membe:!

Stage

Biozone

Cortez Member

Upper Santonian - Lower Campanian
S. leei - S. hippocrepis (undifferentiated)

=
=

=
c|'s
Slo
=l
S| s
2
®©| 5

(']
®io
Q| 9
ol ®
Q=
=1k

®

Q

»

LECKIE et al.

420-540 m

Unit Thickness  Lithology
600 50 cm sandy shale (ke
very fine sandstone (H(a 509)

568 184 cm sandy shale (ke 584)
507 8 cm shaley sandstone (Iika 563)
596 95 cm sandy shale (fike 584)
595 23cm shaley sandstona (Nke unil 563)
584 27 cm ndy shale
593 23cm very fine sandstone (fike unil 509)
592 22cm sandy shale
501 Bom notbly calcareous shaia
580 5cm sandy shale
589 § cm shaley sandsione (iika 563)
588 17 cm sandy shale
587 34 cm shaley sandstone (ke 563)
586 t8cm sandy shale (like 584}
585 34 om very fine sandstone (like 509)

96 cm sughtly calcareous sandy shale wiss
583 340m very fine umunno {like 509)
582 166 om snuo(
581 4 cm ndy pinkish taleuaoul shale(fke 527)
580 238 cm thaie (iike 560) w! pinkish caic. interval
579 23cm very fine sandstone (like 509)
578 151 cm shale (ke 560)
577 6 om banionite, pinkish, concretionary
576 16 om shale (ke 560)
575 7cm shaley sandstone (W unit 563)
574 152 cm shate (ke 560)
573 3cm sandy pinkish calcareous shaje (fike 527)
572 105 cm shale (ke 560)
s71 9cm shaley sandstone (ke 563)
s70 58 cm shale (kke 560)
569 12 cm shaley sandstona {like 563)
566 216cm shale (ke 560)
567 34 cm shaley sandstone (like 563)
566 231¢em shale (iike 560) with pinkish

nobbly intervals

565 10 em shaley sandstone (iike 563)

564 453cm  shightly caicareous, silty 1o sandy
shale (ike unit 560) with

pinkish nobbly interval
563 6 cm shaly sandstone
562 44.cm shale (like unit 560)
561 3om sandy calcareous shaie
(pinkish interval)
560 206 om calcareous, sifty 1o sandy
shale with 55
559 5 cm sty celcarecus shale (like 527)
558 70 cm shale (kka unil 526}
557 56 cm very fine sandsione (kke 508)
856 156 cm shale (Wke unit 508), with

pinkish nobbly intervais
556 5.6 cm very fine sandstone (ika 509)

554 175 em shale (ike unit 508), with
pinkish nobbly intervals
653 5 cm very fine sandstone (Wka 548)
552 4 cm slightly silty to slightly calc. shale
554 22 em discontinuous dolomitic mudstone
550 T4 cm shele (like unit 526)
549 4cm v fine sandsiona (more shaly than 508)
548 118 cm shake (ike umit 526), sandier upward
547 Gom  piokish calcareous shaie (ke 527)
546 25cm  shale (like unit 526)
545 3cm very fine sandstone (ke 509)
544 180cm  shale (ke umit 526)
543 4cm  pikish calcareous shale (ke 527)
542 181 cm Shale (fike unil 540)
541 6cm  pinkish calcareous shale (kke 527)
540 147cm  skghtly sity, slightly calcarecus
o calcareous shaie {nobbly}
538 S4cm  Interbedded shale/sandsione
538 234cm  shale (ike 508) with pinkish
nobbly interval
537 16 em int led sandsioneishale
536 82cm shale (Wke unit 526)
535 6om pinkish calcareous ahale (like 527)
32em shale (WKe wnit 510)
533 & very fino sandsiona (like unit 508)
532 96 cm shale (¥ke unit 508) with pinkish
noboly inlerval
531 2cm very fine sandsione
530 14 cm shale (mw unit 510)
528 3cm very fine sandstone (ike unit 508)
520 27 om shale (ike unit 510)
527 9cm skghlly shiy calcarsous shale (pinkish)
526  62cm slightly caicareous. slightly sty shale
§25 2-t6cm drscontinuous pi coneretion horizon
524 78 cm shale (like st 50!) with pinkish
nobbly in
523 4-5cm very fine undnom (ke unit 509}
522 73cm :mu (ke unit 510)
521 3 em ery fina u:mm (like unit 508)
520 97 cm srwe (ke unit 506)
519 1-3em very fine sandstone (uw unit 509}
518 177 cm shu(mmsos)w/mmu interval
517 34cm very fine sandstone (ke unit 508)
516 72 am shale (m unit 510)
515 2:3om very fine sandstone (ke unit 509)
514 8 cm -Mle with pink noboly interval
513 2:3em very fine sandsions (ke unil 509)
512 56 cm shale (fike unit 5108)
5 5cm wvery fine sandsione (Kke unit 509)
510 29cm shghtly cadc., siightly siity shale
509 5cm very fine sandstone
508 526 cm alightly caicareous, siightiy sity shale with
nobbly concretionary inlervals (pinkish
weathering)
507 t0cm very fine sandsione with shate
506 125cm shale (Kke unit 496,
505  23cm very fine undslcno (hke unit 501)
504 35 cm shale (We uril 496
503 4cm calcareous sdty :halt (brown weathering)
sandy mudsione

502 187 cm shale (kke unit 496)



MANCOS REFERENCE SECTION

Member

Stage

Biozone

Lower Campanian

ippocrepis

Scaphites h

1588

|92

Cortez Member

Upper Santonian - Lower Campanian
Scaphites leei - S. hippocrepis (undifferentiated)

582

578

p76

o
N

g
B

g
4
3

558

554

548

613

612
611

618

602

601

4-5cm
71em
dem

1510 cm

513cm

4-5 cm
144 cm

2-3cm

1363 cm

3-20em
3em

607 cm

Lithology

slightly calcareous sandy shale %o
sandy mudsione {like unit 617)
bentonits

sandy shale
‘concrstion honzon
slightly calcarecus sandy shals wiss

shaley sandsione

slightty caicareous sandy shale
with pinkish concrations & ss

Interbedded sandy shale & vary
fine sandsiones

shightly caicareous sandy shale
with pinkish concretions & ss.

pinkish sandy caicarecus shale

very fine sandstone (ke 508)

claystone

shaley sandstone (ke 563)

skightly calcareous sandy shale
10 sandy mudstone (ike unit 617)
shaley sandsione

sightly calcarsous sandy mudsione
10 sandy shala with ss.

shaley sandsione (ike unit 508)
siightly calcareous sandy shale
sandy calcareous shale (like unit 527)

shghtly calcarecus sandy shale
‘with pinkish nobbly
intervals & sep. concretion horizon

pinkish sandy calcaraous shale

shightly calcareous sandy shale
(ke unil 584)

interbecded sandy shale &
shaley sandstone

skightly calcareous sandy shale
(ke Ut 605)

shaley sandstone (kke unt 563)
skgntly caicareous sandy shaia

(ke 605
very fine sandstone (ike unit urit 509)

sughtly calc sandy shale (ike unit 584)

laminaled dolomikc mudstone, fossiliferous
bentonite

sandy shale (ke unit 584)

sandy cakcareous shale
(ke unit 527) pinkish

Member

Cortez Shale
Lower Campanian

ippocrepis

Scaphites h

540-660 m

632

Thickness
88 cm

58cm
15cm

138 am

8cm

1501 cm

4-5 cm
1 em

34 cm
33 cm

54.cm
182am

61cm

711 em

821 om
131an

142em

9cm

47cm
35em

670 cm

Lithology

siighly calcareous sandy to very
sandy mudsione

shaley sandstone 1o argiiaceous sandslone

interbedded very sandy mudsione and
argilacecus sandsione

very sandy mudstons o argitiaceous
sandstone

sandy 1o vary sandy mudsione with
umerous beds of argilaceous vary
fine sandstone
(infrequent sandstone beds 651.5-
655 5)

very fina sandsione

skightly calcareous sandy 10 very
sandy mudstons (ke unit 650)

very fino sandstone

siightly calcareous, sandy 10 very
sandy mudsiona

concretionary very fine sandstone

skightly calsareous, sandy lo very
sandy mudslone (with several
sandy concretion horizons)

shaley sandstone
slighly calcareous. sandy o very
sandy mudstone/shaie
shaley sandsione
intarbedded ergikaceous sandsione &
sandy mudstone/shale
intarbedded shaley sandstone &
sandy mudstone/shale
slightly calcareous, sandy 1o very
‘sandy mudstone/shale (ke 637)
argilaceous ssndstone

slightly calcareous sandy mudsione
la sandy shale with very sandy o
argillaceous sandstone intervals
in lower 3 m

micritic concretion interval

shghtly caicareous sandy mudstone
1o sandy shale (ke 635)

slightly calcareous sandy mudstone
10 sandy shaie

sandy benlonitic mudsione
bentonite

slightly calcareous sandy shale lo
sandy mudstons (ike unit 617)
with numerous than sandstone beds
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§ g Unit Thickness
«n

Lithalogy

Calcareous Mudstone

Silty Shale

’ top of trenched section
60 cm fine sandstone
140om  interbeded very fine sandstone with
sandy mudsione & shale
26 cm very fine sandsione
110 cm shaie & sandy mudsione
5-6 cm very fine sands
34cm shale & sandy mudsione
11 om very fine sandsione
67 om inlerbeded very fine sandstone & sandy
mudsione
o e 5,“12.’1;";‘3«4 ug?l-':ow- sandsione &
w0 sandy mudsione
olels S4cm sandy & very sandy mudsione
ol ® Q. 9 very fina sandstone
al= 9 107 em sandy k very sandy mudstone &
= S ‘paper shale’
Elslg BT Iroadod v i tone
= =X 10 om very fine sandsiona
N 8 = 184 om hlatboddodmh Mma'r‘?hmu sandstone &
] ] 17cm fine sandstone
= qh’ Q2 85cm interbedded argilaceous sandstone &
[} = mudstone {three cycles of
O 2E thickening upwards sands)
ol 19em arghlaceous fine sandstone
s § 8 26 om interbedded sandsione & mudsione
54 cm massive argilacecus sandstone
w (bail & piow siructure)
53 em inlerbedded argilaceous sandstone &
very tone
43cm massive argilaceous sandsione
{bak & pikow?)
%0 cm ecbedded argiiaceous sandskone &
very sandy mudstone
0 em arpillacecus sandstone (ledge-former)
303 om slighly calcareous, sandy 0 vary
sandy mudsione and argillaceous
sandstone (begmning @662.0, sands
mare fraquent and fficker towards top
660 T~ 659 1517em am?' o very fine sandstone
Slightly Silty
ndstone
Sa 444 Calcareous Shale
Muddy Sandston 55551 Cal Shal
uday sa one gt alcareous ale
BT .
Sandy Mudstone Calcarenite
o ot e el o
Sandy Shale ESGEY  Foraminiferal Marlstone
Slightly Calcareous REEE
. gy Marlstone
Silty or Sandy Shale  E
Slightly Calcareous % Limestone
Sandy Mudstone
E=7-7-71

E=4=553  Dolomitic Mudstone
8 Bentonite
L Limonite Seam

Calcareous Concretions

660-680 m

Mancos Shale/Point Lookout Sandstone contact
at 682 m (see Wright-Dunbar et al., this guidebook)

LECKIE et al.



