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Field Stratigraphy
Guadalupes Field Trip
May 12-22, 2008

Friday, May 9

Meet at 5:00 beer/field trip planning—Crown and Anchor. If it is really crowded, we can

go to Posse East which is right around corner.

Monday, May 12

10:00 am

10:30 am

coolers and vehicles

Pack these items:
Critical Group Items

1)
2)
3)
4)
5)
6)
7)

White Board

6 coolers

Jacobs staffs for all

Role of large scale plotting paper

Duct tape

Magic markers

Stoves! (how many stoves do we have?)

Critical Personal Items

Hand lens

grain size card

mineral oil

10% hcl

rock hammer

tent, sleeping bag, sleeping pad
suntan lotion, hat, day pack

field guide and field book

very solid field shoes and sandals

. appropriate clothing for rain, wind, and sun, rain gear
. flashlight/headlamp

. medications, first aid kit, towel, bath supplies

. camera, batteries, cell phone, charger

. cup, fork, knife, spoon, water bottles

Get field vehicles (I need 3 volunteers to go with me.)
Make sure that each vehicle has an operational spare tire and the equipment to change it.
Take vehicles to Wal Mart—Dbuy supplies (anything we don’t have), pack



Field Schedule:
Tuesday, May 13
07:00am —Depart Austin to Salt Flats (~8 hr drive)

16:00 (MTN Time)—Aurrive Salt Flats to south of Guads—Overview (PSU arrives El
Paso 11:20 am)
Task: Sketch major stratigraphic elements of western escarpment.

May 13, 19:00 (MTN Time)—Arrive Washington Ranch

Camp Washington Ranch
e 18 Rattlesnake Springs Road, Carlsbad, NM 88220
e 22 tentsites reserved, 13" through 20"
e Sites are next to a building where you can store food/equipment, use
bathroom/shower
e Group dinner arranged for each night
e $10/tent/night, $7.50/person for dinner
e Contact: Charles — 505-785-2228

Wednesday, May 14

07:00 Depart Washington Ranch to Salt Flat Bench (turb. systems)
Task: Construct Integrated Channel Cross Section
Task: Evaluate connection between channel-filling and overbank deposits

Thursday, May 15

07:00 Depart Wash. Ranch to Guadalupe Canyon (turb. systems)
Task: Slope Channel Systems: Sketch Cross Section
Task: Evaluate models for channel cutting and filling based on preserved stratigraphy.

Friday, May 16

07:00 Depart Wash. Ranch to Williams Ranch (Bone Canyon to Schumard Canyon)
Task: Study Canyon Fill Stratigraphy and Facies

Task: Sketch Large Scale Onlap

Task: Evaluate two stages of erosion (syn- or pre-cutoff)

Saturday, May 17

07:00 Depart Wash. Ranch to McKittrick Canyon — Shelf to Basin
Task: Develop model for carbonate Shelf depositional systems
Task: Measure carbonate Section



Sunday, May 18

07:00 Depart Wash. Ranch to Shattuck Valley Escarpment

Correlation Exercise

Task: Use measured section, cycle stratigraphy and sequence stratigraphy to correlate in
mixed carbonate-clastic shelf system

Monday, May 19

AM Group Correlation Project
Task: Complete Correlation Exercise
PM Carlsbad Caverns

Task: Tour Cavern

Tuesday, May 20

All day McKittrick Canyon
Task: Walk reef, look at slope facies, examine geobiology

Wednesday, May 21
All Day Mystery Outcrop

Thursday, May 22
All Day —Return to Austin — 8 hours




Contact Information:

Peter Flemings (512) 750-8411
Rob Skarbek (484) 354-2758

Jon Schueth (814) 933-9118

Matt Reilly (814) 359-6356

Joe Valenti (585) 217-6025
Charles Bohn (814) 404-3424
Melissa Pardi (860) 305-4217

Leah Schneider (814) 280-2854
Dan Jones (651) 245-2775

Mark Patzkowsky (814) 574-3452
Heather Nelson (814) 865-9794 (O)
Heather Nelson (814) 777-1746 (C)
Heather Nelson (814) 867-6058 (H)



Overview
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Paleogeography Overview

The Guadalupe Mountains are located on the northern edge of the Permian

Basin in southeast New Mexico and northwest Texas. The Permian Basin can be
subdivided into smaller basins (Midland Basin, Delaware Basin, and Marfa Basin)
and platforms (Central Basin Platform, Diablo Platform). It was formed during the

Permian Period in the Late Paleozoic.

Plate tectonics
The Permian period is between 299 and 251 Ma ago. By the Early Permian
continents were merged into one huge landmass called “Pangea”. The ocean to

the west was the Panthalassic Ocean, to the east the Paleo-Tethys Ocean.

http://www2.nau.edu/rcb7/260_Permian_2globes.jpg

Paleogeography of North America

About 260 Ma ago, North America was located at lower latitude than today. New
Mexico and Texas were very close to the continent margin. Aeolian and fluvial
redbed sediments were deposited across the western interior of North America
during the Late Permian. In the basins, including the Permian Basin, thick

carbonates were deposited. Extensive salts were deposited on a craton from
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Nebraska to Texas. The Ancestral Rocky Mountains in the northwest of the

Permian Basin (New Mexico, Colorado) were a source of siliciclastic sediments.

subduction

zone \A‘}

Panthalassa
Ocean

Late Permian
(260 Ma ago)
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Magnetic polarity changed more often and for longer periods towards the end of
the Permian. There were several minor and major Permian — Devonian
transgression — regression cycles with an overall regressive trend until the end of
the Permian stage when relative sea level was at its lowstand (about 200 meters
below present sea level).
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Two-pulse Permian mass extinction

The end of the Permian Period coincides with a severe mass extinction. The
mass extinction actually happened in two pulses: at the end of Guadalupian and
Tatarian (5 Ma later). About 71% of marine species (e.g. brachiopods,
ammonoidea, bryozoans, fusulinacea, gastropods, bivalves) were eliminated
during the first brief pulse of extinction at the end of Guadalupian. The second

pulse was even worse with 80% extinct marine species. The magnitude of Late
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Permian — Early Triassic mass extinction is comparable with extinctions at the

ends of Triassic and Cretaceous.

Speculated causes:

There are at least five speculated causes for the mass extinction at the Late
Permian:

1) Volcanism:

The Siberian Traps (large igneous province) are evidence for eruption of ash and
gases as a result of a mantle plume. The Siberian Traps cover ~2 Mio. km?
(larger than Europe) and the volume is approximately between 1 — 4 Mio. km®.
SO, and CO, were erupted into the atmosphere causing a short-term cooling and
long-term warming, respectively.

2) Meteorite impact:

A potential meteorite crater might have been found in Australia. An iridium
anomaly as well as shocked quartz, both typical evidence for meteorite impacts,
have been documented there as well.

3) Climate change:

There is evidence for both, an increasing and decreasing trend in temperature.
Due to the dry, hot supercontinent with great seasonal fluctuations and an
increase in CO, emissions from volcanic activity, the area of coal swamps might
have been reduced and the metabolism of creatures might have been slowed
down. At the same time, SO, emissions from volcanic activity caused cooling,
documented by glacial deposits in polar zones and thick dune sands. The
presence of carbonate limestones was reduced. Both trends combined might
have caused a rapid repeated heating and cooling that did not leave creatures
enough time to adapt to one or the other. It might have also caused changes in
ocean circulation and salinity.

4) Formation of supercontinent:

Due to one huge landmass (Pangea), the interior was hot and dry and at low
elevation. The coastline was reduced, therefore, less habitats were available.

Parts of Pangea were located over a pole causing glaciations.
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5) Glaciation:

Glacial deposits were found in Australia, Siberia, and the North Sea. Milancovitch
cycles can only account for fluctuations in size of ice sheets, but not for actual ice
sheet formation. But combined with the fact, that parts of Pangea were located
over poles, Milancovitch cycles may have contributed to a global drop in

temperature and sea level causing a Late Permian glaciation.

High diversity of Late Permian

From Middle to Late Permian the diversity increased tremendously. Compared to
brachiopods, gastropods and bivalves became relatively more abundant,
particularly in offshore carbonate environments. Potential causes for the high
diversity could be an increase in productivity, fluctuations in environmental
stresses, or an onset of anoxia in the deep ocean. Bivalves and gastropods, as
opposed to brachiopods, have a better ability to adapt to increased
environmental stresses. Therefore, there might have been an increased habitat

space for them causing a relative increase in abundance.
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Western Escarpment
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Formation distribution in the sequence model

Composite Sequence Framework of the Guadalupe Mountain Region
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Regional Cross-Section of the Guadalupe Mountains, SE New Mexico and West Texas
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Salt Flat Bench



Guadalupe Canyon

Guadalupe Canyon is located in West Texas S-S-W of El Capitan (fig. 1 and 2).
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Fig. 2. Regional overview of the location of the Brushy canyon outcrops. Beaubouef et
al., 1999.

We will be looking at the Brushy Canyon outcrops in Guadalupe Canyon. The Brushy
Canyon outcrops were deposited in the Delaware Basin (fig. 2). The Brushy Canyon Fm.
(fig. 3) is comprised of basinally-restricted, deep-water sandstones and siltstones of
Guadalupian age up to 360m thick. They were deposited during subaerial exposure of
the carbonate shelf as a third order lowstand sequence set. The base of the Brushy
Canyon on the slope and basin floor is submarine erosion surface which truncates
carbonate rocks of Leonardian and Early Guadalupian age. Laterally persistent siltstone



units divide the Brushy Canyon Fm. into three separate, sand prone units (the Upper,
Middle, and Lower Brushy Canyon Members).
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Fig. 3. Schematic diagram of the deposition of the Brushy Canyon Fm. Note the
lowstand wedge slope siltstones dividing the Brushy into 3 members. Beaubouef et al.,

1999.



The Brushy Canyon Fm. is a lowstand wedge, overlain by the Cherry Canyon Tongue
(fig. 4) which is the lowstand wedge for the basal Guadalupian 3rd order sequence. The
Brushy Canyon Fm. pinches out on a sequence boundary (the submarine erosion surface
described previously). This sequence boundary is correlatable updip to a karsted
subaerial exposure surface at the top of the Lower San Andres.
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Figures 5 and 6 show the relative location of the outcrops on the slope.

Day 5
Distal Basin Floor
(Figures 5.1-5.3)

Basin Floor

Shelf
~ Day4
Medial Basin Floor
 (Figures 4.5-4.8)

. Dbays
Proximal Basin Floor
(Figures 4.2-4.4)
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Fig. 5. We will be looking at the mid- to lower-slope channel deposits of the Brushy
Canyon, indicated by the Day 2 marker. Beaubouef et al., 1999.
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Fig. 6. Map view of the depositional model constructed for the Bfushy Canyon Fm. We

will be located at approximately 11. Beaubouef et al., 1999.



The process by which the channels were created and filled is shown in figure 7. The
channels were created by a process of first cutting then filling by turbidites. Turbidites
initiate on the upper slope and the head of the turbidite typically erodes the sediment
below. The body carries the majority of the sediment and depending on conditions
within, the body may either erode, bypass, or deposit. The tail of the turbidite will often
deposit thin, fine-grained sediment. The deposits seen in Guadalupe Canyon should
generally fall within the red box. Here, rapid fallout from suspension creates
structureless beds, which are a common fill within the channels. The cutting and filling
of channels depends on the location of the channel relative to the initiation point. Close
to the initiation point, the channel will be cut, further out, lag or fine grained tail deposits
may build up. Continuing further, the channels will fill with sand. If a channel is
abandoned, it may fill with silt. The small diagram at the top indicates where the thickest
deposits are relative to the downslope distance.
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Fig. 7. Illustration of the process by which turbidites create then fill the channels seen in

the Upper Brushy Canyon Mbr. Beaubouef et al., 1999.



Figures 8, 9, 10, 11, and 12 show some of what we will see at the outcrop. Figure 7 is a
large overview of the canyon wall with several channel cuts and fills mapped.



Fig. 8. Mapped channels and fills of the Upp Brushy Cnyo Mbr. Red lines are major
erosion surfaces, thick black are minor erosion surfaces, thin black lines are correlation

surfaces, and blue lines are abandonment surfaces. White box is the blowup for figure 8.
Beaubouef et al., 1999.
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Fig. 9. Blowup of the previous white box. Several areas of interest are pointed out for
the next several figures. Beaubouef et al., 1999.



Fig. 10. Stacked erosion surfaces and remnants of small-scale sandstone channel fills.
This indicates a complex history of erosion and minor backfilling before later
aggradational backfilling by laterally-extensive onlapping sandstones. Beaubouef et al.,
1999.

Fig. 11. In thls channel aX|s We see medium- to thlck bedded mternally massive
sandstone units which thin towards the channel margin. These are interbedded with
siltstones and form composite drapes along the channel margins. Beaubouef et al., 1999.



Fig. 12. This IséUp shows the lateral thinnif{9 of sandstone beds into zones of inclined
sand- and siltstones form the channel margin drape. The master erosion surface is
present below the picture. Beaubouef et al., 1999.

Things to look for in outcrop include:
e Channel Geometries:
o Sand filled
o Low aspect ratio
o Upto45m deep
o Incised into slope siltstones
o Confined by master erosion surfaces
e Bypass Indicators:
o  Siltstone draped erosion surfaces and coarse grained lags
o  Thin intervals containing erosion surfaces, very thin lenticular
sandstones, and starved ripples at the base of some channel
complexes
e Channel Fills:
o Siltstones
«  Thin-bedded sand- and siltstones overlie ersion surfaces
«  May fill entire channel or form initial fill
o  Sandstones
«  Variable fill styles
«  Dominantly non-amalgamated, medium- to thick-
bedded massive sandstones
o Laterally extensive from channel axis to
channel margin, thinning toward margin



e Stacking Patterns
o Vertical to slightly offset patterns of stacking
« Indicate focusing of flow by nearby upper slope
canyons
«  Slump-related topography may control locations and
stacking

Summary
In Guadalupe Canyon, we see several stacking turbidite channels within the Upper
Brushy Canyon Member. Lower channels are muddier, but over time, channels are filled
with more sand. The channels have been cut into the siltstones that create the slope and
become less amalgamated as you move up section into blockier sands. The channels
have an overall coarsening upward succession.
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Fig. 13. Summary of the deposition and stacking of the channel fills within the Upper
Brushy Canyon Mbr. with a schematic log going upsection. Beaubouef et al., 1999.



Brushy Canyon Formation: Salt Flat Bench

1. Location:

Regional (above) and local (left) google earth maps showing the
Guadalupe and Delaware Mountains and the Brushy Canyon outcrop
belt (below right).




Guadalupe Peak[
*

A map (left) showing the location of Salt Flat Bench in relation to El Capitan and Guadalupe Canyon.
A digital google earth aerial view (right) of Salt Flat Bench and EI Capitan.

The inset photograph is taken from the location marked with the red star, looking up at EI Capitan and Salt Flat Bench.



2. Age and Stratigraphic Context:

The Brushy Canyon Formation is Early Gualalupian in age and is interpreted to be the Low Stand Deposits of a 3™ order cycle. These
sandstones and siltstones are believed to have been deposited during relative sea level low stands when the shelf is exposed and lack of shelfal
accommodation space drives clastic sedimentation in the basin. Sub aerial exposure on the shelf caused the shut-down of the carbonate factory
and allowed the clastic depositional systems to take over.

The Brushy Canyon Formation has been divided into Lower, Middle and Upper Brushy Canyon, based on laterally persistant siltstones
believed to represent a 4™ order late low stand wedge development concomitant with sand starvation in the Basin. Thinner siltstone deposits have
also been interpreted as 5" order abandonment surfaces by Gardner & Borer (2000), on the basis of which the Brushy Canyon Formation was
resolved into 7 Fans.
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These deep water siliciclastic deposits are about 360m/1500ft thick. They onlap against a relict carbonate slope, which consists of eroded
shelf and slope carbonate deposits and is laterally correlatable to a karstification/ subaerial exposure surface farther back on the shelf. The
steepness of the relict slope suggests that, initially, the slope was mainly a site of sediment bypass.
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1. Siliciclastic Sediment Source

Paleocurrent data shows a variation in sediment
transport direction for the Brushy Canyon Formation
from North to South along the outcrop belt.

In the North sediment transport is towards the East or
South-East

At some locations in the South sediment transport is
towards the East and North-East.

Hence it is believed that sediment was supplied from
the Northerwestern and Western margins of the basin.

Based on toe-of-slope location, the Brushy canyon
deposits were prograding from lower to upper Brushy
Canyon time.

The locations of Salt Flat Bench and Guadalupe
Canyon are indicated with the yellow stars.

(modified from Beaubouef etal. 1999)



2. Down-dip variation in sand-body architecture

The architecture of siliciclastic deposits from slope to basin floor is a function of flow behavior in terms of net erosion, bypass or
deposition. The transition from confined channel complexes on the slope to basin floor sheet sands is illustrated in the associated
diagram.

Toe-of-slope Channel
Complex

PROMMAL CHANNELIZED FAN
BRAUSHY MESA (BM)

Proximal Basin

Floor Medial Basin
ﬁ PROKMAL cwense:m FAN Floar Distal Basin
MEDIAL CHANNELIZED FAN Floor

SHEET COMPLEXES

(modified from Beaubouef etal. 1999)



3. Salt Flat Bench

Salt Flat Bench is a 40m thick sand body,
which extends laterally for more than a
kilometer.

El Cap'tan Erosional truncations at the base of the
sand body have been interpreted as slump
scars. The sand-body is believed to be
housed within a ‘spoon-shaped’ master
. confinement created by repreated slump
M scars.

Salt Flat Bench

Multiple truncation surfaces within the
deposit have been attributed to repeated
episodes of cut-and-fill.

The proportion of sand decreases
'_ laterally, interpreted as the gradation into
overbank deposition.

This deposit is a large isolated sand-body
encased in siltstones, interpreted as
characteristic channelized deposit found
in upper slope settings

A view from Highway 62, looking up at El Capitan and Salt Flat Bench

The abundant siltstones are believed to be the result of deposition away from the main sand fairways. Two siltstone lithofacies
have been described by previous workers.

1. Light grey laminated siltstones with milli-meter scale graded laminations are interpreted as deposits of dilute, fine-grained
turbidity currents

2. Dark grey organic rich siltstones which contain organic content derived from marine algae. These are believed to represent
hemipelagic sedimentation, characteristic of condensed intervals. These are excellent marker horizons.

The siltstone interval above the SFB gets steadily more organically rich and has been interpreted by Gardner & Borer (2000) as the
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Chapter 3

DEVELOPMENT OF A TURBIDITE CHANNEL
COMPLEX, SALT FLAT BENCH, BRUSHY CANYON
FORMATION, GUADALUPE MOUNTAINS, TEXAS, AS AN
OUTCROP ANLOGUE FOR SOUTH TIMBALIER 295
TURBIDITE SANDS

Abstract

A turbidite channel complex of the uppermost Brushy ‘Canyonb Formation has macro-scale
geofnetry similar té Gulf of Mexico turbidite sands observed through éubsurface data.
Thié outcrop analogue brovides insight into ﬁnef—scale variation not imaged with geophys-
ical data. Channél elements include‘erosional s.urfac‘es-, silt drapes, and initial and. subse-
quennt fill. Sands thicken and coarsen tov?ard the axis of the channel complex where they
are very thickly bedded and medium-grained with large rip-ups. Channel margins pre-
serve silts and medium—to—very fine sands displaying complt;te Bouma sequences. Topog-
raphy on a slﬁrﬁp scar controlléd the distribution of sands and steered channels toward the
zﬁds of the depositional low where coarser amalgamated sands accumulated. Flanks of the
Aepositional low pres_ervediess energetic events and were lesé prone to amalgamation by
sﬁbsequent turbidite .events. Subsurface observations of the K40 turbidite sand (South

Timbalier 295, offshore Louisiana) deposited in a salt-withdrawal minibasin reveal
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thicker, amalgamated sands downdip and thinner sands with interbedded shales preserved

on the flank of the mir_libasin.

Introduction

To complement our investigation of the K40 turbidite sand of the South Timbalier 295
(ST295) field located offshore Louisiana (Hoover et al., 1997), we studied an outcrop ana-
logue té gain insights into the facies .architecture of deep water gravity-flow deposits. An
outcrop analogue allows observation at a scale not resolved by subsurface wireline and
seismic data. There are many subsurface Gulf of Mexico turbidite studies (for example,
'Mﬁhafﬁe, 1994; Holman and Robertsbn, 1994; and Galloway and McGich;ry, 1995) that

| rely on cores, geophysical logs, and seismic data to characterize reservoir sands. Use of -
an outcrop analog promdtes understanding of lateral variations of thé K40 'jsand and other

‘ analbgous Gulf of Mexico reservoirs that are poorly resolved by geophj'sicél data.

“The iB‘ru’shy Canyon Foﬁnation (middle Pefmian, lower Guadalupian), expoéed 1n the
" ‘;Guadalupe and Delaware Mountains of west Tekas, is a 0 - 1000 ft. thick sequence of
B déép-water siltstone and sandstone deposited‘in the Delaware Basin by gravity-driven
: ﬂoﬁ}s (Harms, 1988; Harms and Williamson, 1988,; Rossen and Safg, 1988; Zelt and Ros-
. sen 1995) (Figures 3.1 and 3.2). This large volﬁmé of si..liciclastic sediment onlaps the

" carbonate ramp to the north.
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The primafy goals of this study are to observe and characterize lateral variability in chan-
nelized turbidites and to compare and contrast these observations with those from ST295.
This is not intended to be a comprehensive study of Brushy Canyon deposition. Rather,
we focus on a single outcrop to characterize deep water sands and infer depositional pro-
cesses. We then return to oﬁr observations from the Gulf of Mexico and draw potential

parallels.

Geologic Setting

The study locality, Salt Flat Bench, is located 1.5 km south of El Capitan peak at the west-
ern. margin of the Delaware basin and the southern limit of the Guadélupe Moun:tains,
(Figure 3.3). The top-of this prominent bench, viewed from US route 62/180, marks the
upper contact of the Brushy Canyon Foﬁnation with the overlying Cherry Canyon Forma-

tion.

The development of .,thef...Dela-waré Basin was controlled by faults in the Protero‘zbic base-
. ment of the region (Oriel et al., 1967; Hills, 1984). Bounded to the west by the Diablo
platform, to the east by the Central Basin platform, and to the north by the Northwestern

shelf, the Delaware basin:remained low throughout the Permian (Figure 3.1) (Hills, 1984).

The Delaware Mountain Group, composed of the Brushy Canyon, Cherry Canyon, and
Bell Canyon Formations (Figure 3.2), varies from O to 3000 feet in thickness in the Dela-

ware Basin and is well-exposed at the southern limit of the Guadalupe Mountains, along
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the western escarpment, and throughout the Delaware Mountains southeast of the study
_area. Prominent ledges, lbargely.composed of thickly-bedded massive sandstone, are inter-
. preted by King (194R) to b~ channels and channel complexes. Recessive intervals are

composed of thinly-bedded very fine sands and silts.

Siliciclastic sediments of the Delaware Mountain Group (Permian; Guadalupian) uncon-
formably overlie the Leonardian Bone Spring and Cutoff limestones (Figure 3.2). King
(1942, 1948) pﬁblished the first comprehensive field studies that established relationships
between shelf, ramp, and basin sediments. Brushy Canyon sands are interpreted to have

, been,tggnspgr_ted to.the basin across unconformities within the San Andres Formation
(Kerans et a_l.?_: 1993;_Fitchen, 1993; Sonnenfeld, 1993; and Sarg and Lehman, 1986).
Wil#@ (1986) and Kirkby (1988) demonstrate the erosional base of the Brushy Canyon
't‘hat tops the_Cuto_ff and Victorio Peak Formations basinward of the San Andres Forma-

tion.

The geologic setting of the Permian Basin is very different from the Gulf of Mexi'éé; yetin
both basms, gravity-driven flows delivered sands to deeper water. The Brushy Canyon |
Formation is generally accepted as a deep-marine sandstorie, though the depositional |
m@chanigm hjgls been debated (Harms, 1974; Harms and Williamson, 1988: Rossen and
Sarg, 1988, Berg, 1979; Bozanich, 1979). Proponeﬂts of a thermohaline density current
iqterp_retgtién note siltstone drapes and a scarcity of classic Bouma sequences (Harms;
1974). Rossen and Sarg (1988) propose point-sourcing of .Si:licicliastics,’ regional correla-

tion to a paleoshelf disconformity, and normal-marine shallow waters on paleoslopes as
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evidence against the thermohaline density current interpretation. The distinction between
turbidity current and debris flow deposits is also a difficult issue to resolve. Discussion
(Hiscottet al.; 1997) and reply (Shanmugam et al., 1997), centered on the interpretation of
North Sea basin-floor fans, demonstrates the ongoing development of process interpreta-

tions of gravity-flow deposits. .

Regardless of whether the sandstones of Salt Flat Bench represent turbidity current, ther-
mohaline density flow, or debris flow deposits, they provide a unique perspective on a tur-
bidite channel complex. Numerous channel exposures in the Delaware basin region can
be observed in outcrop (photos in Harms and Williamson, 1988), and channels have been
inferred from closely-spaced well penetrations of the Brushy Canyon and overlying
Cherry Canyon Formations (Harms and Williamson, 1988). The outcrop face described in
this study trends perpendicular to flow orientations discussed below and allows us to

observe lithofacies variation along an axis-to-mafgin channel profile.

Field Observations

The sanfistones that form Salt Flat Bench are well exposed on its eastern, western, and
southem faces. Location A (Figure 3.3) is the western face of Salt Flat Bench with 1600
feet (latetal distance) of exposure that was measured and describéd in detail at seventeen
measured sections (Figures 3.4 and 3.5). From a distance, this outcrop shows sandstones -
which thin significantly to the north. These cliff-forming sands terminate northward,

incising and truncating thinly-bedded very fine sands and silts. To the east, the southern
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Figure 3.3. Orientation map of Salt Flat Bench study area located at the southern tip of the Guada-
lupe Mountains within the national park limits. Access to the outcrop is from a pull-off from US62/

180 (marked with X on map) that was the old highway.
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Deep-Water Density Current Deposits of Delaware Mountain
Group (Permian), Delaware Basin, Texas and New Mexico'
JOHN C. HARMS® and CHARLES R. WILLIAMSON’

ABSTRACT

The Guadalupian Delaware Mountain Group is a
1,000-1,600-m (3,281-5,250-ft) thick section of siltstone
and sandstone deposited in a deep-water density-
stratified basin surrounded by carbonate banks or reefs
and broad shallow evaporite-clastic shelves. The most
prevalent style of basinal deposition was suspension set-
tling of silt. L minated siltstone beds are laterally exten-
sive and cover basin-floor topographic irregularities and

flat-floored channels as much as 30 m (99 ft) deep and 1.

km or more wide. Channels can be observed in outcrop at

. the basin margin and can be inferred from closely spaced

wells in- the basin. The channels are straight to slightly
sinuous, trend at high angles to the basin margin, and
extend at least 70 km (43 mi) into the basin. Sandstone

" beds, confined to channels, form numerous stratigraphic

traps. Hydrocarbon sealing beds are provided by lami-
nated organic siltstone, which laterally can form the ero-
sional margin where channels are cut into siltstone beds.
Thick beds of very fine-grained sandstones fill the chan-
nels. These sandstones contain abundant large and small-
scale traction-current-produced stratification. These
sandy channel deposits generally lack texturally graded
sedimentation units and show no regular vertical
sequence of stratification types or bed thickness.
Outcrop and subsurface evidence indicates Delaware
Mountain Group sediments.were deposited by saline den-
sity currents. Dense saline water originated on evaporitic
shelves and spilled across the carbonate rim, down steep
marginal slopes, and into the basin. Basinal waters were
density stratified. Denser flows moved along the basin
floor cutting channels or depositing. sand in. existing
channels; less-dense flows moved along density inter-
faces in the water column and carried silt-size material
far into the basin where it settled to the floor as thin alter-
nating layers of detrital silt and organic debris. Little
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proximal to distal change occurred in the size or. natureof
the channels. Exploration predictions based on subma-
rine fan models formed by turbidity currents would
anticipate very different proximal-distal changes in sand-
stone geometry and facies. '

INTRODUCTION

During the middle Permian (Guadalupian) the Dela-
ware basin was a nearly circular basin approximately 160
km (100 mi) in diameter. The deeper water central basjn
was nimmed by banks and reefs adjacent to broad
shallow-water shelves, lagoons, sabkhas, and alluvial
plains, Approximately 1,000-1,600 m (3,281-5,250 ft) of
terrigenous silt and sand of the Delaware Mountain
Group (Guadalupian) (Figure 1).was:deposited in. the
central basin, where water depths are estimated t0-have

_been 300-600 m.(984-1,969 ft) (King, 1948; Newell et al,
1953; Meissner, 1972; Harms, 1974; Crawford, 1979):

Previous sedimentological studies of the three Dela--
ware Mountain Group formations (Brushy Canyon, -
Cherry Canyon, and Bell Canyon) (Harms, 1968, 1974;
Jacka et al, 1968; Payne, 1976; Williamson, 1978, 1979;
Berg, 1979; Bozanich, 1979) have generated much con-
troversy regarding depositional processes. This paper
summarizes primarily outcrop and subsurface data from
the Brushy Canyon and Bell Canyon Formations
(Harms, 1968, 1974; Williamson, 1977, 1978, 1979), and
draws on other recent studies of the Delaware Mountain
Group and time-equivalent shelf facies-to intetpret their
depositional processes. R RS

We conclude that the basinal sediments of these forma-

tions were deposited by saline density curr

Dense shelf water spilled through-chan irround-
ing carbonate banks, flowed down marginal slopes, and

along the basin floor. The denser “flaws aut- channels or -
dstone beds confinedto chiannels. At other

(11)
times, less-dense shelf water spread more-dense
stagnant basin water, as density in erflows: and rained
suspended silt over floor. ‘As a result; the rocks

show a distribution of facies, geometry of sandstone -
units, and vertical arrangement of texfures and structures
different from rocks common to-turbidity ¢
submarine fans dominated by episodic sedi

‘flows. Sandstone mostly is confined to nonbranchinglin-
' ich Torm numerous'stratigraphic traps.
The geometry and trend . of channel fills: are: directly
related to the depositional mechanism. One must under-
stand the origin of the channels and the channel fill to
better define exploration objectives and aid in develop-
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ment of the more than 150 oil and gas ﬁelds producing (Flgure 1). Harms (1974) presented ev1dence to sugg-’ St
from: the Delaware Mountain Group in the Delaware water paleodepths in execess of 360 m (984 ft) durmg L

basm. Lo

STRATIGRAPHIC AN D PALEOGEOGRAPHIC SETTING

Water Paleodepth

The svtratigr_’aphic relations .an_r‘ong» shelf, marginal, and
basinal Permiarn rocks in the Guadalupe Mouritains were
first comprehensively clarified by King (1942, 1948).
Subsequent studies by Newell et al-(1953); Boyd (1958),
Hayes (1964), King (1965), Oriel'et al (1967), and Meiss-
ner (1972) provided further refinement-of regional facies
interpretations and stratigraphic correlations:(Figure 1).
However, -detailed correlations between the basin and
shelf for some stratlgraphlc intervals have remamed con-
troversial.
the upper part of the Delaware Mountam Group

e

seen from the base:o

b av]
__shelf_m_gm rocks interpreted:

- at. ear sea level. Water paleodepths are estrmated to
- have been 300-600:m. (984-1,969 ft) for the upper part of
the Bell Canyon: Formation (King, 1948; Newell et al,
1953). The shelf-to-basin relief of the Goat Seep-Cherry
Canyon' transition is approximately 300-400 m- (984-
1,312 ft) (Crawford, 1979). No direct Téasurément of
the shelf-to-basin relief is possible for the early Guadalu-
pian Brushy Canyon Formation ‘because outcrops
.unconformably abut against older (Leonardian) rocks

anyon. Formatlons) the ca car-

deposmon of the Brushy Canyon Formatlon

Stl‘atlgraphy

applied here, is not nearly as deepas modern continental:
shelves. Shelf facies represent a’ complex of - shiall

water peritidal, lagoonal and emergent flat envrron ‘

several meters. ’I‘he she[f §é
alternating thick carbonate
and sandstone units. The entiré shelf
ward into red beds and evaporites toward the west and
north. Coeval shelf facies of the Brushy Canyon and
lower Cherry Canyon Formations are less certain, but at
least part of the San Andres Lnnestone is probably’cor-
relative (Figure 1). . :
Shelf-margin rocks equlvalent in-age to the: upper Del—
aware Mountain Group consist dominantly of massrvcly

bedded limestone and dolomiite (Capitan-and’ ‘Goat Seep
formations). These carbonate rocks interfinger with silt--.

stone and sandstoné of the Cherry Canyon and Bell Can-"

yonFormations in. spectacular outcrops along the eastern: .
edge of the Guadalupe: ‘Mountains. Interpretations: of:
seismic and outcrop data in the Delaware basin suggest .

that slightly older siltstone and sandstone of the Brushy-.
Canyon Formation onlap the toe-of-slope facies of the

1) (Meissner, 1972 Srmth 1974) ‘SHelf, as the term"is ™

g
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ted by an ero onal

mlddl SanAndresFormatlo 'fsepf

sequenée.bbundary (Sarg and Lehmann, 1986). C or!;ela

the lower part of th
Brushy Canyon Formation must have had shelf equiva-
(Wi have been eroded dur-

' 'Ibnguw .of allochthonous' carbonate ebrls denved
from the'shelf margin are mterbedded with sﬂtstone -and
sandstone in’ the Delaware Mountam Group The Lamar

@

Limestone the uppermost member of the Bell Canyon
Formation, is one of many prominent carbonate units
that can be traced in outcrop into lower slope carbonate
facies of the Capitan Formation (Tyrrell, 1962, 1969; L.
Babcock, 1977). Basinward, the Lamar and other lime-
stones in the Delaware Mountain Group become dark
orgamc—nch cal¢areous siltstones. The Lamar equxvalent
in the subsurface is referred to as the ‘‘Delaware lime.”
The Delaware Mountain Group is underlain by the
Leonardian Series, a sequence of basinal limestone chert
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and siltstone. Erosional channels filled with lime mug-
stone in a style similar to Delaware ou

channel fills suggest that density current processes were
important in the Leonardian as well aln-
arms and Pray, 1974). The Ochoan Series overly-
ing the Delaware Mountain Group reaches a maximum
~ thickness of about 550 m (1,804 ft) and consists mainly of
evaporites withincreasing amounts of red siltstone in the
younger rocks. Evidence indicates that the varved evapo-
rite units of the Castile Formation were:abruptly: &:p
ited in fairly deep unagitated water in a restncted basin
(Anderson et al, 1972; Dean and Anderson, 1982)

Shelf-To-Basin Sedirrlent- Supply

One of the most perplexing problems of Delaware

asin stratigraphy is the relationship of shelf to basin ter-
rigenous sediments. The thin widespread s1ltstone and
sandstone umts of the Artesm G

sumlar srltstones and sandston_ sof the:
' tam Group (Hull 1957) These she[f

175 to 700-m (574 to 2,297-ft) wide channel filled with

siltstone, sandstone, and conglomerate that probably is

correlative with the Brushy Canyon Formation (Harms,

1974), (2) a “‘sheet’’ of Shattuck sandstone (a thin'mem- -

ber of the Queen Formation), traceable actoss the shelf
edge and 20-30 m (66-98 ft) down the foreslope separat-
ing the Capitan Limestone from the Goat Seep Dolomite
(Crawford, 1981), and (3) basinward-trending channels
(generally 35-m (115-ft) deep, 400-m (1,312-ft) wide) in

=+t3 Cherry Canyon Formation sandstone tongue. These

channels are transitional with shelf-edge facies of the
Grayburg Formation and are filled with sandstone and
allochthonous carbonate (McDermott and Scott, 1981).
Two of these occurrences are channel fills and -are
probably representative of the conduit types that deliv-
ered basin sediment. The sandstone sheet described by
Crawford (1981) is interpreted to have been deposited
where sand and silt spilled over a large area of the shelf
margin. Stratigraphic relations at the basinward edge of
the Shattuck spillover indicate that the shelf sandstones
represent a relatively long time period, enough for at
least 50 m (164 ft) of Goat Seep carbonate to prograde

beyond the first sandstone that spilled over the shelf edge:

(Crawford, 1981). The distribution of sandstone in the
subsurface (Williamson, 1978; Bozanich, 1979) suggests
that both types of sediment delivery were important
along various parts of the basin margin at different

- times.

mentation. One hypothesls states that the alternations of
carbonate and temgenous rocks on the shelf represent
great fluctuations in sea level (10s to 100s of meters).
Accordmg to this scenario, temgenous sedrments ‘were

smal] sea level ﬂuctuatlons .(l 5 ¢ .
isfactorily explam sedlme Fuadalupian:
Pray proposed that temg‘ ous. ¢clastics may have been
supplied to the basin during maximum sea level by sub-
_aqueous currents originating from the spilling of saline
lagoon waters. _

We believe sufficient evidence exists to demonstrate
contemporaneous carbonate and clastic deposition in a
subaqueous environment at the outer shelf (Neese and
Schwartz, 1977; Wheeler, 1977; Hurley, 1978; Crawford,
1981; McDermott and Scott, 1981). Great variations in:

sea level (10s to 100s. of meters) are unnecessary-to

explain the observed sedimentation patterns. The mecha-
,nism for silt and sand transport and the conduit types
that delivered sediment to the basin remain pootly
explained, although recent studies-have begun to resolve
these problems (Crawford, 1981; McDermott and Scott,
1981).
At least three occurrences of terrlgenous -filled slope-
feeder systems have been recognized in outcrops-of the
Delaware Mountain Group: (1) a 100-m (328-ft) deep,

LITHOLOGY OF DELAWARE MOUNTAIN GROUP

General

Siltstone and sandstone are the major lithologies of the
Delaware Mountain Group. Limestone, dolomite, and
conglomerate are estimated to comprise less than 5% of
the total volume of Delaware Mountain Group rock in

" . the basin, although these rock types are more common

along the basin margins. Practicallyno-clay shale occurs

in the Delaware Mountain Group and siltstones and
. sandstones.contain no significant detrital clay-size min- -

erals. Dark fine-grained rocks resemibling clay shale are
actually fine-grained siltstone with abundant clay-size

organic matter. In the Cherry Canyon and Bell Canyon

Formations, most of the sandstone in outcrop and in the

subsurface is very-fine. grained. Sandstones:in-outcrops
of the Brushy Canyon Formation generally are fine-
grained or very fine-grained, with granules or pebbles of
‘older.carbonate rock. The mmeralogy, stratification
types; fossils, and sedimentary structures in the Delaware
Mountaln Group formatrons generally are very s1m11ar

- -'s_»nmo:‘ié

‘Siltstone: comprises approxi-
mately 60-70% (estimate from measured sections) of the
upper Bell Canyon. Formation in. the Delaware Moun-
tains and the Brushy Canyon Formation along the west-

Slltstone is the most common ro_ck type in the Dela— .
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ern face of the Guadalupe Mountains (Figure 3). A
comparable percentage of siltstone is estimated for the
upper Bell Canyon Formation in the subsurface of the
northern part of the basin. A higlier proportion of sand-
stone and carbonate rocks is present within about a 20-
km (13-mi) belt rimming the basin’s edge. Bozanich

(1979) noted that siltstone accounts for only about 25%-

of the section in the Cherry Canyon Formation within a
35-km (22-mi) band adjacent to the eastern shelf margin.
The dominant sedimentary structure in gutcrops and

coreszof siltstone is even: pasallel light and dark laminae.

ranging from 0.2 to 2 mm (0.01 to 0.08 in.) thicK (Figures
4A-C; 5A). Light-gray laminae are coarser gramed and
contain little organic 1 T
contain ; ; i f
slightly finer silt grains. Individual lami
€rms Ol _Ofr] rial
ingupward, No discernible textural grading of the quartz
and feldspar fraction occurs within siltstone laminae or
beds. The median diameter of the siltstone ranges from
10 jem to. 60 gm: Laminated siltstone commonly contains
5-30% very fine grained. sand having a maxxmum size of
0.1 mm (0.04in.).

Most siltstone laminae are nearly horizontal and paral-
lel with boundaries of interbedded sandstones. However, -
in sonie outcrops and cores, siltstone beds and laminae -
are locally inclined at angles to the overall bedding (Fig- -

ures 4D, 6B). Siltstone laminae and beds drape underly-
ing erosional surfaces, ‘marking channel margins.

Siltstone beds also cover ripple marks; convex-upward-

tops of sandstones; and small scours. In all examples,
siltstone laminae and beds maintain a nearly constant
‘thickness laterally and mimic the configuration of under-
lying surfaces. Relations of these silistones are best
observed on outcrops along the western face of the Gua-
dalupe Mountains. The massive, nearly vertical expo-
sures of this-area show that siltstone beds drape the
erosional outlines of channels and can be traced across
channels into interchannel areas with no appreciable
change in thickness (Figure 6B). Similar types of man-

tling relations can be observed on a smaller scale in-out-- .

cropsin the Delaware Mountains. Laminated siltstone is

mterpreted from subsurface data to drape large channels
-and-extend into interchannel areas (Williamson, 1978;

Berg, 1979) where it can be traced for several kilometers
by log correlations.

Features of .the laminated siltstone indicate that sedi-
ment was deposited from suspension, largely unaffected
by bottom currents. Evidence supporting this kind of ori-
gin include (1) siltstone drapes underlying surfaces as a
uniformly thick blanket, (2) regularity of delicate lami-
nae, lateral continuity of siltstone units, and the general
lack of evidence for bottam current activity, (3) abun-

alyno hs, suggestive of very slow deposmon rates,

@ ' '> dance of lammated organic material enriched in marine

- and’ (4) 1nd1v1dua1 graded sxlt-orgamc laminae in silt-
stone.

The sxltstone is subarkosic (15-25% feldspar), and sim-’
ilar in composition to the interbedded sandstone. Clay .
mmerals, micas, and microcrystalline carbonate are
minor components of most siltstone except for a few
dark, clayey, or calcareous sﬂtstones with abundant

.. Spat. Poros1_'

NEW MEXICO
L .

Figure 3—Simplified geologlc map of Guadalupe and Delaware
Mountains. Outcrop of Delaware Mountain Group is stippled.’

(PBR Brushy ‘Canyon, PCC = Cherry Canyon, PBC = Bell

Canyon. ) Paleocurrenit measurements of ripple marks in Bell . -
“Canyon Formation in Delawaré Mountains and ¢hannel treinds
“in Brushy Canyon Formation along west face of Guadalupe i
.Mountams are shown

Organic,ma_tte_r;. Siltstone is_ cemented by sparry calcite
with lesser amounts of authigenic clay, quartz, and feld-
ty ranges from less than 5% for the finer
; gr:hned varletles to: :22% for some weakly cemented
¢ tones. Acid-insoluble organic matter
from sﬂtstone«'samples ismostly amorphous and unstruc-
tured kerogen. Residues contain abundant marine paly-
nomorphs and pyrite with very little land-derived plant
cuticle or woody fragments. Only the more buoyant
types of land-derived palynomorphs, such as bladdered
conifer pollen, are present. )

Source rock analyses of nine representatlve siltstone
core samples from the upper part of the Bell Canyon For-
mation in the El Mar and Grice fields show large amounts
of unstructured type 11 kerogen (terminology: of Tissot
and Wel )78). Total organic carbon (TOC) by weight
rangé :0.44 to 5.64% with a mean of. 2. 58%.

‘ ganic matter ranges from 180 ppmi(biotur- .
“sandy coarse-grained siltstones) to 2,847 ppm
(laminated fine-grained siltstone; Figure 5B) withamean
value of 15513 ppm. The total ch+ hydrocarbon fraction
ranges from 99 to 1,550 ppm (mean = 789 ppm). “The-
Delaware Mountain Group siltstones seem to’ be good
source rocks and are the most likely source for oils in the. .
interbedded sandstones.

Even parallel laminae are by far the most prevalent .
structure in siltstones, although bioturbated (Figures:5C,
D) siltstones are present at many levels. The degree of
bioturbation ranges from slightly disruptéd zones less
than 1.9 cm (0.39 in.) thick to moderately churned zones

several meters thlck Nearl all :

Mmmmmmm
backfi ical burr i ifi

been reported from cores of the.Cherry Canyon Forma-
tion (Bozanich, 1979). Rare occurrenices of impressions
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Figure 4—Laminated siltstones: (A). close-up of outcrop of laminated siltstone, Bell Canyon Formation, penny for scale; (B) -
sandstone-siltstone contact, Bell Canyon Formation; (C) negative print of thin section of laminated siltstone; organic-rich laminae
(light colored) separate sandy, coarse silt laminae, Bell Canyon Formation; (D) siltstone-filled channel, Cherry Canyon Formation -
at Guadalupe Pass. Laminated siltstone is inclined as much as 25 ° and drapes the erosional margin of the channel.

ii‘igure 5—Cores of siltstone, Bell Canyon Formation. (A) Core slab of laminated siltstone t'ypical of subsurface. Note similarity to
outcrop (Figure 4A). (B) Organic-rich clayey siltstone. TOC typically is 3.5-5.0% in this lithology. (C) Carbonized crawling or

browsing traces (Helminthoida) along siltstone bedding plane. (D) Bioturbated siltstone with slightly disrupted texture caused by
bedding plane traces similar to Figure 5C.

[ S
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Figure 6—Channels in the Brushy Canyon Formatlon, Guadalupe Mountains. (A) Oblique. acrial view of westem face of Guada- :
lupe Mountains showing positions of prominent erosion surfaces. (B) Covering beds of dark-gray siltstone diverge about abutting
beds of sandstone. Siltstone beds drape and are parallel with channel erosional surfaces. (C) Flat-topped beds of sandstone abut

steep channel wall. (D) Local scour within channel fill complex.

of plants or soft-bodied orgamsms, mcludmg an exeel-

lently preserved worm impression (Williamson, 1978),

have been found on outcrop. Bioturbated siltstone most
commonly occurs immediately above and below
sandstone-filled channels and in association with thin
rippled zones in laminated siltstone. These assocxatlons
suggest temporary aeration of bottom waters may have
resulted from the rapid influx of more oxygen-rich sur-
face water by currents transporting sand and silt.

Ripples are a common sedimentary structure in silt-.

stone, but constitute only a few percent of the siltstone
beds examined in cores and on outcrops. Most ripples
occur within layers only one ripple-set.thick and parallel
with underlying laminations. Ripples are asymmetric,
have rounded profiles, an average spacing of 8-10 cm

(3.15-3.941n.), hexghts less than 1 cm (0.39in.), and long

straight to slightly sinuous crests. Transport directions
measured in outcrops are basinward at high angles to the

adjacent shelf margin. The rippled zones are composed -

of well-sorted quartz silt that resembles the coarser frac-

tion of underlying laminated units. These relations sug- -

gest that ripples formed by reworking and winnowing of
unconsolidated laminated silt by basinward-flowing cur-
rents. .

Sandstone

The distribution of sandstone in the Delaware Moun-
tain Group is controlled by the positions of erosional
channels. Sandstone-filled channels are well defined on
outcrops (Figure 6), and can be mapped from subsurface
data. Sandstone percentage depends upon the number
and size of channelsinany partlcular location rather than

" the proximity to the basin margin.

Most sandstones are texturally submature; moderately' ‘

" to well-sorted subarkoses. Cherry Canyon and Bell Can-* -
yon sandstones are silty and very fin¢ grained. Maximum. . -

quartz or feldspar grain size generally is 0.25 mm (0.01
in.); mean grain size for 53 outcrop and core samples of
Bell Canyon sandstones averages 0.09 mm (0.004 in.).

“Sorting (sigma 1) averages 0.58 phx. Most Bell Canyon

sandstoneés contain 20-50% coarse silt grains. Approxi-
mately 40% of the Bell Canyon samples have a weak sec-

‘ond mode of anomalously well-rounded medium-size-

sand grains that compose less than 2% of the sand frac-.
tion. These grains are probably reworked eolian or beach
sand grains, which have been transported into the basin
by bottom currents. Sand grains in the Delaware Moun—‘ ?
tain Group typlcally are subangular to subrounded.
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-Sandstones in the Cherry Canyon and Bell Canyon For-
mations generally contain 20-50% medium and coarse
silt grains. Outcrops of Brushy Canyon sandstones tend
‘tobe shghtly coarser grained with mean diameters in the

very fine to fine sarid-size range. Sandstonw in the few

cores “available for the ‘Brushy Canyon -are very fine-
grained and sxmxlar in texture to the Bell. Canyon and :

Cherry' anyon sandstones

son, 1979) Quartz -comprises 65-80% of the framework
fraction, feldspar 10-25%, and sedimentary and the low-
rank metamorphic rock fragments 5-15%. Carbonate
rock clasts-as large as'pebbles or cobbles occur near the
basin edge and angular siltstone rip-up clasts are com-
mon. Fusuhmds, and lésser amounts of other. transported

fossil i agmen‘

greater than 20% (W 1lhamson, 1978). Small amounts of
kaolinite and anhydrite cement have also been reported
from Delaware Mountain Group reservoirs (Berg, 1979;

Jacka; 1979). Petrographic and geochemical data indi-

cate-authigenic chlorite and small amounts of quartz and
feldspar overgrowths formed during shallow burial (less
than 1,000 m or 3,281 ft). Most calcite and dolomite
cement precipitated later, and may have formed near
present burial depths after the Tertiary tectonic tilting of
the basin (Wllhamson 197 8).

Conglomerate and Limestone

Conglomerate and limestone beds compose a small

fraction (less than 5%) of the Delaware Mountain
Group, but form prominent outcrops along the south-
eastern and western faces of the Guadalupe Mountains.
Spectacular carbonate-megabreccias composed of large
boulders (up to 4 mor 13 ft in diameter) of shelf-margin
limestone mixed with basinal siltstone and sandstone,

and interbedded with carbonate turbidites, form promi- -

nent marker beds in the Bell Canyon and Cherry Canyon

Formations. The megabreccias occur within about 16 km. .

» (10 mi) of the shelf edge and were deposited by debris
flows or other types of high-density gravity flows associ-
ated with steep-basin slopes (Newell et al, 1953; Rigby,
1958; Crawford, 1981).

Massive conglomerate beds from 1-10 m (3.3-33 ft)

thick occupy erosional depressions within the lower part
of the Brushy Canyon Formation exposed on the western
face of the Guadalupe Mountains. Clasts of carbonate

ition of framework grams for, the Dela—"
oup sandstonés varies little thh strati-:
phic ‘pesition (Hull, 1957; ‘Harms,
;lehamson 1978; Berg, 1979; Wat--

,rlmargmal slopes ‘Neo single transport mechamsm

J.m all: formauons, but are most

_face. Koss (1977) traced. one of these limestone units
‘outcrop (Pinery Limestone Member of: the Beil Canye:

dstones w1th porosxty the basin.

Delaware Mountain Group, Texas and New Mexico

rocks denved from the adjacent Penman shelf are up- to- '
30 m (98 ft) in maximum dimension and interbedded with
siltstone and sandstone. The conglomerates are poorly.

. sorted, Iack internal stratification, terminate laterally by '
_ onlappmg against sloping boundanec, and may contain

large bonlders extending above the upper bed’s surf;
The conglomerates may have-been: emplaced by de
flows, but they lack basally aligned ° fabrics. ¢

quately explains the observed features. Similar types of:
conglomerates, are not seen in other Delaware Mountain "

- Group outcrops or in the subsurface.

Limestone beds, which thicken updip’ and are. transx-v i

tional with the Capitan and Goat Seep formations, have "

been used to stratigraphically subdivide the Bell Canyon
and Cherry Canyon Formations into several members.
The limestones grade basinward into dark calcareous silt-
stones and provide good correlation tools in the subsur- -

Formation) 23 km (14.3 mi) basmward The se
thins frori 33 m (108 ft) at the basin margin to 6 m

- atthemost basmward -outcrop. The hmesto

e al debns rarely occursin. the centr p'

CHANNELS AND SANDSTONE GEOMETRY

Sandstone-filled channels in the Delaware Mountain
Group are well exposed in outcrop and form 1mportant, '
subsurface hydrocarbon reservoirs. Prominent erosion.
surfaces with as much as 30 m (98 ft).of relief and 1 km :
(0.62 mi) or more in width occur in the Brushy Canyon, .

.and Cherry Canyon Formations along the western face - .

of the Guadalupe Mountains (Figure 6). Smaller-chan-. . .

" nels and partly exposed large channels can be identified . -

throughout the Delaware Mountain Group in the more';_
subdued topography of the Delaware Mountains to the.
east and southeast of the Guadalupe Mountains. The
large channels formed by these prominent erosion sur- .
faces have flat floors and steep walls, which commonly
dip 10°-30°. Sandstone beds are restricted to channel
floors and abut the steep channel walls, whereas siltstone

_beds extend across channel floors, slopes, and interchan- .

nel areas withotit appreciable changes in thlckness Not -
all channels are filled with sandstone. -Most are filledina
complex unordéred way with siltstone and- sandstone.

“The channels in the Guadalupe Mountains trend south- -

eastward, nearly perpendicular to the shelf margin (Fig-

ure 3). Directional featurés within the channel-filling

sandstone also show basinward transport. e
Sandstone- and siltstone-filled channels comparable in. . .

~'scale to those described from outcrops are present in the

subsurface. The major sandstone-filled channels form
stratigraphic traps where they are incised into less perme-
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siltstone.:More than 150 fields Kave pro-

luced arrels of oil from the Delaware
oun! leinmeister, 1978):; Most of the pro-
duction:is ,the upper part of the Bell Canyon Forma-
tion, the most densely drilled interval in the Delaware

Mountain Group. The geometry and style of channel fills
on a regional and local scale are best illustrated by the
Ramisey - sandstone, .the informally named uppermost
~ thick sandstone-of the Bell Canyon. Farmation. (See

thmapof the Ramsey sgnds_tqne, ﬁpper Bell Canyon Formation. This map isa simpliiie_:d inté'r-
the miaximum northeast-southwest continuity of major channels. Approximately 700 gamma
ional cores from 45 wells provide control. : ' :

Grauien, 1965, for a review of Bell Canyon sﬁbsurfa,ée

stratigraphy). The Ramsey sandstone is the main produc-
ing unit inmost fields and has the greatest amount of sub-
surface control. o

A regional isolith map of the Ramsey Sandsione(Fi- ,

gure 7) shows a prominent S15°W trend of thick
sandstones (6-24 m or 20-79 ft) separated by a basinward-
thinning ““sheet’’ of interbedded thin sandstone and silt-
stone. The areas of thickest sandstone mark the axes of
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Figure 8—Sandstone isolith maps of Ramsey sandstone, upper Bell Canyon Formation (see Figure 7 for locatlons), contour values
are in feet:.(A) E1 Mar and Grice fields, Loving County, Texas and Lea County, Neiv Menco, ®) Paduca field Lea: County, New

Mexico (Paduca field map modified from Wemmelster, 1978).

deep broad erosnonal channels filled in a complex way by
sandstoneand s1ltsto e. The dimensions and geometry of
the channel fills are’ ymparable to the large channel fills
exposed on outcrops ¢.Delaware Mountain Group.
The deep channels extend into the basin (at least 70
km or 43:mi from-the shelf margin) and are the major
stratigraphic controls of oil accumulations in the north-
ern Delaware basin. Oil fields are alrgned along these
sandstone-filled ‘channéls. The accumiulations are

trapped where channel-fill sandstones abiit the updip (to "o F-

the northwest) erosional margins of the channels. Lateral
and top seals for-the traps are the relatlvely 1mpermeable
laminated siltstone.

The thin sandstones (less than 6 mor 20 ft) that sepa- -
rate. major-channels are interpreted to be similar to over-+

lapping sand-filled shallow channels mapped in outcrops
of the upper Bell Canyon Formation (Williamson; 1978).
Core and log control in these areas is not sufficient to
unequivocally demonstrate channeling, but analogy with
Bell Canyon outcrops and the discontinuous occurrence
of sandstone in the subsurface suggest the presence of
thin channel fills interbedded with suspension-deposited
blankets of siltstone.

Cores and mechanical logs from several Delaware
Mountain Group fields provide the best. evidence for the .
occurrence of major erosional -channels (Wemmelster,
1978; Williamson, 1978; Berg, 1979; T acka, 1979). Chan-
nel margins are defined by the zero sandstone isolith
where closely spaced well control is‘avdilable; Channels
range from 1.5'km to more than 6:0'kma (0.9 to 3.7 mi) in
width and generally are 10 to 25 m (33-82 ft) in depth.
rmmmum_estxmates because
| penétrations. The channels
tend to become shaliower and broader basinward. Sand-
stone-isolith maps and cross sections from Paduca field
7-ml doWnohannel from the shelf margm) '

9) ST
Cross sectlons through the: subsurface chanuiels are
very similar'to thé channels exposed along the western
face of the: Guadalupe Mouritains. Laminated siltstone
covers thé erosional'margins of the channels and can be
correlated into interchannel areas. Like many of the
channels in outcrop, the flows that eroded the channels
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Figure 9——Strat1graphlc cross sections showmg large erosional channels, upper Bell Canyon Formation (see Figure 8 for location :
of sectlons) (A) El Mar field, Texas; (B) Paduca field, New Mexico. Section BB ' modified from Berg 1979).

did not ‘necessarily fill the: channel - Impermeable silt-
_ stones draping: channel margi
riers to. oil mlgratxon ‘be i
segment reservoirs.
Thedistribution of sands
nels in subsurface indic:
ment: mput was from’

Ramsey. sandstone. Oftet
same erosional.channel. Th
sional channels are backfilled by p

migration of sand deposition.. Changes in relative sea. .

level or shifting of depositional loci on the shelf could
have caused retreat -of the sediment source and led to
backﬁllmg of channels.

Channel trends and the sedimentation style are not
well known for the older part of the Delaware Mountain

Group. Well density in the older formations (Cherry

‘Canyon and Brushy Canyon) rarely is sufficient to define
channel trends. At least five small fields produce from
the lower Bell Canyon and Cherry Canyon Formations in

the northern part of the basin (Cromwell, 1979). One of

_'(Boiamch 1979),

these fields, the Indian: Draw: ﬁeld produces from a: :

SED[MENTARY S'I‘RUC " "AND STRATIFICATION

Sedlmentary structures and stratxflcatlon thhm the
Delaware Mountain Group sandstone beds provide use-
ful records of processes and the relative frequencies of
processes in the basin. Horizontal lamination (Figures

- 10A, B) and cross-stratification (Flgures 10C, D, 11-13)

are common on outcrops and in cores of Delaware
Mountain Group sandstones. In the Bell Canyon and
Cherry Canyon Formations, the very fine grain size of
the sand, lack of clay-size material, and relatively good
sortmg make stratification difficult to see. The coarser
grain size and greater range of grain sizes in sandstornie -
outcrops of the Brushy Canyon make stratification more
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Figure 10—Horizontal lamination of trough cross-stratification in Delaware Mountain Group sandstones: (A) horizontal lamina-
tion in very fine-grained Bell Canyon sandstone (scale 20 cm); (B) horizontally stratified fine-grained sandstone with scattered

carbonate pebbles and cobbles aligned in bedding, Brushy Canyon Formation (scale 15 cm); (C) broad, shallow-trough cross- .

strata viewed in upcurrent direction, Brushy Canyon Formation; (D) trough cross-stratification with set boundaries dashed, very

fine-grained sandstone, Bell Canyon Formation.

Figure 11—Trough-filled scours and trough cross-stratification: (A) steep-sided trough-filled scour in very fine-grained sand-
stone, Bell Canyon Formation; view is nearly perpendicular to master bedding. Note steeply dipping onlapping laminae filling
scour and nearly horizontal laminae truncated by scour. (B) Close-up of trough cross-lamination showing multiple scours and
‘trough infilling, very fine-grained sandstone, Bell Canyon Formation; view perpendicular {0 bedding. ’

clearly visible. In the Brushy Canyon Formation, crude
horizontal lamination is the most common structure in
sandstone beds (Figure 10B). Trough-shaped cross-
stratification is common, but not nearly as abundant as

horizontal lamination. Asymmetric ripples and small-
scale cross-stratification are less abundant, but do occur
in some sandstoné beds. These structures suggest that
powerful currents forming flat beds were most common,

e sy
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Figliré‘ iz;Core slabs of stratified veryl'ﬁne-gl"'éj'l'_l'_‘egl sandstone; @;i)per Bell -Cﬁ
Bell Canyon reservoirs. Cross-stratification. with anomalously steep dips and
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inae onlapp

trough-filled scours observed on outcrop (Figure 11). Much of the structureless sandstone observed in D ﬁite'Mbﬁntﬁiﬁ"Gtoup '
sandstone cores shows faint cross-lamination or horizontal lamination similar to that seen in these core slabs.

but flow at lower relative velocities also occurred and

produced bed configurations suggesting less energetic
transport. '

The relative proportions of stratification types in the
Bell Canyon and Cherry Canyon Formations are more
difficult to assess because of the large percentage of
megascopically structureless sections. Approximately
40% of Bell Canyon sandstone beds observed in outcrop
(131 beds measured) are megascopically structureless and
70%: of upper Bell Canyon sandstone beds observed in
cores (163 beds measured) are megascopically structure-
less. Most of the sandstone is not truly structureless, but
is cross-stratified -or horizontally laminated. Scattered
patches of faint cross-stratification and horizontal lami-
nation are common in otherwise ‘‘structureless’’ sand-
stone outcrops and cores. X-radiographs of 45
structureless core slabs from 25 wells revealed faint lami-
nation in nearly 70% of the samples. Nearly. equal
amounts of cross-stratification and’ horizontal lamina-
tion were noted. Therefore, only a few of the massive
sandstones are truly structureless. These sandstones may
have been deposited by rapid fallout of sand and silt from
‘suspension without time for development of any internal
organization within the beds, or any original lamination
was destroyed by liquefaction or dewatering during
" porosity adjustments soon after deposition.

Cross-stratification in Delaware sandstones’ includes

~“normal’’ trough-shaped open-form sets from a féw cen-

timeters to 1 m (3.3 Tt) thick (Figures 10C, D). These
trough sets are common in Brushy Canyon, but are less
abundant in the finer grained Cherry Canyon and Bell
Canyon Formations. Cross-stratification: in these units
more commonly takes the form of poorly organized
asymmetric trough-filled scours and -large-scale ripple-
drift cross-lamination (megaripple-drift) (Figurés 11-
13A-C). These stratification types are largely confined to- -
silty, very fine-grained sandstones. The steep-sided U-
shaped (transverse to flow) scours are filled by curving -
trough laminae that lap onto the sides of the scour sur-
face. Laminae commonly have less steep dips in the
upper part of the fill. Bedding plane exposures ‘of the -
scours-show elliptically shaped depressions less than 1 m
(3.3 ft) in maximum dimension that have been asymmet-
rically filled by laminae dipping toward the center of the
scour. Orientations of the long dimensions of scours gen-
erally are similar to paleocurrent measurements of rip-
ples, but the scour orientation contains a great deal more
variation. . L
The puzzling feature of these scours is their steep sides

(some nearly vertical) and the steep dips of sandstone -

laminae (up to 75°) that fill the scours. Soft-sediment
deformation or differential compaction are not preva-
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Figure 13—(A) Megaripple-drift cross-lamination (modified Type A) in very fine-grained sandstone, Bell Canyon Formation;
flow from left to right. Bedforms were periodically draped by laminae of sand deposited by rapid fallout from suspension. (B)
Megaripple-drift cross-lamination in very fine-grained sandstone (fransitional between sinusoidal and Type B). View is slightly
oblique to bedding plane. Dark horizontal lines are iron stains related to modern ground water, Paleoflow from left to right. (C)
Close-up of Figure 13C. Note the preservation of stoss and lee sides and the slight downcurrent migration of megaripple crests. D)
Beds of rippled very fine-grained sandstone alternating with beds of horizontally stratified sandstone, Brushy Canyon Formation.

lent. Erosional bases of scours truncate underlying unde-
- formed horizontal lamination and cross-stratification.
Similar types of scours occur less commonly in Brushy
Canyon sandstones. Cores from the Bell Canyon and
Cherry Canyon Formations show steep-sided trough-
shaped scours and an unusual form of cross-
stratification with converging inclined lamination that
onlaps scour surfaces (Figure 12). These features are
interpreted to be trough-filled scours similar to those
observed in outcrop. 4

The trough-filled scours are the most common type of
cross-stratification in thick Bell Canyon and Cherry Can-
yon sandstones. The excavation and initial filling of the
scours must-have been nearly instantaneous to preserve
such steép slopes. Sand and silt laminae were ‘‘plas-
‘tered’’ against the scour surface as discrete laminae from
a highly turbulent flow. In some scours, trough sets
assume a more regular open form and lower dips, sug-
gesting that downchannel migration of dune bedforms
caused the final filling of the scour holes. More com-
monly, scours resemble potholes that were eroded and
simultaneously filled by steeply dipping sand and silt
laminae. These structures suggest that bed configura-

tions developed when transported sediment concentra-
tions were much higher than those leading to the trough
cross-strata that appear to be more typical of fluvial -
processes. )

In several exposures, the trough-filled scours were
filled with inclined lamination and thén overridden by
megaripple-drift cross-lamination. The megaripple-drift
lamination is a larger scale version of Type-B ripple-drift
stratification (Jopling and Walker, 1968). Type-B ripple

‘drift has continuous laminae across the ripple form and

an asymmetrical ripple profile with a slight downcurrent
migration of the ripple throughout the set. Megaripple-
drift cross-lamination in Delaware Mountain Group

-sandstones (Figures 13B, C) generally has crest spacings

of 0.8-1.2'm (2.6-3.9 ft) and shows steeply asymmetric
crests. These crests appear to be nonlinear, althoughtheir
plan views are not well exposed. Megaripple-drift occurs
overlying steepsided trough-filled scours and in individ-
ual sandstone beds up to 2.5 m (8.2 ft) thick with no dis-
cernible breaks in sedimentation. Less commonly, a
modified type of megaripple-drift cross-stratification
similar to Type-A ripple drift (Jopling and Walker, 1968)
also is present in Delaware Mountain Group sandstone

P
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Figure 14"+_oﬁipp!es"and-‘;ippié-sﬁ%ﬁﬁ&ﬁon: (A) linear asymmetric current ripples at top of very fine-grained sandstone bed, 1
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Canyon Formation; (B):cuspate ripples in very fine-grained sandstone, Bell Canyon Formation; (C) rounded asymmetric ripples

of coarse silt with intervening lenses of dark siltstone, transport from right to left, Brushy Canyon Formation; (D) ripple-drif
cross-lamination in very fine:grained sandstone, Bell Canyon Formation. Long-crested form of ripples shown on bedding plane

parallel with 14.cm pencil.

(Figure 13A). Type A preserves on'ly.the leeward sides ‘o:f .
ripples. Delaware Mountain Group Type A differs in
that ripple forms are larger (30-40 cm or 11.8-15.7 in. rip-

plelength, 8-12 cm or 3.1-4.7 in. height) and sets of cross-
laminae are commonly separated by less inclined
laminae. Episodes of megaripple migration were sepa-

rated by rapid fallout of sand and silt from suspension

restlting in draped lamination that preserved underlying
bedforms (e.g., Gustavson et al, 1975, p. 266).

The occurrence of megaripple-drift cross-stratifi-
cation indicates exceptionally high rates of sediment sup-
ply and aggradation, yet adequate time for development
of megaripple bedforms. The association of megaripple-
drift stratification and trough-filled scours suggests
deposition from highly turbulent flows where rapid fall-

“out of sand and silt from suspension accompanied trac-
tive bedload deposition. The high concentration of
. suspended sand and silt in the flow could have increased

~ theviscosity of the flow enough to produce the somewhat

uitusual types of cross-stratification present. Large-scale
_bedforms in silty very fine-grained sand are rare in most
deposits. The bedform sequence normally expected for
- 'this size sediment is ripples to flat bed with increased flow

velocity (Harms et al, 1975; Middleton and Southard, *
.1978). Southard and Grazer (1982) have recently expetiz-
_mentally produced ‘‘anomalously large ripples” insilt by -
_increasing the effective viscosity of the flow. High-

vift: .-

viscosity density underflows might explain the
megaripple-drift cross-lamination common in silty very
fine-grained sandstones of the Delaware Mountain
Group. The increased viscosity might be attributed to the

abundant silt and very fine sand in suspension, the inter-- - -

preted high salinity of the flows, or both.

Ripples, small-scale cross-stratification, and ripple- -
drift cross-lamination (Type A) are also common in Del-
aware Mountain sandstones (Figures 13D; 14; 15D, E).
Most ripples are long-crested, asymmetric current ripples
(Figure 14A) or strongly curved lunate or lingoid forms
(Figure 14B). The ripples are 10-20 cm (3.9-7.9in.) apart,
1-3 cm (0.4:1.2 in.) high, and indicate unimodal trans-
port downchannel at high angles to the basin margin. The
ripples resemble current ripples formed in very fine or
fine sand by unidirectional flow, except that the profiles-
at the crest lines are rounded rather than angular. These

‘forms suggest that the ripples developed under current-

dominated processes, but the flow -also contained an
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Figure 15—Core slabs of Bell Canyon sandstones. (A) Very fine-grained sandstone with gravel-size siltstone rip-up clasts; (B) sand-
stone beds separated by laminated siltstones with flame structures; soft-sediment deformation is evident and siltstone rip-up clasts
are concentrated at the top of the lowermostsindstone bed; (C) sharp upper contaét 6f sanidstoine bed with siltstone, with siltstone
rip-up clasts concentrated at top of sandstone; (D) ripple-drift cross-laminated siltstone; (E) ripple-drift cross-laminated silty, very

fine-grained sandstone with thin dark snltstone drape separa(mg sedimentation units; (F) thmly interbedded siltstone and sand-
stone with flame structures. A

" oscillatory component (Harms, '1969). Many of the thin
single-ripple-thick zones at the tops of thick-bedded

sandstones probably were formed by reworkmg of sands

by weak bottom currents.

Prelithification deformation structures are relatively
rare in sandstone beds. The most dramatic examples of
deformation occur where conglomerate rests on sand-
stone in some Brushy Canyon outcrops. Dikes and sills
formed by sand injection were observed in a few areas,
but little evidence exists for liquefaction in most Dela-
ware Mountain outcrops and cores. Load features and
flame structures commonly occur at the bases of thin-

bedded sandstones interbedded with siltstones (Figure
15B, F). Sole marks and structures formed by organisms
are rare in sandstones. Cylindrical burrows of unknown
affinity ranging from 2-5 mm (0.08-0.2 in.) in diameter
occur in a few sandstone beds, and s-shaped depressions
10-15 cm (4-6 in:) long on bedding planes were noted.
Most sandstones in the study area show no evidence of
bioturbation.

The stratification types described above do not occur
in well-ordered or cyclic sequences. Many beds show only
cross-lamination, horizontal lamination, or massive
apparently structureless sandstone (Figure 16). Sedimen-
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Figure 16—Representative vertical sections of sandstone beds
on oufcrops (top) and cores ‘(bettom) of the upper Bell Canyon

Formstion. All are silty, very ﬁne-gralned sandstones from'

channel fills with little vertical variation-in grain size. Letters
refer to locations given in Williamson (1970).

tation units interpreted to represent oneflow event gener-
ally are difficult to delineate-in sandstone beds. Where
sedimentation units can be’ distinguished by mtercalated
siltstone drapes, erosive contacts, or basal zones of rip-

-up clasts, theé units range from 0.3 m (1 ft) to several
“meters thick. In sedimentation units with several types of
stratification, and in sandstone beds composed of many
sedimentation units, stratification types do not.occur in

_any regular vertical arrangement other: than a tendency
for ripples to be present néar the tops of thlck sandstone
beds :

: : \ John C. Harms and Charles R. Williamson
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Sandstone bed contacts are sharp, either planar or ero-
sional and irregular (Figures 6D; 15B, C); texturally
graded beds are rare. Modal analyses of quartz and feld-
spar maximum gram diameters (100-150 grains per thin
section measured in /4 phi intervals) of samples taken
from the base, middle, and top of 11 sedimentation units

- showno sngmﬁcant differences in mean grain size or sort-

ing. Grain size ranges from 0.025 to 0.2 mm (0.001 to
0.007 in.). A few sandstones have a minor second mode
of medium $and (less than 2%). The medium sand-size
grains are not preferentially concentrated near the bases
of sedimentation units or at the bases of sandstone beds.
Some sedimentation units have a-pebble zone of siltstone
rip-up clasts concentrated at their bases (Figure 15A);
however, no regular upward decrease occurs in the size of
the clasts or proportion of matrix, nor are the clasts
always concentrated exclusively at the bases of units (Fig-
ure 15B, C). Clasts commonly are aligned along horizon-
tal planes throughout the entire thickness of sandstone,
and their relative positions are not adequately explained
by size and density segregation occurring during déposi-
tion from'a turbulent suspension.

The assemblage of stratification types and structures is
similar for most of thie Delaware Mountain Group sand-
stones. The same stratification types observed on out--
crops are present in the subsurface with approximately.

‘the same rfelative frequency of occurrence. Unordered

vertical sequences of stratification within thick sedimen-
tation units record irregular fluctuations of flow velocity.
Changes from upper to lower and lower to upper flow
regimes were common as evidenced by uninterrupted .
alternations between cross-lamination (trough,. trough-
filled scours, megaripple-drift, ripples) and horizontal
lamination. Most of the sandstones are characterized by
structures produced by traction transport and stratifica-
tion indicative of grain-by-grain bedload -deposition .

‘from turbulént flows. Cross-stratified beds up to several

meters thick attest to the importance of traction trans-
port and flows of long duration.

SUMMARY

The Guadalupian Delaware Mountain Group is a
basinal deposit of siltstone and sandstone with unusual
characteristics. The unit is 1,000-1,600 m (3,280-5,249 ft)
thick and fills a circular basin 160 km (99 mi) in diameter
surrounded by carbonate banks or reefs. Basin-margin
relations observed on outcrop and in subsurface correla-
tions indicate water depths of several hundred meters
within the basin at the time of deposition. _

The prevalent style of deposition is laminated siltstone
beds, which are laterally extensive and cover basin-floor
topographic irregularities and flat-floored channels as
much as 30 m (98 ft) deep and 1 km or more wide. The
channels commonly are filled with sandstone beds con-
fined to the channel and with mantling siltstone beds,
which extend into interchannel areas. These features can
be observed in outcrops at the basin margin and inferred
from closely spaced wells for oil ficlds within the basin.
Thé channels trend into the basin at its margins, but
extend northeast-southwest far across the basin center
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for an interval at the very top of the group (Ramsey sand-
stone), which is best known in the subsurface.

We believe the Delaware Mountain Group sediments .

are best interpreted as deposits of saline-density currents.
The dense water that propelled these currents was
spawned in the broad shallow evaporitic shelves adjacent

to the carbonate rim that encircled the basin. The saline
currents probably flowed mainly through narrow chan-
nels cutting across this carbonate rim, carrying terrige- .
nous sediments from land sources into the basin. Basinal
waters were density stratified. Denser flows moved along -

the basin floor cutting channels or depositing sand in
existing channels; less-dense flows moved intrastratally

and carried silt-size material far into the basin, where it

settled to the floor as thin alternating layers of detrital silt
and organic debris.

The channels are very long, straight to slightly sinuous,
and relatively steep walled. Potential reservoir sandstone
beds are confined to channels and términate abruptly at
-channel margins. Hydrocarbon sealing beds are provided

by laminated organic siltstone, or the lateral seal of

potential traps can be formed by the erosional margin
where the channel is incised into siltstone beds. Little
prox1mal to distal change occurs in the size or nature of
these dens1ty-current channels. Exploration predictions
based on well-known models of fans formed by turbidity
currents would anticipate very different proximal-distal
changes in channel style, size, and extent.

From a detailed sedimentologic point of view, the
deposits of these saline-density currents form interesting

and poorly understood bed configurations and stratifica-

tion types. The flows were powerful and easily eroded or
transported sediment. Much of the sediment was silt or
very fine-grained sand with little clay-size detritus, and
flows were probably nonturbid but more dense and vis-
cous than fresh surface water. Because of these condi-

tlons, we have as yet very little experimental data to guide

mterpretatxons of sedlmentary structures. Many of the
tractional deposits also show clear evidence of rapid local
deposition. Disequilibrium transport has been little stud-
" ied, especially where bedforms are large. Sedimentary
structures observed in the Delaware Mountain Group
should provide a useful stimutus to the design and scope
of future experiméntal studies aimed at understandmg
the response of finer sediment in flows of denser and
more viscous liquids.

Simiilar densxty-current deposits have not as yet been
-recognized in other basin or geologic systems. However,
they may be anticipated wherever a deep basin is sur-
rounded by broad confined evaporitic shelves or
lagoons: In such geographic situations, the Delaware
basin example may provide a useful model for interpret-
ing stratigraphic relations or for hydrocarbon éxplora-
tion.

REFERENCES CITED

Anderson, R. Y., W. E. Dean, Jr,, D. W. Kirkland, and H. I. Snider,
1972, Permian Castile varved evaporite sequence, west Texas and
New Mexico: GSA Bulletin, v. 83, p. 59-86.

Babcock, I. A., 1977, Calcareous algae, organic boundstones, and the
genesis of the upper Capitan Limestone (Permian, Guadalupian),

Guadalupe Mountains, west Texas and New Mexico, in M. E. Hile-

man and S. J. Mazzullo, eds., Upper Guadalupian facies, Permian
reef complex, Guadalupe Mountams, New Mexico and west Texas:
Permian Basin Section SEPM Publication 77-16, p. 3-44.

Babcock, L. C., 1977, Life in the Delaware basin: The pa.leoecology of
the Lamar Lxmestone, in M. E. Hileman and S. J. Mazzullo, eds
Upper Guadalupian facies, Permian reef complex, Guadalupe
Mountains, New Mexico-atid-west Texas: Permlan Basm Section
SEPM Pubhcatmn 77-16, p. 357-389. -

‘Berg, .. R., 1979, Reservoir sandstones of the Delaware: Mountam

Group,,southeast New Mexico, jn N. M: Sullivan, ed., Guadalupian
Delaware Mountain Group of west Texas and southeast New Mex-
ico: Permian Basin Section SEPM Publication 79-18, p. 75-95.

Boyd, D. W., 1958, Permian sedimentary facies, central Guadalupe.

Mountalns New Mexico Bureau of Mines and Mineral Resources
Bulletin 49, 100 p.

Bozanich, R. G., 1979, The Bell Canyon and Cherry Canyon forma-
tions, eastern Delaware basin, Texas: Lithology, environments and
mechanisms of deposition, in N. M. Sullivan, ed., Guadalupian
Delaware Mountain Group of west Texas and southeast New Mex-
ico: Permian Basin Section SEPM Publication 79-18, p. 121-141.

Crawford, G. A., 1979, Sedimentology of Goat Seep Dolomite (Gua-
dalupian, Pemuan), Guadalupe Mountains, west Texas and New
Mexico (abs.): AAPG Bulletin, v. 63, p. 437. ) )

1981, Depositional history and ‘diagenesis of the Goat Seep
Dolomnte (Permian Guadalupian), Guadalupe Mountains, west
Texas—New Mexico: PhD thesis, Umverstty of Wisconsin, Madl-
son, Wisconsin, 300 p.

Cromwell, D. W., 1979, Indian Draw field: A model for deeper Dela-
ware sand exploratxon, in N. M. Sullivan, ed., Guadalupian Dela-

ware Mountain Group of west Texas and southeast New Mexico:

Permian Basin Section SEPM Publication 79-18, p. 142-152.

- Dean, W. E., and R. Y. Anderson, 1982, Continueus subaqueous depo-

“sition of the Permian Castile evaporites; Delaware basin, Texas and
New Mexico, in C. R. Handford, R. G: Loucks, and: G. R. Davies,
eds., Depositional and diagenetic spectra of evaporites: SEPM Core
Workshop 3,395p.

‘Dunham, R. J., 1972; Capitan reef, New Mexico and Texas: Factsand .

questions to axd interpretation and group discussion: Permian Basin
Section SEPM Publication 72-14, 270 p-

. Grauten, W. E., 1965, Fluid relationships in Delaware Mountain sand-

. stonme, in A. Young and J. E. Galley, eds., Fluids in subsurface envi-

ronments: AAPG Memoir 4, p. 294-307. .

Gustavson, T. C., G. M. Ashley, and J. C. Boothroyd, 1975, Deposi-
tional sequences in glaciolacustrine deltas, in A. V. Jopling and
B. C. McDonald, eds., Glaciofluvial and glacxolacustrme sedimen-
tation: SEPM Special Pubhcatlon 23, p. 264-280.

Harms, J. C., 1968, Permian deep-water sedimentation by nonturbid
currents, Guadalupe Mountains, Texas: GSA Special Paper 121, p.
127.

1969, Hydraulic significance of some sand ripples: GSA Bulle-

tin, v. 80, p. 363-396.

1974, Brushy Canyon Formation, Texas A deep-water density

current deposit: GSA Bulletin, v. 85, p. 1763-1784.

and L. C. Pray, 1974, Erosion and deposition along the Mid-

Permian intracratonic basm margin, Guadalupe Mountains; Texas

(abs.), in W. R: Dickinson, ed., Tectomcs and sedxmentat:on

SEPM Spec1al Publication 19, p. 37

3. B. Southard, D. R. Spearing, and R. G. Walker, 1975, Depo-
sitional environments as interpreted from primary sedxmentary
structures and stratification sequences: SEPM Short Course Notes
2,161 p.

Hayes, P. T., 1964, Geology of the Guadalupe Mountains, New Mex-
ico: USGS Professional Paper 446, 69 p.

Hull, J. P. D., Jr., 1957, Petrogenesis of Permian Delaware Mountain
sandstone Texas and New Mexico: AAPG Bullétin, v. 41, p. 278-
307.

Hurley, N. F., 1978, Facies mosaic of the lower Seven Rivers Formation'

(Permian), North McKittrick Canyon, Guadalupe Mountains, New
Mexico: Master’s thesis, University of Wlsconsm Madison, Wis-
consin, 198 p.

Jacka, A. D., 1979, Deposition and entrapment.of hydrocarbons.in
Bell Canyon and Cherry Canyon deep-sea fans of the Delaware
basin, in N. M, Sullivan, ed., Guadalupian Delaware Mountain
Group of west Texas and southeast New Mexico: Permian Basin
Section SEPM Publication 79-18, p. 104-120.

R. H. Beck, L. C. St. Germam, and S. C. Harrison, 1968 Per-

mian deep-sea fans of the Delaware Mountain Group (Guadalu—

framon




pian), Delaware basin, in B. Silver, ed., Guadalupian facies,
Apache Mountains area, west Texas: Pemuan Basin Section SEPM
Publication 68-11, p. 49-90.

i Joplmg, A. V, and R. G. Walker, 1968, Morphology and origin of
ripple-drift cross-larmnatron with examples from the Pleistocene of
Massachusetts: Journal of Sedimentary Petrology, v. 38 p. 971-
984, .

Klng P. B., 1942, Permian of west Texas and southeastern New Mex-
ico: AAPG Bulletin, v. 26, p. 535-763.

1948, Geology of the southern Guadalupe Moumams, Texas
USGS Professional Paper 215, 183 p.

——— 1949, Preliminary regional geologic map of parts of Culberson
and Hudspeth Counties, Texas: USGS Oil and Gas Miscellaneous
Mnve&tigations Map OM-90,

1965, Geology of the Sierra Diablo regron, Texas: USGS Pro-
fessional Paper 480, 185 p.

Koss, G. M., 1977, Carbonate mass flow sequences of the Permian Del-
‘aware basin, west Texas, in M. E. Hileman and S. J. Mazzullo, eds.,
.Upper Guadalupian facies, Permian reef complex,. Guadalupe

Mountains, New Mexico and west Texas: Permian Basin Section
SEPM Publication 77-16, p. 391-408.

McDermott, R. W, and A. J. Scott, 1981, Sandstone tongue of Cherry
Canyon Formation and upper San Andres Formation (Permian),
Last Chance Canyon area, southeast New Mexico (abs.): AAPG
‘Bulletin, v. 65, p. 956-957.

Meissner, F. F., 1969, Cyclic sedimentation in Middle Permian strata of
the Permian basin, west Texas and New Mexico (abs.), in J. G.
Elam-and S. Chuber, eds., Cyclical sedimentation in the Permian

. ‘basin: West Texas Geological Society 1967 Symposium, p. 135.

1972, Cyclic sedimentation in middle Permian strata of the Per-

mian basin; in J. C. Blam and S. Chuber, eds., Cyclical sedimenta-

. tion in the Permian basin (2d ed.): West. Texas Geologlcal Society:

‘Publication 72-60, p. 203-232.
Middleton, G. V., and J. B. Southard, 1978, Mechanics of sediment
. -inovement: Eastérn Section SEPM Short Course Notes 3, 102 p. .
Neese, D. A., and A. H. Schwartz, 1977, Facies mosaic of the upper
Yates and lower Tansill Formations, Walnut and Rattlesnake Ca
yons, Guadalupe Mountains, NewMexrco,mM E. ;

Guadalupe Mountams, New Mexico and west Texas: Permran
'Section SEPM Pablication 77-16, p. 437-450.

B J. K. ngby, A. G. Fischer, A. J. Wluteman, J. E.
and 1. S Bradley, 1953, The Permian reef complex of the

" inthe Umted States: USGS Professional Paper 515-C, p. C17-C60 -
976 Basmal sandstone facres, Delaware basm, west

plan facres, Permran reef complex, Guadalupe
New Mexico and west Texas: Permian Basin Section

iofs-edimemary Petrology, v. 28, p. 298-315.

exrco mM E. Hileman and S. J. Mazzullo,eds
pian’ facies, Permian reef complex, Guadalupe
: v-Mexico and west Texas: Permian Basm Section

SEPMPublrcatlon 77-16, p 451-478.

. John C. Harm's and Charles R. Williamson

ednhentolégy of the carbonate-evaponte facres tran-

317

P. J. Lehmann, 1986, Lower-middle Guadalupian facies and
stratigraphy, San Andres/Grayburg Formations, Guadalupe
Mountains, New Mexico, in G. E. Moore and G. L. Wilde, eds.,
San Andres/Grayburg Formations, Guadalupe Mountaiis, NeW‘
Mexico and Texas: Permian Basin SEPM Publication 86-25, p. 1-8.:

Silver, B. A., and R. G. Todd, 1969, Permian cyclic strata, northern
Midland and Delaware basins, west Texas and southeastern New
Mexico: AAPG Bulletin, v. 53, p. 2223-2251. :

Smith, D. B., 1974, Sedimentation of upper Artesia (Guadalupian)
cyclic deposits of northern Guadalupe Mountains, New Mexico: -
AAPG Bulletin, v. 58, p. 1699-1730.

Southard, J. B., and R. A. Grazer, 1982, Is there a lower limit of grain
size for exrstence of current ripples? (abs ): Intematlonal Associa-
tion of Sedimentologists Abstracts of Papers, p. 3.

Tissot, B. P., and D. H. Welte, 1978, Petroleum formation and occur-
rence: Berlm, Springer-Verlag, 538 p.

Tyrrell, W. W, Jr., 1962, Petrolagy and-stratigraphy of near-reef,
Tansill- Lamar strata, Guadalupe Mountains, Texas and New Mex-
ico: Hobbs, Roswell and West Texas Geological Societies Guide-
book Publication 62-48, p. 59-75.

1969, Criteria useful in interpreting environments of unlike but
time-equivalent carbonate units (Tansill-Capitan-Lamar), Capitan
réef complex, west Texas and New Mexico, in G. M. Friedman, ed.,
Depositional environments in carbonate rocks: SEPM Special Pub-
lication 14, p. 80-97. )

Watson, W. G., 1979, Inhomogeneities of the Ramsey member of the
Permian Bell Canyon Formation, Geraldine Ford field, Culberson
and Reeves Counties, Texas, in N. M. Sullivan ed., Guadalupian
Delaware Mourtain Group of west Texas and southeast New Mex- -
ico: Permian Basin SEPM Publication 79-18, p. 2-38.

Weinmeister, M. P,, 1978, Origin of uppeér Bell Canyon reservoir sand-
stones (Guadalupian), El Mar and Paduca fields, southeast New
Mexico and west Texas: Master’s: thesis, Texas A&M Umversrty,
College Station, Texas, 96 p.

Wheeler, C. W., 1977, Goat Seep.equivalent proxirial shelf facree, Gua--
dalupe Mountams, Neéw Mexico and Texas (abs ): Permran Basm
Section:SEPM Program with Abstracts, p: 23. ’

Wilde, G. L., 1986;. Stratigraphic relationships of the San Andres and
Cutoff Formatlons, riorthern Guadalupe Mountams New Mexico
and. Texas, in G.. E. Modre and G. L. Wilds eds - Saix Andres/

V\ﬁlhamson, C:R., 1977, Deep—sea channelsof the’ Bell Canyon Forma-
tion (Guadalupian), Delaware basm, Texas-New Mexico, in M. E.
Hileman-and S. J. Mazzulle; eds.; Upper Guadalupian facies, Per-
mian reef complex, Guadalupe Mountams2 New. Mexrco and west .
Texas: Permian Basin Section SEPM Publication 77-1¢ -

1978, Depositional processes, diagenesis and resetvoir proper—

ties ‘of ‘ Permian deep-sea sandstones, Bell Canyon Formation,

Texas-New Mexico: PhD thesis, Uiiversity of Teéxas, Austin,

Texas, 261 p.

1979, Deep-seca sedimentation and stratlgraphrc traps, Bell

Canyon Formation (Permian), Delaware basin, in M. E. Hileman,

and S. J. Mazzullo, eds., Guadalupian Delaware ‘Mountain Group

of west Texas and southeast New Mexico: Permran Basm Sectron

SBPM Publication 79-18, p. 39-74. . |

1980, Sedrmentology of Guadalupian deep~water clastlc facres
Delaware basin, New Mexico and west Texas: New México Geologi-
cal Society Guidebook, 31st Field Conference, p. 195-204. )

Yurewrcz, DA, 1977, The origin of the massive facies of the lower and

- middle Capltan Limeston¢ (Permian), Guadalupe Mountains; New -
Mexico and west Texas, in M. E. Hilemanand S. J. Mazzullo, eds., -
Upper Guadalupian' facies, Permian reef complex, Guadalupe’
Mountains, New Mexico and west Texas: Permian Basin Sectron
SEPM Pubhcatron 77-16, p. 4592




~E]

FLYSCH AND TURBIDITES 233

uinm , h idi i ion of their
summary of flysch and turbidite problems and a Emozmm.om of thei
nor ..M”.w wmvoomm #nd concludes With a review of their: diagnostic

CHAPTERTEN eria in the sub-surface.

FLYSCH AND TURBIDITES

- DIAGNOSTIC OI>N>OHNW~M.=OW OF TURBIDITES
INTRODUCTION

dﬁcm&.ﬁm are identified by no single feature, but by the sum of

i e e x iteri ion’ se is subjective and a function of
This chapter attempts to describe flysch sediments and turbidites. many o_._.ﬁo:w. The selection of the ) .

These are particularly interesting rocks which have been written
about and argued over for many years. The literature of this
problem is vast; whole books have been written on it (e.g. Bouma,
1962; Bouma and Brower, 1964; Dzulinsky and Walton, 1965; -
Lajoie, 1970); accordingly it can only be summarized in this chapter.
To begin with, these definitions are important:

Flysch: Thick sequences of interbedded sands and shales. The
sandstones generally have erosional bases and are internally graded,
The shales contain a marine fauna. First defined in the Alps thi
word has been applied to similar rocks in geosynclinal belts of all
ages and in all parts of the world (for further data see Dzulinsky
and Walton, 1965, pp. 1-12; Hsu, 1970). . _

Turbidity current: ‘A current flowing on consequence of the load.
of sediment it is carrying and which gives it excess density’ (Kuenen,
1965, p. 217). : . _

Turbidite: A sediment deposited by a turbidity current, S

Greywacke: A poorly sorted sandstone with abundant matrix,
feldspar, and/or rock fragments.

For reasons shortly to be described many geologists believe that -
flysch sandstones are turbidites, Many flysch sandstones, but by no-
means all, are greywackes. Because of this the terms ‘flysch’,
‘turbidite’, and ‘greywacke’ have been used as synonyms. This is
misleading. ‘Flysch’ describes a facies, ‘greywacke’ is a petrographic::
term for a particular kind of rock, and ‘turbidite’ is a genetic term
describing the process which is thought to have deposited a sedimeir
Not only are these three words quite different but they are all ex:
tremely loosely defined in the literature, o

This chapter begins with an attempt to summarize the character~
istics of turbidites. This is followed by a’ discussion of their origin
The Peira Cava formation, an Alpine flysch sequence, is the
described and its environment deduced. The chapter continues wit

sand _m:» _n_aV\

_ i ; rough 2 bidite unit. Alphabetic
] 10. 1. Generalized sequence E_.o.cms a turb ! ! .
MMHM code a vertical sequence of five. a_m,nno:m units @8.85. Modified
from Bouma, 1962, Fig. 8, by courtesy of Elsevier Publishing Company.

the prejudices of -the individual .moo_o.mwmr ,.wé._ Eamcuoa cwmoﬁ._"om
through a turbidite is shown ma.m,_m. 10.1. cSEE such a ﬁ_ it

sometimes possible to detect.a wide range om ma@_,ﬂonSQ.&Eo cmnm
‘which are summarized.in Table. 10.1. This mﬁo_,&. mwa.—ﬁﬁam mw
“been interpreted in: the: following way (Walker, 1965; Harms %M !
' Fahnestock, 1965; Hubert, 1967). First a oﬂ...ﬁaum Eoﬁoa a varie W

structures on a mud surface. Sedimentation of the turbidite then

Y
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.va_ﬁ place under waning current conditions. First the massiyi -
E:.ﬁ was aoww&»&. perhaps as antidunes, under an cuumn.
_Rm_aﬂ mroo.ca.m flow deposited the next laminated B E.& an
awiﬁ m.os.aam:wo deposited the Emono,.oamm_wsiﬁmm C uni
arious explanations have beeh offered for the upper laminated si
Qcm:noﬁ Gm..m.v. Wonwmum it heralds a return to shooting flow. %_
since the grain size is much finer, the actual current velocit
probably ._o.mw than that which caused the lower laminated rE.w T
upper voE_o E unit indicates resumption of the low-energy a.u<._ "
ment which prevailed before the turbidite was laid down o

Process (cause) Structure (effect) :
Current scours, e.g. flute marks,
channels, scour and fill.
Obstacle scours formed down current
of pebbles, shells, ete.

Tool marks, i.e. groove marks due
to travelling objects

Erosion

TIME
Graded bedding
lamination .
micro-crosslamination.

Deposition

Oo:«o_pa.munmuwnoz.. .

rowaowma.w m_ﬁav.m. slides
vc_,_@vw_.a.. sand dikes; sand
volcanpes. -

. Deformation

Table 10.1. Summary of sediment < aisoc
sedimentary structures associated with’ turbi
(see Pettijohn and Potter, 1964, for illustrations and aomazoﬁ%a_ﬁm.

It is important to note that th ( , ,
orta: e above sequence of structures
WM”MWMM@ Wmﬁm_ﬁow amﬁ_ovo% in any one turbidite. The Eaho_.m
. is based on the study of many turbidi eque .
Variations on this motif are discu < 062, pp 4950,
ssed by Bouma (1962 4
Walker (1965, p. 3), and Van der Li ot
. 65, p-3), r Lingen (1969, p. 12). Syst i
Monwmw_ variations.in the mﬂa:gow of bed forms Qxasvmanﬂnhﬂw ww. ,_
ﬁwﬂa_ ites have been documented by Walker (1967, 1970). There is a
te vw%ow for only the upper units to be developed at the base of a
rbidite m_onzam.oo. Moving up the section, progressively lower units

the source. The upper ¢o
lieved-to have been depo
rbidites may thus record a gradual advance of the sediment

ble minerals. Turbidites range in
ndstones. The coarser varieties, often terme
ributed to deposition by a process midway between turbidity flow
gravity slumping. wonowsnrwow:w many ancient turbidites are
ywackes while Recent “deep-sea - sal
rizites. Protoquartzite cient. turbidites have been identified by

ve-been described from ancient
* This table also shows that
wide range of de-
i-restricted to sedimentary

ks, but have also been ayered gabbros (Irvine,
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until complete A-E sequences
pear towards the top of the series. The lower incomplete tur-
dites, tefried ‘distal’; are believed to have been
mplete units are terme
sited near the source.

present within each turbidite

¢ depositional area.

1t (1961). Carbonate turoid
Recent sediments (see

itional environments and are not €
. described
5). It can be seen therefore that

E Recent. -
Holtedahl Com&.;
Grover.and Howard

. (1938)
See Chapter 3
?
" Rusnak and Nesteroff”
(1964)

See this chapter.
RED: GABBROS!

idites have been describe from. g very.
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deposited far from

d ‘proximal’ and are
A thick sequence of

There has been considerable discussion about the texture of turbi-
s. Many ancient examples are poorly sorted with clay matrices;
Hom.n_wnamwzw many are greywackes as already mentioned. How-
ver, recent deep-sea sands are widely held
ey are often well-sorted and clay-free (Hube
962) has suggested that ancient turbidites T
posited as clean, but anaaw_ommom__w.mgﬁcaavwws% in which the
atrix developed from the diagenetic break-down of chemicaily un-
grain size from silts to pebbly
d fluxoturbidites, are

to be turbidites, but
rt, 1964). Cummings
ight often have been

ds are “generally proto-

re characterized by

Ancient

Kuenen (1951)

See Chapter 5

"Carozzi and Frost (1966)

Thomson and Thomassopn
- (1969) Rechi-Frollo .
(1973) .

Irvine (1965)

A mzm:vu m,...._.ingia.wa mwda,iaom.?ncawowrnﬁ Jbeen recorded.
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the sum total of a wide range of sedimentary structures. Texturally
turbidites are generally described from poorly sorted sediments, but
this is not always the case. Petrographically they are most commonly
recorded from greywackes, but also occur in.other sandstone types
and in limestones. They have been reported from a wide range -
of environments. With this great diversity of characteristics one '
might suppose that turbidites were hard to recognize. A review 0
the literature suggests that, on the contrary, many geologists think
that they can identify a turbidite with confidence when they see one

From what has been said already, it is obviously important to
look at modern deep sea. sands when ‘trying to understand this
facies. L . : .
Studies of modern continerital margins show that their physio-
graphy is analogous to that of desert wadis and alliivial fans
(Fig. 10.2). : .

The continental shelf edge is dissected by submarine channels. The
source of these channels lies adjacent to either major river mouths or -
even coastal beaches. The channels continue down through the "
continental slope and debouch their sediment load onto a submarine
fan, analagous to a subaerial alluvial fan. At the fan apex the sub-
marine channel splits into a radiating complex of small channels,
which are often flanked by levees. These channels become more
numerous, shallower and wider down the fan. There are also
changes down the fan in the sediment facies. The coarsest sand, and
sometimes gravel,.is deposited in the proximal (near source) part of
the fan. Grain size declines distally down fan as the submarine fan
sands -grade out into. pelagic muds of the oceanic basin floor
(Shepard, 1971; Dott, 1974; ‘Whitaker, 1976; Kelling and Stanley,
1976), A v

The deposits of the submarine fans show many of the character-
istics of turbidites, which have been previously described and dis-
cussed. , o

The submarine channels are sometimes infilled by. turbidites,
especially at their distal ends, but they also contain the deposits of
other depositional processes. At their proximal ends they may
contain heterogenous slumped boulder beds, if they originate in
submarine fault scarps. - -

If, on the gther hand, the sediment in the channel is clean sand,
brought in by Jongshore drift or from a river mouth, then a different”

) submarine
* _channel

.. .submarine - slope * | shelf
oo fan

bmarine fan grain flow sands & mass
wm_‘.%%m.ﬁm sands . ‘flow boulder beds in
" onbasin floor channels : .

-

23 ' ey oY, -,

A A
and sedimentology

:Figure 10.2 Diagrams to illustrate the geomorphology
of deep sea sands. S
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process often prevails. This is known as grainflow and is midwa
between a mass. flow and a turbidite (Bagnold, 8@8. The sed
mentary features of grain flows have been described by Stauffer
( qu.v and .092 geologists. These deposits show neither the graded
bedding o Eqv_.&ﬁom nor the cross-bedding of traction deposits ,_
They are massive sands with abrupt upper and lower oo:_ﬁwoa._

processes and facies of submarine channels and fans, .

Geomorphology . o Deposit
 infilled by either:
Submarine [ a) a.%o,a,_.é,%. ,
channels : b) mass flow conglomerates

: ©) grain fl s -
DEEP sEA ) grain flow sands

e S ._ d) 8&&...8 sands
wccﬁm&aa --composed of turbidite
ans - sands and pelagic muds
Table 10,3. The geomorphology and déposits of aoav. sea sedimentary )
environments, -

The slopes with which these ar i
. . € associated may be eith
m%oancoam_ or ,80.829 Submarine channels and fans W_.a mocs_a MM
the foot of modern deltas, such as the Rhoéne, and at the foot of
h | . bmarine fault scarps and continental
margins. mvao_.mo accounts of such ancient analogues have conﬂ
given by Mutti and Lucchi (1972) and Van de Kamp et al. (1974)

such tectonic features as sy

respectively.
DISCUSSION OF THE ORIGIN OF HC#EU:.mm

It has already been argued (| at th i
i P. 233) that the vertical fining of eraj
size above a scoured surface suggests that these beds were anewam

from waning currents, The m:mmamc.ou that this current was a tur-

' coming more and more liquefied until the mixture assumes the
. characteristics of a turbidity current. That is to say it changes into
~.a muddy liquid whose density is greater than that of the surrounding

p between the geomorphology.
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bidity. flow was put forward by Kuenen and Migliorini- (1950)
though the germ of the idea was somewhat older (see Van de Lingen
(1969) for a historical review). Subsequeéntly the concept has been
greatly elaborated and popularized. The basic idea of the turbidity

‘may be summarized thus: In certain regions, such as the edges
] ntal shelves and deltas, rapid deposition takes place,
causing -the formation of a steeply .m_oE.:,m pile of waterlogged
sediment. Every now and then the slope becomies so unstable that a

water. It therefore moves down slope gmﬂ. gravity beneath the clear

~water. As it gaing momentum it becomes. erosive, cutting gullies
-while still on the steep slope and flute marks, etc., on reaching the
“open-sea floor. On this level surface the velocity starts to diminish.

Deposition then takes place, first of the coarsest sediment, and, as

- the current wanes, of particles of finer and finer grade. When the

eturned to zéro pelagic mud deposition continues out

- of suspension as before >..=, $ quiet on the sea floor; a graded bed:
“has been deposited on a scoured surface.

The evidence that turbidity flows deposit the sediments that
geologists call turbidites is twofold. It is gatliered from experiments
and from observations of Recent deep-sea deposits. Graded bedding
has been formed from turbidity flows generated artificially in the
laboratory (Kuenen; 1948; Kuenen and Migliorini, 1950; Kuenen
and Menard, 1952; and Middleton, 1966a, b, and c). Recent deep-
sea sands are reported as often showing graded bedding (e.g.
Shepard, 1963, p. 406; Horn ez al., 1971; and Horn et al., 1972).
The suite of internal structures found in ancient turbidites is also
sometimes present (e.g. Van Straaten, 1964). The classic oft-quoted
reason for believing that Recént deep-sea sands may be turbidites is
the case of the 1929°Grand Banks earthquake. This had an epicentre
on the edge of the continéntal shelf off Newfoundland. Telegraphic
cables running approximately :parallel to' the shelf margin were

~ broken in orderly stccession downslepe. Cores taken subsequently

from this area showed a’ graded bed of silt with shallow water

.- microfossils. This has been interpreted as the product of a turbidity
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. generate: S@Eom migrating in directions oblique to the (?) down slope
_ oriented: bottom structures: This is an attractive compromise. How-
" ever, Eccaz coad has discovered an Alpine flysch with plant
- fragment orientations in. the shales which coincide with the sand
- palagecutterits. Since: the moaaan must be due to the normal oceanic
_ eurrents perhaps the latter are:too.: .Another curious mnmg.m is that
: not:all” fiysch v&mooocﬂoﬁm are slope-controlled as one ‘would
exp find in gravity-controlled turbidites. Scott (1966) found
-~ gravity-controlled  slumps: which had moved at right angles to
associated flysch vm_waooﬁ,_.gam In this context it is interesting to
‘note that Recent oceanic bottom currents are not always slope-
. conitrolled and often show:a Suaasov, to flow parallel.to bathymetric
" cotitours (Klein, 1967, p. 376).

The arguments for and against a turbidite origin for ancient
‘turbidites” anid Recent deep-sea sands are endless. From the neces-
_sarily short ‘preceding - discussion of this: problem the following

points should be noted: There. is a particularly widespread sedi-
Soao_omam_ phenomenon found in ancient rocks,. especially flysch,
which ‘is widely interpreted as due to turbidity current deposition.
This conclusion is partly based on experimental work and partly
on the analogy with Recent deep-sea sands, which are believed to
be turbidites. However, nobody has actually observed a turbidite in
nature even in the submarine canyon heads which should be. their
homes. It has been argued that Recent deep-sea sands could be
traction-deposited and that, anyway, they are not.as similar to
ancienit- turbidites as some authors have suggested. Ancient tur-
bidites sometimes show features that one would not expect to find
in a turbidity deposit; notably that they were ::a down by currents
which were not slope-Controlled.

What is important, however, is the fact that there is a particular
type of sedimentary facies which many geologists call ‘fiysch’ and
attribute to deposition from turbidity currents. We may not under-
stand the processes which deposit this facies but, once recognized,
we may make predictions of its geometry. This is important because
this facies often makes excellent hydrocarbon reservoirs.

flow which, generated from slumped sediment near the epicentre.o
the earthquake, ran down the slope ripping up cables and depositing
" a bed of graded sediment (Heezan and Ewing, 1952; see also Heezan
1963, p. 743, and Shepard, 1963, p. 339). It has been widely con
cluded therefore that Recent deep-sea sands are the product o
turbidity flows. Ancient sediments which are comparable to deep-
sea sands are attributed to the same process and are 88@03& as
turbidites.

This attractive explanation has, none the less, been o:coﬁaa g a
small but articulate group of mao_om_ma. Criticism is-of two
types, first that deep-sea sands are not turbidites and second 9&
ancient turbidites do not resemble aaav-mow sands,

The evidence against a turbidite origin for Recent deep-sea sands
has been marshalled by Hubert (1964; 1967), Klein (1967), and Van
de Lingen (1969). These authors point out that many deep-sea sands
are clean washed, that grading is not always present, and that ripple-
marking is common. Traction currents on the ocean floors are
strong enough to transport sand, and ripples have been photo-
graphed at great depths (e.g. Menard, 1952). It is possible therefore
that deep-sea sands are deposited not by catastrophic turbidity flows
but by gentle intermittent traction currents. One of the great charms
of the turbidite hypothesis was that it could explain the formation of
submarine canyons on the edges of the continental shelves. These
are now accessible to SCUBA divers and submersibles. Turbidity
currents have not been seen in the heads of submarine canyon
Instead sand slowly creeps like a glacier, slumping and cascading
over hanging valleys. Attempts to generate turbidity flows in canyon
heads have been unsuccessful (Dill, 1964),

Evidence against a turbidite origin for ancient rocks which have
been called turbidites ‘hinges therefore on the two arguments that
they do not resemble Recent deep-sea sands, and that these may be
traction deposits anyway, Of particular interest here are the palaeo-
currents of ancient turbidites. It has been noted that stump folds and
turbidite bottom structures both tend to indicate movement down
the palaeoslope; (Walker, 1970). Sometimes however discrepancies
have been noted, both between bottom structures and ripple
orientations, and palacoslope, determined from independent criteri
(Kelling, 1964, and Klein, 1967). It has been suggested that the:
reworking of :.mm top of a turbidite by normal oceanic currents ma
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DESCRIPTION OF ..:.mm ANNOT TROUGH FLYSCH
ALPES MARITIMES ’

The case history cho ,
! ¥ chosen to document this c} . .
flysch series from the type area of mwwum M.WMMWH. o 2 turbidite-ri
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valent thick sandstone bodies in the

- The sequence in thi
o be ariz . in this area consist
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Peira Cava

ebbly %% "
sandstongs . .

no
gxposure

' u.n:.a %u.:n._a. '

~ . N
N o meme e mw— S

. N.:d:.u:mn:n_ base.

i35 K.

. Figure 104, ._..um..wm_.waammo cross-section illustrating - the: relationship be-
: tween-the submarine channel: of the
. Cava Subsiarine fan-flysch,

Contes pebbly facies, ﬁa the Piera

iiicreases upward (Fig. 10.4). ”.Hsa"mwza_mﬁonaw.@ma poorly-sorted mmn
range if insize from coarse to fine: Petrographically they are

" hard to classify, rangingbetween arkose and greywacke according to

the classification” adopted.- Sand bed thickness is variable, being
generally measurable in decimetres, though beds over. 1 m thick are
sometimes:present. Internally the sands show all the classic features
of turbidites. Grading is present in nearly every bed, and the A-E
sequence of intrabed units-is well developed (Fig. 10.1), being first
recognized and defined in this area. The-base of the sandstones are
erosional with a diverse suite of bottom structures including flute
marks, grooves, loadcasts, and scour and fill. Palaeocurrents deter-
mined from the sandstones show a generally northerly direction of
transport, diverging radially from the southern apex of the present
pear-shaped outcrop of the Peira Cava formation,

Trace fossils and body fossils are found in the sequence. Both the
sands and the shales are sometimes burrowed, and trail covered
sand: shale contacts occur. Some rare gastropods, echinoid spines,
and faecal pellets have been found. There is an assemblage of pelagic
foraminifera.. : S .

A sécond facies is developed in outliers to the south and west of
the flysch. in" the centre: of the Annot . trough (Fig.. 10.3). These
outliers occupy north-south. trending synclines. The erosional bases
and restricted distribution of these patches strongly -suggest that
their present geometry: broadly corresponds to their original dis-
tribution. Thiey are:believed ;to have been deposited, therefore, in
huge ‘channels up to-5 km:wide and, in some cases, with a relief in




.. This chapter has described the characteristics of a distinctive mo&-..,.

-experimental work and partly on observed similarities with Recent
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. volumes of flysch crop out today in mountain chains and are

‘believed to have been deposited in linear troughs termed geosyn-
clines. Many ancient flysch sandstones are poorly sorted with con-
siderable amounts of feldspar and rock fragments. Petrographically
such sandstones are greywackes.

There has been considerable discussion of the depth at which
turbidites accumulate. As a general rule one might suggest that,
. though a turbidity flow could occur in shallow water, rapid burial
. or deposition below wave base would be essential to prevent the
" turbidite from being re-worked completely by traction currents. As
we have seen, however, graded greywackes interpreted as turbidites
occur in the Torridonian Series of Scotland interbedded with desic-
cation-cracked shales (p. 49). Stanley (1968) has reviewed a number
- of other shallow water turbidites. .

The majority of workers, however, have favoured a deep water
origin for flysch turbidites. Reasons for this conclusion are largely

~ palacontological. Many flysch sandstones contain fragments of
shallow marine macrofossils, benthonic forams, and plant debris.

- The interbedded shales however contain pelagic foraminifera which
- may indicate considerable depths. For example, Natland and
Kuenen (1951) described a 19,000-ft turbidite sequence from the
Ventura basin, California. At the base foraminifera compare with
species living today at depths of 4,000-5,000 ft. Moving up the
section foraminifera suggest shallower depths when compared with
Recent assemblages. At the top of the sequence the turbidites pass
_into fluviatile sediments with horse bones. Such studies have been
criticized on the grounds that the depth distribution of Recent
foraminifera is a function not only of depth but of temperature and
other. ecological factors (Rech-Frollo, 1962). Two other palae-
ontological studies bearing on the depth of flysch should be noted.
The Jaslo shales (Oligocene) of the Krosno flysch in the Polish
Carpathians contain fossil fish with light-bearing organs similar to
species living today at oceanic depths (Jerzmanska, 1960). Tertiary
flysch from the Pyrenees contains tracks interpreted as bird foot-
prints (Mangin, 1967). Despite this last curious case the weight of,
the evidence, both faunal and sedimentological, suggests that flysch
sands were emplaced at depths below wave base. Deposition was
either too deep or too rapid to permit the growth of an abundant
benthos. The problem of the depth  of deposition of flysch is

excess of several hundred metres, Lithologically the sediment filling
the channels contrasts markedly with the flysch to the north. Shale is-
rare, sandstones are coarse, poorly sorted, and pebbly. Bedding is -
_gcm&mﬂ due to channelling and there is an abundance of slump
coaa.Em. Marine shells are present with foraminifera and plant

a.oczm. Graded sand:shale units are rare. The orientations of |
dvm_am_ scour marks, channel trends, and pebble imbrication -
indicate northerly moi:m. palaeocurrents.

UE,.OCmm—OZ OF THE ANNOT TROUGH SANDSTONES

The flysch sandstones of the Annot trough show all the classic
features of turbidites discussed at the beginning of this chapter. The
coarse .82@5& channel facies might, at first glance, be thought to
be fluviatile, However, the presence of a marine fauna and shumps
suggest that these beds were laid down in northerly sloping sub-
marine channel complexes. The fact that these merge downcurrent
with the mxmor facies strongly suggests that the latter were deposited
on submarine fans which built out northwards into the deper umnm.
of the trough. Particularly striking is the relationship between the
pebbly sandstone channel complex at Contes from whose northern
end the Peira Cava flysch palacocurrents radiate (Fig. 10.3).

In moaoEwmon this study provides a classic example of a flysch
deposited to a large degree by marine slope-controlled turbidity

currents, q..ra similarity with Recent submarine canyon apron fan
complexes is most striking. ,

FLYSCH AND TURBIDITES:
CONCLUDING DISCUSSION

mentological assemblage of sedimentary structures and graded
sandstones &&_.o: are found in many Recent and ancient sedi-
S.azSQ environments. Such sequences have been widely interpreted-
as E}_m:om. due to deposition from muddy sediment suspensions of
waning velocity. Evidence for ancient turbidites is based partly on

aoou._mow sands interpreted as turbidites. ;
Flysch facies are popularly thought to be turbidites. Large:
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discussed at greater length by Dzulinski and Walton (1965), Duff,
Hallam, and Walton (1967, p. 221), and Van der Lingen (1969).
- Criticisms of the turbidite hypothesis put forward to explain

flysch have been based on arguments that flysch sands do not

resemble deep-sea sands and that, even if they do, the latter may not
be turbidites anyway, but due to waning traction currents, Support
for this criticism is provided by some palaeocurrent studies which

show discrepancies between the palaeoslope and the flysch w&wo.o. :

current indicators. These should coincide if the flysch sandstones
were deposited by gravity-controlled turbidity flows.

It is at present difficult to resolve the arguments for and against
a turbidite origin of flysch. Despite some three decades of intensive
research this fascinating facies provides as challenging a problem to
the geologist as it has ever done.

ECONOMIC ASPECTS OF FLYSCH AND TURBIDITES

Deep sea sands of turbidite or awmom facies are ov&oamq not

potential hydrocarbon reservoirs when they have been involved in
orogenesis within geosynclines. Incipient metamorphism destroys -
porosity, and breaks down hydrocarbons while structural defor- ..

mation allows the escape of any pore fluids.

Deep sea sands in non-orogenic situations are often highly pro- .
ductive of oil +nd gas when they occur at the: foot of deltas orin
fault-bounded troughs with restricted marine circulation. In these:
situations the pelagic basin floor muds may act mm,..meﬁon&&m.saqw, .
generate oil anc: gas. The hydrocarbons:can migrate updip through:.

the turbidite far: sands with which they interfinger:-Oil and -gas may

be trapped both in structural traps, and stratigraphically where sub- B

marine channel sands are sealed updip by impermeable slope muds.

The turbidite fans generally have lower porosities and permeabilities

than the grainflow channel sands, but are laterally more extensive.

The Palacocene fields of the North Sea, including Forties and-

Montrose, occur in deep sea sands (Parker, 1975)..

Another case ‘of prolific oil production in turbidites occurs in-
western California, Here over 30,000 ft of turbidites were deposited

in downfaulted Tertiary basins, Subsequent tectonism has involved
only gentle folding. As already mentioned (p. 245) foraminifera in
the shales indicate original basin depths of some 5,000 ft. These
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'Rosedale.channel, San Joaquin basin, California. C. Sansina oga.u.w_. Los
.Angeles basin, California. D. Tarzana fan, Los .>=mn_um basin, .California.
.. E. Repetto turbidite sheet, Los Angeles basin, California.
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Ea type of mooEoﬁQ, and msw:« to predict the trend of an individual
::.998 bundle.
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shales are presumably the source rocks. Despite poor sorting and
relatively low porosity and permeability the turbidite sands are good
oil reservoirs. This is because individual beds are of unusually great
thickness for turbidites, sometimes in excess of 10 ft, Furthermore,
multistorey sand sequences are common, shale between turbidites
being absent either due to erosion or to a rapid frequency of .
turbidity flows,

Three main geometries can be recognized in Tertiary Californian
turbidite facies and these can be related to deep-sea:sediments now -
forming off the present-day - Californian coast (H and Emery,
1964). Shoestring turbidites occupy channels sometimes located
along syn-sedimentary synclines (cf. the Contes channel of the Alpes
Maritimes). Sullwold (1961) cites an example 150 ft thick and
2,000 ft wide, whose associated foraminifera suggest deposition in
1,000-2,000 ft of water, The Rosedale Channel (Miocene) of the San
Joaquin basin was about one mile wide and contains some 1,200 ft
of turbidites. It can be traced downslope for about 5 miles and its
fauna suggesfs depths greater than 1,300 ft (Martin, 1963). Other
examples are discussed by Webb (1965).

Shoestring turbidite bundles such as these probably formed in
submarine channels similar to those of the present-day oosssaim_
margins,

The second turbidite geometry is fan-shaped in plan and lenticular
in cross-section, The Upper Miocene Tarzana fan identified by
Sullwold (1961) is about 6 miles wide and 4,000 ft thick. Associated
foraminifera indicate a depositional depth of about 3,000 ft. Other
examples are lobate and branching (Webb, 1965). Geometries such
as these can be directly compared to present-day fans formed by
sediment debouching from the mouths of submarine canyons on to
abyssal plains. .

The third facies geometry found in Californian Tertiary turbidites

-is a sheet. This is believed to be due to deposition on a basin floor.
The Repetto Formation (Lower Pliocene) is an example of this type.
It has a maximum thickness of more than 2,500 ft and covers some .
800 square miles (Shelton, 1967).

Figure 10.5 illustrates the geometry of those three types of deep
sea facies. Sedimentology obviously has a role to v_mw in the-
oxEo_Sso: of oil from turbidite facies as, and when, it is found. It
is important ».:._m,” to recognize the environment, second to identify

mdw mcwm>0m U~>020m~m Ow Ummw SEA SANDS

wsa CEdm, G.Bv. E& in Em mcc-mcnmmoo Ama:aw. G.Nd

The maoBoﬂQ of mcgﬁasn channeéls and @Em ‘may be identified

- by seismic mapping prior t¢ drilling in maririe basins.
: r:ro_omgow:w deep sea sediments are diverse, ranging from
2" boulder beds to the finest silt. Glauconite and owncoswonozm detritus
are often found mixed together in turbidite sands where :a sediment
is derived from both deltaic and marine shelf environments. As
pointed out earlier, carbonate turbidites occur at the foot of
. carbonate shelves. An admixture of transported shallow water fauna
in the turbidite sands with a pelagic fauna with ‘Nereites’ ichnofacies
in the intervening shales is also typical.

When cores are available the typical Bourha A-E sequences may
be found in the submarine fan turbidites, and the diagnostic features
- of grain flows may be found in the submarine channels.

There are particularly diagnostic gamma and S.P. log motifs but
they can be confused with deltaic ones. Turbidite sequences show a
‘very ‘nervous’ pattern with the curve swinging to and fro. with a
. large amplitude. This reflects the interbedding of sands ga shales,
“but the vertical resolution of both the gamma and . P. logs is
seldom sufficient to actually show individual graded caam.‘_ Turbidite
“fan sequences often show an overall upward-sanding mrotif which
reflects the basinward progradation of the fan over basinal shales.

Submarine channels which are infilled by grainflow sands show
steady featureless log profiles with abrupt lower surfaces-reflecting
 the erosional base of the channel floor. These are commonly found
above progradational fan motifs. Figure 10.6 shows these log motifs
and Figure 10.7 illustrates a real example from the North Sea.

There are also characteristic dipmeter motifs in deep sea sands.
Within the submarine channels the heterogenous fabric of boulder.
beds and grainflow sands may yield a random bag o’ nails pattern.
- Turbidite-infilled channels may show upward-declining red patterns
reflecting the gradual infilling of the curved channel floor. Dips will
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_point towards 90 channel axis, as in shallow water channels (see

p. 126), but as QSmm&aaaSm is wvmoi. there will not be dips pointing

down the channel axis. The progradational fan sequences sometimes

" show upward-increasing Eco‘Boc.mm analogous to those of delta

slopes. The dips.: of those, -as in deltas, also point in the direction
. of moa_aoaﬁ Eom_.wawaon au_m 10.8).

Gamma ray .

o APIunits : m
8
o

x..mm.mwmzo.mm
The description of the Annot Trough Flysch was based on:

Shole dark grey, carbonaceous .

L1o'

France). Eclogae Geol. Helv., 51,.pp. 893-900.

——, 1959b. Some data on turbidites from the Alpes Zmanaom (France).
Qm& Mijnb., 21, pp. 223-7.

——, 1962. Sedimentology of Some Flysch Deposits. Elsevier, Amsterdam.
Em p.

Stanley, D. J., 1962. Etudes sédimentologiques des grés d’Annot et de leurs
mnczm_oa latéraux. Soc, Eds: Technip, Paris. Ref, 6821, 158 p.

——,'1963. Vertical petrographic variability ih Annot sandstones turbidites:
some preliminary observations -and ‘generalizations. J. -Sediment.
Perrol., 33, pp. 783-8.

——, 1965. Heavy minerals and provenance of sands in flysch of central
u:a southern mauor Alps. w& -Amer. Assoc. Petrol. Geol., 49, pp.
22-40. . T

Stanley, D. J., 1967. Comparing vw.o

woﬁzw. A. H., 1959a. Flysch Oligocéne de Peira-Cava (Alpes Maritimes,

Sgnds light brown, well sorted,
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-of sedimentation in some ancient

SUBMARINE and modern submarine om&&um..w Preprint Seventh Internat. Sedol.
CHANNEL Congress, 4 p.. ,
GRAIN FLOWS —, 1967, Ooavwzsm vuzagm of sedimentation in some modern and
¢ :.hn.wqﬁ._, ancient submarine canyons, Earth and Planetry Science Letters, 3, pp.
371-80,
Submorine ——, and Bouma, A, H., 1964, Zoﬁroao_owv, and palaeogeographic inter-
_———— —— .:::. pretation of flysch formations: a summary of studies in the Maritime
progradational Alps. In: Turbidites. (Eds. A. H. Bouma and A. Brouwer) Elsevier,
SUBMARINE tequence. Amsterdam. pp. 34-64,
EAN -

TURBIDITES Figure 10,7 Sedimentary core log and gamma log of a deep sea sand {rom
{ Inferred from the North Sea. Note how the upper part of the core with turbidite
dota above.) |~ features correlates with an erratic log curve, while the lower part of the
- i core, interpreted as a grainflow, correlates with a steady log curve (from
=] | ¥ Selley, 1976, Fig. 6, by courtesy of the American Association of wm:&m:s

= Geologists). . .
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distal fan turbiditeés (c). For explanations see text. v
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Vertical of Formations (notice how Victorio Peak pinches out between
= the two canyons). Source: SEPM Field Guide (1988)
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Map view of formations. Circled are Shumard and Bone Canyons. (AAPG
field guide, 1999). Note arrows indicating paleo flow/dip direction.
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Depositional Model:

Bone Springs Formation
deposited in
slope-to-basin setting;
Victorio Peak Formation
deposited in a shelf margin
setting (1). Sea level

fall, and development of
erosional karst surface
into Victorio Peak
formation (2). Sea level rise,
and deposition of Cutoff
“wedge”: lower Cutoff
Formation; (3) and (4).

Source: C. Kearns
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Brushy Canyon Fm.

Depositional
Model (continued)
7

Shumard mbr. of
Cutoff.

u. Cutoff

Progradation of San
Andreas

Formation (land->basin),
and synchronous
deposition of Cutoff
Formation (5).

Upper Cutoff Formation
caps the units (6), 6
and Brushy Canyon
deposition ensues,
scouring into
underlying Cutoff and
Victorio

Peak Formations (7)

Shumard mbr. of
Cutoff.
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N Cutoff.

Source: C. Kearns



Brushy Canyon Fm.

Hierarchy of Stratigraphy

Unnamed L7a wedge.

basal megabreccia,
Cutoff F

Shumard Mbr.

El CentroMbr.
Williams Rch.

CS10 LSS

| Shumard Crynl Bone !
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Overview: Looking north (circled is Shumard Canyon); note the transition
from Victorio Peak Formation to Bone Spring Formation

r-_‘_'

Shumard Peak

Brushy Canyon Frm.

Victorio Peak

Frn. Cutoff F,

il g ot AT



Shumard Canyon (perspective: looking up canyon toward Guadalupe headwall)

57 GHERRY CANYON %,

Brushy Canyon

Cutoff Mega Breccia

Victorio Peak

SEPM (1988)




Figure 1.6a. "Shumard" submarine canyon
- - g .

i oed - it

nnels, Shumard Canyon

Figure 1.6b. Vertically-stacked slope cha
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Sediment Transport 45Ty ' @'ﬂfm:m
Direction e -
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BrUSHY 0

\VictoriolReaks

Figure 1.6a. Obligue strike-view of the "Shumard" subma- allochems. This upward progression suggests decreasing sand
rine canyon, Shirttail Canyon (photo location shown on flux to the slope and increasing carbonate productivity.

Brushy Canyon Formation (Shumard Canyon, looking north): Note sandy (resistant)
channel lenses amongst fine grained (recessive) overbank deposits

Source: AAPG/Exxon field guide, 1999



Bone Canyon Overview: Looking at the south face from the north ridge

source: SEPM (1988)

PSR
BRUSHY CANYO

e

I-V-2. Sketch of south wall, Bone Canyon, from Harris (1982), showing geometry of basal Cutoff and basal Brushy Canyon
‘boundaries. Note channel-filling carbonate megabreccias at base of Cutoff (MB2 and MB3). and numerous Cutoff
ational, channelized surfaces filled with intraclast rudstone (IR) or mudstone.



wweli Bone Canyon: Brushy Canyon Formation (clastic turbidite channel outcrop)
= I ~
e
W | N
W
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N
~“< | Bone Canyon: Variability of canyon fill is interpreted to reflect variable
flow types during late-stage canyon filling
] UNIT 1: Carbonate clast conglomerates ( 1-7.5 m diameter; sourced
el | from underlying strata
bl Via debris flows)
- - UNIT 2: Medium to thick beded, sandy peloidal-skeletal grainstones that
Bl Seacone exhibiting Bouma turbidite subdivisions. Basinward transport of

. Conglomerate

e CArponate material derived from shallow marine environments existing
" at the canyon heads
UNIT 3: Channelized massive sandstones (channel axis facies).

Source: AAPG/Exxon field guide, 1999



Jeffrey Nittrouer May 2008
Guadalupe Field Stratigraphy Course

Bone Canyon and Shumard Canyon Traverse

Introduction:

Directions: HWY 62 west until Williams Ranch Road turnoff (~ 8 miles west from the
National Park visitor center turnoff). Right onto Butterfield Trail Road, which begins
east, and turns north to Williams Ranch (distance: ~8 miles from HWY 62 turnoff).
We will begin at Williams Ranch (elev. 5000 ft), along the western escarpment of the
Guadulupe Mountains. The ranch is situated between the outlet of Shumard Canyon
(north) and Bone Canyon (south). As mentioned in class, our hike will likely begin up
Bone Canyon in order to take advantage of the well-packed trail present in Shumard
Canyon for our descent (National Park trail). Our hike will ascend upsection, starting
with the Bone Spring Limestone, and work through the Victorio Peak Formation,
Upper Cutoff Formation, and the Brushy Canyon Formation. The top of the first
bench (situated on the ridge between the two canyons) is the contact between the Cutoff
Formation and the Brushy Canyon Formation (elev. 5700 ft). In general, our
north-to-south perspective of the western escarpment provides a near-dip view of the
platform-to-basin depositional setting (paleo current indicators suggest a south to
south-east transport trend). The base formations (Bone Springs and Victorio Peak) are
limestone; the Cutoff Formation follows as a transitional unit, and the Brushy Canyon
Formation consists of a mixture of clastic and carbonate sediments, derived from

turbidites and debris flows.

The information acquired for this write up derive from two field guides. The first was



published in 1988 by SEPM (“Geologic guide to the Western Escarpment, Guadalupe
Mountains, Texas™), and the second is an AAPG/Exxon guide published in 1999
(“Deep-water Sanstones, Brushy Canyon Formation, West Texas”). Charlie Kearns
provided additional figures. | have no personal experience working in this area, so my

comments originate only from interpretation of the field guides and notes.

Please review the attached figures and pictures for further clarification of the formation

outcrops found in Bone and Shumard Canyons.

Rock Units and Depositional Setting:

Bone Springs Limestone: The base formation from which we will begin. This unit is
characterized by dark gray color, cherty and thin bedded internally laminated lime
mudstone. It is organic rich, and perhaps sparsely to non-fossiliferous (from the
SEPM guide; Charlie disputes the idea of a lack of fossils). Depositional setting is

considered transitional, from the slope to the basin.

Victoria Peak Formation: This rock unit is a carbonate bank margin facies, having
been deposited near the break between the platform top and the deeper slope setting.
The formation is only present in Shumard Canyon, as it pinches out before Bone
Canyon. The rock is characterized by medium/light gray color, thick bedding,

massive dolomites, and an abundance of fossils (lime grainstones).

Cutoff Formation: This complex formation is heterogeneous in both composition and



spatial exposure. The two predominant lithologies found in Shumard and Bone
Canyons are lime mudstones and massive carbonate breccia, which are expressed as
recessive and resistant units, respectively. Interpretation of the depositional
environment is varied; sea level lowering post Victorio Peak deposition is believed to
have exposed the carbonate platform and bank subaerially, promoting karst
development. Ensuing sea level rise flooded the margin, and the topographically
variable karst surface is speculated to have provided conduits for sediment transport
(gravity-driven) to the slope and basin. Continued sea level rise eventually flooded the
entire platform surface, leading to the time-synchronous development of the San
Andres formation on the platform. The upper Cutoff Formation caps both the
landward San Andres Formation and the matching lower Cutoff formation at the shelf

break and slope.

Brushy Canyon Formation: Clastic turbidite packages consisting of sandy,
amalgamated channel fills amongst fine-grained, recessive siltstone (likely drape
deposits). There are erosional surfaces cut into the underlying carbonate formations
(Cutoff and Victorio Peak). The AAPG/Exxon field guide describes a Brushy Canyon
submarine channel fill deposits from Bone Canyon as consisting of three distinct units:
(1): Carbonate clast conglomerates (1-7 m diameter, and sourced from the eroded
underlying strata; debris flow?); (2): Medium to thick bedded, sandy peloidal-skeletal
grainstones exhibiting Bouma turbidite subdivisions. Basinward transport of
carbonate material derived from shallow marine environments existing at the canyon

heads; (3): Channelized massive sandstones (channel axis facies).



TRAIL GUIDE FOR DAY 1:
SHUMARD TO BONE CANYON TRAVERSE

C. ROSSEN
P. J. LEHMANN
. J. E SARG )
Exxon Production Research Co.

INTRODUCTION TO THE FIELD TRAVERSE
Geologic Setting

The locale of this field traverse is the western escarpment of
the Guadalupe Mountains where the autochthonous and
allochthonous facies of the shelf-edge and basin margin are
exposed along the major western boundary-fault escarpment.
Details of the regional setting for this trip to selected localities
on the Late Leonard-Early Guadalupian basin margin are well
known. The major pertinerit reference is that of King (1948).

The stratigraphic units of concern on this day trip are the
Bone Spring, Victorio Peak, Cutoff, and-.B 2
formations (see Fig. 3 of infroduction to guldebook) The
geologic setting of these formations is that of the rim of a broad
carbonate shilf_grgyinm_m_rhcnmh_and northwest (Northwest
Shelf) W basin (Delaware Basin) on the

southeast and east. /h_c_suata,of—pﬂnc;paLcsmcem for today are

the toe-of-slope and basm The structural hlstory dunng late
Leonara'-carly ‘Guadaliipian deposition was that of regional
subsidence at rates that (1) permitted the shelf to remain shallow,
and (2) permitted the development of low angle (5 degrees or
less) shelf-to-basin bank margins.

Purpese and Scope

This field traverse and the accompanying locality guide do not
attempt comprehensive coverage of the Permian strata such as
that of King. Nor do we here attempt an overall topical
coverage. Our purpose is to concentrate on two major
interpretive problems: of the Late Leonard-Early Guadalupian
shelf and basin margin: (1) the genesis of the depositional
geometrics and accompanying facies of the Bone Spring to
Brushy Canyon strata; and (2) the correlation of  the basin
margin strata further to the north. Examination of the shelf
strata is recommended as subsequent. Days 2 and- 3 to this Day
1. Road logs and locality guides for these déys' are found in Sarg
and Lehmann, 1986 (Permian Basin Section-SEPM pub. 86-25).
Application of depositional sequénce concepts has, we think,
provided new interpretational leverage in understanding the
- genesis of the late Permian rtocks of the Delaware Basin.
Application of sequence stratigraphy includes both correlation of
major physical surfaces (i.e., sequence boundaries, downlap
surfaces) and biostratigraphic time markers. The fusulinid
biostratigraphy has been provided by Garner L. Wilde (see
articles in PBS-SEPM pub. 86-25). Details of the depositional
environments and their paleobathymetry, and of the degree to
which sea-level fluctuation exposed the shelf and basin-margin

strata and controlled deposition aré the subjects of intense .

-continuing discussion. Some of these are dealt with on this field
trip.
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STRATIGRAPHIC FRAMEWORK OF THE
BONE SPRING TO BRUSHY CANYON STRATA

To provide a stratigraphic framework for the interpretations
presented on this field trip, it is helpful to recognize several
specific depositional systems tracts (Brown and Fisher, 1977)
(i.c., a linkage of contemporancous depositional facies—such as
shelf, slope, and basin) bounded by sequence boundaries' and/or
downlap suifaces?. The chronostratigraphic significance of an
unconformity or sequence boundary is that all the rocks below
the unconformity arc older than the rocks above it. The ages of
strata immediately above and below the unconformity differ
geographically according to the areal extent of erosion or
nondeposition. The duration of the hiatus associated with an
unconformity differs correspondingly, but the unconformity itself
is a chronostratigraphic boundary because it separates rocks of
different ages, and no chronostratigraphic surfaces cross it.

Although several chronostratigraphic surfaces may merge
along an unconformity, none actually cross the unconformity.
For these reasons, uncenformities are not diachronous but are
time boundaries that may be assigned a specific geologic age

. dated in those areas where the hiatus is least and/or where the
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rocks above and ‘below become conformable. By careful
identification of unconformities and théir correlative conformi-
ties, a sedimentary section: can -be divided inte genetic
depositional sequences' bounded by these unconformities (Vail et
al., 1984).

The Permian strata of the Delaware and Midland basins
comprise ‘a number of depositional sequences. Each sequence is
composed of three parts or systems tracts: (1) a wedge restricted
to the basin and slope areas that is interpeted to-have been
deposited during a relative fall and lowstand of sea level; and (2)
a transgressive depositional systems tract deposited during a
regional landward shift in the shoreline intepreted to have been
deposited during a relative sea level rise; and (3) a capping
progradational or regressive depesitional systems tract inter-
preted to have been deposited during a relative highstand in sea
level.

1Sequence boundary: Unconfonmty and |ts corrclative conformity.. Unconformity
is defined as a surface cepr g a sigl ¢ time gap with crosional truncation
(subacrial or subaqueous) and/or subacnal exposure. Erosional truncation is
commoaly evident at the basin margin. The sequence boundary surface commonly
becomes conformable over much of both the shelf and basin areas. Marine suifaces
with significant hiatuses, but without evidence of crosion, arc not unconformities
‘according to this usage (Vail et al., 1984).

Downlap .surface: Submarine surfacc that is characterized scismically by a
downlap over a concordaat pattern and is commonly associated with a marine
hiatus. Downlap surfaces associated with marine condensed sections ‘mark the
change from the end of transgression to the start of regression (Vail et al, 1984).



The western escarpment of the Guadalupe Mountlans exposes
the siope to basin transition of six Permian sequence boundaries
which range in age from Late Leonardian to Late Guadalupian.
These sequence boundaries subdivide the strata into five genetic
depositional sequences (see summary sequence diagram in front
of guidebook). The portions of the two sequence boundaries that
we will observe today in a slope and toe-of-slope position are
highly erosional and appear to be submarine in origin. These
boundaries are: (1) top of the Victorio Peak/Bone Spring

formations, and (2) the top of the Cutoff Formation/base of the .

Brushy Canyon Formation. High above our traverse in the rocks
exposed along the escarpment are the sequence boundaries, or
correlative basinward conformities that correspond to (3) the top
of the San Andres Formation, (4) the top of the Grayburg
Formation, (5) the top of the Goat Seep Formation/base
Manzanita Member, and (6) the top of the Hegler Member of
the Capitan Reef Complex. Days 2 and-3 of this trip will
examine the shelfward -expression of the two sequence boundar-
ies we will examine today and the sequence boundary at the top

" of the San Andres Formation, and their enclosed strata. The first

sequence boundary we will encounter today, the top of the
Victorio Peak/Bone Spring, correlates shelfward to the base of
the Glorieta Member of the Yeso Formation of the northern
Guadalupe Mountains and forms the base of the sequence which
includes the lower and middle parts of the San Andres
Formation of Hayes (196\4_)./6122 second major sequence
boundary we will examine, the base of the. Brushy Canyon,
correlates shelfward to the top of the middle San Andres of Sarg

‘ - and Lehmann (1986) and forms the basal boundary of a
" sequence which includes the: upper San Andres. The upper San

Andres carbonate bank is capped by the sequence boundary that

forms the base of the Grayburg Formation. In the basin margin__

_position, _this _bgundary is overlain_ .by__Grayburg Formation

quartz sandstones and dolomites interpreted to be of shallow-
water to tidal origin (Sarg and Lehamnn, [986). In addition to
the sequence boundaries, we want to emphasize three major

features, we: will see today: (1) debris flow breccias deposited on:

top of the sequence boundaries in slope to toe-of-slope positions

. which are intepreted, by us, to be the result of erosion of the
- bank margins during falls. and lowstands in sea level; (2) two

basinally- restricted .wedges consisting of (a) limestone strata of
the lower Cutoff Formation intepreted to have been deposited
during. rising sea:level; and (b) siliciclastics of the Brushy Canyon
Fermation :interpreted. to be. the result of shelf bypass during a
lowstand in sea level; and (3) the slope to- basin transition of two
carbonate: banks deposited during highstands in sea level, the

- upper - Victorio: Peak/Bone Spring formations and the upper

Cutoff Formatjon.

STOP 1—-BASIN/SLOPE TO BANK TRANSITION,
BONE SPRING LIMESTONE AND VICTORIO
PEAK FORMATIONS

Starting from William’s Ranch, we will follow the Guadalupe
Mountain National Park trail up into Shumard Canyon (Fig. I-
[—l) In Shumard Canyon we will observe the lithofacies,

f sedlmcntar.y structures and geometries associated with a classic

.vertical facies transmon from.a lower slope to basin environment

. to-a carbonate -bank environment. This transition encompasses

thie Leonardian-agé, coeval, Bone Spring Limestone (slope/ basin)
and. Victorio Peak Formation (bank). These formations have
been  mapped and studied by King (1948), Newell and others

“(1953); McDaniel and Pray (1967) and Kirkby (Upper Victorio

Peak, 1982, 1984).

:grainstones . and - dole;askstone-"

The Bone Spring Limestone is interpreted as a euxinic, slope

to basin deposit (King, 1948, Newell and others, 1953, and
McDaniel and Pray, 1967). It consists of dark gray, cherty, thin-
bedded, internally laminated lime mudstones that are organic-
rich and sparsely- to non-fossiliferous. In contrast, the Victorio.
Peak Formation consists of medium to light gray, fossiliferous,
thick-bedded, predominantly massive dolomites and minor
limestones that are interpreted as carbonate bank deposits. The
Victorio Peak can be further subdivided into a bank facies (lime

and a bank margin facies
(dofowackestones and mudstones)(see Fig.

I-I-3 and enclosed’

abstract of McDaniel and Pray, 1967). In a shelfward direction-

{approximately 15-20 miles northwest of Shumard Canyon),
normal-marine, fossiliferous carbonates of the Victorio Peak:
Formation change facies into sparsely fossiliferous, interbedded
dolomites, siltstones and gypsum of the Yeso Formation (Boyd,
1958).

In the Guadalupe Mountains, an mcomplcte Bone Spring-
Victorio Peak section (maximum thickness 520 m, 1700 ft) is

exposed (King, 1948). Distribution of the Bone Spring and:

Victorio Peak formations-in the area of today’s traverse is shown’
on King’s (1948) map of the Bone Canyon area-(Figure 1-I-2, in'

pocket). Figures 1-1-4 and 1-1-5 from McDaniel and Pray.(1967)

show the distribution of lithologies and facies within the Victorio

Peak and Bone Spring formations. The Victorio Peak-Bone

Spring bank complex prograded 3-5 km (2-3 miles) during the'

accumulation of 460 m (1500 ft) of Leonardian carbonates
{McDanicl and Pray, 1967).

As we will see on our traverse today through Shumard and:

Bone Canyons, the Bone Spring-Victorio Peak section thins
dramatically in‘a southeast (basinward) direction. Basinward

thinning of the Victorio Peak-Bone Spring section results in part

from depositional downlap, but is primarily due to post-:

depositional erosion associated with the sequence boundary that
forms the base of the overlying Cutoff. Formation-(Fig. 1-1-6). :
This sequence boundary truncates 250 m (780 ft) of strata over a
distance of 3 km. (l 8 nules) (Pray et al., 1980)

Stop la — Bone Sprmg thhofacles :

Examples of characteristic Bone Spring (slope to' basin |
environment) lithofacies (Fig. 1-I-7) can be seen in .outcrops on
the south side of the trail at the mouth of: Shumard: Canyon

(Stop -1a, Fig.1-I-1). The Bone Spring typically consists of thin- !

bedded, dark gray, organic-rich, lime mudstones (actually ﬁne
silt-sized packstones, Pray, pers..comm. and- Fig. 1-I-8). Chert is
abundant and commonly forms lenses parallel to bedding. Beds
are internaily laminated, and display both planar and irregular

sediment ‘deformation .and the formation of small-scale ripples.

laminations. The irregularity of some laminations is due to soft |

According to Pray irregular laminations are moré common in .
proximity to the basin margin. Evidence of autochthonous '

organic activity in the Bone Spring Limestone is sparse and
consists of silicious sponge spicules and uncommeon trace fossils

" on bedding planes.

Stop Ib — Intraformational Bone Spring Erosion Surfaces

!

1

Proceeding up the canyon from Stop la, numerous intrafor- ;

mational erosion surfaces, marked by discordances: in bedding -

orientation, are evident within the Bone Spring Limestone. These

18

surfaces are spectacularly exposed on the north wall of Shumard
Canyon "and are diagrammed on cross section B-B* of King’s
map (Fig. 1-1-2, in pocket). The erosion surfaces have up to 30
m (100 ft) or more of rehef and are dipping, planar to curved,
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Figure 1-I-1. Geologic map of Shumard Canyon|Bone Canyoh area showing traverse and stop locations for Fieldrip Day 1:

“Western Escarpment of the Guadalupe Mountains.”



LITHOLOGIC | DEPOSITIONAL ENVIRONMENTS
FEATURES |

MARGIN BASIN

ROCK CLASSIFICATION. BY _
DEPOSITIONAL TEXTURE ' :
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Flgure I-1-3. Lithologic featires of bank bank margin and basin facies, Victorio Peak and Bone Spring Limestone formauons
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lithofacies of Bone Spring Limesione (slopejbasin Jacies). Stop la. Shumard Canyon. A. Example of

- Figure [-1-7. Characteristic
B Example of irregularly laminated lithofacies. Irregular laminae show

planar luminated lithotacies with resistent chert lenses.
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Figure [-1-8. Thin section photomicrographs of the Bone Spring Limestone lithofacies. Stop la. Shumard Canyont. Al photographs
are oriented with present stratigraphic up ai the top of photograph. A&B. Thin section photomicrographs. plane polarized light of
the sample shown in owicrop in Fig. {-I-7. Spicules (S, cchinoderm {crinoid) debris (C) and quartz silt are conspicuous in this:fine
grained skeletal packstoneiwackestone. Note the inciined laminations interpreted as current ripples {arrowsh C&D. Thin section
photomicrographs. Cpriane potarized light and D-cross poiarized fight. Quariz sift and echinoderm fragnents (C} are common i this
fine grained packsione; ackestone. This sample shows aliernation of coarser (lower half of photo) and finer grained laminations.




concavé—up in geometry. At the mouth of the canyon, eastward-
dipping - surfaces are prominent. Farther up canyon, erosion

surfaces  dipping to the west can be observed. As was first

describe_d'by"l(i'ng (1948), beds below the erosion surfaces are
cleanly truncated and show - no evidence of deformation or
brecciation. Beds above the erosion surface typically parallel or
drape the undetlying. erosional surface and are similar in
lithofacies to beds below thé erosion surfaces:

Origin _of the _intraformational -‘erosion surfaces has been
attributed to- 1) development of basinward-trending channe,l_s'ﬂ-'Qnr__
the slope, 2) detachment surfaces related to slumping, .and" 3)

faulting. - The intraformational erosion surfaces are limited: in
distribution to an area extending from Shumard: Canyon to a
point about f mile south of Bone Canyon (King, 1948). This
distribution suggésts’ that ' \
processes active in’a slope envitonment. Many of ‘the large-scale
erosional féatures in Shumard Canyon de not show onlap fill by
material coatser than the: underlying lime. mud, but show drape
by lime mud onto ‘litne mud. Further south, in- the Delaware
Mountains;’ larg¢-scale “sediment deformation . fedtures. (King,
1948, .p. 15- Plat ' er Bo.
Spring ' limestones .
downdip slump features suggests that these surfacés originated as
detachment _surfaces, Some of the erosional surfaces are,
however, .overlai ' coarser-grained- deposits favoring an
erosional: ¢ - origin; for these’ surfaces:  Erosion’ suifaces,
interpreted -as channel: ; es (King, 1948, and Kirkby,- 1982)
do occur in. Shum: anye e | ’ ’
facies) of the overlying Victorio Peak Formation,

“ that the erosion surfaces. ‘were formed: by

e LIB) are _'abunddnt}j' in- the upper Borie
The lack- of coarse fill. material and the

n in the lower part (basin margin

Stop Ic — Allocthonous Carbonate Sand Sheet
(Allodapic Sand) o
Thick allochthonous channel-fil and sheet deposits composedi
of skeletal grainstones, packstones, and wackestones are. common
to basin margin facies of the lower Victorio Peak Formation and
slope to basin facies of the Bone Spring Limestone: (MéﬁDaniell
and Pray, 1967). These allochthonous deposits were shed. from/
the bank and bank margin areas of the Victorio 'I‘?{c_f;akf_{ bank

- complex and are allodapic carbonate sands and sandy muds;

A thick allodapic skeletal grainstone -unit -is well exposed on:
the south wall of Shumard Canyon where thie Natiorial Park trait!
crosses a gully (Figs. 1-I-1, 1-1-9). The base of this 10:m (33 ft)
thick unit is poorly exposed below the park trail ir the. gully. |

Generally, however, these -units exhibit sharp erosior
The lower half of the unit consists of medium to thic
thick to very thick beds in the upper half. Internal’
and trough cross-bedding are. present (Fig. - 11
directions obtained from these features are ‘TOUg]
southeast in a basinward direction. The top of the. unit’
marked by a change in bedding style from: t
grainstones with-trough cross-bedding to thin to. miéc it
mudstones and wackestones with lenticular chert lenses
characteristic of the Bone Spring Limestone. Sk
these grainstones include: brachiopods, _érixjoids a
spines, fusulinids and other benthonic foramini
gastropods, calcareous algaé ‘and: other. finer ‘ski
I-I-10). " The brachiopod fauna is diverse. .Ske
micrite envelopes are commion suggesting a sho
for these allochthonous deposits. ’

water. source
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STOP 5 — BONE CANYON

Stop Sa — Overview of south wall, Bone Canyon
Bone Canyon is situated -at the “toe of slope” of the
basinward-sloping sequence boundaries that mark the base of the
Cutoff and of the Brushy Canyon formations (Fig. 1-1-6). The
sequence boundaries and the lithofacies deposited on them are

~ well exposed on the south wall of Bone Canyon (Fig: 1- V-1 and

Fig. 1-V-2). The Bone Sprmg Limestone comprises the resistant,
thin-bedded, dark—colored strata .that form the lower visible part

of the canyon wa"ﬁ “The recessive, graylsh vegetated slopes make
~ up the Cutoff Formation, and the overlymg resistant, tannish

cliff consists of basal strata of the Brushy Canyon.

Fig. 1-V-2 shows the detailed-geometry of the basal Cutoff and
Brushy Canyon sequence boundaries along this wall, and
lithofacies and intraformational erosion surfaces- of the Cutoff
Formation. Key features exposed here are listed below.

1) The sequence boundary at the base of the Cutoff
Formation. Along much of the canyon wall, the basal Cutoff
sequence boundary truncates underlying Bone Spring strata at a
low angle. The boundary is overlain by lime mudstones and
sificious shales of the upper Cutoff (Harris, 1982). At the west
end of the canyon wall, two steep-sided, channel-shaped
erosional surfaces filled with resistant, gray, massive-weathering
megabreccia carbonates are developed on the sequence boundary
(Fig. 1-V-2, 1-V-3A). These masses were first interpreted as patch
reefs by King (1948), and Newell and others (1953) largely due to
their internal massive character and abundance of fossils. They
were subsequently reinterpreted as allochthonous megabreccias
by Pray and Stehli (1962, see enclosed abstract) and Harris
(1982), based on the following characteristics: 1) common
erosional basal contacts, 2) presence within the masses of clasts
of basinal to shallow-marine origin, and 3) chaotic orientation of
geopetal fabrics from clast to clast. We will examine the contacts
and internal fabric of a similar megabreccia located 0.25 km
(0.15 mi) south of Bone Canyon during the final stop of the day
(Stop 6).

2) Intraformational erosion swfaces wnhm the Cutoff. These
surfaces.are broad, shallow, channel-like features up to 10 m (32
ft) deep, and 100-200 m (330-650 ft) wide (Harris, 1982). The
scours are filled with coarse-grained material (intraclast rud-
stone) or with fine-grained material (lime mudstone and siliceous

“shale).

3) - Sequence boundary at the base of the Brushy Canyon
Formation. On the south wall of Bone Canyon, this boundary is
a predommantly planar, castward-dlppmg surface (strike N1OE,
dip 13° E). Brushy Canyon strata deposited on this surface
comprise a coarse-grained package (unit BC of Fig. I-11-5), up to

75 m (240 ft) thick, which consists of megaconglomerate, planar-

stratified sandstone, and allochthonous, fossiliferous lime grain-
stone (the gray, blocky weathering unit at the top, west end of
the canyon wall). On both the south and north walls of the
canyon, basal Brushy Canyon strata thin and pinchout to the
west by onlap onto the eastward-sloping sequence boundary
(Fig. 1-V-3B). These basal Brushy Canyon strata also pinch out
by onlap to the north such that the 75 m thick package of
sandstone, megaconglomerate and limestone is absent in Shu-

‘mard Canyon, 1 km to the north.

Stop 5b — Traverse from north wall to floor of Bone Canyon
The traverse from the rim of the north wall of Bone Canyon
to the canyon floor provides an opportunity to examine: 1) the

sequence boundary separating the Cutoff and Brushy Canyon
formations, and 2) the lithofacies and sedimentary structures
present at the base of the Brushy Canyon in this “toe of slope™
position.

Fig.1-V-4 is a section of the basal 75 m of the Brushy Canyon
Formation in Botie Canyon Reprcsentatlve lithofacies of this
coarse—gtamed ‘section. are well exposed in the prominent draw
located at the center-of the north wall-of Bone Canyon (Flg 1-1-
1). These umts arg;- from top to:d bottonL ;

1) Gray-Weathermg, allochthonous carbonates 32 m (66 ft)
thick; consisting “of sandy, dolomitic, skeletal-peloidal grain-
stones. Beds are_ internally massive, or. exhibit Tabc, Tab, and
Tbc Bouma sequences (Fig. 1-V-5A). Skeletal grains consist of
fusulinids, crinoids; brachiopods, and rugose corals; nonskeletal
grains consist of peloids, ooids and sand-sized intraclasts (1-V-
8C, D). These grains are belicved to have been derived from a
contemporaneous shallow, normal-marine environment.

2) Fine-grained sandstones, 10 m (33 ft) thick, are paraliel-
laminated, current-rippled or display broad, shallow, trough
cross-stratification. Lenses of pebble to cobble-sized carbonate
clasts indicate high-energy flow conditions.

3) Carbonate-clast megaconglomerate, 2.5 m (8.2 ft) thick,
forms the base of the Brushy Canyon at this locality (Fig. 1-V-6).
This megaconglomerate is similar to other megaconglomerates
that occur with intérbedded parallel-stratified sandstones in the

~basal 25 m (78 ft)- of the Brushy Canyon in Bone Canyon.

46

‘Common characteristics of the megaconglomerates (Fig. 1-V-5B,
1-V-7A) are: 1) clast-support texture, 2) matrix of very fine
sandstone, 3) clast sizes ranging from pebbles to boulders up to 5
m (16 ft) in longest dimension, and 4) internally massive,
ungraded character. In a few megaconglomerates, large clasts
protrude above the tops of beds as if they had been rafted (1-V-
7B). The megaconglomerates are interpreted as debris flow
deposits (Harms, 1974, Rossen, 1985). Mcgaconglomerate clast
types include: (1) dark gray lime mudstones, (2) light gray
‘skeletal wackestones, packstones and grainstones of limestone
and dolomite composition, (3) lesser amounts of fenestral
limestone and dolomite (Fig.1-V-7A and Fig. 1-V-8 A, B), and
(4) very fine-grained quartz sandstone. With the cxceptmn of the
fenestral dolomite and limestone, these clast types are similar to
lithologies found in the Cutoff, Victorio Peak and Bone Spring
formations benecath the: basal Brushy Canyon sequence boun-
dary. Fenestral dolomite clasts may have been eroded from bank
top Victorio Peak strata that are now preserved to the north at
Cutoff Mountain in the lower part of the Upper Victorio Peak,
or from uppermost Victorio Peak strata that were completely
eroded during formation of the basal Brushy Canyon sequence
boundary.

Strata of the Cutoff Formation, consisting of gently eastward-
dipping, thin-bedded, dark gray, lime mudstones, crop out
directly beneath the Brushy Canyon megaconglomerate on the
east side of the draw (Fig. 1-V-6). The subhorizontal lime
mudstone beds truncated below the Cutoff beds are strata of the
Bone Spring Limestone. The Cutoff Formation thins to the west
by truncation beneath the basal Brushy Canyon sequence
boundary, and pinches out completely some 10 m (30 ft) west of
the draw- (Harris, -1982). This truncation marks the shelfward
pinchout of the basin segment of the Cutoff (Fig. 1-1-6). The
Cutoff reappears beneath the basal Brushy Canyon sequence
boundary _approximately 0.25 km (0.15 mi) north of Bone
Canyon.
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Figure 1-V-2. Sketch of south wall, Bone Canyon, frorh. Harris (I982),; shbwing geometry of basal Cutoff and basal Brushy Caryon
* sequence boundaries. Note channel-filling carbonate megabreccias at base of Cutoff (MB? and MB3), and numerous Cutoff
- imraformatioﬁql, ”c‘l_x_ahnelized surfaces filled with intraclast rudstone (IR) or mudstone. .

‘Stop Sc — Floor. of Bone Canyon at the Juniper Tree 1y East end- of:canyon wall; westward thinning and pinchout of

At thls locality, the interbedded megaconglomerates and basal” Brushy Canyon megaconglomerates .and sandstonés by
sandstones which form the basal 10 m (33 ft) of the Brushy  onlap onto the smooth, eastward-dipping, basal Brusty Canyon
. Cany n Eormation (Fig: 1-V-7B).can be examined: sequence boundary (Fig. 1-V-3B). A :
. Trav sc along: south wall of Bone- Canyon to Cutoff
megabreccia of Stop. 6. .

.. As.you walk. along the south wall of Bone Canyon, the
following, features can be noted on the north. wall -of Bone

2)West and central parts of canyon wall; irregular, undulating :
morptiology of basal Brushy Canyon sequence boundary on
underlying thiri-bédded ‘strata of the Bone Spring Limgstdr_le.

hrk
Xy

- “Canyon:.
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" Figure 1-V-3. A. Close-up of Cutoff carbonate megabreccias (large arrows), MB2 and MB3 of Fig. I-V-2, at base of Cutoff
Formation,. west end of south wall, Bone Canyon. Megabreccias fill spoon-shaped scours developed on basal Cutoff sequence
boundary (small arrows) that are incised into underlying strata of the Bone Spring Limestone. B. View of Cutoff Formation and
interbedded sandstones and conglomerates of basal 25 m (80 f1) of Brushy Canyon Formation, north wall Bone Canyon. Basal Brushy
Canyon strata thin to the west (left) by onlap onto the eastward-dipping basal Brushy Canvon sequence boundary (SB).
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Figure [-V-5. A. Allochthonous sandy carbonate grainstone unit, north wall Bone Canyon, showing this Bouma Tab, Tabc, and :
Tbc sequences. Lens cap is 6 cm (2.4 inches) in diameter. B. Megaconglomerate at base of Brushy Canyon Formation, north wall
Bone Canyon, showing internally massive, poorly-sorted. clast-supported character. Thin beds beneath megaconglomerate are Cutoff
strata. Scale bar =0.5 m (1.6 ft).
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Figure I-V-7. A. Megaconglomerates and interbedded parallel-laminated sandstone of basal Brushy Canyon Formation, north wall
Boné Canyon. Cutoff Formation comprises thin beds below recessive in lower | [3 of photo. Scale is 1S cm. Praminent ‘white clast
above scale consists of fenesiral lime grainstone (see Fig. 1-V-84,B). B. Parallel-laminated sandstone unit: interbedded with .
megaconglomerates in basal 15 m of Brushy Canyon Formation, canyon floor near Juniper tree, Bone Canyon. At base of '_dsto;zef. :
unit, note drape of sandstone laminae over boulder (0.5 m relief) protruding from top of underlying megaconglomerate. Sandston
deformed into fold and flame structures beneath overlying megaconglomerate. Scale bar = 1.0 m (3.28 f1).
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McKittrick Canyon



Katherine Goepfert
April 30, 2008

McKittrick Canyon (Permian Reef Trail)
Overview/ Introduction:

McKittrick Canyon is located on the eastern side of the Guadalupe Mountains near El

Capitan. The mouth of McKittrick Canyon shows great exposures of the shelf crest,
outer shelf, reef, slope, and toe of slope leading out onto the Delaware basin.
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Figure 1: Regional location of McKittrick Canyon during the Permian. (Tinker, 1998)
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QAa2713c
Figure 2: Cross section showing shelf-to-basin correlations of the Capitan Formation
and equivalents. Modified from Garber and others (1989).

Only the younger units, the Lamar Member of the Bell Canyon Formation, the Yates
Formation, and the Tansil Formation can be seen along the trail. This is a great example
of a reef-rimmed platform which occurred during the Guadalupian 16-28 High Frequency
Sequences.

Permian Reef

Geology Trail
800

— 200

4000 fi
|

0+ — L H ey
0 1000 m ~— __Bell Canyon

Figure 3: Shows location of Permian Reef Trail on the erosional cross-section of the
North Wall of McKittrick Canyon. (Bebout et al., 1993)
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Figure 4: Simplified Facies of the Reef-Rimmed Shelf from the Guadaulupian 16-28
High Frequency Sequences. (Kerans and Kempter, 2000)

Toe of Slope:

The toe of slope lies in the Lamar Member which is the upper unit of the Bell Canyon
Formation. It is dominantly laminated to thinly bedded skeletal wackestone with less
prevalent thin layers of skeletal packstone. The amount of skeletal packstone increases
with increasing dip and unit layer thickness (closer to the slope). These units were
mostly created by turbidity currents and debris flows from the slope and shelf margin.
Common fossils in these units are foraminifera, sponge spicules, ostracodes, brachiopods,
and bryozoans. Most of these fossils are not in-situ, but carried by the gravity flows or
sediment settling out of suspension to the toe of slope.

Northwest
A

Southeast |
H

Top of Lamar Member /é |

S NSRS Stone ¢ o4 Pormian F

Figure 5: Diagram showing the facies present in the toe of slope and the path thé
Permian Reef Trail takes through it. (Bebout et al., 1993)




Slope:

The slope is part of the Capitan Formation and the Yates-equivalent and Tansil-
equivalent sections are exposed in McKittrick Canyon. As you walk up the lower and
middle slope, you will be in the Tansil-equivalent part of the formation. This unit has
facies ranging from skeletal wackestones to grainstones, as well as megabreccias. The
upper slope will be Yates-equivalent and has skeletal wackestones to grainstones,
siliclastics, and reef talus. The siliclastics are believed to have been deposited during a
lowstand. The reef talus near the top of the slope has large blocks of sponge-algal
boundstones from the overlying reef. The slope has beds that were mostly deposited
from gravity flows and have dips ranging from 10-70°. The closer to the reef, the steeper
the beds dip. The fossils found are sponges, bryozoans, brachiopods, crinoids, fusulinids,
gastropods, and encrusting Archaeolithporella (algae). Most of these fossils can be found
in the reef itself. The fusulinid grainstone at the top of the slope might be evidence for a
channel going through the reef because these fusulinids are very common behind the reef
in the outer shelf.

Stop 9

6100
® Elevation marker (ft)

A Switchback

QAa2725¢

Figure 6: Didgram and Photomosaic of slope on north wall of McKittrick Canyon.
Shows path of the Permian Reef Trail and the formations is crosses. (Bebout et al., 1993)
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Figure 7: Diagram showing facies and dominant fossils for the transition between the
Tansil-equivalent part of the slope and the Yates-equivalent portion. (Bebout et al.,
1993)

Reef:

The reef is a steeply dipping (near vertical) part of the Capitan Formation. Tansil-
equivalent portion of the reef has been eroded in the McKittrick Canyon locality so you
are only seeing the Yates-equivalent part of the reef. For this reef-rimmed platform, the
reef is not the topographic high. It is down-dip form the higher shelf crest in estimated
water depths of 30-43 meters. The reef would prograde outwards, become unstable and
create the gravity flows which are deposited on the slope and toe of slope. The dominant
reef-builders are a variety of sponges, bryozoans, Tubiphytes, and Archaeolithoporella,
with minor crinoids, fusulinids, and Collenella (a type of algae). The presence of the
Collenella at the top of the reef might indicate that the reef was in shallower waters at the
termination of the Yates Formation. There are several types of cement present in the
reef. There is the botryoidal cement, the isopachous fibrous cement, the inclusion-rich
prismatic cement, dolomite, and three types of calcite spar. The botryoidal cement is
found around botryoidal fans and fills in framework voids. The isopachous fibrous
cement tends to line framework voids while the inclusion-rich prismatic cement tends to
fill the rest of the void in.

Flgure 8: Plctures of fenestellld bryozoans 'ublphytes and phyIIO|d algae in outcrop
and thin section taken from Permian Reef Trail in McKittrick Canyon. (Bebout et al.,
1993)
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Figure 9: Pictures of a variety of sponges in outcrop along the Permian Reef Trail.
(Bebout et al., 1993)
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Figure 10: Diagram of the different cements found in the reef and in other parts of the
margin in McKittrick Canyon. (Bebout et al., 1993)



Outer Shelf/ Shelf Crest:

The beds dip down in the outer shelf going from the shelf crest to the reef. The fossils
that make up these units are fusulinids, crinoids, bivalves, gastropods, pisolites, ooids,
and algae. The algae are seen in the forms of Stromatolites and fenestral laminites.

Shell crest Shoreface of shelf crest Outer shelf

- Area covered by trail

N N N S N T NPT N U W N VU G S S L

Siltstone/sandstone e

Gastropods © Piso-poids
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iau Martical burrow tubas A Sponge
£ Pisalites ~—_ Planar and low-angle A Location of photograph shown
wedge-set cross stratification in figure 42 QAZ0G41C

'Figure 11: Diagram showing the transition from reef to shelf crest. (Bébajt_et al., 1993)

The outer shelf of the Yates Formation shows a transition from open-marine facies
(fusulinid skeletal packstone) to subaerial exposure (evidence in algal laminites) to
middle shelf facies (siliclastics).
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Marine outer-shelf fusulinid-skeletal packstone

T

40-50

I M swomatolites h Block of fenestral laminite

Location of illustration in

Approximately 800 ft in dip transect

Ifigure 12: Diagram showing changes in facies as you move up section in the outer shelf
of the Yates Formation. (Bebout et al., 1993)
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In the outer shelf Tansil Formation there are strong upward-coarsening cycles. These
cycles go from a subtidal wackestone/packstone up to tidal flats. There are also tepee
structures found near the top of the Tansil. This indicates that increasing subaerial

exposure as the relative sea-level drops throughout the deposition of the Tansil in this
area.
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. Figure 13: Diagram showing changing facies as you go from the Yates Formation to
the Tansil Formation of the outer shelf along the Permian Reef Trail. (Bebout et al.,
1993)



ROADLOG STARTS FROM

WEST TEXAS GEOLOGICAL SOCIETY
1988 FIELD SEMINAR TO
GUADALUPE MOUNTAINS

ROAD LOG: SECOND DAY
McKITTRICK CANYON

Compiled by the Road Log Committee
with contributions by Alton Brown and Bob Loucks

INTERSECTION OF

HIGHWAY 62/182 WITH THE McKITTRICK
CANYON ROAD :

MILES
Cum Int. : _
0.0 0.0 Intersection of U 2/ 180 with McKittrick
Canyon Road. .
0.3 hills on right at 2
andstone forms the
3 o’clock.
0.5 eft at 9 o'clock.
0.8 at 9 o’clock.
1.1 ht, Bear Creek
r wells in Bear
0 ft of Quater-
nary alluvium edrock. Thick
alluvial sedime; side canyons
originating on 1 this region
1.7
1.9
2.0
o'clock. Road
correlated with
Canyon Group
be so designate
is unnamed. It p
this outcrop. T
separating - Black::-:
drainage. :
22 0.2 Water reservéir
33 1.1 Road curves in scarp

of the massive ¢
subparallel to thi
crest of the anti
o’clock, has beed: ¢
creek bank at 3 o’
massive and thicker th

much more
“in: the scarp
y the dip
of the Lamar mcreascs_;tﬁward- the mouritain front
where it forms a dip slope and merges with the
cliff near the crest of the ridge.
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3.7

38

4.2
43

0.4 Windmill. Now crossing the axis of a
northwest-southeast syncline.

0.1 Cliff on the left is Lamar limestone contain-
ing mound-shaped structures. These structures
were called bioherms by earlier workers but they
fail to fulfill the requirements for any variety of
true organic reef deposits. Newell. et al., 1953,
estimated that the depth of ‘water in the Delaware
basin two miles from the rim was 1700 ft during
Lamar time. This would make any reef interpreta-
tion of these structures questionable, The struc-
tures here are quite different from'the primary
slump structures, seen later- .in McKittrick
Canyon, which are obviously the result of reef
and reef talus debris sliding down the front,
picking up more material as it moves, and
contorting semiconsolidated beds b fore it. As
would be expected such slump ‘bddigs are com-
posed of broken skeletal material (of: all sorts of
organisms) in a lime mud matrix and ‘seldom
display any sort of symmctry i

The structiires here, ‘are very- symmetncal with
no contortion of sediment cxther . "eath or on
either side. ‘

The lateral slopes of the mounds are filled in
with thin-bedded material to where flat beds again
can be seen covering the structures. This gives the
appearance of bioherms, but the textural fabric of
the mounds precludes such a possrblhty ‘They are
composed of mlcro-crystallme lime mud with no
discernable skeletal remains. Chert, in the form of
small nodules is present but extremely rare.

It has been suggested that these structures are
lime mud “banks” or “ridges” and that these
outcrops are cross sections of linear deposxts that
parallel the reef front.

0.4 Cattleguard.

0.1 STOP 2-3, PHOTOS A, B. National Park
Service Information Station and MeKittrick
Draw. "

The park information station stands approxi-
mately at the same _stratigraphic horizon as the
Rader limestone, 400 ft below the top of the Bell
Canyon, while equivalent parts of the reef section
in the north wall of the canyon rise some 2000 ft
due to greater thicknesses as it goes from basinal
to reef facies. McKittrick Canyon has incised a
cross sectional cut of the Capitan reef complex
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Photo A. McKittrick Canyon Visitor Center (Stop 2-3).

that includes fore-reef, reef wall and backreef
facies. For about the last mile coming up the
stream bed, the road traversed the fore-reef facies,
with its large amount of debris shed off the reef
into the Delaware basin.

Most of the rock in the walls of the canyon at
this point is bedded fore-reef material, but on the
north- wall, the cliff forming Capitan reef wall
stands out prominently. It is age equivalent to the
Lamar. The reef grew laterally in a  basinal
direction, with the older fore-reef talus forming
the substrate for continued reef growth. The
- Lamar member can be traced along the rorth side
‘of the canyon from its basin-floor position,
through its fore-reef equivalent and then merging
into -the reef-wall facies. The back-reef facies
immediately overlies the reef-wall facies and
represents a more basinal extension of the reef
that is-no longer present due to erosion. .

- Northwestward up the canyen, the base of the
back-reef facies drops lower in the section with
less and less of the reef and. fore-reef facies
~-present. After several miles, the canyon walls,
nearly 2000 ft high, are composed of backreef
. facies only. : o

. 'Fhe’ volume of true reef wall seen in the
- ‘Capitan reef complex is much smaller than the
volume of either fore-reef or back-reef material
preserved in the section. A living reef is a complex
balance between the processes of construction and
destruction. It is never a static feature. The

process of reef destruction carries the once living-

reef material elsewhere for preservation. Only a
small portion of the reef itself survives the
processes of destruction to be preserved in the
geologic column.

- King’s map of the southern Guadalupes shows a
northeasterly plunging syncline marking the edge
of the Delaware basin here, roughly parallel and
in front of the fore-reef facies. Basinward of this
syncline is a roughly parallel anticline. The limb
common to both of these structural features has
northerly dips, and shallow waterwells in the Bell
Canyon on this feature have unusual shows of oil
in them.
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Photo B. North wall of McKittrick Canyon (Stop 2-3).

Newell et al.,, 1953, studied the Rader limes-
tones and concluded they were slides of reef
debris (some of this debris is very large) into the
basin. Before his efforts these occurrenees of reef
material, four miles out in the basin in waters
some 1500 ft deep, were considered to be patch
reefs, even though their position in the basin
posed distinct problems.

Fore-reef, Reef and Back-reef Facies

The Bell Canyon Fm is interbedded fore-reef
limestones and basinal sandstones. The limestones
are light gray proximal to the reef and become
dark basinward. They are comprised primarily of
reef derived material including bryozoans,
sponges, brachiopods, foraminifera, crinoids and
algae, and grade completely from coarse, ‘unsorted
talus near the reef to finer grained, sorted and
laminated calcarenite basinward. Primary dips
near the reef are 20 to 35 degrees. Diagenesis has
resulted in permeability reduction due to recrystal-
lization and secondary cementation, and there is
patchy dolomitization. Basinal sandstone between
the limestone units is light gray to buff and ranges
from massive to laminated and, toward the reef,
wedge out into the reef talus.

The Capitan Limestone, the reef. unit, is an
unstratified, fine-grained, light-colored: limestone

-with a varied fossil fauna. The calcareous frame-

work was provided by calcareous sponges, cal-
careous algae, bryozoans and hydrocorallines(?).
Other members of the reef community include
solitary corals, fusulinids and brachiopods. This
facies is vuggy, with the vugs commonly infilled
with sediment generated within the reef itself.

The back-reef Yates Fm. is a dolomitized
limestone with abundant pisolites and a highly
varied and abundant fauna of dasycladacean
algae, foraminifera, brachiopods, gastropods,
sponges, and bryozoans. Fossil material from the
reef itself is carried into the back-reef and
preserved there. Near the reef, the back-reef beds
are thick to massive limestones with indistinct and
erratic bedding, but landward the time-equivalent
units become interbedded sandstones and fine-
grained dolomites.



McKITTRI 'K CANYON -
‘by. Alton Brown and- Loucks

McKittrick Canyon:is a world-famous location -

: 1llustratmg the translatlon from shallow—to deep-
water carbonate sedimentation: across a platform
margm We WIll exa_,,lne: the lower-slopc limes-

: ¢ -and observe

- trail crosses
¢and. Capitan
ards. The first
) rops into the
" creek crossing
and follow the creek bed up canyon. The units
exposed in the first long outcrop are the McComb
Limestone and underlying Bell Canyon Sand-
stones. Scattered exposures along the creek from
here- to the next trailcrossing of the creek are
more exposures of Bell Canyon sandstones and
the upper. part of the Rader Limestone. After
examining these units, continue up. the creek past
the second trail crossing. ‘Most of the cemented,
round-boulder conglomerates with’ porous matrix
are Quaternary stream deposns The best Radar
Limestone exposure lies abont 200 yards upstream
from where the second trail crosses:the creek.

The . McComb Limestone :consists of silty,
medium to-thin-bedded, lime ‘grainstone. Several
beds of relatively: pure, fine .to very-fine grained
sandstones. are: intercalcated into the unit along
with coarse-grained. -carbonaté turbidites. This
member of: the Bell Canyon- Fm 1s not traceable
far inte: the basin. - :

The underlying Béll Canyon Sandstone is'a fine
to very-fine gramed well:sorted sandstone. This
outcrop: consists:.of broad channeling and lami-
nated bedding’ with. scattered: low-relief hydrody-
namic sedimentary - structures’ typlcal of Bell
.. Canyon' sandstones. The: long ‘exposure also
contains boulders. of dolomitized Capitan in the
Bell Canyon Sandstone. At this stratigraphic level,
boulders become -more abundant up’ depositional

0 the south

.proceed: down |

" the trail

slope, until the sandstone: mterﬁngers thh carbo- -

nate debris flows: and-breccias:
The uppermost Rader leestone Mbr of the
Bell Canyon Fm is. exposed ‘ifi: scattered outcrops
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examined on: the (

southeast of the sccond trail crossing. The upper
part of the Rader Limestone generally cousists: of
carbonate turbidite gramstones Debris flows and
transported boulders occur -lower in the forma-
the low cliff on the north side
of the creck beyond the trail crossing. The largest

» boulder, over 8 fi high and 20 ft wide, shows well-

developed: sponge-algal fabric characteristic of the
upper part of the Capitan Fm. Finer-grained units
below. the boulder are silty, platey limestones.
The Lamar leestone and. Capitan Fm -can be.
ology ‘trail, if time permits.
This trail also provides:an overview of slope facies
relatlonshtps Most -of. the lower part of the trail

follows: a dip slopé in the middle part of the

Lamar Mbr. Typical lithologies are thin-bedded,
platey mudstones to wackestones. A thin, bur-
rowed wackestone occurs near the top of the cliff

" section. Silicified fossils are common along some

beds. These fossils are characteristic of the upper
slope facies and contain few species found in the

" lower deposits of the Capitan Fm. Lamar debris

flow beds are exposed in small isolated ‘outcrops
about 20 to 40 ft below the trail level near the
cliff.

The cliff area has a good, shaded overview of
the stratigraphic relationships exposed on the
south wall of the canyon. Dipping units of the
McComb Limestone, Bell Canyon Sandstone and
Rader Limestone can be traced from the creek
outcrops up the canyon wall. The sandstone units
thin up slope and carbonate units thicken. Most
sand-rich units have an intermediate facies with
abundant carbonate boulders just downdip of
merging with the Capitan Fm. The percentage of
boulder beds in the carbonates generally increases-
up slope. Individual beds are difficult to trace.
The more massive, thick-bedded limestones are

- characteristic of the Capitan Fm.

After the second switchback farther up the trail,
good sponge-algal fabrics in the upper part of the
Capitan facies are exposed on weathered surfaces
and the low blasted cuts along the trail. The trail
leads on to other exposures of Capltan Fm. Even
farther up the trail, the Tansill Fm is exposed.
these outcrops are too far up the trail to visit
today.



SHELF-TO-BASIN FACIES DISTRIBUTIONS AND SEQUENCE STRATIGRAPHY OF A STEEP-RIMMED
CARBONATE MARGIN: CAPITAN DEPOSITIONAL SYSTEM, McKITTRICK CANYON,
NEW MEXICO AND TEXAS

SCOTT W. TINKER
Marathon Oil Company, Petroleum Technology Center, Littleton, Colorado, U.SA. and Department of Geological Sciences, University of Colorado,
Boulder, Colorado, U.SA.; Mailing Address, 5895 East Kettle Place, Englewood, Colorado 80112, U.SA.

AssTrACT: Shelf-to-basin outcrop studiesin steep-rimmed, shelf-margin
settings are uncommon because continuous shelf-to-basin transectsare
rarely exposed in a single outcrop. Discontinuous or absent strati-
graphic marker beds across the shelf margin further complicate out-
crop studiesin the shelf-margin setting. This paper discussestheresults
of a high-resolution investigation of the shelf-to-basin profile along the
north wall of North McKittrick Canyon, New Mexico and Texas. In
McKittrick Canyon, carbonate-dominated sedimentary rocks associ-
ated with the steep-rimmed, Upper Permian Capitan depositional sys-
tem are exposed along a continuous 5-km outcrop face. Measured sec-
tions, lateral transects, scintillometer readings, and geochemical data
wer e synthesized into a digital database and interpreted in conjunction
with a digital photomosaic of the entire canyon wall.

Results of this work include a shelf-to-basin facies map and sedi-
mentologic interpretation of the north wall of North McKittrick Can-
yon, and indicate that the dominant bathymetric profile during Capi-
tan deposition was a marginal mound. In this model, the Capitan reef
facies was deposited at the shelf-slope break in water depths ranging
from 15 to 75 m, but always downdip from the topographically higher
shelf crest. This model is supported by the following observations and
interpretations: (1) afacies progression from the shelf crest to the shelf
margin interpreted to represent a shallow-to-deeper-water succession;
(2) proportional expansion of bedsin a downdip direction; (3) presence
of oriented (transported) fusulinid grainstones downdip from in situ
fusulinid wackestones and packstones updip; (4) siltstones that thin
and pinch out towards the shelf margin; (5) a decrease in dolomite
from the shelf crest to the shelf margin; and (6) the absence of true
toplap stratal geometries.

In reality, a static paleobathymetric model cannot characterize the
depositional system, because the facies distributions, facies proportions,
stratal geometries, and quantified depositional parameters vary sys
tematically from the Seven Rivers through the Tansill. In order to
understand the observed variations, emphasis was placed on quanti-
fying key depositional parameters such as progradation, aggradation,
offlap angle, outer-shelf dip, water depth, distance to the shelf margin
and toe of sope, and faciestract width. The systematic variations in
these parameters, in conjunction with the facies distribution map and
stratal geometries, helped to define the sequence-stratigraphic frame-
work, and allowed for comparative evaluation of such things as sedi-
ment accumulation rates and sites, and stratigraphic evolution.

The Capitan depositional system is represented by three composite
sequences, each containing four high-frequency sequences. Two and
one half of these composite sequences are exposed in McKittrick Can-
yon. The overall depositional system is interpreted to have evolved
predictably from a deeper-water margin in the Seven Rivers composite
sequence, to a shallow-water margin in the Tansill composite sequence.
The subtidal outer-shelf and shelf-margin facies tracts were sites of
major sediment production. Accumulation rates across the shelf mar-
gin indicate a relatively continuous growth history, with periods of
nondeposition or erosion limited to the terminal phase of each com-
posite sequence. As a result, the preserved sedimentary record of high-
frequency and composite sequences in the outer-shelf to upper-slope
position is equally proportioned between transgressive and highstand
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systems tracts. This symmetric outer-shelf to upper-dope record of
carbonate accumulation is significantly different from the asymmetric,
highstand-dominated middle-shelf accumulation record reported pre-
viously for this and many other carbonate shelves.

INTRODUCTION AND OBJECTIVE

Carbonate shelf strata have been studied in detail in recent years (e.g.,
Read 1989; Koerschner and Read 1989; Goldhammer et al. 1990; Borer
and Harris 1991; Crevello 1991; Osleger and Read 1991; Drummond and
Wilkinson 1993; Goldhammer et a. 1993; Montafiez and Osleger 1993).
Less attention has been given to the more complex, shelf-to-basin strati-
graphic setting because continuous shelf-to-basin transects are not com-
monly exposed in a single outcrop (e.g., Playford et a. 1989; Legarreta
1991; GarciaMondéjar and Fernandez-Mendiola 1993; Pomar 1993; Son-
nenfeld and Cross 1993; Fitchen et a. 1995). Even when exposures are
continuous, physical correlation across steeply dipping shelf margins is
difficult, because lateral facies changes occur in short distances, and lith-
ostratigraphic markers in shelf-margin and slope facies are rare (Wilson
1975). Because correlation across a steep-rimmed margin is difficult, data
regarding stratal geometry, progradation, aggradation, and stratigraphic cy-
clicity are rarely synthesized.

The objective of this study is to map the stratal geometries and facies
distributions aong the continuous, shelf-to-basin outcrop exposures of the
steep-rimmed carbonate margin associated with the upper Permian Capitan
Formation. The following goals were implicit within the overall objective:
(1) a more complete, high-frequency sequence-stratigraphic interpretation;
(2) an updated shelf-to-basin stratigraphic correlation for the Capitan de-
positional system; (3) acritical evaluation of the long-standing controversy
regarding the nature of the Capitan paleobathymetric profile and deposi-
tional model; and (4) collection of data regarding spatial and temporal
variahility in cyclicity, facies distribution, stratal geometry, and sediment
accumulation rates and sites in a steep-rimmed setting.

GEOLOGIC BACKGROUND

The Permian reef complex, located on the northwest margin of the Del-
aware Basin, is partially exhumed in the Guadalupe Mountains. By the late
Guadalupian, the Midland basin east of the Central Basin Platform was
filled, and the Capitan reef and age-equivalent strata were deposited around
the rim of the Delaware basin (Fig. 1). The Guadalupe Mountains, which
dip gently as a block to the northeast, are bounded on the west by *‘basin-
and-range’’ normal faults (King 1948). The present-day topography aong
the east side of the Guadalupe Mountains is an erosional profile along the
Capitan reef margin (Fig. 2).

The Guadalupe Mountains provide spectacular, shelf-to-basin outcrop
exposures of carbonate-siliciclastic sequences. The north wall of North
McKittrick Canyon, located in New Mexico and Texas, represents a com-
plete shelf-to-basin exposure across the upper Permian (upper Guadal upian)
Capitan shelf margin (Figs. 2, 3). North McKittrick Canyon trends WNW,
nearly perpendicular to the Capitan reef margin, is approximately five ki-
lometers long, and has from 350 to 550 m of relief from the valley floor
to the rim. The Permian Reef Geology Trail, one of the world's classic
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Fic. 1.—Simplified map of late Guadalupian facies in the Permian basin, west
Texas and southeast New Mexico (modified from Ward et a. 1986). Note location
of McKittrick Canyon, Slaughter Canyon, and the Gulf PDB-04 well.

carbonate field-trip locations (Bebout and Kerans 1993), is situated at the
mouth of McKittrick Canyon.

The Guadalupe Mountains have received as much attention in the geo-
logic literature as any ancient carbonate province in the world. Correlative
drata in the Delaware and Midland basins are some of the most prolific
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hydrocarbon-producing reservoirs in the United States (Ward et a. 1986).
King (1948), Newell et a. (1953), Hayes (1964), and Dunham (1972) did
important regional studies of the general geology of the Guadalupe Moun-
tains. Models for shelf deposition and cyclicity of late Guadalupian rocks
in the Permian basin include publications by Silver and Todd (1969),
Meissner (1972), Dunham (1972), Hurley (1978), Garber et a. (1989), and
Borer and Harris (1991). Detailed studies of the Capitan Reef complex
include those by Adams and Frenzel (1950), Achauer (1969), Babcock
(1977), Yurewicz (1976, 1977), and Melim (1991). Recent studies have
helped to put the Permian of the Guadalupe Mountains and Delaware Basin
into a sequence-stratigraphic context (Sarg and Lehmann 1986; Kerans and
Nance 1991; Kerans et a. 1992; Kerans et a. 1994; Sonnenfeld and Cross
1993; Kerans and Fitchen 1995; Gardner and Sonnenfeld 1996).

TERMINOLOGY

High-frequency cycles (referred herein as cycles; Fig. 4) are the funda
mental stratigraphic building blocks in this study, and refer to the smallest
set of genetically related lithofacies (facies) deposited during a single base-
level cycle (James 1979; Grotzinger 1986; Koerschner and Read 1989;
Goldhammer et a. 1990; Borer and Harris 1991; Crevello 1991). Cycles
are analogous to the siliciclastic parasequence (Van Wagoner et a. 1988)
but can contain a deepening and shallowing component. Allogenic cycles
(vs. autogenic) are composed of vertical facies successions that can be
mapped across multiple facies tracts. In McKittrick Canyon, cycles are
easily recognizable in the intertidal to supratidal setting of the middle shelf
and shelf crest, but are more difficult to document in the subtidal setting
of the outer shelf, where thick vertical successions of similar facies dom-
inate. Cycles are analogous in scae to fifth-order cycles (Goldhammer et
al. 1990).

Several cycles make up a cycle set (Fig. 4), defined as a set of cycles
bounded by marine flooding surfaces (Harris et a. 1993; Kerans et al. 1994)
whose component cycles typically show a consistent progradational, ag-
gradational, or retrogradational trend (Kerans and Tinker 1997). The lateral
distribution, proportions, and geometry of facies within a cycle set com-
monly vary predictably as a function of position within the overal se-
quence-stratigraphic hierarchy.

Cycles and cycle sets make up high-frequency sequences (HFSs; Fig. 4).

Fic. 2—O0blique air photograph of the
southern end of the Guadalupe Mountains (photo
courtesy of C. Kerans). The erosional Capitan
reef margin trends from southwest (lower left) to
northeast (upper right). Regional structural dip is
to the ENE. Basin-and-range-related normal
faults define the western limit of the Guadalupe
Mountains as seen along the Algerita
Escarpment and Shattuck Valley wall (upper
|eft).
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HFSs are intermediate-order cycles bounded localy by unconformities
(Mitchum and Van Wagoner 1991), and are composed of lowstand, trans-
gressive, and highstand systems tracts (LST, TST, and HST). The TST is
separated from the HST by a maximum flooding surface (MFS). In
McKittrick Canyon, the MFSs are commonly represented by the maximum
landward position of outer-shelf facies, a more highly aggrading shelf mar-
gin, and a condensed zone overlain by progradational downlap geometry
in the basin. HFSs are estimated to represent time periods of 100-400 ky,
and are analogousin scale to fourth-order cycles (Goldhammer et a. 1990).

Composite sequences (CSs; Fig. 4; Mitchum and Van Wagoner 1991)
are the lowest order of cyclicity discussed in this study, and are analogous
in scale to depositiona sequences (Mitchum et a. 1977; Vall et d. 1977,
Vail 1987; Van Wagoner et a. 1988) and third-order cycles (Goldhammer
et a. 1990). Composite sequences, estimated to represent average time
periods of 1-3 my, are composed of multiple, unconformity-bounded HFSs,
and therefore differ subtly from depositional sequences, which are defined
as a single unconformity-bounded rock succession.

In McKittrick Canyon, two complete CSs were recognized, and named
““Seven Rivers’ and '‘Yates’ to remain consistent with the formation
names on the shelf established by Hayes (1964). However, each CS incor-
porates part of the Capitan Formation across the shelf margin and Bell
Canyon Formation in the basin. Four HFSs in the Seven Rivers CS (SR1
to SR4; Fig. 3), and four HFSs in the Yates CS (Y1 to Y4; Fig. 3) were
identified. These HFSs are equivalent to Guadaupian 20 through 26 of
Kerans et a. (1992). In addition, two HFSs were recognized in the CS
deposited after the Yates CS, but were named Y5 and Y6 to remain con-
sistent with the shelf formation names of Hayes (1964).

METHODS

Data in the study come from 36 vertical measured sections (1900 m),
six published sections (330 m; Hurley 1978; Kerans and Harris 1993),
several miles of lateral transects (Fig. 5), approximately 500 thin sections,
scintillometer measurements (780 m), a digital photomosaic, and wireline
logs from the Pratt #1 well drilled at the mouth of McKittrick canyon, the
Guadalupe Ridge #1 well drilled on Wilderness Ridge, and the PDB-04
well (Fig. 1). Many of the data used in the interpretation were collected
from shelf deposits, because slope deposits are commonly covered in talus
and vegetation, and have crude to chaotic bedding with disorganized spatial
textural variations. The slope and basin interpretations in this study are
based on one vertical measured section, two basin-to-margin transects, cor-
relation with the Pratt #1 well, data from exposures along the geology trail
at the mouth of the canyon, bed tracing from helicopter and low-angle
photographs taken from the south wall of the canyon, and use of data from
other studies of the slope (Garber et a. 1989; Brown and Loucks 1993;
Mruk and Bebout 1993; Melim and Scholle 1995).

Eighteen color photographs taken during a helicopter flight down the
axis of the canyon were used to create a 2-D digital photomosaic. Reference
points were marked on the photographs in the field every 5-20 m, and tied
to vertical measured sections. Beds were traced laterally in the field, and
marked on the photographs to document stratal geometries and facies vari-
ations. Graphical facies data were scaled vertically to fit between each
photo-reference point marked in the field, and the resulting combination of
measured sections, lateral transects, and the digital photomosaic were used
to construct a stratigraphic and structural line interpretation on *‘photo
thickness” (Fig. 6).

The photomosaic distorts the 3-D topography of the north McKittrick
Canyon wall onto a 2-D projection. For example, 50 vertical meters at the
base of the canyon wall, which was closer to the helicopter, appears much
thicker than 50 vertical meters at the top of the canyon wall, which was
farther from the helicopter. This is a common problem when interpreting
photographic data in most field studies. Because the photomosaic line in-
terpretation is on *‘photo thickness”’, it had to be converted to true vertical
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thickness (TVT) in order to quantify the depositional parameters deter-
mined from the sequence-stratigraphic interpretation (Fig. 7).

Texture, lithology, porosity, grain components, sedimentary structures,
and cycles were described in the field for all measured sections on a per-
foot basis. A hand-held scintillometer was used to measure the natural
radioactivity of 780 m of section for comparison to subsurface gamma-ray
logs. All of the quantified measured section data were entered into a digital
SAS™ (Statistical Analysis Systems) dataset (1.52 million cells) on a
SGI® (Silicon Graphics) workstation for analysis and outpui.

Nearly 500 hand samples were siabbed and polished. A vacuum-im-
pregnated thin section and/or acetate peel was made from each hand sam-
ple, and 50% of each section was stained with Alizarin red S. Petrography
included systematic visual estimates of lithology (%), calcite cement (%),
and present-day porosity (%), as well as description of grain types, texture,
and dolomite crystal size. The descriptions and estimates of lithology, po-
rosity, and texture made in the field were checked by petrographic anaysis,
and field estimates vary less than 10% from petrographic data (Tinker
1996h).

In addition to petrographic work, stable isotopes (620 and §'3C) were
examined from two densely sampled reef to back-reef vertical transects.
Acetate peels of each sample were made to determine the best locations to
sample for isotopic analysis. Eighty samples were anayzed by the Uni-
versity of Michigan Stable Isotope Laboratory with a reported precision
(standard deviation) of < 0.05%o.

APPROACH

The data collection and interpretation phase of this study proceeded as
follows: description of vertical sections; identification of cycles; walking
of stratigraphic contacts; documentation of stratal geometries; interpretation
of photomosaics; mapping of lateral facies distributions; description of thin
sections; construction of depositional models; and interpretation of the se-
quence-stratigraphic framework (cycle sets, HFSs, and CSs). Many of the
collection and interpretation steps overlapped, and severa iterations were
made over a period of five years and four field seasons.

The remaining sections of this paper are presented in the genera order
of interpretation, with descriptions of facies and facies tracts first, followed
by an interpretation of the static depositional models based on facies and
sedimentologic data, and then a sequence-stratigraphic interpretation made
with the initial depositional models in mind. The interpretations are fol-
lowed by discussions regarding the dynamic stratigraphic and sedimento-
logic variations, the paleobathymetric model, and the sites and rates of
sediment accumulation.

FACIES AND FACIES TRACTS

Eighteen distinct facies were recognized and described in McKittrick
Canyon, defined using a combination of lithology, texture, grain compo-
sition, and sedimentary structures. Most of these facies have been described
previously by other workers examining upper Guadalupian strata in the
Guadalupe Mountains (e.g., Dunham 1972; Babcock 1977; Y urewicz 1976;
Hurley 1978). Detailed facies descriptions for rocks in McKittrick Canyon
can be found in Tinker (1996b). Therefore, the detailed measured section
data, petrographic data, scintillometer data, well data, and lateral transect
data for each facies are presented here in summary form only (Table 1).
The tabular summary of the facies data is not intended to diminish their
significance. To the contrary, the sedimentologic understanding that re-
sulted from the descriptive work was critical to the interpretation of the
initiadl depositional models and the subsequent sequence-stratigraphic in-
terpretation; it is impossible to separate sedimentology and sequence stra-
tigraphy.

A ““map’’ of true vertical thickness (TVT) facies distribution and stratal
geometry was constructed for the entire north wall of McKittrick Canyon
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A) Location of vertical measured
sections and lateral transects on
“photo thickness". Heavy black
line is upper outcrop limit.

B) Line interpretation from
measured sections and
photomosaic (Fig. 6). Heavy lines
represent five laterally continuous,
traceable surfaces. Vertical white
\\ bands represent faults (e.g. arrow).

C) Five surfaces (heavy lines from B)
with faults and photo distortion owing to
canyon wall rugosity. Dashed lines are

K corrected (smoothed) version of heavy

\ solid lines.

D) Long measured sections (thick
vertical lines) on true vertical thickness
(TVT) were posted where they intersect

L were adjusted up or down, as indicated

by arrows, to cross the TVT measured
section data at the correct position.
Shorter measured sections (thin vertical
lines) were placed in the proper position.
This resulted in the TVT (solid line)
interpretation.

Fic. 7.—Steps to convert the photomosaic from **photo thickness”’ to true vertical thickness (TVT).

(Fig. 8) using the measured section data, lateral transect data, and the pho-
tomosaic. The TVT map represents the spatial distribution of all eighteen
facies described in each measured section; no vertical averaging was done.
Owing to autocyclic processes, depositional topography, and position in
the long-term eustatic hierarchy, individua facies are not always laterally
continuous. Therefore, it is useful to group faciesinto faciestracts. A facies
tract isa genetically linked association of facies and facies successions that
records a discrete energy-water depth—sediment supply setting (sensu Ker-
ans and Fitchen 1995, and analogous to a facies belt of Wilson 1975).
Eight facies tracts were defined in McKittrick Canyon (Fig. 9), ranging
along a depositional dip profile from the shelf-crest supratidal to the ba-
sina. A generalized map of the facies tracts for the entire north wall of
North McKittrick Canyon (Fig. 10) illustrates the complex yet systematic
variation in proportion, width, thickness, and geometry of facies tracts.
Most carbonate depositional systems have key “‘indicator’” facies or fa-
cies tracts, defined on the basis of lithology, grain components, and sedi-
mentary structures. These indicator facies represent interpreted depth/en-
ergy positions such as shoreline, fair-weather wave base, and storm wave
base (Kerans and Tinker 1997), and are therefore very useful for sequence-
stratigraphic interpretation. In McKittrick Canyon the shelf-crest supratidal,
outer-shelf subtidal, and shelf-margin facies tracts are such “‘indicators’’.
The shelf-crest supratidal facies tract is composed of cryptalgal laminite
boundstone, composite-grain rudstone, and pisoid rudstone, with rare to
common small (a few centimeters tall) to large (several meters tall) teepee
complexes (see also Esteban and Pray 1983). Thisfaciestract is ashoreline
indicator. The outer-shelf subtidal facies tract has a low- to moderate-
energy component composed principally of silty, peloid, bioclast, foram
dolowackestones and dolopackstones, and a moderate- to high-energy com-
ponent composed principaly of foram, Mizza, bioclast, peloid, fusulinid
packstones and grainstones. The low- to moderate-energy component is
interpreted to indicate a position from well below fair-weather wave base
to below storm wave base, and represents the flooding events on the shelf.

The moderate- to high-energy component is interpreted to indicate a po-
sition just below fair-weather wave base. The shelf-margin facies tract,
commonly called the Capitan reef, is composed of marine-cemented,
sponge, algal, bryozoan, Archaeolithoporella (ALP), Tubiphytes frame-
stones and boundstones (see aso Kirkland et a. 1993; Wood et al. 1994).
This facies represents a similar fair-weather to sub-storm-wave-base posi-
tion as the low- to moderate-energy component of the outer-shelf subtidal
facies tract.

In addition, there is a siltstone and very-fine grained sandstone facies
(referred to collectively as siltstones) that cuts across most facies tracts (S1,
OS1, SC1 in Figure 8; Table 1). The siltstones are composed of quartz,
potassium feldspar, kaolinite, and illite, have dolomite and calcite cements,
are remarkably devoid of diagnostic sedimentary structures (see aso Can-
delaria 1982), and are more naturaly radioactive than the associated car-
bonates. The siltstones are a very useful indicator of stratal geometry, be-
cause their position can be followed in outcrop with a high degree of
confidence.

DEPOSITIONAL MODELS

By definition, a depositional model is a generalization, because the de-
positional setting and associated facies arrangements are not static, but are
instead strongly related to the position in the overall composite sea-level
curve. For example, the depositional model for a TST in the SR1 HFS is
quite different from the depositional model for the HST in the SR1 HFS.
The same variation is observed at the CS scale.

Stratigraphic and sedimentologic data in McKittrick Canyon uphold the
model of reciprocal sedimentation. The concept of “‘reciprocal sedimen-
tation’” (Wilson 1967) was first applied to Permian strata in the Delaware
basin by Silver and Todd (1969), Jacka et a. (1972), and Meissner (1972).
The model involves clastic progradation and bypass across the shelf into
the basin during relative sea-level lowstand, and carbonate growth on the
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shelf during relative sea-level rise and highstand. Detailed petrography and
facies mapping on the shelf in McKittrick Canyon documents a higher-
frequency timing of siliciclastic sediment delivery, similar to that proposed
by Borer and Harris (1989, 1991) for the Y ates Formation, Gardner (1992)
for the Bell Canyon Formation, Brown and Loucks (1993) for the Tansill-
equivalent toe-of-dope, and Melim and Scholle (1995) for the Capitan
slope.

In the continuous outcrops of McKittrick Canyon, sedimentology, pe-
trography, stratal geometry, and vertical and lateral facies associationswere
al used to develop the initial depositional models. Closely spaced vertical
measured sections and lateral transects within the Y3 HFS were used to
construct a detailed 2-D cross section (Fig. 11) and a series of 3-D block
diagrams (LST, TST, HST; Fig. 12) that represent the depositiona history
of atypical HFS. Unless otherwise cited, the interpretations that follow are
based on this work (see also Tinker 1996h).

Lowstand Systems Tract

Siltstones were transported tens to hundreds of kilometers across the
shelf into the basin by eolian (Mazzullo et a. 1985) and shallow-water
marine-coastal processes (Candelaria 1982; Figure 12), where they were
deposited by suspension in deep water. At maximum relative sea-level low-
stand, the entire shelf crest and much of the middle shelf were subaerially
exposed, and underwent either erosion or silt deposition by eolian and

sabkha processes. Individua siltstone deposits thin towards the shelf mar-
gin owing to increased depositional slope in the outer shelf and slope, and
silt transport across the margin by storm-related, marine processes. The
outer shelf and shelf margin remained submerged, the outer-shelf facies
tract was narrow (500 m), the shelf margin was narrow (20 m) and rela
tively shalow (~ 15 m), and a minimal volume of carbonate sediment
was transported into the basin.

Transgressive Systems Tract

During marine transgression the shoreline receded, and shelf siltstones
were partially to completely reworked and buried by low-energy carbonate
deposits. Shelf-crest deposits backstepped and aggraded (Figs. 11, 12).

Outer-shelf rates of carbonate-sediment production were a a maximum,
which is common for the TST in most HFSs in McKittrick Canyon (see
outer-shelf thickness in Figures 8, 10, 11). There was a systematic, land-
ward increase in current reworking, resulting in higher-energy, grainier
facies updip from lower-energy, muddier facies (Figs. 9, 11, 12). Fusulinid
grainstones are an exception, and can be found downdip from the lower-
energy faciesin close proximity to the shelf margin. Fusulinid testsin these
grainstones are commonly oriented parallel to depositiona dip, indicating
mobilization and downslope transport of fusulinids.

Fusulinids are important indicators of paleoenvironment. The large (1-
3 cm) Guadalupian fusulinids found in outer-shelf facies of the Seven Riv-
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Fic. 11.—Detailed cross section of the Y3 HFS. Note: (1) the proportional expansion in thickness of cycle sets, and the systematic progression from high-energy shelf-
crest facies (PS/GS) to lower-energy, outer-shelf facies (WS/PS) from the shelf crest downdip to the shelf margin; (2) the downdip limit of the shelf-crest facies tract
(black circles) backsteps to just above the maximum flooding surface (MFS), and progrades above the MFS; (3) the aspect ratios (AR) of the shelf crest bodies increase
upwards toward the MFS and decrease away from the MFS. MS, Mudstone; WS, Wackestone; PS, Packstone; GS, Grainstone; ST, Siltstone. Measured section numbers

correspond to Figures 5, 6, and 8.

ers through the middle Y ates are Polydiexodina. Considerably smaller fu-
sulinids, Yabeina and Codonofusiella, first occur in the lower Tansill For-
mation, and the still smaller Reichelina first occurs in the middle Tansill
(Tyrrell 1969; Wilde 1975). Although these Paleozoic fusulinids are ex-
tinct, Alveolinella quoyi is considered a modern counterpart (Severin and
Lipps 1988). Fusulinids and alveolines (Miliolida) belong to different sub-
orders because of variations in test structure, yet their similar morphology,
taphonomy, associated rock types, and latitudinal ranges argue that the
development of individuals, and the community in which they lived, must
have been comparable (Haynes 1981). On Papua New Guinea, A. quoyi is
most abundant (750/m? on stable sand and cora rubble slopes in water
depths from 12 to 30 m. Alveolinids are most abundant between 25 and
35 m in the Gulf of Agaba and in the Maldives. In addition, the deeper-
water modern alveolinids have greater length-to-thickness ratios than the
shallower forms (Haynes 1981).

The shelf-margin facies tract was dominantly aggradational (Fig. 12).
This aggradational mode was common for the shelf-margin facies tract
during the marine transgressive phase of most HFSsin McKittrick Canyon,
and is also observed at the CS scale (Figs. 8, 10).

Whereas shelf-derived sope deposits were a mix of siltstones and car-
bonates during the early TST, they were dominantly carbonate during the
late TST, and were probably deposited as downlapping strata onto toe-of-
dlope and basina carbonates and siltstones (documented for the Tansill-
equivalent Lamar member by Brown and Loucks 1993).

Highstand Systems Tract

With progressive infill of shelf accommodation, the shelf-crest and outer-
shelf facies tract deposits were forced to prograde basinward (Fig. 11, 12).
The decrease in accommodation is documented by the changing aspect ratio

of the shelf-crest supratidal facies tract, which increased from 100 to 200
(350 to 450 m width and 2 to 3 m thickness) in the TST, to 200 to 500
(300 to 500 m width and 1 to 2 m thickness) in the HST (Fig. 11). Kerans
and Fitchen (1995) have documented a similar relationship for the shelf-
crest facies in San Andres and Grayburg ramp deposits.

Facies diversity and the net volume of grain-dominated sediments in-
creased in the higher-energy, outer-shelf facies tract of the HST relative to
the lower-energy, outer-shelf facies tract of the TST (Fig. 12). The shelf-
margin reef was progradational, and shelf-derived slope deposits were
grain-dominated (documented for the Tansill-equivalent Lamar member by
Brown and Loucks 1993).

SEQUENCE STRATIGRAPHIC INTERPRETATION

Carbonate strata commonly show an ordered stratigraphic hierarchy that
repeats at many scales (Cross et a. 1993; Goldhammer et a. 1993; Mon-
tafiez and Odeger 1993). Many workers in the Permian of West Texas and
New Mexico have recognized this type of ordered stratigraphic hierarchy
(Borer and Harris 1991; Sonnenfeld 1991; Kerans et al. 1992; Kerans et
al. 1994; Kerans and Fitchen 1995). It is possible to challenge the statistical
significance, or even the existence, of an ordered stratigraphic hierarchy,
by isolating only 1-D data (Wilkinson et a. 1997). However, the challenge
weakens considerably when 2-D data are considered, because facies pro-
portions, cycle thickness, and stratal geometries commonly vary aong de-
positional dip in most carbonate settings (see Figures 8, 9, 10). Therefore,
even in ordered stratigraphic systems the 1-D succession of facies will vary
as certain facies substitute laterally for other facies. In McKittrick Canyon,
andysis of the 2-D facies distribution data indicates a remarkably well
organized stratigraphic hierarchy, emphasizing the need to examine all of
the data using as many analytical ‘‘tools’ as possible.
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Fic. 12—Three-dimensional facies distribution based on the Y3 HFS depositional model in Figure 11. Note: (1) increasing interpreted depth to the top of the shelf-margin reef from the LST to the TST; (2) greater

distance from the shelf-crest shoreline to the shelf margin in the TST versus HST; and (3) greater shelf-crest width and outer-shelf facies diversity in the HST versus the TST. SB, sequence boundary. MFS, maximum

flooding surface. This systematic variation in facies is observed in most of the Seven Rivers and Yates HFSs and CSs (Figs. 8, 10).
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TasLe 2—Sequential Facies Data

Lithofacies Above

SC8 SC7 SC5_SC6 _SC4 SC3 SC2 SC1| 0S9 _OS8 OS7a_0S7__0S6__0S5_ 0S4 0S3 OS2 _0S1__0S0
scs 20% 22% 17% 25% 16% 30% 42%| 3% 6% 2% 1% 6% 9% 8%
sc7 | 25% Il o 5% 6% 1a% 8% 4% | 8% 12% 4% 1% 2%
scs | 20% 29% [l 22% 15% 9% &% 13% 5% 2% 2% 5%
sce | 1% 11% 14% [ s% 3% 11% 7% 4% &
sca | 9% 13% 34% 44% [N 16% e% 11% 18% 2%
SC3 | 4% 10% 4% 1% 19° Al 14% -
scz | 6% 3% 8% 4% 12% s% [ 1 7% 1%
Lithofacies | SC1_| 8% 2% 1% 5% 7%  32% 1% & 16%

Below 0se | 3% 3% 1% 1% 3% 1% 11% 13% 13% 3% 6% 16% 17%
os8 | 3% 8% 2% 2% 7% 22% 1% | 15% I s% 8% 2% 11% 3% 8%
0S7a | 0% 1% 1% 18% 5% | 119 119 22% 8%
0s7 | 2% 2% 2% 2% 2% 3% | 36% 16% 66% il 3s% 11% 14% 27% 31% 33%
os6 | % 4% 5% 49% NN 1e% 18% 19% 8%
085 2% 1% 2% 1% 4% 1% M|||||||[|{! | 149
0s4 4% Il
0s3 2% 1% 9% IIIIHHIIIIIIIHNIIIII
0s2 1% 6% 4% 2% 7% 9% se% (L 17
ost | 1% 1% 2% 4% 2% % 9% l||||||||||||lm |
0s0 1% 3% 5% 7% [0

Tolal Count 216 126 178 96 183 76 76 72 66 8 56 150 95 19 7 11 32 12 0

Notes: The table is read as follows: 49% of the time facies OS7 is preceded by facies OS6 (light gray boxes). Although there is a broad range in the vertical succession, the bold numbers represent the largest percentage,
and dictate the sequential placement. Percentages calculated for lithofacies with a Total Count <<30 (OS0-OS5) are less reliable. When afaciesis followed by itself, it is dropped from the calculation (vertical striped shading).
Two “ideal” cycles are represented by the vertical successions of lithofecies, the Outer Shelf (OS0-OS9) and the Shelf Crest (SC1-SCB8). Facies OS9 (italics) represents the uppermost facies in the OS cycle, and is most
commonly followed by OS1 and OS2 to begin a new cycle. Facie SCB8 (italics) represents the uppermost facies in the SC cycle, and is most commonly followed by SC1 and SC2 to begin a new cycle.

Severa anaytical tools or techniques were used to examine the 2-D
stacking patterns in McKittrick Canyon. Lithologic analysis and facies pro-
portion analysis examine the changing percentage of a given lithology or
facies preserved in each cycle, respectively. It can also be useful to examine
the preservation of facies in transgressive (base-level rise) and regressive
(base-level fall) hemicycles (Gardner 1993; Tinker 1996b, Kerans and Tin-
ker 1997). Facies offset analysis examines changes in facies that interrupt
the anticipated vertical (**Waltherian'’) facies succession (e.g., a fusulinid
packstone lying sharply above a pisolite rudstone represents a significant,
non-Waltherian increase in depositional water depth). Scintillometer mea-
surements provide data regarding the spatial variation in natural radioac-
tivity. Geochemical stratigraphy looks at changes in a chemica signature
(e.g., carbon isotopes) that can be indicative of stratigraphic and/or dia-
genetic processes. Cycle thickness analysis examines the spatial variation
in thickness of each cycle. Stratal geometry provides information about
depositional topography along dip, and when combined with other infor-
mation, is an indicator of varying accommodation conditions through time.

A subsurface interpretation would proceed in much the same fashion as
on the outcrop, using 1-D sedimentologic and facies data from logs and
cores, and 2-D and 3-D data from seismic, interwell production tests, and
predictive Walther's Law models. Multivariate (e.g., lithology, facies pro-
portions, facies offsets, cycle thickness) stacking-pattern analysis performed
on several wells provides a powerful tool for prediction of stratal geometry
and facies distributions in 2-D and 3-D (Tinker 1996a; Kerans and Tinker
1997). Because the resolution of the 2-D and 3-D datain the subsurface is
significantly lower than from continuous outcrops, the confidence in the
subsurface interpretation is also lower. Tinker (1996a) provides examples
of stratigraphic interpretation problems in the subsurface, and the subse-
quent impact on 3-D reservoir characterization.

The interpretation criteria, analytical ‘‘tools” used, and specific obser-
vations are discussed below for each of the stratigraphic elements in
McKittrick Canyon.

Cycles

Field observations of facies (texture, grain composition and sedimentary
structures), lithology, porosity, radioactivity, and the nature of the bounding
contacts indicate crudely ordered (nonrandom) vertical successions. For
example, 0S8 commonly follows OS7; OS7 commonly follows OS6, and
S0 on. These ordered successions were described as cycles in the field.

Statistical analysis of the facies database supports the field observations
of facies successions (Table 2). Because facies were described every foot,
successive feet commonly have repeating facies. For example, one foot of
OS7 is most commonly preceded by another foot of OS7. However, when
OS7 is not preceded by OS7, 49% of the timeit is preceded by OS6. Using
thiskind of analysis, al of the facies were arranged in their most commonly
observed vertical succession (Table 2, Fig. 13). When average lithology,
porosity, radioactivity and texture are compared in the most common ver-
tical facies succession, two stacking patterns are apparent (Tables 1, 2; Fig.
13), one for the shelf crest (SC) and one for the outer shelf (OS).

From the base up, the stacking pattern in the shelf crest (SC) setting
consists of: (1) a sharp basal contact overlain by siltstones (9% porosity;
SC1); (2) decreased siltstones and increased, thick-bedded, low-energy sub-
tidal dolomudstones and dolowackestones (2-3% porosity; SC2, SC3); (3)
planar-laminated to cross-laminated, moderate to high energy, subtidal lime
to dolopackstones (4-6% porosity; SC4, SC6); (4) fenestral-laminated,
peritidal dolowackestones (6% porosity; SC5); and (5) sheet-cracked, tee-
pee, peritidal to supratidal dolorudstones (6% porosity; SC8). This pattern
describes an initial increase and then dominant decrease in accommodation
upward (Fig. 13).

In contrast to the shelf crest, the outer shelf (OS) has a greater proportion
of subtidal facies. From the base up, the stacking pattern in the outer shelf
(OS) setting consists of: (1) low- to moderate-energy dolomudstones to
dolopackstones (4% porosity; OS3, OH4); (2) moderate- to high-energy
subtidal dolopackstones and dolograinstones (5-10% porosity; OS5
through OS9); and (3) rare peritidal to supratidal dolowackestones capping
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Fic. 13.—Stacking patterns as determined from lithology, porosity, radioactivity, and texture averages of the complete measured section database. Facies are arranged
in terms of the most common vertical succession of facies (Table 2). Solid and dashed horizontal lines separate the facies into facies tracts. Lithology, porosity, radioactivity,

and texture trends were used to help derive the accommodation interpretation.

the succession (Fig. 13). Like the shelf crest, the stacking pattern in the
outer-shelf setting indicates an initial increase and then decrease in accom-
modation upward (Fig. 13). However, the increase in the proportion of
subtidal facies in the outer shelf relative to the middle shelf supports a
deeper-water interpretation for the outer shelf.

Cycle Sets

Cycle sets are defined by variaions in facies, lithology, porosity, and
thickness of component cycles. Whereas individual cycles may not be lat-
eraly continuous, cycle sets commonly can be traced across the dip width
of the entire canyon wall. An initial deepening and then overall shallowing-
upward succession of component facies, and a crude thinning-upward suc-
cession of component cycles characterize cycle sets. Cycle sets thicken
towards the outer shelf, and have a thicker proportion of subtidal faciesin
their lower portions (Figs 8, 10, 11). Cycle sets can be defined using 1-D
data alone, but 2-D data are valuable in order to document the basinward
expansion and changing facies proportions.

Cycle sets in the Seven Rivers CS (Fig. 14) typicaly begin with a cycle
dominated by siltstone or lime mudstone at the base, followed by a rela-
tively thick succession of subtidal carbonate wackestone or packstone cy-
cles, capped by thin shelf-crest supratidal rudstone and fenestral laminated

cycles. The upper contact is commonly sharp, and is frequently overlain
by a cycle dominated by siltstone or lime mudstone a the base of the
subsequent cycle set.

Cycle setsin the Yates CS (Fig. 15) are considerably more amal gamated,
and are either dominated by stacked subtidal cycles (Y2, Y3) or stacked
intertidal to supratidal cycles (Y4, Y5). Cycle set boundaries in the amal-
gamated supratidal setting are interpreted where very thin mudstone or
siltstone overlies erosionally truncated tepees.

HFSs and CSs

HFSs were defined using a combination of vertical variation in compo-
nent cycle sets, facies, lithology, porosity, thickness, geochemical signature,
and stratal geometry interpreted from the photomosaic and from lateral
tracing of contacts in the field. CSs were defined using the same criteria,
as well as variations in component HFSs.

1-D Data

HFS stacking patterns are defined on the shelf by an overall thickening
and deepening (subtidal-dominated) succession of component cycle sets
upward, interpreted to represent the TST, followed by an overall thinning
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Fic. 14.—Stacking patterns illustrated using outcrop photograph and measured sections in the Seven Rivers CS. Location of measured sections 2, 3, and 4 on the
sequence-stratigraphic interpretation (Fig. 8) is shown in the window at the bottom of figure, which represents 600 m from left to right. True vertical thickness (TVT, in
meters) illustrates the outcrop distortion from bottom to top.
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and shallowing (shelf-crest-dominated) succession of component cycle sets
upward, interpreted to represent the HST (Figs. 14, 15). Comparison of 1-
D sections shows that the proportion of TST versus HST tends to increase
downdip within a HFS (Figs. 8, 10).

CS stacking patterns are characterized on the shelf by an overal thick-
ening- and deepening-upward (subtidal dominated) succession of compo-
nent HFSs (SR1 to SR2; Y1to Y3; Figs. 8, 10, 14), followed by an overall
thinning- and shallowing-upward (shelf-crest dominated) succession of
component HFSs (SR2 to SR4; Y3 to Y4; Figs. 8, 10, 15). Using the 1-D
data shown in Figure 14 aone, the CS MFS could be picked erroneously
within SR2 instead of SR3, emphasizing the importance of analyzing mul-
tiple 1-D sections, and the added value of 2-D data.

Stable isotopes provide ancther important kind of 1-D data for identi-
fying HFS and CS boundaries. Two vertical sample transects were made,
one across the interpreted SR4 HFS boundary (Section 31; Figs. 6, 8), and
one across the Y1 HFS boundary (Section 36; Figs. 6, 8). Microsamples
(~ 3 mm diameter sample ared) of the Capitan massive limestone and
immediate back-reef dolostones were collected for stable-isotope analysis
from the ““micritic’’ part of each sample on the assumption that they were
the most likely to preserve depositional and early diagenetic signatures
(Given and Lohmann 1986).

The results for SR4 indicate a sharp, negative isotopic shift in 60
relative to an average base line near the top of the limestone reef, followed
by an abrupt positive shift (~ 10%o) associated with passage into the do-
lomitized back-reef facies (Fig. 16). These 6180 shifts relative to a base
line exceed those reasonably expected from simple limestone-to-dolomite
lithologic change (3-6%o; Land 1992). The pronounced negative shift at
the top of the back reef, overlain by a positive shift across the SR4 (Seven
Rivers CS) boundary, supports the possibility of subaerial exposure and
depletion of the reef limestone by meteoric water prior to deposition and
dolomitization of the overlying back reef sediment (sensu Allen and Mat-
thews 1982). The results for Y1 show lower positive shifts in 680 (~
T%o), and more gradual transitions (ranging over an 18-foot (5.5 m) inter-

val), indicating little, if any, subaerial exposure at the shelf margin across
this boundary.

The 83C response in SR4 shows a similar negative isotopic shift relative
to an average base line near the top of the limestone reef, followed by an
abrupt positive shift (~12%.) associated with passage into the dolomitized
back reef facies (Fig. 16). This depleted response at the top of the reef
could reflect the influence of a non-rock carbon source such as a biogenic
soil zone, supporting the possibility of a subaerial exposure surface across
the SR4 boundary. Additional work testing this hypothesis across other
HFS boundaries is needed before definitive conclusions are drawn.

2-D Data

The 2-D distribution of four ‘‘indicator’’ facies, introduced in the Facies
and Facies Tracts Section and described in the Depositional Model section,
iscritical for defining HFS and CS boundaries, maximum flooding surfaces
(MFSs), and internal sequence architecture.

Siltstones—Silts were delivered across the shelf during times of relative
sea-level lowstand. Therefore, the 2-D position and spatia thickness vari-
ation of siltstones provide important criteria for sequence-stratigraphic in-
terpretation. Thick siltstones with the greatest basinward extent help to
define HFS and CS boundaries, because greater exposure time likely al-
lowed for silt delivery farther across the shelf. Thin or absent siltstone helps
to define HFS and CS maximum flooding, because the shoreline was
pushed landward.

The base of the Seven Rivers CS boundary is marked by a thick (up to
10 m) siltstone, present across the complete outer shelf (Fig. 17). A thin
(up to 3 m) siltstone that persists nearly to the shelf margin helps to define
the upper SR1 HFS boundary (Fig. 17).

Two-dimensional stacking-pattern analysis of siltstones was used to help
define the TST, MFS, and TST within each CS. Within the TST of the
Seven Rivers CS, individua siltstones thin upward, the vertical distance
between siltstones generaly increases upward, and the downdip limit of
siltstone preservation steps landward. Within the HST of the Seven Rivers



McKITTRICK CANYON SEQUENCE STRATIGRAPHY 1163

Maximum Basinward Position
of Siliciclastic Facies at SB

Siliciclastic Facies

@ Shelf—Margin Capitan Reef

=~ HFS Maximum Flooding Surface

~« Composite Sequence

200 m
Lo}
20°
VE ~ 4

Fic. 17.—Distribution of siltstone and very fine sandstone in McKittrick Canyon. A) Y1-Y5 HFSs. B) Seven Rivers CS. Note the thickness increase of siltstones at HFS and CS boundaries, and the backstepping and

thinning toward the MFS.

A)



1164

CS, individual siltstones thicken, the vertical distance between siltstones
decreases, and the downdip limit of siltstone preservation steps basinward
(Fig. 17). There is a 500-m basinward shift in siltstone position across the
upper SR3 HFS boundary. Above the Seven Rivers CS boundary, a thick
(up to 5 m) siltstone reaches to within 400 m of the shelf margin (Fig. 17).

Relative to the Seven Rivers, the Yates CS shows an overall increasein
percentage of siltstone, thickness of individua siltstone bodies, and max-
imum basinward position of siltstone deposits (Fig. 17). In the Yates CS,
siltstones are strongly aggradationa in the HST (Y1, Y2, Y3) and strongly
progradational in the HST (Y4).

The same general stacking pattern observed at the CS scale is repeated
at the HFS scale in both the Seven Rivers and Yates CSs, whereby silt-
stones aggrade or step slightly landward toward the MFS, and step strongly
seaward at HFS boundaries (Fig. 17). Two-dimensional stacking-pattern
analysis is less reliable when applied to higher-frequency stratigraphic e-
ements, because the effects of inherited topography and autocyclic pro-
cesses can have a greater influence on deposition over the shorter time
duration.

Shelf Crest.—Shelf-crest supratidal facies-tract deposits tended to fill
the available accommodation. Therefore, the basinward edge of the shelf-
crest facies tract can be used as a shoreline proxy to track movements of
sea level (sensu Pomar 1993), and steps landward overdl in the TST and
seaward in the HST, at both the CS and HFS scales. The proportion of
shelf-crest facies, the abundance and size of tepees, and the thickness of
individual shelf-crest bodies are used as interpretation criteria as follows:
abundance should decrease in the TST and increase in the HST a the CS
scale; thick, amalgamated, aggradational shelf-crest deposits should rep-
resent HFS-scale TSTs deposited during early CS-scale transgression or
late highstand; and the aspect ratio of shelf-crest sediment bodies should
be lower (narrower and thicker deposits) in the TST compared to the HST
of aHFS or CS.

At the CS scale, shelf-crest facies tracts aggrade during relative sea-level
rise (TST) and prograde strongly during relative sea-level fall (HST). For
example, in the Yates TST, the downdip position of the shelf-crest facies
tract below the MFS (Y1 and Y2) is virtually the same (Fig. 18). Above
the MFS, as accommodation decreased (Y3 and Y4), the shelf crest pro-
graded significantly. By contrast, Y5 is shifted only 500 m basinward of
Y4, has an aggradational stacking pattern of component cycles, and thus
records the first HFS of the subsequent CS. This pattern is repeated at the
HFS scale, whereby shelf-crest deposits aggrade or step dlightly landward
systematicaly in each TST (circles to squares in Figure 18), whereas they
are strongly seaward stepping in each HST (squares to circles in Figure
18).

Outer Shelf.—Because the deepest-water shelf deposits are found in the
outer shelf, the maximum landward position of this facies tract is used as
an important criterion for defining CS and HFS-scale MFSs.

An interesting phenomenon occurs at the HFS and CS scale, whereby
in the TST the shelf crest retrogrades at the same time the shelf margin
progrades, causing the dip width of the intervening outer-shelf facies tract
to expand bidirectionally (squares in Figure 18). In addition, there is a
general decrease in outer-shelf width upward through the Seven Rivers,
and again through the Yates CS, to a point where the shelf-crest facies
tract is nearly coincident with the shelf margin by SR4 and Y5 time (Fig.
18).

Paleoecology provides additional data for sequence-stratigraphic inter-
pretation. Using the analogy between the Permian fusulinids and the mod-
ern aveolines, it is reasonable to infer that the peloid—fusulinid WS/PSin
the outer-shelf facies tract represents water depths in the range of 12 to 35
m. The water-depth interpretation indicates that the stratal geometries ob-
served in the outer shelf are dominantly depositiona in origin.

In addition, by analogy with the modern aveolinid morphology, the
stratigraphic change from the large Polydiexodina (greater length-to-thick-
ness ratios) in the Seven Rivers and Y ates Formations to the smaller Ya-
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beina, Codonofusiella, and Reichelina (lower length-to-thickness ratios) in
the lower Tansill Formation indicates a progressive shallowing of water in
the outer-shelf high-energy facies tract through time. The overall upward
increase in abundance of Mizza, a dasycladacean alga common in higher-
energy, back-reef deposits (Kirkland and Moore 1990), from the Seven
Rivers through the Yates CS also supports a shallowing profile through
time.

Shelf Margin—The paleoecology of the shelf-margin reef facies has
been studied by several workers (Adams and Frenzel 1950; Achauer 1969;
Babcock 1977; Yurewicz 1976, 1977; Kirkland and Moore 1990; Melim
1991; Kirkland et a. 1993; Wood et a. 1994; Kirkland 1995). Although
the sedimentology and paleoecology cannot be used to determine specific
water depths for the reef, documented faunal changes from the lower to
the upper Capitan are interpreted to represent a shallowing of the reef
through time (Babcock and Yurewicz 1989). The paleoecologic data are
consistent with the water-depth interpretations from on the sequence-strati-
graphic framework (see aso Kerans and Tinker 1998).

The shelf-margin facies tract was used in conjunction with other shelf
datato help define the TST, HST, and MFS at both the HFS and CS scales.
The shelf margin prograded when accommodation was limited, and when
there was an underlying slope foundation over which to prograde. Such
conditions existed in the TST and late HST of the CS (Fig. 18). The shelf
margin aggraded during times of maximum transgression, when the margin
was trying to keep up with the accommodation being created during relative
sea-level rise. Such conditions existed in the late TST and early HST of
the CS (Fig. 18). These progradation/aggradation data, and several other
stratigraphic parameters that emphasize the dynamic, yet systematic nature
of the Capitan system, are quantified and discussed below.

DISCUSSION
Dynamic Stratigraphic and Sedimentologic Variations

The stratigraphic evolution of the Capitan depositional system can be
examined by quantifying (Table 3) and visualizing (Figs. 19-21) several
key depositional parameters. The shelf-crest (sealevel), shelf-margin (shelf/
slope break), and outer-slope facies tracts were used as bathymetric ‘‘tie
points” (sensu Pomar 1993; Franseen et a. 1993) to calculate the following
key depositional parameters. progradation and aggradation (and associated
offlap angle) of the shelf-crest and shelf-margin facies tract; distance from
the shelf crest to reef; reef depth; outer-shelf dip angle; and lateral distance
and depth from the shelf crest to the toe of slope. Definitions for each of
these parameters are contained in the footnotes of Table 3.

The more important variations in these depositional parameters are sum-
marized for the shelf crest and shelf margin in Figures 19-21. These vari-
ations emphasize the dynamic nature of the Capitan system, and indicate
that depositiona styles were not random but varied systematically in time
and space as a function of the HFS position within the longer-term CS
(Table 3; Figs. 8, 10, 17-21). This type of dynamic system has been ob-
served by other workers in a variety of carbonate and siliciclastic sediment
environments (e.g., Wilkinson 1975; Galloway 1986; Grotzinger 1986;
Cross et a. 1993; Gardner 1993; Sonnenfeld and Cross 1993; Kerans et
al. 1994; Kerans and Fitchen 1995).

In a general sense, during marine transgression at the CS scale, shelf-
crest deposits were thinner and retrogradational, outer-shelf deposits ex-
panded in width, and shelf-margin deposits aggraded and prograded to
““keep up”’ with a rising sea level. Commonly there was simultaneous
retrogradation of the shelf crest and progradation of the shelf margin (Fig.
19). During highstand at the CS scale, shelf-crest deposits amalgamated
and prograded as they filled available space, outer-shelf deposits narrowed
in width, and shelf-margin deposits prograded. This same general pattern
is observed at the HFS scale but varies as a function of position within the
CS.
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Shelf Crest

Total TST aggradation far exceeds total HST aggradation
in both composite sequences, because accommodation
was not limited during the TST.

The TST of the Seven Rivers and early Yates composite
sequences is retrogradational.

- The HST of both composite sequences is strongly

progradational, because accommodation was nearly
filled during the HST.

The Seven Rivers composite sequence accounts for over
55% of the total shelf—crest progradation (> 2425 m) and
over 60% of the total shelf-crest aggradation (> 190 m).

Shelf Margin

Offlap angle and aggradation are slightly greater in the
TST than in the HST of both composite sequences.

The TST and HST of both composite sequences are
progradational.

There is a long term decrease in progradation and
increase in aggradation upward in the Capitan system

The Seven Rivers composite sequence accounts for
approximately 60% of the total shelf-margin progradation
(2645 m) and aggradation (216 m). These data are in
contrast to those reported for the Seven Rivers in the
subsurface of the northern Delaware basin, wherein over
80% of the progradation of the Capitan margin and over
90% of the slope debris were interpreted to be coeval
with the Seven Rivers Formation (Garber et al 1989).

Fic. 20.—The dashed (TST) and solid (HST) lines from Figure 19 have been consecutively stacked to illustrate the cumulative TST and HST components for each CS.
Note the simultaneous retrogradation/aggradation of the shelf crest and progradation/aggradation of the shelf margin during marine transgression (TST). Systematic changes

are noted to the right of figure.

In addition to the variations highlighted by the depositional parameters
(Figs. 19-21), severa other systematic variations warrant mention.

(1) Low-energy facies dominate the HFS TST, whereas higher-energy
facies dominate the HFS HST. Thisis interpreted to be the result of higher-
energy wave and tidal currents in the shallow-water deposits of the HST.

(2) Individual cycles are easier to define in the Seven Rivers CS (Fig.
14) because accommodation conditions favored high-frequency subtidal—
supratidal facies aternations. By contrast, in the Yates CS (Fig. 15) ac-
commodation conditions favored amalgamation of fusulinid facies in the
subtidal setting (Y2, Y3), and of pisolite facies in the supratidal setting
(Y4, Y5).

(3) Shelf-crest facies-tract deposits amalgamated and aggraded (up to 30
m) when the TST of a HFS was in phase with the HST of a CS (TST of
SR4, Y4) because HFS-scale transgression created the necessary accom-
modation for aggradation (Fig. 18; see also Kerans and Harris 1992). By
contrast, when the HST of a HFS was in phase with the HST of a CS
(HST of SR4, Y4), accommodation was limited, and shelf-crest deposits
were thinner and prograded basinward. Regardless of position within the
HFS, shelf-crest facies-tract deposits are commonly thin and discrete, and
often backstep in the TST of a CS (SR1, SR2, SR3, Y1, Y2, and Y3),
owing to conditions of high accommodation. The exception is Y5, which
contains a significant thickness of aggradational shelf-crest facies deposited
in the first HFS of the Tansill composite sequence.

(4) When the HSTs of a HFS and composite sequence were in phase
(SR4 and Y5), the dip width of the outer-shelf facies tract was compressed,
outer-shelf facies diversity was great, much of the outer shelf accommo-
dation was filled, and the likelihood of protracted subaerial exposure of the
shelf crest was maximized (Figs. 8, 10).

(5) During HFS transgression, facies in the outermost shelf were dom-
inantly aggradational or backstepping, and shelf-margin facies were aggra-
dational, as sediment production tried to keep pace with increasing accom-
modation created by rising relative sea level. During HFS highstand, sed-

iment production rates exceeded available accommodation, and facies in
the outer-shelf and shelf margin were dominantly progradational, as indi-
cated by the progradation:aggradation ratios (Table 3; Figs. 8, 19).

(6) The negative progradation:aggradation ratios recorded in the HST of
SR4 represent a time of downstepping or stratigraphic fal (Table 3; Fig.
19). This stratigraphic signature can be indicative of extremely limited ac-
commodation caused by relative sea-level fall (see aso Sonnenfeld and
Cross 1993). When combined with other stratigraphic and facies data, this
geometry supports the interpretation of the upper Seven Rivers composite-
sequence boundary.

(7) The Y1 HFS can be interpreted either as the last HFS of the Seven
Rivers CS, deposited as a shelf-margin systems tract (sensu Van Wagoner
et al. 1988) during relative sea-level fal, or as the first HFS of the Yates
CS, deposited during the initial Y ates transgression, which was not of suf-
ficient magnitude to completely flood the shelf (Fig. 8). Although the de-
positional environment would be similar in either interpretation, the major
Yates CS boundary would be above Y1 in the first interpretation and below
Y1 in the second interpretation. Geochemica stratigraphy (Fig. 16) sup-
ports the second interpretation.

(8) Although mud- and silt-dominated rocks (OS1-OS3) represent only
aminimal volume of the outer-shelf facies tract (Fig. 13), they are signif-
icant because 60-80% of the time they are preserved within the TST of a
HFS (Fig. 8).

(9) The Seven Rivers CS contains a greater volume of subtidal deposits
than does the Yates CS, because outer-shelf accommodation was greater
(Fig. 8).

These variations illustrate that care must be taken when applying inter-
pretations from a limited geographic window to a basin-wide scale. Simi-
larly, using the detailed facies architecture interpretations as an analog for
interpretation of older or younger stratigraphic units must be done with
care.
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Paleobathymetric Models

Although the Capitan depositional system has been studied extensively,
the interpretation of its paleobathymetric profile remains somewhat contro-
versial. There are two viable end-member models, the marginal mound and
the barrier reef. Early investigators converged on a barrier-reef hypothesis
(Crandall 1929; Lloyd 1929), and later studies supported this model (New-
ell et a. 1953; Hayes 1957, 1964; Boyd 1958). Dunham (1972) argued for
amarginal-mound hypothesis, for which he gave credit to Lang (1937). In
this model, shallow-subtidal carbonate grainstones were deposited downdip
from topographically high, intertidal to supratidal, shelf-crest deposits. Sub-
sequent workers in the 1970s and 1980s tended to support the marginal-
mound hypothesis (Babcock 1977, Pray 1977; Yurewicz 1977; Hurley
1978, 1979, 1989). However, Kirkland and Moore (1990) and Kirkland
(1995) resurrected a modified version of the barrier-reef model on the basis
of studies of the upper Yates and Tansill-equivalent reef and outer shelf.
Saller (1996) argued in support of thisrevision. Hunt et a. (1995) proposed
a flat-topped platform created prior to **differential compaction-induced
subsidence’’, resulting in toplap geometries.

The critical issue regarding paleobathymetry is whether the present-day
outer-shelf dip is primary or secondary. If the paleobathymetric profile was
amargina mound and the outer-shelf basinward dips are primary, then the
facies and stratigraphic architecture of the outer shelf should indicate a
progressive degpening towards the margin. If the paleobathymetric profile
was a barrier reef (flat-topped platform), and the outer-shelf dip was caused
by syndepositional or postdepositional tilting of once flat-lying outer-shelf
beds (Smith 1973) or early differential compaction of the underlying slope
(Hunt et al. 1995, Sdler 1996), then the opposite relationships should be
found.

Data from McKittrick Canyon indicate that the Capitan pal eobathymetric
profile was a marginal mound. However, the depth to the top of the shelf
margin and associated outer-shelf dips increased and then decreased sub-
stantially within each CS, and decreased overal from the Seven Rivers
through the Tansill, such that by Tansill time the shelf-margin reef was
deposited in relatively shallow water. Key observations and interpretations
include: (1) the progression from high-energy, supratidal-capped cyclesin
the shelf crest to lower-energy, subtidal-capped, fusulinid-rich cyclesin the
outer shelf (Figs. 8, 9), which would not exist in a flat-topped model; (2)
an expansion of cycle-set thickness downdip across the outer shelf (Figs.
9, 11, 12), which could not exist in a flat-topped model; (3) systematic
changes in progradation and aggradation, offlap angles, shelf crest to reef
distance, reef depth, and outer-shelf dip angle at both the HFS and CS scale
that can be correlated around the basin (Osleger 1998; Osleger and Tinker
in press), resulting in a stratigraphic organization that would be very dif-
ficult to produce with postdepositional tilting or differential compaction;
(4) outer-shelf water depths in the range of 12 to 35 m on the basis of
andogy with the modern alveolinids, and reef water depths ranging from
14 to 81 m; (5) oriented fusulinid grainstones near the shelf margin, indi-
cating mobilization and probable sediment-gravity-flow transport of fusu-
linids into water depths greater than 12-35 m; (6) the abundance of the
shallow reef indicator Mizzia in the upper Yates and Tansill CSs relative
to the Seven Rivers CS, indicating progressive shallowing of the Capitan
system; (7) the decrease in percent dolomite from the shelf crest to the
shelf margin (also see Melim 1991); and (8) the absence of true toplap
stratal geometries. Differential compaction or postdepositional tilting of an
origina flat-topped shelf-margin barrier reef system cannot explain this
combination of facies and stratigraphic data.

Testing An Alternative Model.—If the differential compaction model
were viable, then the late Yates HFSs, which were deposited above slope
clinoforms with nearly 400 m of tota relief, should have compacted more
than the early Seven Rivers HFSs, which were deposited above clinoforms
with less than 150 m of relief, resulting in greater outer-shelf dips in the
upper Yates. The opposite is observed (Table 3; Fig. 21).
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To test the postdepositional compaction hypothesis, the mechanics of
differential compaction were examined graphically with data from a 50—
100-m thick interval in the SR2 HFS. This type of analysis requires trans-
lation of photo thickness to true vertical thickness. Present-day stratal ge-
ometries illustrate the outer-shelf dip and proportional bed-thickness ex-
pansion from the shelf crest to the shelf margin (Fig. 22A, B). The same
cycle thickness is illustrated for a ‘“barrier reef’”” model (Fig. 22C). The
vertical compaction vectors necessary to change the lower, pre-compaction
boundary in the barrier-reef model (L2) to the observed geometry (L1) are
illustrated in Figure 22D. The same compaction history, even if it was very
early, must also have acted on the upper surface (U2) of the barrier-reef
model. However, when the vertical differential compaction vectors deter-
mined for the lower barrier-reef boundary are applied to its upper surface
(U2), the result (U?, Fig. 22E) looks nothing like the observed bedding
clinoforms (U1, Fig. 22B). This simple data-driven graphic illustrates the
untenable nature of the compaction hypothesis when applied to the Seven
Rivers and Yates CSs in McKittrick Canyon.

Sediment Accumulation Rates, Sites, and Variation

Sediment accumulation volumes are controlled by the ratio of accom-
modation to sediment supply (e.g., Swift and Thorne 1991; Cross et a.
1993). In a simple system, as the ratio of accommodation to sediment
supply decreases, the volume of sediment that can be accumulated at a
given geographic/bathymetric location decreases, because more sediment is
available than space. This commonly results in progradation. By contrast,
when the accommodation:sediment supply ratio increases, the volume of
sediments that can accumulated at a given geographic/bathymetric location
increases. This can result in aggradation or backstepping.

In terms of direct comparative value, sedimentation-rate calculations are
limited, because they require an estimate of the depositional duration for
each stratigraphic interval of interest. Assuming that the late Guadalupian
represents approximately 2 to 3 my (Ross and Ross 1987), each of the
eight Seven Rivers and Y ates HFSs represent from 250 to 375 ky. Accu-
mulation rates, uncorrected for compaction or missing rock, were cal cul ated
in McKittrick Canyon along a vector perpendicular to growth direction in
al locations (Fig. 23). To be conservative, values were caculated using a
400 ky duration for each HFS.

Resultsindicate that Seven Rivers accumulation rates are generally great-
er than Yates accumulation rates (Fig. 23). This can be explained, in part,
by the fact that Yates HFSs contain significantly more accommodation-
limited shelf-crest supratidal facies than do the Seven Rivers HFSs, re-
sulting in considerably greater periods of slow deposition, nondeposition,
or erosion. Particularly noteworthy is that the shelf-margin accumulation
rates are at least one order of magnitude greater than those calculated for
the outer shelf (Fig. 23).

The sediment accumulation data from McKittrick Canyon are significant
for two reasons. First, the high accumulation rates in the outer shelf and
especialy the shelf margin (20-80 m water depth), relative to the middle
shelf and shelf crest (< 10 m water depth), are significantly different from
commonly accepted models that report the greatest sedimentation rates in
the warm, shallow waters of the inner to middle shelf (e.g., Tucker and
Wright 1990; Enos 1991). It is important to emphasize that most of the
sediment accumulated in the outer shelf was locally sourced, and not trans-
ported to the outer shelf from the middle or inner shelf. Second, sediment
accumulation rates in dominantly subtidal settings, such as the outer shelf
in McKittrick Canyon, were high in both the TST and the HST, which
contrasts with many reports of HST-dominated production for other car-
bonate shelf models (e.g., Coogan 1969; Wilson 1975; James 1979, 1984;
Wilkinson 1982; Sarg 1995).
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CONCLUSIONS

The sequence-stratigraphic interpretation presented in this work docu-
ments a high degree of stratigraphic order in the Capitan depositional sys-
tem, reflected by systematic changes in facies distributions, facies propor-
tions, stratal geometries, and progradation:aggradation ratios. These param-
eters were quantified using a 2-D facies distribution and stratal geometry
“‘map"’ of the 5-km continuous outcrop wall in North McKittrick Canyon,
and would be difficult to work out from a more limited stratigraphic or
geographic window. The sequence-stratigraphic interpretation resulted in a
revised outer shelf and shelf-to-basin correlation (see Tinker 1996b for a
detailed description of shelf-to-basin stratigraphic correlations; compare
Figure 3 to the frequently referenced cross sections of King 1948 and
Garber et. d. 1989).

The systematic evolution documented in McKittrick Canyon is hierar-
chical (repeated at severa scales). Within a high-frequency sequence
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Fic. 22.—Illustration of the inability of
differential compaction to explain outer-shelf dip
geometries. A) SR2 HFS with HST detail area
shown in (B) shaded light gray and shelf margin
shaded dark gray. B) Detail area from (A)
showing observed stratal geometries and bed
thickness relationships. L1 is lower bounding
surface and U1 is upper bounding surface. Three
cycle sets are illustrated. C) Reinterpretation of
(B) using same thickness but with a pre-
compaction, ‘‘barrier-reef’” geometry. L2 and U2
are the pre-compaction lower and upper
bounding surfaces for this model. D) Vertical
differential compaction vectors necessary to
change L2 pre-compaction geometry to L1
observed geometry. E) Vertical differential
compaction vectors from (D) applied to U2
result in U?, which does not resemble the U1
observed geometry at all, but should if the
compaction model were valid.

(HFS), the dip width of the shelf-crest facies tract decreases upward to the
maximum flooding surface (MFS) and increases upward to the HFS bound-
ary, whereas the dip width of the outer-shelf facies tract and the angle of
outer-shelf basinward dip increase upward to the MFS and decrease upward
to the upper sequence boundary. This pattern is repeated at the CS scale.
The aspect ratios of shelf-crest sediment bodies tend to be lower (narrower
and thicker deposits) in the transgressive systems tract (TST) than in the
highstand systems tract (HST) of HFSs and CSs. The progradation/aggra-
dation ratio decreases toward the MFS and then increases toward the upper
sequence boundary at both the HFS and CS scales. The distance from shelf
crest to reef and the interpreted water depth to the reef is greater in the
TST than the HST of HFSs and CSs.

The sequence-stratigraphic interpretation in McKittrick Canyon provides
several important results. First, al of the data, including facies associations,
cyclicity, stratal geometry, and paleoecology, support a marginal-mound



1172

SW. TINKER

- Composite sequence boundary

—— High-frequency sequence boundary

Fic. 23—Accumulation rates, uncorrected for compaction or missing rock, calculated along a vector perpendicular to interpreted growth direction. Values are based on

an estimated 400 ky HFS duration, and reported in Bubnoffs (wm/yr; mm/1000 yr).

depositional model in which the shelf-margin reef is located downdip from
the shelf-crest facies tract. However, there was an initia increase and then
decrease in water depth a the shelf margin within each composite se-
quence, and an overall decrease in water depth from Seven Rivers through
Tansll time. Second, predictable variations in the quantified depositional
parameters such as progradation, aggradation, offlap angle, outer-shelf dip,
water depth, and distance between facies tracts emphasize the dynamic yet
systematic nature of the Capitan system. A stratigraphic hierarchy similar
to that from McKittrick Canyon has been documented along strike (Osleger
and Tinker in press), which strengthens the overall interpretation and helps
document the basinwide evolution of the Capitan system. Third, the most
active sediment production and accumulation sites were located in the sub-
tidal, outermost-shelf and shelf-margin facies tracts of both the TST and
HST. This is significantly different from commonly accepted models that
report the greatest sedimentation rates in the warm, shallow (< 10 m)
waters of the inner and middle shelf (e.g., Tucker and Wright 1990; Enos
1991). Fourth, the high accumulation rates support the possibility of arel-
atively complete shelf-margin sedimentation and accumulation record,
which results in a comparatively equal (*‘symmetrical’’) TST and HST
sediment-preservation record on the shelf and across the shelf margin. This
record is different from many asymmetric, HST-dominated shoaling-up-
ward carbonate sedimentation models (e.g., Coogan 1969; Wilson 1975;
James 1979, 1984; Wilkinson 1982; Sarg 1995). Findly, the 2-D cycle
hierarchy, facies distributions, and general timing of siliciclastic sediment
bypass into the basin can be worked out from vertical 1-D data. However,
in contrast to flat or low-angle ramps and shelves, the 2-D prediction of
facies and stratal geometries in a shelf-margin setting requires a deposi-
tional model that includes information regarding the pal eobathymetric pro-
file.
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SEQUENCE ARCHITECTURE AND SEA-LEVEL DYNAMICS OF UPPER PERMIAN SHELFAL FACIES,
GUADALUPE MOUNTAINS, SOUTHERN NEW MEXICO

DAVID A. OSLEGER
Department of Geology, University of California, Davis, California 95616, U.SA.

AsstracT: A 3.2 km profile of mixed carbonates and clagtics is superbly
exposed in Slaughter Canyon in the Guadalupe Mountains of southern
New Mexico and provides a seismic-scale panorama of stratal architecture
and cyclic facies relationships across the Upper Permian shelf margin of
the Delaware basin. The upper Seven Rivers and Yates Formations ex-
posad in the mapped prfile behind the Capitan reef margin are charac-
terized by extreme seaward thickening and strongly progradational ar-
chitecture. Meter-scale cycles exhibit sysematic lithofacies changes in a
seaward direction, spanning pisolitic shelf-crest to skeletal outer-shelf fa-
cies tracts. Retrogradational, aggradational, and progradational stacking
patterns of meter-scale cycles in the Yates define four complete high-fre-
quency sequences (Y1-Y4) and the lower half of afifth (Y5) that continues
into the overlying Tansill Formation. Individual Yates high-frequency se-
quences are fundamentally macroscale versions of Y ates meter-scale cycles,
on the basis of comparable internal arrangements of lithofacies and their
seawar d-thickening geometry.

The evolution of the Yates-Capitan shelf margin from Y1 through
Y4 is expressed by systematic trends in downdip thickness changes,
lateral extent of faciestractsrelativeto the Capitan reef margin, aspect
ratios of facies tracts, progradation:aggradation ratios and derived of-
flap angles, and progradation rates. These trends reflect the position
of individual high-frequency sequences in the larger scale Yates-Tan-
sill composite sequence. Long-term changes in aspect ratios record the
progressive seaward migration and lateral expansion of the shelf-crest
facies tract from Y1 through Y4 and the reciprocal seaward-stepping
architecture and lateral contraction of the outer-shelf faciestract. The
four Yates high-frequency sequences in Slaughter Canyon are char-
acterized by an average offlap angle of 3.6°, wher eas the corresponding
average growth angle for the time-equivalent Capitan reef is5.2°. The
higher reef growth angle reflectsthe greater amount of accommodation
available near the outer shelf-to-reef transition as well as limitations
to seaward growth imposed by the steepness of the reef front. The
Yates shelf prograded at an average rate of 2.1 m/k.y., whereas the
time-equivalent Capitan reef prograded at a rate of 1.7 m/k.y. The
strongly progradational architecture of the Yates shelf resulted in a
progressive decrease in the depth of the Capitan reef through time
from a maximum of ~ 65 m during early Yatestime to near sea level
during the latest stages of the Yates platform.

The abrupt seaward expansion within each Yates high-frequency
sequence occur s directly above the terminal reef margin of the preced-
ing high-frequency sequence. The underlying reef likely acted as a
foundation to localize the basinward shift in deposition associated with
sea-level fall along high-frequency sequence boundaries, contributing
to the seaward thickening and progradational **step-out’” of the outer
shelf. Architectural changes controlled by the interaction between rel-
ative sea level and antecedent depositional topography may be a fun-
damental characteristic of many progradational shelf margins.

INTRODUCTION

Several recent studies of ancient carbonate platforms have based their
sequence stratigraphic interpretations on the detailed *‘mapping’” of well-
exposed, two-dimensional profiles (e.g., Sonnenfeld and Cross 1993; Fran-
seen et a. 1993; Pomar 1993; Kerans and Fitchen 1995; Tinker 1996).
These high-resolution studies provide critical field documentation, at the
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sub-seismic scale, of published conceptual models of how carbonate plat-
forms are geometrically constructed. They also revea alevel of detail be-
yond other outcrop-based sequence stratigraphic studies that are forced to
rely solely on the subjective correlation of vertical stacking patterns of
cyclic successions between isolated sections. The current emphasis on the
detailed mapping of seismic-scale profiles to determine stratal architecture
is a natural outgrowth of older stratigraphic field studies that recognized
the insight provided by two- and three-dimensional models of deposition
(e.g., McKee 1945; Hickox in Newell et a. 1953).

This study documents the stratd architecture, cyclic facies relationships, and
searlevel dynamics of seismic-scale, laterdly continuous exposures of Upper
Permian mixed carbonates and clastics superbly exposed in Saughter Canyon
in the Guadalupe Mountains of southern New Mexico (Fig. 1A). These strata
(upper Seven Rivers and Yates Formations) were deposited during middle to
late Guadaupian time on the Northwest Shelf behind the coeva Capitan reef
complex that rimmed the Delaware basin (Fig. 1B). The primary gods of this
paper are to (1) document the detailed stratd architecture of high-frequency
sequences, (2) improve the genetic, and thus chronostratigraphic, resolution,
and (3) quantify depositiona variables such as aspect ratios, progradation:ag-
gradation ratios, offlap angles, and platform progradation rates which reflect
the searlevel dynamics controlling sequence deposition. This study contributes
toward improved visudization of the two-dimensiona architecture of mixed
carbonatesiliciclastic deposits on highly progradationa rimmed shelf margins,
and provides an outcrop analog for latera and vertical facies heterogeneity
within subsurface reservairs.

Previous Work

Previous sedimentologic work on the Seven Rivers-Yates interva in the
Guadaupe Mountains has documented the overdl facies digtribution and has
identified multiple forms of dratigraphic cyclicity (eg., Hayes and Koogle
1958; Hayes 1964; Silver and Todd 1969; Kendall 1969; Dunham 1972; Meis-
sner 1972; Smith 1974; Esteban and Pray 1977; Neese and Schwartz 1977;
Sarg 1981; Hurley 1989; Candelaria 1989; Borer and Harris 1991; Muitti and
Simo 1993). Recent sequence stratigraphic gpproaches to the Seven Rivers-
Y ates succession, primarily based on the spectacular exposures in McKittrick
Canyon, have been taken by Kerans et d. (1992), Kerans and Harris (1993),
and Tinker (1996).

In Saughter Canyon, Achauer (1969) congtructed a generdlized dip section
of shelfd facies relations behind the Capitan reef, providing significantly greater
detail than the Slaughter Canyon cross section congtructed by Newell et d.
(1953). Other work in Slaughter Canyon consigts of Babcock (1977) and Yu-
rewicz (1977), who investigated the Capitan reef massif, and Melim and Schol-
le (1995), who focused on the Capitan foredope. Rankey and Lehrmann (1996)
interpreted toplap geometries in the *‘ upper Seven Rivers” ina100 m X 700
m window in Saughter Canyon. The architectural and genetic relations de-
scribed in this paper provide critical detail about the shelf crest and outer shelf
of the Yates platform, complementing the work of Borer and Harris (1991),
who used isolated outcrops from the Guadalupe Mountains and borehole data
from the Northwest Shelf and Centr Basin Platform to construct cross-plat-
form profiles of the Yates Formation.

Study Area and Methods

Slaughter Canyon trends south-to-southeast, normal to the Capitan Es-
carpment of the Guadalupe Mountains, providing a seismic-scale dip sec-
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tion of the upper Seven Rivers and Yates bedded shelf strata behind the
massive Capitan reef and foreslope (Fig. 2). Formation boundaries were
mapped in the canyon by Hayes and Koogle (1958) and Hayes (1964) (Fig.
3). For this study, eleven sections, spaced 100-400 m apart, were measured
and logged in detail dlong a 3.2 km transect on the northeast wall (Fig. 4).

~ Capitan shelf edge (subsurface)
S

Evaporite facies w/ siliciclastics N\ ~.__outline of Central Basin Platform

@ oilor gas field

(after Ward et al. 1986)

50 mi

80 km Fic. 1—A) Location map of the study area
(shaded) in Slaughter Canyon, Guadalupe
Mountains, southern New Mexico. B) Facies
distribution of the Queen, Seven Rivers, and

Y ates Formations around the perimeter of the
deep-water Delaware basin (after Ward et al.
1986). Qil and gas fields producing from these
formations are shown in black.

On the outcrop, measured section data were transcribed to color copies of
panoramic photographs. Severa critical surfaces and most siliciclastic beds
were physically traced between adjacent sections, essentially correlating on
the outcrop with the aid of the panoramic photographs and tying loops
between sections. Selected individua cycles were traced updip and down-
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Fic. 2—Panoramic photo of northeast wall of Slaughter Canyon illustrating the seismic scale of the outcrop. Photo spans ~ 2.5 km extending from the mouth of the
canyon (right) back toward the northwest (left). Superimposed form lines show the transition between shelfa strata and the Capitan reef and foreslope, and boundaries of
high-frequency sequences through the Yates study interval. The majority of the lower walls in both canyons are composed of Capitan reef and foreslope facies, with the
upper part composed of backreef shelfa strata of the Seven Rivers and Y ates Formations. Y1-Y5 are high-frequency sequences.

dip to document lateral facies transitions from the seaward contact with the
Capitan reef to the most landward settings in the lee of the shelf crest.
Three sets of photographs were used that provided differing perspectives
and levels of resolution: (1) wide-angle pans taken from several vantage
points on the opposite canyon wall, (2) blow-ups of Hasselblad pans, and
(3) low-angle oblique photos taken from a helicopter. Petrographic analysis
of > 150 thin sections of shelfal lithologies enhanced field descriptions of
lithofacies and permitted the recognition of rock fabrics, porosity types,
and cementation history.

STRATIGRAPHIC AND TECTONIC SETTING

During the Late Permian, the Guadalupe Mountains of southeastern New
Mexico and west Texas were located approximately 10° north of the equa-
tor and were part of the extensive western collisional margin of Pangea
that faced the Panthalassan ocean (Scotese 1994; Golonka et al. 1994). The
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regional climate was one of extreme aridity, indicated by the development
of broad coastal siliciclastic sabkhas and associated evaporative environ-
ments (Ward et a. 1986; Andreason 1992). Globa climate models of Pan-
gean continental configurations indirectly support widespread aridity across
Pangea but also suggest strong seasonality with significant winter cooling
(Crowley et d. 1989) and monsoond circulation (Kutzbach and Gallimore
1989). The Late Permian in general was a transitional phase between peak
icehouse conditions during the Pennsylvanian through early Permian and
peak greenhouse conditions during the Jurassic and Cretaceous.

Upper Permian facies of the study interval in the Guadalupe Mountains
were deposited on the Northwest shelf of the Delaware basin during the
late Guadalupian (Fig. 1B). The Capitan reef formed amarginal rim around
the basin, creating semi-restricted conditions in the deep-water interior. The
upper Seven Rivers and Yates Formations shelfal strata are equivaent to
massive reefal and forereef carbonates of the Capitan Formation and to
basina siliciclagtics of the middle Bell Canyon Formation (Fig. 5). The

CAPITAN

Fic. 3—Geologic map of the Guadalupe
Mountains near Slaughter Canyon (after Hayes

and Koogle 1958).
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sole index fossil for establishing shelf-to-basin correlations in the late
Guadalupian is the fusulinid Polydiexodina. The study interval comprises
part of the Capitanian substage of the Guadalupian stage, a time interval
estimated to span about 2.5 m.y. (Ross and Ross 1987; Harland et a. 1989).
Using maximum thicknesses for the study interval proportioned to these
time spans, the upper Seven Rivers and Y ates Formations are estimated to
collectively range from 0.7 to 1 m.y. in duration. Of course, the time scale
for these estimates is based on stratigraphic inference; the nearest radio-
metric dates that can be tied to biostratigraphic zonation are a the Penn-
sylvanian-Permian boundary (295 =+ 6 Ma) and the Permo-Triassic bound-
ary (251 = 3 Ma) (Ross et al. 1994).

FACIES DISTRIBUTION

Physical tracing of shelf-to-reef time dlices in this study corroborates the
margina mound model of Dunham (1972). This paleobathymetric model
defines alateral succession of depositional environments extending seaward
from an interior evaporitic lagoon, across a shelf-crest pisolite shoal com-
plex, then down a dipping outer shelf that grades into the submergent
Capitan reef (Fig. 6). The mapped profile in Slaughter Canyon is dominated
by lithofacies comprising the shelf-crest and outer-shelf faciestracts. (‘' Fa-
ciestract’” isused in this paper as a genetically linked association of facies
that records a discrete energy/water depth/sediment supply setting, sensu
Kerans and Fitchen 1995). Carbonate lithofacies of the shelf-crest and out-
er-shelf facies tracts have been exhaustively reviewed in the literature; ob-
servations from Slaughter Canyon are compiled in Figure 6.

Fine quartzose sandstones to coarse siltstones are commonly interbedded
with carbonates of the Yates Formation and are important reservoir facies
in the Permian basin (Borer and Harris 1991; Andreason 1992). In Slaugh-
ter Canyon, siliciclastic facies are composed of very well-sorted, subangular
to subrounded quartz grains cemented by dolomite or anhydrite. Individual
beds typicaly are featureless and massive but have sharp bases that gra-
dationally become more dolomitic upward, eventually dissipating into pure
carbonate facies. Lateraly, siliciclastic beds tend to be amalgamated into
asingle bed updip, but commonly hifurcate into two to three distinct beds
downdip before feathering out near the immediate backreef. Depositional
interpretations of these siliciclastics range from shallow subagueous to eo-
lian (e.g., Silver and Todd 1969; Kendall 1969; Smith 1974; Fischer and
Sarnthein 1988; Candelaria 1989).

Capitan-age shelfal stratatend to increasein dip and thicken considerably
as they approach the Capitan reef, a geometry that is readily apparent on
canyon walls throughout the Guadalupes (Fig. 2). King (1948) and Newell
et a. (1953) recognized this **basinward tilting of backreef deposits’, and
Pray has informally designated these inclined outer-shelf units *‘fall-in”
beds (Pray and Esteban 1977). Hurley (1989) demonstrated that the tilt is

Fic. 5.—Shelf-to-basin correlations for the
Upper Permian of the Northwest shelf, modified
from Garber et a. (1989). T1, T2, and T3
represent time lines. Shaded area denotes the
backreef facies of the uppermost Seven Rivers

5000 10000" . .
m Polydiexodina spp.

and Y ates Formations, which are the focus of
this study.
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mainly depositional in origin, with only a minor component of tectonic or
compactional overprint. In contrast, Saller (1996) recognized up to 10° of
postdepositiondl tilt, which he attributed to differential compaction of slope
and basinal carbonate muds. In Slaughter Canyon, measured depositional
dips of the outer shelf vary from ~ 1-2° updip to ~ 6-10° downdip
(corrected for the 5-6° structural tilt imparted by the underlying flexure of
the Huapache Monocling).

SEQUENCE STRATIGRAPHY

The sequence stratigraphic terminology of Mitchum and Van Wagoner
(1991) is followed in this paper: large-scale ‘‘ composite sequences’ are
internally composed of ** high-frequency sequences”’ (HFSs), which inturn
are composed of meter-scale cycles. This paper does not use the terminol-
ogy of ‘“‘orders” (i.e, third, fourth, fifth) because of the arbitrary time
boundaries separating the various scales of cyclicity and the relatively poor
time control in the studied rocks.

A generalized cross section of the upper Seven Riversand Y ates exposed
along the outer 3.2 km of the northeastern wall of Slaughter Canyon (Fig.
7) provides an overall stratigraphic framework for the following documen-
tation of sequence stratigraphy. The Y ates Formation consists of four com-
plete high-frequency sequences (Y 1-Y4) and the lower haf of afifth (Y5)
that continues into the overlying Tansill Formation. The contact between
the Yates and Seven Riversisinterpreted to be amajor composite sequence

Slaughter Canyon.

boundary (Kerans et a. 1992; Tinker 1996). Only the outer-shelf parts of
the uppermost high-frequency sequences in the Seven Rivers are exposed
in the studied profile and are not discussed in detail in this paper. The
vertical and lateral stacking patterns of meter-scale cycles are key criteria
for defining high-frequency sequences in the upper Seven River and Y ates
and thus are discussed first.

Meter-Scale Cycle Architecture and Stacking Patterns

Cross-Platform Characteristics—Meter-scale cycles are the funda-
mental chronostratigraphic unit in the upper Seven Rivers and Y ates For-
mations and have been described by several previous workers, usudly in
the context of vertical measured sections. In the two-dimensiona profile
exposed in Slaughter Canyon, cycles vary systematically across the plat-
form and also with position within high-frequency sequences (Fig. 8). The
architecture of individual cycles in Figure 8 is generalized to reflect the
fundamental depositiona profile across the platform, regardless of position
within the larger-scale accommodation signal.

Lithofacies within cycles are typically arranged as asymmetric regressive
hemicycles, with minor skewed symmetric patterns also evident in downdip
positions. Siliciclastics commonly form the basal component to individual
cycles, but may or may not always be present, depending on shelfal location
and position within high-frequency sequences. For instance, basa silici-
clastic facies are uncommon toward outer shelf locations and also within
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Fic. 7.—Facies tracts and high-frequency sequence architecture across 3.2 km of the transition from shelf crest to outer shelf of the upper Seven Rivers and Yates
Formations exposed in Slaughter Canyon. Two datums were used in the cross section: from Sections 11 to 4, the Y 3-Y4 HFS boundary was used; from Sections 4 to 9,
an gpproximation of the actual dip aong the Y4-Y5 HFS boundary was used. The contact between shelfa facies and the Capitan reef tends to be transitional over 10 m
or so and is characterized in vertical sections by alternating thick beds of fusulinid—skeletal grainstone-to-wackestone and massive, muddy reefa facies showing evidence
of framework such as sponges, Archaeolithoporella, and botryoidal marine cements. The actual contact is seldom sharp, but rather an intertonguing, gradational transition.
The vertical, downward-tapering objects are five sandstone-filled dikes, approximately to vertical scale, that have been documented on outcrop.

the upper highstand parts of high-frequency sequences. Basal siliciclastics
are common, however, across the entire shelf crest to outer shelf within
the transgressive and lower highstand parts of high-frequency sequences.
If siliciclastic lithofacies are present, they typicaly exhibit an abrupt, ero-
sional contact with carbonates of the underlying cycle and a gradational

upper contact with overlying dolomitic lithofacies. Evidence for erosiona
lower contacts is equivoca in outer-shelf locations where siliciclastics are
interbedded with coarse, skeletal—peloidal grainstones and packstones.

In updip positions 2.5-3 km from the Capitan reef (Fig. 8), cyclesconsist
of alower siltstone overlain by peloidal, fenestral laminites or mudstones.

’ Shelf-crest Shelf-crest to
'I'ilrgilaelélgtfs pisolite shoal outer-shelt
pisolite shoal transition Updip
outer shelf

Siliciclastic
| Pisolite Shoal
Tidal Flat
Ooid Shoal
Outer Shelf

relative vertical scale
~0.5-10.0m

Downdip
outer shelf

Fic. 8—Schematic diagram of cycle
architecture across the upper Seven Rivers and
Yates shelf. Vertical scale for each cycleis
strictly relative (0.5 to ~ 10 m). Major facies
tracts are composed of severa distinct subfacies,
which have been generalized for the figure. A
similar schematic is presented in Smith (1974,
his fig. 22).
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These cycles are best expressed in Sections 10 and 11 in Slaughter Canyon
(Fig. 7), which are located along the seaward margin of the **middle shelf”’,
the site of the most productive reservoir facies in the Yates Formation
(Ward et a. 1986; Borer and Harris 1991; Andreason 1992). Siliciclastics
within individual cycles in this updip platform position tend to be the
thickest across the platform and are commonly amalgamated composites
of two or three distinct siliciclastic units of seaward equivalents (Fig. 7).

Near the shelf crest, meter-scale cycles may exhibit either siliciclastics
or fenestral laminites as the basal lithofacies (Fig. 8), depending upon po-
sition within high-frequency sequences. These lithofacies grade upward
into oolitic, peloidal, and pisolitic packstones that coarsen upward into
pisolite grainstones exhibiting erosionally truncated teepees, intraclast brec-
cias, and micritic crusts. Shelf-crest, pisolitic cycles in Slaughter Canyon
are inconsistently organized, exhibit considerable vertical and lateral vari-
ability, and are difficult to physicaly trace along the outcrop.

Near the transition from shelf crest to outer shelf (Fig. 8), basd silici-
clastics grade upward into thin, dolomitic tidal-flat facies before giving way
vertically to outer-shelf packstones or grainstones composed of ooids, coat-
ed grains, fusulinids, dascyclad agae, bioclastic debris, peloids, and intra-
clasts. Cycles developed within this zone may be capped by either pisolitic
shoal facies or, dightly more downdip, oolitic or tidal-flat facies.

In outer-shelf and immediate backreef environments, massively bedded
packstones and grainstones of the “‘fal-in"" beds may exhibit a cryptic
cyclicity where subtle coarsening-upward patterns can be discerned in some
downdip sections. Outer-shelf cycles within the upper Yates have been
documented by Kerans and Harris (1993) in McKittrick Canyon, where
distinct weathering differences make the alternating lithofacies relatively
easy to recognize. In Slaughter Canyon, coarsening-upward outer-shelf cy-
cles are difficult to define in the lower parts of high-frequency sequences,
where these facies typically form massive resistant cliffs. Outer-shelf cy-
clicity is more evident in upper parts of high-frequency sequences, where
they typically weather as a stairstep topography of ledges (grainstones) and
sopes (packstones).

Interpretation of Cycle Development.—Meter-scale cycles developed
across the platform within individual chronostratigraphic increments (Fig.
8) are interpreted to record a single high-frequency (10° yr scale) change
in relative sea level. This model is hardly new; it has been promulgated
for Upper Permian strata of the Northwest Shelf for several decades, per-
haps most emphatically by authors in the forward-thinking book ‘‘ Cyclic
Sedimentation in the Permian Basin'’ (Elam and Chuber 1967). During
lowstands, siliciclastics were transported across the subaerialy exposed
shelf by eolian and perhaps fluvial processes, and were deposited in the
adjoining deep-water basin. Siliciclastics that remained on the platform
during the subsequent transgression were reworked in shallow marine en-
vironments and preserved in the stratigraphic record. Cycles without basal
siliciclastics may reflect either complete bypass or lack of siliciclastic trans-
port to outer-shelf locdlities; both options are likely a function of position
within high-frequency sequences. Complete bypass is suggested for cycles
that dominate the upper highstand parts of high-frequency sequences. Cap-
ping carbonate lithofacies within these upper highstand cycles exhibit dis-
seminated quartz sand and silt, perhaps reflecting migration of siliciclastic
environments across the exposed surface until sediment supply was ex-
hausted. The second option, insufficient distance of transport to outer-shelf
localities, is suggested for cycles developed within the transgressive and
lower highstand parts of high-frequency sequences when siliciclastic
sources were forced back to their most landward position.

Complete flooding and the ‘‘catch-up” phase of sedimentation is re-
corded in each cycle by skeletalpeloidal packstones and grainstones of the
outer-shelf facies tract. The steepness of the depositional slope on the outer
shelf (up to 8-10°) likely precluded extensive encroachment of outer-shelf
lithofacies onto the platform. Consequently, cycles that developed on top
and in the lee of the shelf-crest barrier shoa typically lack outer-shelf
components (Fig. 8).
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Progradation and the ‘‘keep-up’”’ phase of sedimentation is recorded
within outer-shelf facies by subtle upward-coarsening trends that suggest
migration of high-energy, shallow subtidal environments over dightly
deeper-water, open-shelf environments. Repetitive development of this
trend upward within individual high-frequency sequences resulted in a pro-
gressive decrease in depositional sope of the outer shelf. Tidal-flat lam-
inites and oolites capping outer-shelf grainstones reflect the seaward mi-
gration of the tidal zone fronting the pisolitic shelf crest, complete infilling
of available accommodation at that platform locality, and thus the position
of sea level at the end of a single depositional cycle. Pisolite grainstone
caps of cycles record the seaward progradation of the shelf-crest barrier
shoal, which ultimately culminated in subaeria exposure of the shelf and
the renewed influx of siliciclastics.

Vertical Cycle Stacking Patterns.—Measured section #1 illustrates the
vertical arrangement of cycles and component lithofacies within high-fre-
quency sequences in arelaively updip setting (Fig. 9). It dso islocated at
a position on the platform comparable to the Gulf PDB-04 well drilled 65
km to the north (Garber et a. 1989), enabling an evaluation of the degree
of lateral correlatability of siliciclastics along strike. Well-defined repetition
of lithofacies marks the Y1 and Y2 HFSs in section #1, primarily due to
shelfal position near intertonguing outer-shelf and shelf-crest facies tracts.
Similar cyclic patterns are difficult to define in the massive pisolite shoal
facies that dominate Y3 and Y4 near Section #1, primarily because of a
lack of intertonguing outer-shelf facies, but also partidly related to cycle
amalgamation. (As a side note, pisolite shoal facies are tightly cemented,
forming steep and generally inaccessible cliffs along the Slaughter Canyon
walls, making physical tracing of cycle boundaries within this facies lo-
gistically difficult.) More complete cycle development can be recognized
in Y3 and Y4 in downdip positions near the transition from shelf crest to
outer shelf.

Vertical cycle stacking patterns have limited utility for defining HFSs
overall because of pervasive cycle amalgamation and the extreme lateral
variahility of cycle development. In genera, in any one HFS cycles tend
to be highly amalgamated and poorly defined updip in massive pisolite
shoal facies, well-defined in the transition zone between shelf-crest and
outer-shelf facies tracts, and highly amalgamated and poorly defined down-
dip in massive, outer-shelf skeletal packstones and grainstones. Vertica
stacking patterns do have some predictive value, however, when used in
conjunction with a knowledge of relative position on the platform and a
depositional model that evolves with position in the overal high-frequency
sequence (Kerans and Tinker 1997; Odleger and Tinker, in press).

High-Frequency Sequence Architecture

The spatia distribution of facies tracts and high-frequency sequencesin
the upper Seven Rivers and Yates is illustrated in the sets of interpreted
low-angle oblique photo pans shown in Figure 10A-H. Severa figures
integrated into the discussion below were generated from these mapped
panoramic photos. The generalized cross section shown in Figure 7 and
the three cross sections showing the spatial distribution of facies tracts
within HFSs (Fig. 11) are intended to convey the overall seaward-stepping,
progradational architecture of the Y ates shelf margin. The cross section of
selected time lines (Fig. 12) and the reconstructed HFSs (Fig. 13) illustrate
stratal geometries and platform architecture for individual HFSs near the
time of deposition. The following section describes general characteristics
of Yates HFSs and criteria that define them as discrete chronostratigraphic
units, providing a broad introduction to the detailed descriptions of HFS
Y1 through Y4 below.

General Characteristics—The five sequence boundaries separating the
four complete Y ates high-frequency sequences were identified as significant
exposure surfaces that mark relatively abrupt basinward shifts in facies as
well as large-scale changes in lateral stacking patterns. Below individual
HFS boundaries, cycle stacking patterns exhibit their greatest extent of
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Fic. 9.—Photointerpretation of Hasselblad pan
spanning measured Section #1 paired with gamma

ray log of Gulf PDB-04, located 65 km to the
northeast, for comparison. Section #1 and PDB-04

occupy comparable positions 2+ km behind the
termina Y ates reef margin. Thicknesses of
carbonate units on the gamma ray log have been
rescaled dlightly to conform to thicknesses on the
measured section; the actua Yates thickness in

Yates

PDB-04 is 190 m whereas the measured thickness
at Section #1 is ~ 200 m. Siliciclastic units
recorded in the gamma ray log are stippled.

Seven Rivers

seaward progradation, with the shelf-crest facies tract reaching to within
half akilometer or less of the Capitan reef margin. Stratal geometries below
HFS boundaries suggest toplapping arrangements (Fig. 12), athough direct
evidence on the outcrop is commonly equivocal or cryptic. Thick silici-
clastic units overlie al five HFS boundaries, reflecting the seaward shift of
continental environments across the exposed carbonate platform. These
lowstand siliciclastics are typically succeeded by mildly landward-stepping
or aggradational cycles.

Individual high-frequency sequences within the Y ates are fundamentally
macroscale versions of meter-scale cycles, on the basis of comparable in-
ternal arrangements of lithofacies and their seaward-thickening geometry
(Fig. 13). Similarly to meter-scale cycles, the lower parts of HFSs are
characterized by higher volumes of siliciclastics whereas upper parts tend
to be more carbonate-dominated. In a lateral sense, and aso similarly to
meter-scale cycles, updip parts of HFSs contain thick siliciclastic units
whereas downdip parts exhibit dominantly carbonate lithofacies.

Systems tracts are identified within each HFS on the basis of retrogra-
dational, aggradational, and progradational cycle stacking patterns. Maxi-
mum flooding surfaces are defined within each HFS on the basis of the

Arched arrows illustrate meter-scale cycles in the
Y1 and Y2 HFSs. Severd distinctive subfacies are
grouped into four major lithofacies assemblages
for smplicity of illustration. *‘ Triplet””,
“Hairpin”’, **Corrd’’, and **Primitive Road"” are
useful informal lithostratigraphic names defined by

_ Pray et a. (1977). Verticd scale changes upward
Gulf PDB-04 in the photointerpretation. Lateral distance along
gamma ray outcrop about 50 m.

most landward-reaching tongue of outer-shelf lithofacies onto the platform,
commonly lying within the lower part of each HFS and imparting adistinct
asymmetry between transgressive and highstand systems tracts (Figs. 7,
13). The transgressive systems tract (TST) in each HFS includes basal
“lowstand’’ siliciclastics and overlying, landward-migrating outer-shelf
carbonates. These siliciclastics are termed **lowstand’” on the basis of their
derivation during the initial phase of negative accommodation above se-
quence-bounding unconformities, but they are included within the TST
because of their reworking and preservation during initial flooding that
trapped unbypassed siliciclastic sediment on the platform top. The high-
stand systems tract (HST) in each HFS is dominated by mildly to strongly
seaward-stepping cycle sets characterized by progressively increasing vol-
umes of pisolitic shelf-crest lithofacies. It is inferred, but not directly ob-
served in most cases, that prograding clinoformsin individual HFSs evolve
from sigmoida to shingled, low-angle oblique geometries, on the basis of
the distribution of time lines through each HFS (Fig. 12) and the extreme
seaward increases in thickness.

High-Frequency Sequence Y1.—The basal Y 1 sequence boundary like-
ly coincides with the Seven Rivers-Yates contact on the basis of Hayes

—

Fic. 10.—Paired photographs of uninterpreted pans of the west-facing wall of Slaughter Canyon with their mapped interpretations. See section locations on the topographic
base (Fig. 4) to relate photo pan to position within canyon. Relief along the mapped part of the canyon wall is approximately 250 m, providing an estimate of vertical
scale. Inverted triangles note positions of overlap between photos. Key to facies tracts is shown in Figure 10G. Updip sections 10 and 11 are not shown. It should be noted
that these photointerpretations incorporate the topography of the canyon wall and thus some geometries are apparent, especialy in the reef-to-backreef transition zone. A,
B) Mapped area spans Sections 1 and 2. C, D) Sections 3 through 5. E, F) Sections 6 through 8. G, H) Sections 8 and 9, with the massive Capitan reef and foreslope

facies dominating the mouth of the canyon.
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Shelf-Crest Facies Tract Distribution .. High-Frequency Sequence Boundary

Fic. 11.—Spatial distribution of three primary facies tracts across the shelf margin exposed in Slaughter Canyon, relative to position within HFSs. A) Siliciclastics tend
to dominate the lower parts and the updip positions of high-frequency sequences Y2-Y4. B) Outer-shelf facies exhibit progressively less landward extent onto the platform
top with each successive HFS. C) Pisolite shelf-crest facies tend to dominate the upper parts of individual HFSs and step progressively seaward with each successive HFS.

(1964) definition of the contact in Slaughter Canyon as lying at the first
significant siliciclastic bed above the dominantly carbonate outer-shelf fa-
cies of the underlying Seven Rivers. The sandstone overlying this discon-
formable surface marks an abrupt basinward offset of facies above fusu-

linid-rich outer-shelf facies of the underlying Seven Rivers. This sandstone
can be traced downdip to a surface that is cut by a sandstone-filled dike
(near Section #2) that extends downward approximately 40 m into under-
lying Seven Rivers outer-shelf facies and continues for about 10 m into
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Capitan Reef and Foreslope VE =4

\ High-Frequency Sequence Boundary

%  Maximum Flooding Surface
RN Selected Cycle-bounding Time Line

Time Lines across the Shelf Crest to Outer Shelf Transition

Upper Seven Rivers & Yates Formations,
Guadalupe Mountains, New Mexico

Fic. 12.—Selected time lines across individua HFSs within the Yates. Time lines shown on the plot are those that are the most obvious cycle boundaries that are
relatively easy to physically trace across the outcrop. Obscure or equivocal cycle bresks are not plotted, specifically those comprising the massive pisolite shoa facies
complex and massive outer-shelf facies in the immediate backreef. Time lines often correspond with the bases of fine sandstone or siltstone beds because they commonly
define cycle breaks. In zones without siliciclastics, time lines are commonly defined by significant transgressive tongues of outer-shelf facies. The measured lower part of
the Seven Rivers in Sections 10 and 11 are not well constrained and have been excluded from this figure. Likewise, the uppermost *‘ Triplet'” in the Yates and the lower

Tansill have also been left off the plot.

the underlying Capitan reef (Figs. 7, 10A). A similar sandstone-filled dike
is recognized along the basal Y1 sequence boundary updip near Section
#1 but extends only ~ 2-4 m into underlying outer shelf grainstones of
the upper Seven Rivers.

The TST in Y1 is characterized by a set of sigmoidal, backstepping
cycles overlain by a tongue of outer-shelf facies that extends 1.4 km land-
ward from the time-equivalent reef margin (Figs. 7, 13). This tongue is
interpreted to represent maximum flooding of the Y1 HFS. The HST of
Y1 is marked by a seaward-stepping cycle set that culminates with the
seaward edge of the shelf crest positioned approximately half a kilometer
from the reef margin. The shelf crest is a narrow belt (~ 0.9 km) in Y1
and is characterized by small, irregular pisolites and incipient teepees of
low relief.

A fundamental difference in interpretation exists for stratal geometries
in the interval spanning the Seven Rivers-Y ates contact. Rankey and Lehr-
mann (1996) interpreted a toplap geometry within the *“upper Seven Riv-
ers’ whereas this study documents sigmoidal clinoforms that show land-
ward-thinning, and even backstepping, relationships within the same out-
crop window (lower Yates of this study). Individual sandstone beds can be
matched one-for-one between the two studies, but the basic difference is
the lateral continuity and geometric relationships of these units. Rankey
and Lehrmann interpreted four of the sandstones to *‘ amalgamate’” against
amaster sandstone bed that marks an interpreted sequence boundary. Phys-
ical walking out of each of these sandstone beds in this study reveals that
each can be traced out updip as discrete beds with no evidence for termi-
nation againgt a single master surface. Each sandstone bed maintains its
integrity for over a kilometer, but dramatic landward thinning occursin the
carbonate beds between sandstones. It is acknowledged, however, that the
relatively low quality of exposure in this interval may result in equivocal
interpretations that require further study to reconcile.

High-Frequency Sequence Y2.—The basa sequence boundary of Y2
is placed at a facies offset where continentally derived siltstones extend
over outer-shelf grainstones to within 200 m of the reef margin (Figs. 10C,

11A). Overlying cycles with basdl siliciclastics backstep up to a maximum
flooding surface defined by an outer-shelf tongue that extends approxi-
mately 900 m landward from the reef margin. The TST of Y2 thickens
seaward from ~ 10 m updip to ~ 20 m downdip, and four individual
sandstone-based cycles can be traced for 1.4-1.8 km. The lack of direct
evidence of onlap, the broad lateral extent of component cycles, and the
minimal thickening suggests that the TST of Y2 was deposited as a series
of draping blankets above the Y1 HFS rather than as an onlapping wedge.

Aggradational cycle stacking patterns overlying the maximum flooding
surface define the lower HST in Y2 (Figs. 10C, 12, 13). A laterally exten-
sive sandstone in the upper Y2 can be traced updip beyond the shelf crest
(Section #11), where it thickens to 9 m, and downdip to a surface within
outer-shelf facies just behind the reef margin (Section #4). This sandstone
records a paleoslope on the outer shelf of approximately 10° over a300 m
distance.

Above this steeply dipping surface, the locus of sediment accumulation
liesin an outer-shelf wedge bounded above by the top Y2 sequence bound-
ary (Fig. 13). The exact mode of infilling of the outer shelf is difficult to
see aong the canyon wall (Fig. 10C, D), but the extreme thickening within
the wedge dictates that accumulation took place without much accommo-
dation available updip on the platform. Evidence for toplapping relations
in this uppermost wedge can be seen updip between Sections #1 and #10
(upcanyon in Goat Cave Wash), where bedded shelf-crest facies wedge out
a alow angle beneath the overlying HFS boundary. The pisolitic shelf
crest within the upper HST of Y2 spans ~ 1 km in width (versus 0.5 km
for the Y1 shelf crest) and extends to within 0.5 km of the time-equivalent
reef margin.

High-Frequency Sequence Y3.—The basal Y3 HFS boundary is over-
lain by a seaward-thinning wedge of fine sandstone that extends to within
100 m of the reef, accompanied by an overlying wedge of pisolite shoal
facies (Figs. 10C, 11A, 13). Physica tracing of this sandstone between
Sections #3 and #4 reveals a narrow (~ 2 m) channel incised 1.5 m into
underlying Y2 tidal-flat facies. The significant basinward shift of the pi-
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Fic. 13 —Individua Yates HFSs qualitatively reconstructed to (1) estimate origina depositional topography near the time of upper sequence boundary formation and
(2) remove the rotational effects of syndepositional and postdepositional compaction and Cenozoic structural tilting. Depositional slope break (upper triangles) is arbitrarily

estimated from position of underlying tongues of outer-shelf facies.

solitic shelf crest above the basal sandstoneis aso recognized in McKittrick
Canyon (Osleger and Tinker, in press), and is interpreted to reflect reduced
accommodation and a subdued topographic profile of the platform. Flood-
ing onto this flattened shelf resulted in tongues of outer-shelf facies ex-
tending ~ 1 km landward from the time-equivalent reef edge in Slaughter
Canyon.

The Y3 HST is characterized by extreme progradation, exhibited on the
canyon wall by the Y3 pisolitic shelf crest extending 0.7-1 km beyond the
seaward edge of the underlying Y2 shelf crest. Time lines within the HST
of Y3 (Fig. 12) illustrate the seaward progradation of the shelf-crest facies
tract above the maximum flooding surface. Toward the end of Y3 depo-
sition, the most seaward tongue of pisolite shoal facies reaches to within
200 m of the reef edge, reducing the outer shelf to a narrow belt. Chron-
ostratigraphically significant surfaces recognized near the trangition from
shelf crest to outer shelf cannot be traced landward through the steep,
massively bedded pisolitic facies that dominate the Y3 platform top, pre-
cluding direct identification of updip stratal geometries. The overall Y3
HFS thickens by 230% over 2.4 km, however, and when combined with
the geometry of available time lines, suggests that toplapping geometries
may exist updip.

High-Frequency Sequence Y4.—The thick succession of reworked ter-
rigenous siliciclastics overlying the basal Y4 HFS boundary marks a sig-
nificant base-level fall and consequent basinward shift in facies tracts above

the underlying Y 3 shelf crest (Fig. 11A, 13). These siliciclastics consist of
five discrete sandstone tongues that amalgamate into two thick units ap-
proximately 2.5 km updip. The basal three sandstones extend very nearly
to the reef margin (Fig. 10E), but the remaining two sandstones extend
only to within ~ 1 km. Interbedded shelf-crest facies also pinch out pro-
gressively farther landward, indicative of overall retrogradation within the
TST of Y4. The uppermost sandstone is overlain by atongue of outer-shelf
facies (near Section #5) that extends 0.9 km from the reef margin and marks
maximum flooding during Y4 time.

The HST of Y4 exhibits strong progradational geometries overal in a
stepwise fashion, with thick seaward-directed tongues of shelf-crest facies
alternating with thick landward-directed tongues of outer-shelf facies (Fig.
13). The most seaward tongues of pisolite shoal facies immediately below
the upper HFS boundary extend to within 100 m of the reef edge, but the
steepness of exposures in this area preclude a detailed examination (Fig.
10G, H). This same stratigraphic location was investigated in McKittrick
Canyon by Kerans and Harris (1993), who documented 9-12 m of relief
from the terminal shelf crest to the reef top. They also recognized an abrupt
facies offset near the top Y4 surface that juxtaposed peritidal facies and
exposure breccias above outer shelf and reefa facies, suggesting a sea-
level fal of ~ 12 m and near-sea-level conditions at this phase of late
Capitan reef development. Mutti and Simo (1993) also evaluated this upper
Y4 HFS boundary in Walnut Canyon and interpreted brecciation, fractur-
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TasLe 1.—Depositional variables per Yates HFS

Downdip Distance from  Landward Extent
Thickness Shelf-Crest Outer-Shelf Shelf-Crest of Maximum
HFS Increase (%) Aspect Ratio Aspect Ratio to Reef (m) Flooding (m)
Y4 380 0.017 0.065 ~100 900
Y3 330 0.017 0.051 250 1200
Y2 430 0.031 0.078 500 900
Y1l 240 0.041 0.045 550 1400
Avg. 345 0.027 0.06 350 1100
Shelf Crest Depth to
Shelf Shelf Progradation Reef Reef Reef
HFS P:A Ratio Offlap Angle Rate (mky) P:A Ratio Offlap Angle (m)
Y4 11 5.1° 27 7 8.2° ~10
Y3 170 0.3 21 23 25 25
Y2 15 39 22 10 55 35
Y1l 1 52 13 13 45 65
Avg. 52 36° 21 13 52° 34

ing, moldic porosity formation, and dolomitization at this contact as aresult
of subaeria exposure and subsequent marine reworking. The thick over-
lying sandstones of the uppermost Yates (** Triplet’') represent the seaward
shift in facies tracts that accompanied the base-level fall along the top Y4
HFS boundary.

SEA-LEVEL DYNAMICS AND SHELF-MARGIN EVOLUTION

The long-term dynamics of sea-level change and the overall evolution
of the Yates—Capitan shelf margin from Y1 through Y4 can be quantified
by systematic trends in downdip thickness changes, lateral extent of facies
tracts relative to the Capitan reef margin, aspect ratios of facies tracts,
progradation:aggradation ratios and derived offlap angles, and progradation
rates (Table 1; Figs. 14, 15). These long-term trends in select depositional
variables through the Y 1-Y4 HFSs revedl the larger-scale evolution of the
Yates-Tansill composite sequence, defined by Kerans et d. (1992) from
exposures in McKittrick Canyon. The basal Y 1 sequence boundary islikely
the lower sequence boundary of the Yates-Tansill composite sequence,
making Y1 the basal HFS in the composite sequence.

All of the following calculations assume that the dominantly east-south-
east depositional dips measured on the southwest-facing wall of Slaughter
Canyon represent the dominant progradation direction. Outcrops on the
opposite northeast-facing wall in Slaughter and to the southwest in Middle
Slaughter Canyon (Fig. 3) appear to have a northeast-dipping component,
which raises the probability of changing primary depositional dip orienta
tions through time on the Y ates outer shelf. Along-strike variations in sed-
iment supply and progradation direction have been proposed for the Ver-
cors (Everts et d. 1995) and Maiella (Mutti et al. 1996) platform margins,

Slaughte-f_fanyo"/

to reef

 Depth
| to reef
Average \

depo. slope s}
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which are skeletal-sand-rich margins with characteristics comparable to the
Y aes platform.

Seaward Thickening and Progradation Distance

Two of the most fundamental characteristics of Yates HFSs are their
extreme seaward thickening and progradational architecture. These two at-
tributes are expressed in the mapped profile by the episodic but progressive
seaward ‘‘step-out”’ of the shelf margin between adjacent HFSs (Figs. 7,
13). These architectura characteristics can aso be illustrated in plots of
downdip thickness increases per HFS and lateral extent of facies tracts
relative to the reef margin (Figs. 15A, B). Downdip increases in thickness
vary with position in the overal Yates-Tansill composite sequence. The
mildly retrogradational Y1 HFS represents the transgressive phase of the
composite sequence and shows the least amount of seaward thickening, a
characteristic interpreted to reflect initial flooding of the underlying Seven
Rivers platform and moderate accommodation potential. The dramatic sea-
ward thickening of HFS Y2 and its generally aggradational architecture
records the early highstand phase of the composite sequence and the highest
overall accommodation potential. HFS Y3 and Y 4 exhibit substantially less
seaward thickening than Y2 and strongly progradational geometries, char-
acteristic of low accommodation during the middle to late highstand.

The overall seaward progradation from Y1 to Y4 is also reflected in the
general decrease in distance from the most downdip extent of shelf-crest
facies immediately underlying the HFS boundary to the reef (Fig. 15B).
The terminal extent of the Y1 and Y2 shelf crests reach to within a half
kilometer of the reef, but by the end of Y4 time, the shelf crest reachesto
within ~ 100 m of the reef. The lateral extent of outer-shelf tongues onto
the platform reach their greatest distance during Y1 time, extending 1.4
km landward relative to the reef edge (Fig. 15B). This tongue is interpreted
to represent maximum flooding, not only of the Y1 HFS but also of the
entire Yates-Tansill composite sequence. The interpreted position of the
maximum flooding event within Y1 imparts a highly asymmetric, strongly
progradational pattern to the composite sequence, an architecture well ex-
pressed in the mapped profile (Figs. 7, 11).

Aspect Ratios

The progressive seaward migration and lateral expansion of the shelf-
crest facies tract from Y 1 through Y4 is matched by a reciprocal seaward-
stepping architecture and lateral contraction of the outer-shelf facies tract
through Yates time (Fig. 11). These apparent changes in volume and spatial
distribution can be directly compared using aspect ratios, a measure of the
maximum thickness of a facies tract versus its dip width within individual
HFSs (Kerans and Fitchen 1995). Consistent points of reference must be

Fic. 14.—Skeleton plot of Yates profile from
Slaughter Canyon illustrating the tie points for
determining severa of the depositional variables
within each HFS (plotted in Figure 15). Circles
mark the seaward edge of the shelf-crest facies
tract just prior to exposure and formation of
HFS boundary (assumed to represent a paleo-
shoreline and thus sea level). Squares mark the
position of the reef margin at HFS boundaries.
The distance from the shelf crest to reef, the
maximum extent of flooding, and the depth of
the reef along upper HFS boundaries were
determined from simple measurements made
relative to the time-equivalent reef margin.
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Fic. 15—Trends in selected depositional variables through Yates time, plotted
stratigraphically. Data are compiled in Table 1. Actual measurements were deter-
mined from an expanded-scale cross section calibrated against photointerpretations.
A) Downdip thickness increases determined from most updip section versus maxi-
mum thickness of each HFS. B) Aspect ratios can be visualized qualitatively in
Figure 11. C) Distances measured from expanded version of Figure 7 and panoramic
photographs. D) Offlap angle equals the arctangent of the aggradation:progradation
ratio. E) Reef depth at the end of deposition for each HFS estimated from the vertical
distance between the terminus of the shelf crest below the HFS boundary and the
equivalent reef edge. Error in the depth estimatesis ~ 10 m.

used to make this depositiona variable useful. The width of the shelf crest
is defined on the updip side by the presence of dominantly fenestral tidal-
flat facies flanking the pisolite shoa and on the downdip side by the most
seaward extent of shelf-crest facies near the top of each HFS. The width
of the outer shelf is determined by the distance from the most landward
extent of maximum flooding facies to the terminal reef edge near the top
of each HFS.

Aspect ratios of the shelf-crest facies tract decrease from Y1to Y4 (Table
1; Fig. 15C), primarily because of progressive lateral expansion through
time rather than an increase in maximum thickness. The width of the shelf
crest grows from ~ 0.9 kmin Y1 to 2.9 km in Y4, whereas the maximum
thickness for al four shelf crests varies only between 36-50 m. There is
noticeable expansion in shelf-crest width between aggradational Y2 (1.4
km) and progradational Y3 (2.1 km), reflecting reduced accommodation
during the transition from early to middle highstand. Concomitant with
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progressive expansion of the shelf crest, the outer shelf exhibits areciproca
decrease in width from 1.5 km in Y1 to 0.9 km in Y4. Outer-shelf aspect
ratios are higher than those for the shelf crest because outer-shelf succes-
sions show overall greater thicknesses and relatively more equidimensional
geometry per HFS (Fig. 15C). Maximum thicknesses of outer-shelf facies
tracts reflect their position within the overall composite sequence and thus
their accommodation potential, ranging from 68 m within transgressive Y 1,
to 94 m within aggradationa Y2, to ~ 55 min progradational Y3 and Y4.

The thick accumulations of outer-shelf facies accentuate the seaward
step-out that occurs between adjacent HFSs (Fig. 13). This basinward shift
in the locus of sedimentation is interpreted to be a response to base-level
fall along HFS boundaries (cf. Borer and Harris 1995). Steep antecedent
topography aong the front of the underlying outer shelf and reef may
enhance the space available for accumulation of thick piles of poorly sorted,
massively bedded outer-shelf packstones and grainstones. The abrupt ex-
pansion within each Y ates HFS appears to occur directly above the terminal
reef margin of the preceding HFS (Fig. 13). The underlying reef margin
likely acts as a foundation to localize the basinward shift, contributing to
the seaward expansion and step-out of the outer shelf. Syndepositional
differential compaction has been proposed as an accommodation-generating
process on actively prograding shelf margins (cf. Hunt et a 1995; Sdler
1996), and may have contributed an indeterminate amount to the seaward
step-out of each Yates HFS. Differential compaction is not a viable mech-
anism for all seaward thickening in Yates HFSs, however, because of the
documented retrogradational to aggradational to progradational geometries
in each HFS. These stacking patterns would require systematic, high-fre-
quency changes in the rate of differential compaction, a tenuous proposi-
tion.

Offlap Angles and Progradation Rates

Calculation of progradation:aggradation (P:A) ratios, offlap angles, and
progradation rates per HFS requires a unique bathymetric tie point within
each HFS. Along any one time line on the Yates platform, the contact
between the downdip limit of shelf-crest flanking facies (fenestral tidal-flat
facies) and the updip, littoral limit of outer-shelf facies (oolites, coated
grains, or skeletal grainstones) provides a reasonable approximation of the
location of sea level. The position of this tie point systematically varies
within each HFS, however, and thus should be measured at a consistent
phase of HFS development. Therefore, thicknesses and widths involved in
the calculation of P:A ratios and progradation rates were determined from
the terminal seaward edge of the shelf crest in each Yates HFS (Fig. 14).
The time control necessary to estimate progradation rates per Yates HFS
is aso a significant problem (cf. Borer and Harris 1991). In this study,
each Yates HFS is estimated to span ~ 250 k.y. (£ 50%), assuming a 1
m.y. total duration for Yates time (based on Ross and Ross 1987 and
Harland et al. 1989). Results are shown in Table 1 and Figure 15D aong
with P:A ratios and offlap angles for time-equivalent portions of the Cap-
itan reef.

Offlap angles for each HFS and equivalent phases in Capitan reef de-
velopment tend to track each other, with higher angles of the reef likely
reflecting the steep reef front that inhibited seaward growth (Fig. 15D). Y1
and the time-equivalent Capitan reef exhibit comparable offlap angles of
5.2° and 4.5°, respectively, interpreted to record moderate accommodation
conditions associated with the initia flooding of the Yates platform sub-
sequent to exposure along the underlying composite sequence boundary.
The relatively slow progradation rate of 1.3 m/k.y. during Y1 time aso
reflects the dominance of retrogradation and aggradation over progradation
at this early transgressive phase of the Yates-Tansill composite sequence.
During Y2 time, shelfa offlap angles decreased while reef anglesincreased,
atrend that may reflect an aggradational flattening of the Yates shelf co-
incident with aggradational upbuilding of the Capitan reef in response to
high accommodation conditions. The increase in Y2 shelf-crest prograda-
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tion rate beyond the Y1 rate also may record more rapid migration across
a flattened shelf profile.

P:A ratios increase dramatically for strongly progradational Y 3, with the
corresponding low offlap angle of 0.3° matched by a generally low reef
growth angle of 2.5°. Progradation rates during Y3 time kept pace with
those of Y2 during this phase of greatly reduced shelfal accommodation,
which forced the locus of sedimentation seaward. Offlap angles of both the
shelf and time-equivalent reef steepen considerably during Y4 (Fig. 15D),
reflected in the dominantly aggradational stratal patterns of the Y4 shelf.
This is a phase of extreme upbuilding by the Capitan reef, with growth
angles approaching 8.2°. These high offlap angles may partly record a
renewed increase in accommodation during the late highstand of the Y ates—
Tansill composite sequence, but more likely they are a product of the steep
front of the Capitan reef, which limited the foundation for greater seaward
progradation of both the shelf and reef. The resultant flattened depositional
topography permitted shelf-crest progradation to very near the reef edge
by the end of Y4 time (cf. Kerans and Harris 1993). Thick siliciclastics
(" Triplet'”) accumulated on top of the flat Y4 shelf prior to strong seaward
migration of shelf-crest facies of the Tansill Formation.

Overal, the Y1-Y4 HFSs in Slaughter Canyon are characterized by an
average P:A ratio of 52 and an average offlap angle of 3.6°, vaues cor-
roborating the dominantly progradational architecture evident in outcrop.
Corresponding averages for the time-equivaent Capitan reef areaPA ratio
of 13 and a 5.2° angle of growth, values that reflect the high amount of
accommodation available near the transition from outer shelf to reef, as
well as limitations to seaward growth imposed by the steepness of the reef
front. The Yates shelf prograded at an average rate of 2.1 m/k.y. This
shelfal progradation rate is similar to rates calculated from seismic sequenc-
es of comparable tempora and spatial scale comprising the Bahamas plat-
form (~ 2.8 m/k.y.; Eberli and Ginsburg 1989). The Y ates-equivalent Cap-
itan reef prograded ~ 1.7 km in ~ 1 m.y. (1.7 m/k.y.), a rate within the
range estimated by Garber et al. (1989) for the entire Yates-Tansill phase
of reef growth (1.1-2.6 m/k.y.).

Depth of Capitan Reef

The strongly progradational character of the Yates shelf resulted in a
progressive decrease in the depth of the Capitan reef from a maximum of
~ 65 m during early Yates time to near sea level during the latest stages
of the Yates platform (Fig. 15E). The actual depth of the reef likely varied
episodically through Yates time, though, because of shorter-term depth
changes superimposed in response to cycle-scae and HFS-scale relative
sea-level changes. Within any one HFS, the greatest depths were attained
during maximum flooding and the shallowest during subaerial exposure
aong HFS boundaries. The estimates of reef depth were measured from
the same reference point in each HFS (Fig. 14) but are hardly absolute
owing to the limited knowledge of original depositional topography and
postdepositional tilting, but the overall trend of decreasing depth through
time is clear. This long-term pattern emphasizes the point that previous
published estimates of the depth of the Capitan reef represent single epi-
sodes in time within the overall progressive decrease in reef depth.

MAGNITUDES OF RELATIVE SEA-LEVEL CHANGE

The magnitudes of sea-level oscillations that produced meter-scale cycles
within the upper Seven Rivers and Yates interval have been estimated by
several workers to have been in the range of 2-20 m (Smith 1974; Borer
and Harris 1991, 1995; Kerans and Harris 1993; Rankey and Lehrmann
1996). In Slaughter Canyon, certain cycles were traced along paleoslope to
determine the vertical distances between the updip position of tidal-flat
facies, the downdip extent of unequivocal subaerial exposure features aong
the same cycle top, and the updip position of immediately overlying trans-
gressive facies. These vertical distances provide minimum values of relative
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sealevel changes associated with exposure along cycle and sequence
boundaries (**pinning point method’’ of Franseen et a. 1993). Estimates
of cycle-scale sealevel changes from the mapped transect in Slaughter
Canyon are highly variable, ranging from 4 to 27 min the Y1 HFS, 5 to
20minY2,4t015min Y3, and ~ 10 to 30 min Y4. A generd trend
that can be discerned is an overall decreasein estimated magnitudes upward
within individual HFSs; several exceptions to this trend are recognized,
however, suggesting that the magnitudes of high-frequency sea-level pulses
evolved erraticaly rather than systematically through Y ates time.

Estimates of the magnitude of both relative and eustatic sea-level fluc-
tuations governing larger-scale HFSs and composite sequences are invari-
ably based upon assumptions about compaction history, isostatic and tec-
tonic subsidence history, flexura rigidity of underlying lithosphere, and
original depositional topography. Beyond the inherent ambiguity of esti-
mating these variables, the actual composite sea-level history is likely a
complex set of interfering waves comprising a spectrum of frequencies and
amplitudes, complicating the task of deconvolving the higher-frequency,
cycle-scale fluctuations from the lower-frequency, HFS-scale fluctuations.
Yates HFSs do not merely reflect the cumulative effects of the higher-
frequency fluctuations, however, because the mildly retrogradational, to
aggradational, to strongly progradational stacking patterns intrinsic to each
Y ates HFS dictate that a longer-term driver must have been present.

Perhaps the least equivocal estimates of Y ates HFS-scale sea-level mag-
nitudes result from forward modeling experiments. Borer and Harris (1995)
performed sensitivity tests to determine a ‘‘best-fit”’ simulation to Yates
stacking patterns and arrived at magnitudes on the order of 30-40 m per
Yates HFS. In another approach, Ye et a. (1996) used extensive outcrop
observations in the Guadalupe and Delaware Mountains to document mul-
tiple shoreline positions through 38 HFSs spanning 30 m.y. of Permian
deposition. The history of relative sea level derived from topographic
changes in paleoshoreline position was subjected to two-dimensional back-
stripping techniques that separated the steadily changing subsidence rate
from the highly oscillatory eustatic signal. The HFS-scale eustatic magni-
tudes during Y ates time determined by Ye et a. ranged from ~ 40 m to
~ 50 m, atotal that reflects the combined high- and low-frequency oscil-
lations.

Glacio-eustasy is commonly identified as the primary control on relative
Searlevel fluctuations during deposition of Capitan-age cyclic strata (e.g.,
Silver and Todd 1969; Meissner 1972; Borer and Harris 1991; Rankey and
Lehrmann 1996). The chronology of continental glaciation through the late
Paleozoic compiled by Veevers and Powell (1987), however, indicates that
major continental glaciers were gone from Gondwana by the late Leonar-
dian. Thus the Guadalupian was a transitional phase between earlier ice-
house climates and subsequent Mesozoic greenhouse climates. Considering
the low- to moderate-amplitude sea-level fluctuations inferred from the
stratigraphic cyclicity, this transitional timing suggests that reservoirs for
storage and release of global water other than continental glaciers must
have existed during the Guadaupian. Thus the assumption that glacio-
eustasy was the primary control may need to be reassessed until other
mechanisms that affect the volume of seawater in the oceans can be iden-
tified.

CONCLUSIONS

(1) Individual Yates high-frequency sequences are fundamentally mac-
roscale versions of Yates meter-scale cycles, on the basis of comparable
internal arrangements of lithofacies and their seaward-thickening geometry.
This scale-independent architecture of chronostratigraphic units has been
recognized by many workers and may reflect the scale-independent nature
of the controlling process, interpreted to be composite eustasy in this Late
Permian example.

(2) Stratigraphic trends in quantified depositional variables such as as-
pect ratios, progradation:aggradation ratios, offlap angles, and platform pro-
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gradation rates reflect the long-term accommodation history that controlled
the evolution of the Yates-Capitan shelf margin. Stratal geometries and
cycle stacking patterns represented by the quantified variables change in a
complex, yet systematic, manner upward through HFSs constituting a com-
posite sequence. Similar long-term trends in quantified depositional vari-
ables may enable the recognition of larger-scale evolutionary patterns in
other shelf-margin settings.

(3) Architectural changes evident in successive Yates HFSs reved the
interaction between changes in relative sea level and depositiona topog-
raphy, which drives seaward progradation. Sea-level fall along exposed
HFS boundaries forces the locus of sedimentation onto the steep antecedent
topography of the outer shelf and reef of the underlying HFS. With con-
sequent sea-level rise, this steep gradient provides a foundation for the
accumulation of a thick pile of open-shelf skeletal carbonate, which even-
tually flattens the depositional topography of the shelf, enhancing the sea
ward migration of peritidal environments. In the case of the Y ates-Capitan
shelf margin, the steepness of the reef front and foreslope ultimately limits
the extent of progradation and thus controls the large-scale architecture of
Yates HFSs.

(4) Seismic-scale, two-dimensiona profiles such as this Upper Permian
example provide visual analogs for subsurface reservoirs, potentialy im-
proving fluid-flow simulations and reservoir engineering (e.g., Keranset al.
1994). Field-documented stratal geometries and density estimates can also
be used to generate synthetic seismic models to evaluate reflection contact
relationships on actual seismic sections (e.g., Stafleu and Sonnenfeld 1994).
Moreover, mapped profiles serve as the ** ground truth’” for computer sim-
ulations that attempt to quantify potential accommodation histories and the
likely controlling variables of deposition.
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Geologic Time Scale of
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Composite Sequence Framework of the Guadalupe Mountain Region
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Overview of Formations

The Late Permian reflects low amplitude sea level
fluctuations, following collapse of the Permo-
Carboniferous ice-sheets.

High frequency sequences (HFS) — stack into lowstand,
transgressive, and highstand sequence sets.

— During lowstand, all but the most seaward
portions were covered with siliciclastic eolian ergs

The Grayburg Formation is made up of 3 HFS
The Queen Formation is made up of 2 HFS

Goat Seep is the shelf margin facies that is coeval with
the Queen Formation

Goat Seep Formation is Queen-equivalent shelf
margin facies



Example of
Eustatic Cycles

The combined effect of climate,
subsidence , and sea level
changes allow sedimentation of
different facies. The vertical
stacking of these facies follow the
signal of eustic sea level
(bottom).

Within individual system tracts
there is a tendency for deposition
of particular lithologies. Where
shale is mainly related with the
TST and porous rocks can be
either related with HST or LST.
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Sea /
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level

LST

FSST
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SW NE
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Algae reef buila-up |
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Figure 15: Sequence Stratigraphy of the Paradox Fm. showing the pre-dominant

facies within individual system tracts



Depositional Facies

Grayburg and Queen Formations

Similar enough that a single set of
depositional facies and
depositional models is discussed

4 HFS deposited over 2 million
years

Changes in basin subsidence
rates, sediment supply, comate,
eustacy influenced stratigraphic
and sedimentologic attributes



Facies for Description

Grayburg

and Queen

Massive quartzose 1-30 feet thick

siltstone- Gray, tan/red,mature, well sorted coarse
sandstone siltstone to fine sandstone

Minor bioturbation and haloturbation
Define cycle bases

Cross Laminated Texturally similar to the massive quartzose
Siltstone- Transition zone - sandstone grades upward
sandstone into carbonate
Intervals of cross-laminated sandstone ~< 10
feet thick
Increasing peloids and cement toward
carbonate
Fusulinid-peloid Gray massive dolostone intervals with few
packstone pellets

1-30 feet thick

Dominates more seaward portions
Laterally continuous, tapering landward
Large vertical burrows

Fusulinid-peloid Similar to Fusulinid-peloid packstone
wackestone Matrix is dense and micritic
Less permeable and porous
Fusulinids preserved as molds



Facies for Description

Grayburg and

Queen cont.

Mollusc-Algal- .5-2 feet thick

Crinoid Packstone Dolomudstone with some pelleted fabric

Fine grained, gray and structureless
Recessive weathering

Rare fusulinid and pelmatozoan debris
At or near the base of a cycle

Peloid Packstone 1-3 feet thick, except in most seaward
locations
Grain-dominated
Peloids, bioclasts, ooids or pisoids
Structuresless, except for a few cross-
bedded intervals

Ooid-Peloid ~<20 feet thick in lower half of Grayburg and
Grainstone Queen, but not abundant otherwise
Ooids and quartz sand
Small to medium trough and planar tabular
cross stratification with some hummocky
cross stratification

Fenestral/Non- Useful for correlation
Fenestral-Pisolitic Smooth to crinkly non-fenestral and
Laminite fenestral cryptalgal laminites

Define caps of upward shallowing cycles
Weather to resistant ledges



Grayburg-Queen-Goat Seep
Formations

Composite Sequence 1

1

CS-11

Gypaun 10 siliciclastic mudstore

to dolomudstone cycles

Siliciclastic sandstona-fic
fenestralcapped cyclzs
Spcnge-algal and sponge-
bryazaan-brachiopod reefs,
bizhe s

I udstonelpeloid packstons-

bzsed, fenestral mudstone!
grainstone-capped cycles
Coral-fusulinid-bryozoan-
bra:hiopod wackestons to
packstone eycles

Skaletal and lithoclastic gramstonzs
a~d magabraccias, carbonate mat-ix

Slliciclastic nustona, slitetane,
and zandstenz, dolopel-wackestone!
packstone, weakly cyclic

Pelmatazoanfusulinid wackestone
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Sandstone, siltstone

dasyzlads znd mellgks in younger units

As above, Cycles are
sandstone hasad or capped
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Grayburg — G10

Shelf-Crest of Mixed Siliciclastic-Carbonate Transitional
Ramp/Rimmed Shelf Model, Basal Guad 10 TST
(basal Grayburg Fm.), Last Chance Canyon

Tan cross-stratified blocks are of siliciclastic-rich dolopeloid grainstone infilled by light-grey dolopeloid
mud-dominated packstone. This sedimentary feature is representative of early lithification of the tan
beach facies known as beach rock. This feature is typical of carbonate foreshore facies such as

those seen in the onlapping TST cycles of the Guad 10 (basal Grayburg Fm.), Last Chance Canyon.
Hammer for scale is 15 in.
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Formation — G13
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Formation — G14

Saquence Stratigraphic Modzl
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Toe-of-Slope Breccias of the Mixed Siliciclastic-Carbonate
Transitional Ramp to Rimmed Shelf Model, Getaway Member,
Guad 12-13 HFS, Shirttail Canyon, Western Escarpment

e

A g i L

oo
5 . ~Goal"Seep Fareslope
v o (Guad 14 HFS)

Getaway Mem. (Grayburg/Queen Fm.
i Foreslope, Guad 12-13 HFS)

Cherry Canyon Fm.

“iew locking southeast of thick toe-of-slope debris flows in the Getaway Member (Crawford,
1981) Guad 12 or 13HFS (Grayburg?) at Shirttail Canyon. The debris flows under discussion
here are in the lower half of the illustration as resistant ledges weathering out relative to the
more recessive Cherry Canyon basinal sandstones. The upper massive orange cliff is the
Goatsesp Reef that makes up the shelf-margin and slope facies tracts of the Guad 14 HFS
(upper Queen Fm.). Total section in photo is approximately 1200 ft (Photo courtesy of Pat

Lehman).
Kerans and Kempter
2002
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OUTCROP ANALOG FOR MIXED SILICICLASTIC-CARBONATE RAMP RESERVOIRS—STRATIGRAPHIC
HIERARCHY, FACIES ARCHITECTURE, AND GEOLOGIC HETEROGENEITY: GRAYBURG FORMATION,

PERMIAN BASIN, U.S.A.
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ABSTRACT: The Grayburg Formation (Late Permian, Guadalupian) is a shallow-marine succession flanking the Delaware and
Midland basins of Texas and New Mexico, U.S.A. The Grayburg exemplifies the facies heterogeneity imparted by cyclic
interbedding of siliciclastic and carbonate rocks from lithologically diverse, inner-ramp to outer-ramp facies assemblages.
High-resolution correlation and mapping of laterally continuous Grayburg strata exposed in the Brokeoff Mountains, New
Mexico, allow the stratigraphic architecture, facies distribution, and lateral variability to be characterized in detail. This study
provides an outcrop analog for stratigraphically equivalent subsurface reservoirs and comparable carbonate-ramp reservoirs
that accumulated during periods of low-amplitude sea-level fluctuations.

Vertical and lateral facies successions in the Grayburg record four hierarchical scales of cyclicity. The entire Grayburg is
a composite sequence that initiated with transgression of the San Andres platform and culminated with subaerial exposure,
followed by a major basinward shift in deposition. This third-order cycle contains four high-frequency sequences defined by
transgressive outer-ramp facies overlain by aggradational ramp-crest to inner-ramp facies capped by an unconformity. Each
high-frequency sequence contains several composite cycles, intermediate-scale cyclic successions. The high-frequency (fifth-
order) cycles constitute the smallest-scale upward-shoaling facies successions that can be recognized and mapped, comprising
the basic correlation entity to delineate lithofacies bodies.

Lateral heterogeneity in the Grayburg reflects both systematic facies transitions and interwell-scale (meters to hundreds of
meters) variability due to geologic complexity. Larger-scale systematic facies changes that reflect primary environmental and/
or depositional controls (e.g., water depth, platform position, accommodation trends) can be characterized using well and/or
seismic data abetted by appropriate depositional models. Interwell heterogeneity due to geologic complexity, however, is
difficult to recognize from subsurface datasets. Appropriate outcrop analogs provide information on lateral facies dimensions
and heterogeneity architecture that is essential for constructing more realistic three-dimensional reservoir models, rather than
oversimplified models based on lithofacies correlations forced between wells by linear interpolation. An understanding of
geologic heterogeneity exhibited in outcrop analogs is crucial for geoscientists involved with characterizing and modeling

subsurface heterogeneity.

INTRODUCTION

The need to understand, characterize, and model reservoir heteroge-
neity at all scales has been the impetus for detailed outcrop studies
directed towards development of reservoir analogs. In the Permian Basin,
outcrop investigations of the San Andres Formation, one of the most
productive units (Fig. 1), demonstrate the application of sequence
stratigraphic principles for high-resolution correlation and facies map-
ping (Sonnenfeld 1991; Kerans et al. 1994; Kerans and Fitchen 1995).
Such outcrop studies illustrate the hierarchy of different stratal surfaces
and the landward and seaward facies shifts that define the sequence
stratigraphic framework. These studies also document the utility of
stratigraphic analysis for characterization of geologic heterogeneity in
subsurface reservoirs.

Reservoirs in the Grayburg Formation display considerable heteroge-
neity due to cyclic interbedding of diverse assemblages of shallow-water,
mixed carbonate, and siliciclastic facies. Because depositional fabrics are

Copyright © 2007, SEPM (Society for Sedimentary Geology)

well preserved in these dolomitized carbonates and quartz sandstones,
porosity and permeability are a function of the original depositional
fabric (e.g., Lucia 1995). Consequently, characterization of petrophysical
heterogeneity requires detailed stratigraphic analysis, correlation, and
facies mapping.

The data and interpretations presented here are based on description,
analysis, and mapping of laterally continuous exposures of Grayburg
strata on Plowman Ridge and West Dog Canyon in the Brokeoff
Mountains (Figs. 2-5). Closely spaced measured sections, photomosaics,
and physical tracing of stratal surfaces and facies established detailed
chronostratigraphic correlations for high-frequency cycles and compo-
nent lithofacies for up to 6.5 km along depositional dip. Three-
dimensional outcrop views exposed in West Dog Canyon by incised
meanders and opposite canyon walls, and correlations with strata on
Plowman Ridge, 1.0 km across depositional strike, allow the three-
dimensional facies heterogeneity to be characterized in detail.

1527-1404/07/077-034/$03.00
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Fi6. 1.— Stratigraphic nomenclature of uppermost Leonardian through Guadalupian strata of the Permian Basin showing relative importance as a hydrocarbon-
producing unit. The Grayburg Formation has yielded 2.5 billion barrels of oil from West Texas.

A major contribution of this study is delineating lateral facies
variability within the context of a reliable, high-resolution chronostrati-
graphic framework. Lateral heterogeneity reflects both larger-scale
systematic facies changes (e.g., due to water depth, platform position,
accommodation trends) and interwell-scale (meters to hundreds of
meters) heterogeneity arising from geologic complexity. Interwell-scale
heterogeneity is difficult to recognize with subsurface data, although
simulations based on outcrop-derived petrophysical data demonstrate
that such variability strongly influences flow behavior in carbonate
reservoirs (Grant et al. 1994; Jennings et al. 2000). Outcrop analogs thus
constitute an essential knowledge base for constructing realistic three-
dimensional reservoir models from one-dimensional well data and

stratigraphic interpretations. Consequently, outcrop analogs such as the
Grayburg provide an important tool for reservoir geologists tasked with
characterizing and modeling subsurface heterogeneity.

GEOLOGIC SETTING

The Guadalupian (Late Permian) Grayburg Formation is a shallow-
marine, mixed carbonate-siliciclastic succession on the periphery of the
Delaware and Midland basins (Fig. 2). In the Guadalupe Mountains
area, the Grayburg ranges in thickness from 80 meters in the most
landward exposure on top of the San Andres platform to more than
365 meters along the Western Escarpment (Fekete et al. 1986; Franseen et

105° 95 1 Grayburg-Jackson 11 Cowden South
! 2 Maljamar 12 Waddell
3 Vacuum 13 Dune
{ Northern Shelf ! 4 Eunice-Monument 14 McElroy
] 5 Keystone 15 McCamey
% ! 6 Means 16 Taylor-Link
i 7 Mabee 17 Yates
| 8 Midland Farms 18 Big Lake
i % 9 Cowden North 19 World
Guadalt_lpe ' 6 10 Foster 20 Olson
Mountains 2N i 99 Farnar
1
1
|
1

Fic. 2.—Setting of Delaware and Midland
basins during Grayburg deposition (modified
from Ward et al. 1986). The numbered areas are
the 21 major Grayburg fields (more than
10 million barrels production) that occur along
the Central Basin Platform, the northern shelf of
the Delaware Basin, and the Ozona Arch. The
outcrop study area is on the northwestern shelf
of the Delaware Basin.

19
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Fic. 3.—Physiographic map of the Guadalupe and Brokeoff mountains region, modified from Fitchen (1993). The outcrop study area (shaded rectangle) is landward
of the underlying San Andres margin and is approximately 10 km landward of the Grayburg terminal margin. Line A-A’ delineates general location of the cross section

of Kerans et al. (1992) and Kerans et al. (1993) shown in Figure 4.

al. 1989; Kerans and Nance 1991; Kerans et al. 1992; Kerans et al. 1993).
This study focused on flat-lying Grayburg strata that accumulated
landward of the shelf margin (Figs. 3, 4). This is a depositional setting
similar to that of major Grayburg fields (Fig. 2). The Grayburg
Formation grades basinward into fine sandstones and siltstones of the
Cherry Canyon Formation and passes northward, towards the craton,
into evaporites, eolianites, and terrigenous red beds (Silver and Todd
1969; Meissner 1972; Nance 1988).

The Permian is a period of transitional sea-level cyclicity between the
high-amplitude (60 to 100 m) glacial-eustatic icehouse fluctuations of the
Pennsylvanian (e.g., Crowley and Baum 1991; Soreghan and Giles 1999)
and the low-amplitude (less than 10 m) eustatic greenhouse fluctuations
of the Triassic (Goldhammer et al. 1990). The Permian Basin is a foreland
that developed during the Pennsylvanian-Early Permian collision
between Laurentia and Gondwana (Horak 1985; Yang and Dorobek
1992). The Grayburg was deposited during the passive margin phase of
tectonic quiescence.

Paleogeographic reconstructions for the Middle to Late Permian place
the Permian Basin on the Pangea supercontinent at 0° to 5° N latitude
(Scotese and McKerrow 1990; Lottes and Rowley 1990; Coffin et al.
1992), north of the equatorial-aligned tectonic highlands of the Hercynian
orogenic belt (Coffin et al. 1992). Despite the equatorial setting, arid
conditions in western North America are indicated by widespread
Guadalupian-age dolomites, evaporites, eolianites, and terrigenous red
beds (Silver and Todd 1969; Meissner 1972). Assembly of the Pangea
supercontinent and orogenic uplift disrupted the wet equatorial easterlies
bearing moisture from Tethys, creating a rain shadow in central Pangea
(Scotese and McKerrow 1990). Paleoclimate modeling (Parrish and
Peterson 1988; Parrish 1993, 1995) suggests that a monsoonal atmo-
spheric circulation system developed. During the Northern Hemisphere
winter, a high-pressure cell developed over the cold northern landmass,
resulting in northeasterly winds (Parrish and Peterson 1988; Parrish 1993,
1995). Measured foresets for Permian eolianites of the Colorado Plateau
(Peterson 1988) and Anadarko Basin (Kocurek and Kirkland 1998)
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Fic. 4.—Stratigraphic framework of the Leonardian through Guadalupian carbonate platform succession in the Guadalupe and Brokeoff mountains region, compiled
by Kerans et. al. (1992) and Kerans et al. (1993), updated by more recent work (Kerans et al. 1994; Kerans and Fitchen 1995). The Grayburg study area is landward of the

San Andres and Grayburg platform margins.

coincide with a dominant northeasterly paleowind direction. Karst
associated with sequence boundaries in the San Andres Formation
(e.g., Kerans and Fitchen 1995) and the Grayburg Formation (this study)
attest to episodic development of coastal meteoric aquifer systems during
sea-level lowstands.

DEFINITIONS

The high-frequency cycle is the basic stratigraphic unit in this study and
refers to the smallest-scale upward-shallowing facies succession that can
be correlated across different facies tracts. High-frequency cycles record
a single episode of rise and fall in relative sea level (e.g., Grotzinger 1986;
Read et al. 1986; Koerschner and Read 1989; Kerans and Tinker 1997)
equivalent to the fifth-order cycles of Goldhammer et al. (1990). The
high-frequency cycle is analogous to the parasequence (Van Wagoner et
al. 1987; Van Wagoner et al. 1990). Grayburg high-frequency cycles range
from 0.5 to 10 meters in thickness.

Composite cycles contain several high-frequency cycles arranged into
a larger-scale transgressive-regressive succession bound by marine
flooding surfaces that may coincide with sequence boundaries. Composite
cycles differ from cycle sets (Kerans and Tinker 1997, 1999; Tinker 1998)
or parasequence sets (Van Wagoner et al. 1987; Van Wagoner et al. 1990)
in that composite cycles define an intermediate-scale transgressive—
regressive cycle, whereas cycle sets and parasequence sets display
a consistent progradational, retrogradational, or aggradational stacking
trend. Grayburg composite cycles are 4 to 12 meters thick.

A high-frequency sequence is a larger-scale cycle composed of
genetically related, high-frequency cycles and composite cycles and
bounded by unconformities or correlative unconformities (e.g., Mitchum
1977; Mitchum and Van Wagoner 1991). High-frequency sequences
contain lowstand and transgressive systems tracts separated by a maxi-
mum flooding surface from the highstand systems tract. Composite cycles

and high-frequency sequences lie within the range of fourth-order cycles
(Goldhammer et al. 1990). Grayburg high-frequency sequences are 30 to
45 meters thick.

The composite sequence (e.g., Mitchum and Van Wagoner 1991) is the
lowest order cyclicity considered by this study and is comparable to
a depositional sequence (e.g., Mitchum et al. 1977; Vail et al. 1977; Vail
1987, Van Wagoner et al 1988). Composite sequences contain several
unconformity-bounded high-frequency sequences arranged into a larger-
scale succession with well-defined lowstand, transgressive, and highstand
components. A composite sequence is equivalent to a third-order cycle
(Goldhammer et al. 1990).

METHODS

The Grayburg Formation data and interpretations presented in this
paper are based on more than 4100 meters of vertical section described at
Plowman Ridge, West Dog Canyon, and Cork Draw in the Brokeoff
Mountains in southeastern Otero County, New Mexico (Fig. 5).
Although precursor limestones are replaced by dolomite, well-preserved
original rock fabrics can be identified readily in the field. Facies were
described from outcrop in conjunction with standard petrographic thin
sections of rock samples. We utilize Dunham’s (1962) carbonate rock
classification system with Lucia’s (1995) modification that subdivides
packstones into mud-dominated and grain-dominated fabrics.

Initial stratigraphic analysis of the Grayburg Formation was based on
exposures from Plowman Ridge, a 6.5-km-long, north-trending ridge that
parallels depositional dip (Fig. 5). Vertical sections through the Grayburg
were measured and described (e.g., Fig. 6); interpreted high-frequency
cycles, cycle sets, and high-frequency sequences were physically correlated
by walking out bedding surfaces and by tracing the strata on oblique
photographs. The Plowman Ridge stratigraphic cross section (Fig. 7) is
based on high-quality exposures with excellent lateral continuity.
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Measured sections of the Grayburg from West Dog Canyon and Cork
Draw, 1.0 km and 3 km west of Plowman Ridge across depositional
strike, extend the Grayburg stratigraphy throughout the study area.
Detailed stratigraphic analysis and facies mapping within the high-
frequency cycle-scale chronostratigraphic framework focused on Gray-
burg HFS 2 (30 to 35 meters thick) on Plowman Ridge and West Dog
Canyon (Figs. 8, 9), two dip-oriented outcrops with laterally continuous
exposures. Within these two windows, closely spaced (30 to 125 meters)
vertical sections were described and measured. As in mapping formation
tops, some cycle tops were mapped in the field before facies were
described in detail. In most cases, both high-frequency cycle tops and
facies were mapped at the same time. High-frequency cycle tops and
lithofacies were physically correlated between adjacent measured sections
by walking out high-frequency cycle tops, bedding surfaces, and facies
contacts, and by recording the stratal relationships on large-scale (1:100
to 1:200) oblique photographs. Every correlation line and facies contact
in the detailed window cross sections was examined and recorded in the
field. In areas outside the detailed window along Plowman Ridge, some

w | gng sections incorporating the entire Grayburg section
Shorter sections incorporating G2-H8T

FiG. 5.—Topographic map of study area
showing locations of 22 sections (indicated as
lines) of the entire Grayburg interval that were
described at Plowman Ridge, West Dog Canyon,
and Cork Draw. Forty-eight shorter sections of
HFS 2 (indicated as dots) were described at

QAaBe8sbe Plowman Ridge and West Dog Canyon.

correlations were made by tracing strata on large-scale oblique
photographs; gaps in the outcrop exposure from cover required some
correlations to be made between these sections based on stratigraphic
interpretations.

PREVIOUS WORK AND SEQUENCE STRATIGRAPHIC FRAMEWORK

Boyd (1958) conducted the first comprehensive geologic mapping of
Permian strata in the Brokeoff Mountains. Boyd recognized the platform-
to-basin stratigraphic relationships in the upper San Andres Formation
and picked the San Andres-Grayburg formational contact using a poorly
defined color change. From exposures in Last Chance Canyon, Hayes
(1964) subsequently picked the top of the San Andres Formation at an
angular unconformity between carbonate clinoforms of the upper San
Andres and flat-lying, siliciclastic Grayburg strata. Sarg and Lehmann
(1986) interpreted this formational contact as a sequence boundary.

Based on the Last Chance Canyon exposures, Sonnenfeld (1991, 1993)
documented 15 meters of stratigraphic relief between the top of the San
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Fic. 6.—Measured section of section PR-2 (with interpretations) of entire Grayburg interval from South Plowman Ridge, location indicated on Figure 5.

Andres sequence boundary and onlapping Grayburg strata, indicating at
least 15 meters of sea-level fall following San Andres deposition. On
Algerita and Shattuck escarpments, these stratal relationships indicate
a sea-level fall of more than 30 meters (Kerans and Nance 1991). A
similar magnitude of sea-level fall is documented in the Brokeoff
Mountains, where paleokarst dolines extend 30 meters below the San
Andres-Grayburg sequence boundary (Fitchen 1993).

Boyd (1958) mapped the Grayburg and Queen formations as an
undifferentiated succession. Hayes (1964) placed the top of the Grayburg
below a “locally conspicuous sandstone” assigned to the Queen

Formation. Sarg and Lehmann (1986) interpreted the top of the Grayburg
to represent a sequence boundary. Because subaerial exposure features are
only locally expressed along this surface, however, this contact is probably
inconsistently mapped throughout the area, particularly in areas with poor
outcrops (Kerans and Nance 1991). Limited exposure of the uppermost
Grayburg on Plowman Ridge and in West Dog Canyon made it difficult
for us to unequivocally locate the Grayburg-Queen sequence boundary.
Near the top of Plowman Ridge, tepee—pisolitefenestral and algal-
laminated facies (uppermost Grayburg?) with grikes filled with dolomitic
quartz siltstone and sandstone are unconformably overlain by recessively
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FiG. 6.—Continued.

weathered, yellow-brown to pink, thin-bedded sandstones that we interpret
to be the lowermost Queen Formation.

Sarg and Lehmann (1986) interpreted the Grayburg Formation to be
a third-order depositional sequence. Kerans and Nance (1991) subdivided
this sequence into lowstand/transgressive and highstand systems tracts.
Kerans et al. (1992) and Kerans et al. (1993) reinterpreted the Grayburg to
be a composite sequence composed of two high-frequency sequences
(Guadalupian HFS 14 and 15) and placed the maximum flooding surface of
Kerans and Nance (1991) at the transgressive base of Guadalupian HFS 15.

In the study area, the Grayburg Formation thins to 115 meters in the
most landward exposures, thickening seaward to 180 meters at the
southern terminus of Plowman Ridge. On the Western Escarpment,

10 km basinward of the study area (Fig. 3), the Grayburg Formation
attains a thickness of more than 365 meters (Fekete et al. 1986; Franseen
et al. 1989). On the Western Escarpment, the lowermost 85 meters of the
Grayburg is composed of progradational clinoforms overlain by more
than 275 meters of flat-lying strata that record a shift from prograda-
tional to aggradational deposition (Fekete et al. 1986; Franseen et al.
1989). Erosional truncation of the Grayburg margin along the Western
Escarpment makes it impossible to determine the precise location of the
original depositional margin and whether the margin exhibited a ramp or
a rimmed shelf morphology (sensu Read 1985). Relief on the Grayburg
margin is estimated to be at least 200 to 300 meters (Fekete et al. 1986;
Franseen et al. 1989).
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FiG. 7.—Grayburg stratigraphic framework from dip-parallel exposures on Plowman Ridge, location indicated in Figure 5. Vertical black lines delineate measured
sections; vertical white bands indicate missing section due to cover. Approximate datum is top HFS-2. Detail window shown in Figure 8.

MAJOR LITHOFACIES

Mixed carbonate and siliciclastic rocks of the Grayburg Formation
were grouped into seven major end-member lithofacies: (1) fusulinid—
peloid mud-dominated packstone-wackestone; (2) mudstone and skel-
peloid wackestone; (3) skel-peloid and pel-ooid mud-dominated pack-
stone; (4) pel-ooid grain-dominated packstone; (5) ooid grainstone;
(6) tepee—pisolite—fenestral and algal-laminated facies; and (7) quartz
sandstone and quartz sand-rich occurrences of the above carbonate
lithofacies. Major lithofacies (Figs. 10, 11, 12) are described in Table 1.

Fusulinid—-Peloid Mud-Dominated Packstone—Wackestone

Fusulinid-peloid mud-dominated packstone-wackestone facies (Ta-
ble 1, Fig. 10A) are relatively uncommon in the platform interior
Grayburg strata of the study area (Fig. 4). Fusulinid-rich facies are
abundant in locales seaward of the San Andres platform margin; e.g., the

Western Escarpment (Fekete et al. 1986; Franseen et al. 1989) and the
downdip southern end of Shattuck Escarpment (Kerans and Nance
1991). Similarly, in the subsurface Grayburg of the Central Basin
Platform, fusulinid facies dominate outer-ramp strata of the lower
Grayburg (e.g., Ruppel and Bebout 2001).

The basinward distribution, along with the abundant carbonate mud,
open marine fauna, lack of current-generated sedimentary structures, and
intense bioturbation, indicate a low-energy, outer-ramp depositional
environment. In the lower San Andres Formation, fusulinid-rich facies
are confined to the middle and lower portions of progradational ramp-
margin clinoforms; reconstructed depositional profiles from the basin-
ward-dipping stratal surfaces indicate water depths of 10 to 120 meters
for this facies (Kerans and Fitchen 1995). This facies is thus interpreted to
record maximum transgressive water depths on the shallow-water
Grayburg platform. Consequently, fusulinid-peloid mud-dominated
packstone-wackestone facies are stratigraphically significant for inter-
preting longer-term accommodation trends.
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Fi6. 8.— Stratigraphic cross section C—C' of HES 2 from Plowman Ridge, see Figures 5 and 7 for location. High-frequency sequence 2 is composed of 14
high-frequency cycles organized into 4 composite cycles (2A, 2B, 2C, and 2D). Datum is top of cycle 8, maximum flooding event.

Mudstone and Skel-Peloid Wackestone

Carbonate mudstone and skel-peloid wackestone facies (Table 1)
occur locally. True mud-supported fabrics are uncommon in the
Grayburg and a relict peloid-supported fabric is usually evident. Mud-
supported fabrics record low-energy settings but otherwise provide little
direct evidence of depositional environment; consequently, this facies
probably records more than one depositional setting. Admixed skeletal
material, including crinoids and fusulinids, in outer-platform skel-peloid
wackestones suggest proximity to open marine conditions. In platform
interior locations, carbonate mudstone is associated with tepee—pisolite—
fenestral and algal-laminated facies, implying a restricted shallow subtidal
to peritidal environment.

Skel-Peloid and Pel-Ooid Mud-Dominated Packstone

Skel-peloid and pel-ooid mud-dominated packstone (Table 1,
Fig. 10B) is the most abundant carbonate facies in the study area
(Fig. 7). Carbonate mud and compacted pseudomatrix completely
occlude interparticle pore space. Because of bioturbation, compaction,
and dolomitization, peloids can be difficult to distinguish from mud
matrix.

The interparticle carbonate mud, admixed crinoids and fusulinids, and
the extensive biotic reworking indicate a low-energy subtidal environ-
ment. This facies records dominantly quiet-water deposition below fair-
weather wave base on the middle ramp, and/or a restricted setting
protected by seaward ramp-crest shoals.

Pel-0oid Grain-Dominated Packstone

Pel-ooid grain-dominated packstones (Table 1) are grain-supported
rocks that contain minor amounts of carbonate mud; ooids (150 to
400 um) and peloids (60 to 150 um) are the dominant grain type
(Fig. 10D). Cross-stratification is poorly developed or absent. Carbonate
mud partially occludes interparticle pores. Grain-dominated packstone
lies stratigraphically above skel-peloid and pel-ooid mud-dominated
packstone facies and is overlain by ooid grainstone. Grain-dominated
packstone passes basinward into skel-peloid and pel-ooid mud-domi-
nated packstone facies and grades landward into ooid grainstone.

Pel-ooid grain-dominated packstone facies record shoaling into
a relatively higher energy environment. Grain-supported fabrics with
minor amounts of interparticle mud record a well-winnowed depositional
setting, the admixed carbonate mud may have been introduced by
bioturbation, which obscured or destroyed primary current stratification.
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Fic. 9.—Stratigraphic cross section D-D’ of HFS 2 from West Dog Canyon, 1 km across depositional strike from Plowman Ridge; location indicated on Figure 5.
Section is generally dip-oriented, however, outcrop exposures along the canyon meanders cause various segments of the cross section to differ in their orientation relative

to depositional dip. Datum is top of cycle 8, maximum flooding event.

Qoid Grainstone

Ooid grainstone (Table 1, Figs. 10C, E, B) facies are especially
abundant in HFS 2, both in outcrop (Fig. 7) and in the subsurface.
Well-sorted ooid grains are 150 to 400 um in diameter (Fig. 10F). Ooid
grainstones are characterized by current stratification features, described
in Table 1. The lower contact of ooid grainstones is gradational with
underlying pel-ooid grain-dominated packstones, gradational to abrupt
with underlying skel-peloid and pel-ooid mud-dominated packstones and
quartz sandstones, and abrupt with underlying fusulinid—peloid mud-
dominated packstone-wackestone facies. The upper contact of ooid
grainstone facies is generally sharp, except where it grades upward into
overlying tepee—pisolite—fenestral and algal-laminated facies.

Ooid grainstones form sheet-like bodies or channel-form units. Sheet-
like bodies consist of stacked medium to thick beds that are amalgamated
into successions up to 4 meters thick. Cross strata predominantly dip
basinward whereas contacts between individual stacked beds dip land-
ward. These units are laterally continuous for up to 1 km or more. For
example, the grainstone body in Grayburg HFS 2 high-frequency cycle 12
(Fig. 13) is oriented parallel to depositional strike and is laterally
continuous for at least 1000 meters across strike and more than
1200 meters along dip. These amalgamated grainstone units locally are
interrupted by thin (less than 0.3 meters thick) intervals of bioturbated

pel-ooid grain-dominated packstone and skel-peloid and pel-ooid mud-
dominated packstone, some of which exhibit lateral continuity of a few
hundred meters (Fig. 8) forming potential internal reservoir baffles.

Grainstone channels are up to 4.5 meters thick, with sharp erosional
bases that downcut underlying strata (Fig. 11C). The channels are up to
several hundred meters wide, oriented parallel to depositional dip
(Fig. 14), and extend for at least thousands of meters in a dip direction.
Syndepositional relief is at a maximum in these high-energy channels and
bars; individual large-scale bedforms have up to 3 to 5 meters of relief
from topset to toeset.

Ooid grainstones are interpreted to record high-energy conditions
above fair-weather wave base. Ooid grainstones are stratigraphically
significant because they are a sensitive indicator of high-energy, shallow-
water deposition on the ramp crest and their distribution through
successive high-frequency cycles reflects longer-term accommodation
trends.

Tepee-Pisolite-Fenestral and Algal-Laminated Facies

Tepee—pisolite—fenestral and algal-laminated facies (Table I,
Figs. 10G, H, 11A), described by Tye (1986) occur throughout the
Grayburg. Although they form successions up to 5.5 meters thick, they
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commonly exhibit poor lateral continuity (less than several hundred
meters). These facies grade landward into skel-peloid and pel-ooid mud-
dominated packstone and basinward into pel-ooid grain-dominated
packstone and ooid grainstone. Tepee—pisolite—fenestral and algal-
laminated facies are locally interbedded with skel-peloid and pel-ooid
mud-dominated packstone, pel-ooid grain-dominated packstone, ooid
grainstone, and quartz sandstone. The upper bounding surface of the
tepee—pisolite—fenestral and algal-laminated facies typically is sharp
(Fig. 11A) and displays local erosional truncation and small-scale karst
(Fig. 12G). This facies is abruptly overlain by fusulinid—peloid mud-
dominated packstone-wackestone, skel-peloid and pel-ooid mud-dom-
inated packstone, pel-ooid grain-dominated packstone, ooid grainstone,
or quartz sandstone.

Tepee structures, pisolites, fenestrae, desiccation cracks, and sheet
cracks are associated with subaerial exposure in an upper peritidal to
supratidal setting (Tye 1986). Botryoidal aragonite cements attest to an
evaporative marginal marine environment. Tepee-pisolite-fenestral and
algal-laminated structures overprint precursor sediments, including skel-
peloid and pel-ooid mud-dominated packstone, pel-ooid grain-dominat-
ed packstone, ooid grainstone, and quartzose carbonate. These structures
are best developed at the top of these units, grading downwards into more
diffuse, poorly defined structures.

Thick accumulations of tepee-pisolite—fenestral and algal-laminated
facies on the ramp crest represent grainstone and packstone shoals that
formed paleohighs that were subsequently overprinted by marine vadose
diagenesis. Interbedded grainstone and packstone beds attest to flanking
subtidal facies. Tepee—pisolite—fenestral and algal-laminated facies are
stratigraphically significant because they record platform aggradation to
intertidal and supratidal environments and thus are an indicator of
longer-term accommodation trends. Erosional truncation and small-scale
karst at the tops of these units record subaerial exposure. Where these
unconformable surfaces are abruptly overlain by transgressive outer-
ramp fusulinid-peloid mud-dominated packstone and wackestone facies,
this abrupt landward facies tract offset is interpreted to delineate the
transgressive portion of the ensuing cycle.

Quartz Sandstone and Mixed Siliciclastic—Carbonate Facies

Siliciclastics in the Grayburg (Table 1) are represented by quartz
sandstone, quartzose dolomite, and dolomitic sandstone. Quartz sand-
stones and mixed siliciclastic—carbonate facies contain coarse quartz silt
to very fine- to medium-grained quartz sand, minor feldspar grains, and
variable admixtures of dolomitized carbonate material (Fig. 12E, F).
Siliciclastic fines (fine silt to clay) are absent. A wide range of sediment-
ary structures is observed (Table 1), including trough cross-laminat-
ion (Fig. 12A), large-scale accretionary foresets (Fig. 12B), burrowing
and bioturbation, millimeter-scale wavy to crinkly algal lamination
(Fig. 12C), and polygonal desiccation cracks (Fig. 12D).

Siliciclastic—carbonate admixtures range from less than 10 percent to
more than 90 percent quartz sand. Quartz sandstones, as designated in

this study, contain more than 60 percent quartz sand; the carbonate
content and sedimentary structures were used to modify their description.
Mixed siliciclastic-carbonate rocks containing less than 30 to 40 percent
quartz sand were classified according to their carbonate depositional
texture and major carbonate grains.

Quartz sandstone units typically are laterally continuous for several
kilometers and form prominent marker beds that can be easily traced and
correlated throughout the study area. This lateral continuity is
comparable to analogous sandstone units in the Yates and Tansill
formations in the Guadalupe Mountains (Borer and Harris 1989;
Candelaria 1989). In the subsurface Grayburg (of South Cowden Field),
siltstone and sandstone beds can be correlated throughout most of the
15 km? field area (Ruppel and Bebout 2001).

The very fine to medium sand size, the good sorting, the well-rounded
medium-size quartz sand grains, and the mineralogical maturity implies
that the siliciclastic fraction was transported by wind during sea level
lowstands (Fischer and Sarnthein 1988). Evidence for subaerial exposure
in subjacent facies includes tepee—pisolite—fenestral and algal-laminated
fabrics, karst (Fig. 12H), mantling regolith breccias, and quartz sand-
filled grikes. Shallow marine reworking of wind-transported quartz sands
is indicated by channels, trough cross-lamination (Fig. 12A), bioturba-
tion, and by admixed skeletal grains, ooids, peloids, and carbonate mud
(Fig. 12F). Quartz sandstones and mixed siliciclastic-carbonate facies are
stratigraphically significant because they record sea-level lowstands and
subsequent transgression and are useful to interpret longer-term
accommodation trends.

STRATIGRAPHIC HIERARCHY

The three levels of stratigraphic hierarchy (high-frequency cycles,
composite cycles, and high-frequency sequences) within the Grayburg
composite sequence are defined from a dip-oriented cross section by: (1)
transgressive-regressive facies relationships; (2) facies stacking patterns in
successive high-frequency cycles; (3) evidence of subaerial exposure (e.g.,
unconformities or paleokarst) at the tops of cyclic successions; and (4)
abrupt vertical facies tract offsets at the transgressive base of each high-
frequency sequence. This stratigraphic organization cannot be defined
adequately by using vertical facies successions or high-frequency cycle
thickness stacking patterns from an individual vertical section alone.
Moreover, the significance of many stratal surfaces cannot be determined
from a single vertical section, but rather it is the lateral continuity and
variable expression (e.g., local paleokarst development) of these stratal
surfaces across different facies tracts that define their relative importance.
After the stratigraphic relationships and hierarchy are defined for an area,
however, they can be readily recognized in additional sections, which can
then be correlated into the stratigraphic framework.

High-Frequency Cycles

Grayburg high-frequency cycles are 0.5 to 10 m thick, upward-shoaling
facies successions. A thin transgressive lag, composed of reworked

«—

Fic. 10.— A) Outcrop photograph of fusulinid-peloid mud-dominated packstone with abundant fusulinid molds. Knife is approximately 8 cm long. B)
Photomicrograph of peloid mud-dominated packstone. Scale bar = 500 um. Core plug helium porosity = 1.0%, air permeability = 0.01 md. C) Outcrop photograph
of high-frequency cycle 10 in Grayburg HFS 2. Cycle base is bioturbated ooid-peloid mud-dominated packstone (lower arrow). This grades upward into less intensely
bioturbated peloid-ooid grain-dominated packstone (middle arrow). Cycle is capped by cross-stratified ooid grainstone (upper arrow). D) Photomicrograph of pel-ooid
grain-dominated packstone. Scale bar = 500 um. Interparticle pore space is largely occluded by carbonate mud and cement. Core-plug helium porosity = 1.9%, air
permeability = 0.01 md. E) Outcrop photograph of high-frequency cycle 12 in Grayburg HFS 2. Bioturbated dolomitic sandstone at cycle base is abruptly overlain by
cross-stratified ooid grainstone, which caps cycle. F) Photomicrograph of ooid grainstone. Scale bar = 500 um. Primary interparticle pore space accounts for high
porosity and permeability. Core-plug helium porosity = 12.0%, air permeability = 25.6 md. G) Outcrop photograph of laminar fenestral dolomite near top of
Grayburg HFS 1. H) Photomicrograph of tepee—pisolite—fenestral facies. Scale bar = 2 mm. Matrix consists of pisoids, pelleted (microbial?) mud, and mud with a clotted
fabric. Interparticle, fenestral, and early fracture pores are nearly completely occluded by fibrous to inclusion-rich, early marine cement. Core-plug helium
porosity = 1.0%, air permeability = 0.01 md.
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sediment and intraclasts from the underlying cycle, occurs at the base of
some high-frequency cycles. Grayburg high-frequency cycles typically are
asymmetric, consisting of basal low-energy, carbonate mud-rich, biotur-
bated facies succeeded by more proximal facies. Some high-frequency
cycle tops display in situ breccias, sand-filled grikes, paleokarst (Fig. 12G,
H), desiccation cracks (Fig. 12D), and erosional truncation. Cycle tops
typically are abruptly overlain by low-energy facies at the base of the
ensuing cycle.

Grayburg high-frequency cycles exhibit diverse facies, facies propor-
tions, sedimentary structures, and bounding stratal surfaces. Within
a single high-frequency cycle, the component lithofacies and facies
proportions may vary significantly at different locations along the
depositional profile. For example, in high-frequency cycles 4 and 5
(Figs. 8, 9) carbonate-dominated facies at one location pass laterally into
equivalent, mixed carbonate-siliciclastic facies, which, in turn, grade
laterally into siliciclastic-dominated facies.

In a low-accommodation, shallow-water setting landward of the
platform margin, high-frequency cycles typically are asymmetric, with
abrupt bases of low-energy, mud-rich, bioturbated facies that reflect
maximum flooding followed by successively more proximal facies due to
aggradation as sediment infilled accommodation. Fully aggraded high-
frequency cycles are capped by peritidal facies. High-frequency cycles are
capped by abrupt stratal surfaces that indicate a period of nondeposition,
erosion, and/or subaerial exposure prior to transgression by the ensuing
cycle.

The preservation potential of high-frequency cycles reflects long-term
accommodation, constituent lithology, and the depositional environment
of transgressive facies in the overlying cycle. High-frequency cycles
deposited during periods of low accommodation are less likely to be
preserved due to sediment reworking in an accommodation-limited
setting. High-frequency cycles composed of carbonate are more likely to
be preserved, because carbonates tend to be indurated by early
cementation during subaerial exposure. High-frequency cycles composed
of quartz sandstone are less likely to be preserved, because unconsoli-
dated quartz sand is readily reworked by burrowing organisms and
currents during the ensuing transgression. For example, anomalously
thick successions (up to 10 m) of massive quartz sandstone that display
no internal vertical facies successions may reflect amalgamation of several
vertically stacked cycles. High-energy tidal channel and shoal facies tracts
are more likely to rework underlying sediments of the subjacent high-
frequency cycle than overlying low-energy, distal facies.

Representative end-member high-frequency cycle types from a mea-
sured section on Plowman Ridge (PR-2) are illustrated in Figure 15.

Sandstone-Dominated High-Frequency Cycles.—The base of these cycles
is composed of bioturbated quartz sandstone, with admixed carbonate,
including mud, peloids, fusulinids, and other skeletal grains. In one
example (Fig. 15A), bioturbated sandstone passes upward into trough
cross-stratified sandstone, which is capped by wavy-laminated dolomitic
sandstone. Some sandstone-dominated high-frequency cycles are capped
by algal stromatolites (Fig. 12C). Erosional truncation, breccias, and
desiccation cracks (Fig. 12D) cap some high-frequency cycles.

Bioturbated quartz sandstones with admixed carbonate mud, grains,
and skeletal material record reworking of eolian quartz sands (e.g.,
Fischer and Sarnthein 1988) in a low-energy subtidal setting. Trough

cross-stratified sandstones indicate aggradation (or a fall in relative sea
level) into a high-energy shallow subtidal environment. Accommodation
infilling to a peritidal environment is evidenced by wavy to crinkly
laminated sandstones that reflect binding by algal mats and by local
fenestrae and pisoids. Desiccation cracks and breccias capping some high-
frequency cycles attest to subaerial exposure.

Some sandstone-dominated high-frequency cycles do not exhibit a well-
defined, upward-shoaling trend, for example, sandstone units composed
entirely of bioturbated massive sandstone. In such cases, the existence of
internal cyclicity must be inferred from the depositional model. For
example, a thick, laterally continuous bed of quartz sandstone above
a carbonate unit implies a fall in relative sea level and eolian transport of
quartz sand prior to subtidal reworking during the ensuing transgression.

Mixed Carbonate-Sandstone High-Frequency Cycles.—These cycles
typically contain basal quartz sandstones or dolomitic quartz sandstones
that grade upward into carbonate-dominated lithologies. In one example
(Fig. 15B), the cycle base consists of bioturbated quartz sandstone with
fusulinids. This is succeeded by dolomitic sandstone with increasingly
abundant admixed carbonate grains that grades upward into a quartzose
pel-ooid grain-dominated packstone. The top of this high-frequency cycle
is a quartzose cross-stratified ooid grainstone. Another example of
a mixed carbonate-sandstone high-frequency cycle (Fig. 10E) shows
bioturbated quartz sandstone abruptly overlain by an ooid grainstone.
Some mixed carbonate-sandstone high-frequency cycles are capped by
algal-pisoliticfenestral quartzose facies with intraclasts and pisoids.
High-frequency cycle tops locally display small-scale karst, grikes, and
erosional truncation.

In mixed carbonate-sandstone high-frequency cycles, the carbonate
fraction typically becomes increasingly dominant upwards, interpreted to
reflect diminishing siliciclastic influx as sea level rose and in situ carbonate
production increased. High-frequency cycles capped by peritidal facies
fully aggraded to intertidal and supratidal depositional environments.
Small-scale karst and grikes record subaerial exposure.

Carbonate-Dominated High-Frequency Cycles.—These cycles typically
have skel-peloid and pel-ooid mud-dominated packstone facies with
intense bioturbation at the base. Skeletal grains are locally abundant.
These mud-rich facies pass upward into better sorted, grain-dominated
packstone and grainstone. Burrowing decreases upward as current
stratification becomes increasingly dominant. An example of this type
of high-frequency cycle (Figs. 10C, 15C) shows bioturbated mud-rich
facies succeeded by pel-ooid grain-dominated packstone which grades
upward into trough and accretionary cross-stratified ooid grainstone.
Fully aggraded carbonate-dominated high-frequency cycles are capped by
peritidal facies.

Skel-peloid and pel-ooid mud-dominated packstone facies at the cycle
base record a low-energy, subtidal setting during flooding. Fusulinids and
pelmatozoans attest to an open marine environment. Carbonate mud
content decreases upward, and the transition from pel-ooid grain-
dominated packstone to overlying grainstones with trough and accre-
tionary cross-stratification reflects increasingly higher energy deposition.
Fully aggraded tidal flat-capped high-frequency cycles record supratidal
environments; local subaerial exposure is evidenced by small-scale karst
and grikes.

«—

FiG. 11.—A) Outcrop photograph of HFS 2 sequence boundary on Plowman Ridge. Top of staff marks abrupt contact between underlying laminar fenestral facies and
overlying transgressive fusulinid—peloid mud-dominated packstone. Staff in 0.3048 meter increments. B) Outcrop photograph of HES 2 sequence boundary 100 meters
basinward (south) of photograph shown in part A. At this outer-ramp crest location, a 4.5 meter-thick, cross-stratified ooid grainstone unit (brown, geologist sitting near
base) is erosionally truncated and is abruptly overlain by gray bioturbated fusulinid-peloid mud-dominated packstone. C) Outcrop photograph of intraclast-ooid
grainstone channel. Dashed line indicates erosional base; up to 3 meters of erosional downcutting occurs in underlying quartz sandstones.
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Composite Cycles

Composite cycles (4 to 12 meters thick) consist of two or more high-
frequency cycles arranged into intermediate-scale, transgressive-regres-
sive successions (Figs. 8, 9). At the base of each composite cycle, facies
typically consist of fusulinid-peloid or skel-peloid mud-dominated
packstone with admixed quartz sand or fossiliferous quartz sandstone.
High-frequency cycles in the upper portion of composite cycles contain
increasing proportions of more proximal facies, including ooid grainstone
and fenestral-pisolite and algal-laminated facies (Figs. 8, 9). Small-scale
karst locally caps the composite cycles.

Composite cycles subdivide the high-frequency sequences into in-
termediate-scale cyclic successions within the longer-term accommoda-
tion trend imposed by the high-frequency sequences. Transgressive facies
at the base of the composite cycles are succeeded by more proximal ooid
grainstone and fenestral-pisolite and algal-laminated facies, interpreted
to represent successive infilling of accommodation to shallow subtidal
and peritidal environments. Local karst records subaerial exposure
following deposition. For many composite cycles, however, the landward
facies tract offset at the transgressive base of the overlying composite
cycle is the defining aspect of the composite cycle top. This landward
facies-tract offset is greater in magnitude than that for high-frequency
cycles within the composite cycle.

In the subsurface with widely spaced well control, it can be difficult to
identify and correlate individual high-frequency cycles, whereas compos-
ite cycles can be more readily recognized. For example, the high-
frequency cycle tops within the composite cycle are less well developed
than the tops of the composite cycles. In the study area, high-frequency
cycles are best developed on the ramp crest. Off the crest, high-frequency
cycles may become less well developed so that the composite cycle may be
the smallest stratigraphic unit that can be recognized and correlated.
Composite cycles also are useful chronostratigraphic units where cycle
amalgamation has occurred. Amalgamation is restricted to high-
frequency cycles within a composite cycle, and cycle amalgamation does
not occur across composite cycle boundaries, retaining the integrity of
these chronostratigraphic surfaces.

High-Frequency Sequences

Grayburg high-frequency sequences recognized by this study follow the
definition of Mitchum (1977) and Mitchum and Van Wagoner (1991).
Because the Grayburg accumulated landward of the shelf margin (Fig. 4),
sequences consist of a transgressive systems tract separated by a maxi-
mum flooding surface from the highstand systems tract. Except for the
lowermost Grayburg, which onlaps the San Andres shelf margin, the
high-frequency sequences do not display diagnostic stratal terminations
(e.g., onlap, offlap, and toplap) due to limited accommodation in the
relatively flat-lying, shallow-water setting (Fig. 7). The Grayburg high-
frequency sequences are primarily recognized from facies stacking
patterns in successive high-frequency cycles. Each high-frequency
sequence contains at its base an unconformity, overlain by a retro-
gradational succession of high-frequency cycles, succeeded by an

aggradational to progradational succession of high-frequency sequences,
and capped by an unconformity.

Stratigraphically significant facies for interpreting the accommodation
trends of the high-frequency sequences include: (1) fusulinid-peloid mud-
dominated packstone-wackestone facies, which record transgression and
maximum water depths; (2) ooid grainstones, which indicate aggradation
to a shallow-water, high-energy setting; (3) tepee—pisolite—fenestral and
algal-laminated facies, which document platform aggradation to in-
tertidal and supratidal environments; and (4) quartz sandstones and
mixed siliciclastic-carbonate facies, which represent eolian transport
during sea-level lowstands and subsequent subtidal reworking during
transgression.

Unconformity-related subaerial exposure is directly indicated by
paleokarst and grikes and can be inferred from overlying lowstand-
transported quartz sands. An abrupt landward facies-tract offset over-
lying an unconformity is one of the more diagnostic features of the
sequence boundary. For example, at the base of HFS 2 (Fig. 8),
transgressive fusulinid-peloid mud-dominated packstone-wackestone
facies overlie karsted tidal flat facies of underlying HFS 1, defining the
lower sequence boundary.

We interpret four high-frequency sequences (HFS 1-4), each 30 to
45 meters thick, in the Grayburg Formation (Fig. 7). Correlation of our
stratigraphic framework with previous studies that subdivide the Gray-
burg into 2 sequences (Kerans et al. 1992; Kerans et al. 1993) indicates that
our Grayburg HFS 1 and 2 are equivalent to their Guadalupian HFS 14
and our Grayburg HFS 3 and 4 are correlative with their Guadalupian
HES 15. Given that the Grayburg composite sequence is approximately
1 Myr in duration (Ross and Ross 1987), the four Grayburg high-
frequency sequences may correspond to fourth-order depositional cycles
(sensu Goldhammer et al. 1990). The four Grayburg sequences are thought
to be equivalent to the four sequences interpreted from the subsurface
Grayburg, for example, in Maljamar Field on the northern shelf of
the Delaware Basin (Modica 1997) and on the Central Basin Platform
in South Cowden Field (Ruppel and Bebout 2001), North Cowden
Field (Entzminger et al. 2000), and Foster Field (Kerans, personal
communication 1995). These regional correlations suggest that the
Grayburg high-frequency sequences represent intermediate-scale cyclicity
in relative sea level superimposed on the longer-term accommodation
trend recorded by the third-order Grayburg composite sequence (Fig. 6).

GRAYBURG STRATIGRAPHIC AND FACIES ARCHITECTURE
Grayburg HFS 1

Description.—The lowermost Grayburg onlaps the San Andres
Formation (Fig. 7) and consists of skeletal-rich quartz sandstones and
quartzose carbonates that are trough cross-stratified or bioturbated.
These subtidal facies cap high-frequency cycles, with local paleokarst and
grikes occurring at the cycle tops. At the top of HFS 1, laterally extensive
algal-laminated and fenestral-pisolite facies (Figs. 8, 9) are succeeded by
an erosional surface with local paleokarst (Fig. 12G). The isopach map
for this interval (Fig. 16) displays a basinward increase in thickness.

«—

Fic. 12.—A) Outcrop photograph of quartz sandstone with small-scale trough cross-stratification. B) Outcrop photograph of quartz sandstone with large-scale
accretionary foresets interpreted to be relict eolian dune. C) Outcrop photograph of wavy to stromatolitic algal laminae in dolomitic sandstone near top of high-frequency
cycle. Knife handle is approximately 8§ cm long. D) Outcrop photograph of polygonal desiccation cracks in dolomitic sandstone filled with siliciclastic silt and carbonate
mud near top of high-frequency cycle. E) Photomicrograph of well-sorted quartz sandstone. Scale bar = 500 pum. Sediments consist of fine- to medium-grained, rounded
to well-rounded, detrital quartz sand and minor peloids. Cements consist of dolomite, quartz overgrowths, and late calcite (stained pink). Porosity includes primary
interparticle moldic pores (probably leached feldspar grains). Core-plug helium porosity = 6.1%, air permeability = 1.93 md. F) Photomicrograph of quartzose ooid
grainstone with very fine- to fine-grained quartz sand. Scale bar = 500 um. G) Outcrop photograph of quartzose fenestral dolomite at top of Grayburg HFS 1 cut by
karst dissolution dolines infilled by fusulinid-peloid mud-dominated packstone that delineates onset of transgression for HFS 2. H) Outcrop photograph of karsted cross-
stratified ooid grainstone at top of Grayburg HFS 1 (white arrows). Up to 0.7 meters of relief exists; this surface is overlain by quartz sandstone at the base of HFS 2.
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TABLE 1-—Summary of lithofacies descriptions.

Contacts other features

Sedimentary structures

Grain types

Bedding characteristics

Facies

Abrupt lower contact, upper contact

Bioturbation

Peloid matrix, fusulinids (10-40%), crinoids, mollusks,

Massive to bioturbated,

Fusulinid-peloid mud-

abrupt to gradational

quartz silt and very fine to fine grained quartz sand

recessive weathered beds

0.5-3 m thick
Massive to bioturbated,

dominated packstone and

wackestone
Mudstone and skel-peloid

Abrupt lower contact upper contact

Bioturbation

Mollusks, peloids, crinoids, dasycladaceans, fusulinids

gradational

(< 10%)

recessive weathered beds

0.2-1.5 m thick
Massive to bioturbated,

wackestone

Lower contact abrupt to gradational

Bioturbation, local faint parallel lamination

Peloids, ooids, crinoids, mollusks, fusulinids (< 10%),

Skel-peloid and pel-ooid

upper contact gradational or

abrupt
Gradational upper and lower

quartz silt and very fine- to fine-grained quartz sand

resistant ledge forming
beds 0.3-10 m thick
Massive to bioturbated,

mud-dominated packstone

Bioturbation, local relict cross-stratification

Ooids, peloids, crinoids, intraclasts, quartz silt and very

Pel-o0id grain-dominated

contacts

fine- to fine-grained quartz sand

resistant ledge forming
beds 0.3-1.5 m thick
Massive resistant cliff-

packstone

Beds amalgamated, lower contact

Trough cross-stratification, sheet stratification,

Ooids, peloids, intraclasts, crinoids, fine- to medium-

Ooid grainstone

gradational or abrupt, upper

contact abrupt
Gradational lower contact, abrupt

accretionary bedding, channels

grained quartz sand

forming units up to 5 m

thick
Tepee-pisolite-fenestral and Resistant cliff-forming units Pisoids, peloids, pelleted sediment, ooids, intraclasts, very

Tepees, fenestrae, algal laminations desiccation
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upper contact
Beds amalgamated, abrupt lower

cracks, aragonite-cemented sheet cracks
Massive and bioturbated, trough- and ripple cross-

fine- to medium-grained quartz sand
Very fine- to medium-grained quartz sand, minor feldspar,

up to 6 m thick

algal-laminated facies
Quartz sandstone and mixed Recessive, slope-forming

contact, gradational to abrupt

upper contact

stratification, accretionary foresets, plane parallel

lamination, small-scale channels, fenestrae,

mm-scale wavy algal lamination

medium sand grains are well rounded, very fine and fine

sand grains are angular, ooids, peloids, fusulinids,

crinoids, intraclasts, pisoids

units, 0.3-10 m thick

siliciclastic-carbonate facies

Interpretation.—Grayburg onlap onto the San Andres Formation
represents a third-order sequence boundary (Sarg and Lehmann 1986).
Abundant quartz sand in the lower Grayburg reflects eolian siliciclastic
influx during subaerial exposure of the San Andres Formation. High-
frequency cycles capped by subtidal facies with subaerial exposure
features are interpreted to have been stranded by cyclic falls in relative sea
level (e.g., Rankey et al. 1999). The first widespread carbonate-dominated
unit is interpreted to represent maximum flooding. Algal-laminated and
fenestral-pisolite facies near the top of HFS 1 record aggradation to an
upper peritidal to supratidal setting. The erosional surface with local
paleokarst at the top of HFS 1 is a sequence boundary that was
subsequently transgressed by the base of HFS 2.

The onlapping geometries of lowermost Grayburg strata indicate that
the basinward-thickening trend reflects depositional relief on the
seaward-dipping top of the San Andres platform. Antecedent topography
was infilled by the end of HFS 1, as evidenced by well-developed peritidal
to supratidal facies at the top of HFS 1 and by the relatively uniform
thickness of overlying HFS 2 (Fig. 17).

Grayburg HFS 2

Detailed stratigraphic analysis focused on Grayburg HFS 2 because
this interval contains grain-dominated packstone and grainstone facies of
interest in reservoir characterization due to their high porosity and
permeability. The stratigraphic succession is similar for the Plowman
Ridge and West Dog Canyon locations, although they display differences
in facies and high-frequency cycle development (Figs. 8, 9). These
disparities reflect the slightly different platform location and depositional
variability along strike.

Transgressive Systems Tract: Description.—The base of HFS 2 (Figs. 8,
9) is a fusulinid—peloid mud-dominated packstone-wackestone to
fusulinid-bearing dolomitic sandstone. Quartz sand is abundant in the
lower TST. Incised channels are common; the largest occurs in West Dog
Canyon where algal-laminated and fenestral-pisolite facies are downcut
4.5 meters (Fig. 9). This channel (Fig. 11C) contains ooid-intraclast
grainstone with sigmoidal and herringbone cross-stratification and is
oriented parallel to depositional dip (Fig. 14).

Fusulinid—peloid mud-dominated packstone-wackestone facies in
successive high-frequency cycles display retrogradational relationships
and are ultimately succeeded by a widespread unit of this facies (Figs. 8,
9).

Transgressive Systems Tract: Interpretation.—Fusulinid-rich facies at
the base of HFS 2 represent an abrupt landward shift in deposition above
karsted peritidal facies in HFS 1. Abundant quartz sand reflects high
siliciclastic influx during sea-level lowstands; continued transgression
eventually restricted siliciclastic influx. The abundant incised channels
and well-developed sigmoidal and herringbone cross-stratification docu-
ment a tidal influence.

The ooid-intraclast grainstone-filled channel (Figs. 11C, 14) is
representative of grainstone facies architecture in the transgressive
systems tract. These grainstone bodies typically retain their initial
depositional morphologies and were not extensively reworked. De-
velopment of ooid bars and tidal channels is comparable to that observed
in Holocene carbonates in the Joulters Cay area of the Bahamas (Harris
et al. 1993). The transgressive systems tracts exhibit the greatest lateral
heterogeneity of grainstone bodies, many of which formed dip-elongate
channels and bars (Harris et al. 1993). This heterogeneity reflects the tidal
setting that dominated during initial transgression, in which ooids were
produced and accumulated along dip-oriented tidal channels and bars.
Rapid increase in accommodation associated with rising relative sea level
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resulted in high preservation potential for these dip-elongate grainstone
bodies.

Landward-stepping fusulinid—peloid mud-dominated packstone facies
in the late TST record continued transgression, which culminated in
deposition of a widespread unit of this facies during maximum flooding in
HFS 2 (Figs. 8, 9).

Highstand Systems Tract: Description.—High-frequency cycles in the
upper portion of HFS 2 are capped by ooid grainstone beds (Figs. 8, 9)
up to 4 meters in thickness. The ooid grainstones display dominantly
south-dipping accretionary foresets, whereas the contacts between
successive stacked beds dip towards the north. The grainstones contain
minor amounts of admixed quartz sand.

These grainstone bodies are oriented parallel to depositional strike.
For example, the ooid grainstone body in high-frequency cycle 12 attains
a maximum thickness of 4.3 meters and forms a strike-elongate shoal

10

18

22

Fi. 13.—Isopach map of ooid grainstone
unit in HFS 2 high-frequency cycle 12 (HST) at
Plowman Ridge and West Dog Canyon. The
measured sections indicated by dots and the
continuous outcrop exposures between measured
sections were used to generate map. Township
anbTEc and range lines from Figure 5.

(Fig. 13). The shoal has a dip width of more than 1200 meters and
extends for at least 1000 meters across strike.

Tepee-—pisolite-fenestral and algal-laminated facies near at the top of
HFS 2 (Fig. 11A) are capped by an erosional surface with local
paleokarst. This surface is overlain by fusulinid-peloid mud-dominated
packstone-wackestone facies at the base of HFS 3 (Fig. 11A, B). The
isopach map for HFS 2 (Fig. 17) indicates minor (< 3 meters) variation
in thickness.

Highstand Systems Tract: Interpretation.—The ooid grainstones record
a high-energy, ramp-crest environment and are interpreted to represent
aggradation to shallow subtidal conditions. Strike-parallel ooid grain-
stones that are laterally continuous (hundreds of meters to 1 km) along
dip and across strike reflect reworking, coalescence, and amalgamation of
ooid grainstone bodies in a limited accommodation highstand setting.
South-dipping cross laminae and north-dipping contacts between
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successive stacked beds indicate that the predominant transport direction
was to the south and that the shoals within a high-frequency cycle
amalgamated by migrating southward and climbing atop the preceding
shoal. This is consistent with a northeasterly dominant paleowind
direction (Parrish and Peterson 1988; Parrish 1993, 1995) and suggests
that ooid formation was on the restricted landward side of the ramp crest
where salinities were elevated by evaporation. Highstand ooid grainstones
typically contain little or no admixed quartz sand, suggesting that
communication with the siliciclastic-dominated inner platform was
inhibited by fringing grainstone shoals. This interpretation is consistent
with observations of Holocene carbonates in the Bahamas (Harris et al.
1993), where fringing barrier highstand ooid shoals restrict tidal
circulation with the platform interior.

Tepee—pisolite—fenestral and algal-laminated wackestone and pack-
stone facies near the top of HFS 2 reflect complete infilling of
accommodation. The subaerial exposure surface is interpreted to
represent the upper sequence boundary. This surface is transgressed by
outer-ramp fusulinid-peloid mud-dominated packstone-wackestone fa-
cies at the base of HFS 3.

to generate map. Township and range lines

QABTBI0G from Figure 5.

The isopach map indicates that antecedent relief on the San Andres
platform was largely infilled by the end of HFS 1. Changes in thickness in
HES 2 coincide with the thickness trends in the ooid grainstone bodies and
thus reflect syndepositional relief due to depositional processes such as
sediment production and accumulation on high-energy ramp-crest shoals.

Grayburg HFS 3

Description.—The base of Grayburg HFS 3 is a regionally correlative
interval of fusulinid—peloid mud-dominated packstone-wackestone facies
(Figs. 6, 7). This is the stratigraphically highest occurrence of this facies in
the study area. In more distal locations, such as Shattuck Valley, this
facies persists throughout HFS 3 (Kerans and Nance 1991).

The HFS 3 high-frequency cycles consist of cyclically interbedded
quartz sandstone and mixed siliciclastic-carbonate facies with skel-peloid
and pel-ooid mud-dominated packstone and minor ooid grainstone,
some cycles are capped by tepee—pisolite—fenestral and algal-laminated
facies. We pick the top of HFS 3 immediately above a unit of tepee—
pisolite—fenestral and algal-laminated facies (Figs. 6, 7). This surface is
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Fic. 15.—Examples of end-member high-frequency cycle types (from measured section PR-2) in Grayburg Formation.

abruptly overlain by skel-peloid and pel-ooid mud-dominated packstone
and ooid grainstone at the base of HFS 4.

Interpretation.—The regionally correlative fusulinid—peloid mud-dom-
inated packstone-wackestone unit at the base of HFS 3 records
maximum regional flooding in the Grayburg composite sequence (Kerans
and Nance 1991; Kerans et al. 1992; Kerans et al. 1993; this study); this
event is recognized throughout the Permian Basin in outcrop and
subsurface (e.g., Ruppel and Bebout 2001). The paucity of stratigraphi-
cally higher fusulinid-peloid mud-dominated packstone-wackestone
facies in the study area indicates infilling of long-term accommodation.
High-frequency cycles in HFS 3 are aggradational successions of inner-
ramp to middle-ramp facies. The upper sequence boundary of HFS 3 is
interpreted to be the top of the tepee-pisolite—fenestral and algal-
laminated facies. However, due to limited outcrop exposures of this
interval, this sequence boundary is poorly constrained. This surface is
transgressed by skel-peloid and pel-ooid mud-dominated packstones and
ooid grainstones assigned to the base of HFS 4.

Grayburg HFS 4

Description.—There is poor outcrop control for much of HFS 4 in the
study area (Fig. 6). The limited exposures are dominated by a suite of

relatively restricted, inner-ramp facies, including massive dolomitic quartz
sandstone, skel-peloidal and pel-ooid mud-dominated packstone, and
tepee—pisolite—fenestral and algal-laminated facies. Fusulinid-peloid
mud-dominated packstone-wackestone facies in HFS 4 are rare in
Grayburg strata that accumulated landward of the underlying San
Andres margin (this study; Ruppel and Bebout 2001). In more distal
locations basinward of the San Andres margin, outer-ramp fusulinid—
peloid packstone facies persist to the Grayburg-Queen sequence
boundary (Fekete et al. 1986; Franseen et al. 1989; Kerans and Nance
1991). On Plowman Ridge, the top of the Grayburg Formation is poorly
exposed and is assigned to the top of the uppermost unit of tepee—
pisolite—fenestral and algal-laminated facies that is overlain by recessively
weathered, yellow-brown to pink, thin-bedded sandstones assigned to the
lowermost Queen Formation.

Interpretation.—The suite of restricted, inner-ramp facies and the
paucity of fusulinid—peloid mud-dominated packstone-wackestone facies
are consistent with an interpretation that this interval consists of
dominantly aggradational high-frequency cycles that reflect decreasing
long-term accommodation in the Grayburg composite sequence. In more
basinward locations, outer ramp fusulinid—peloid packstone facies persist
to the Grayburg-Queen sequence boundary, reflecting greater accommo-
dation in more distal outer-ramp locations. Sandstones in the overlying
Queen Formation represent a major basinward shift in depositional facies.
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DISCUSSION

A significant contribution of this study is the detailed facies
distribution with respect to the hierarchical stratigraphy of the high-
frequency sequences, composite cycles, and high-frequency cycles. Critical
facies for interpreting transgressive-progradational aspects of the
accommodation trends include: (1) outer-ramp fusulinid—peloid mud-
dominated packstone-wackestone facies, which record transgression; (2)
ramp-crest ooid grainstones, which represent aggradation and prograda-
tion to high-energy subtidal environments; (3) tepee—pisolite-fenestral
and algal-laminated facies, which indicate aggradation to sea level; and
(4) wind-transported quartz sands, which reflect emergence of the
platform during sea-level lowstands. There are no facies, however, that
are unique to the transgressive or highstand systems tracts. Instead, the
systems tracts and high-frequency sequences are defined by the landward
and seaward shifts in facies distribution, facies stacking relationships, and
bounding flooding surfaces and unconformities.

For example, in HFS 2, quartz sands are most abundant in the
transgressive systems tract (Figs. 8, 9), recording eolian influx of
siliciclastics during prolonged sea-level lowstands and subsequent
reworking during the ensuing transgression. Quartz sand is least

<
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FiG. 16.—Isopach map of HFS 1. In addition
to the measured sections indicated by dots, the
continuous outcrop exposures between sections
were used to generate map.
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abundant in high-frequency cycles associated with maximum flooding,
because widespread transgression restricted siliciclastic influx. Fusulinid—
peloid mud-dominated packstone-wackestone facies occur at the base of
high-frequency cycles in both the transgressive and highstand systems
tracts. This facies displays a retrogradational distribution in the trans-
gressive systems tract, which culminated in deposition of a widespread
unit during maximum transgression. Qoid grainstones are present in both
transgressive and highstand strata; however, grainstones are best
developed in the highstand, where vertically stacked ooid grainstones in
successive high-frequency cycles exhibit progradational relationships.
Tepee—pisolite—fenestral and algal-laminated facies locally cap composite
cycles in both transgressive and highstand systems tracts. In the study
area, this facies is best developed where it occurs at the top of the high-
frequency sequences. For example, in HFS 2, tepee-pisolite-fenestral and
algal-laminated facies cap an overall progradational succession of ooid
grainstone-dominated high-frequency cycles, recording successive infilling
of accommodation, followed by an unconformity development during
sea-level lowstand.

The stratigraphic entities represented by the high-frequency cycle,
composite cycle, and high-frequency sequence are three-dimensional
bodies. Although the hierarchical stratigraphy may be initially interpreted
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from a vertical section, at minimum, a dip-oriented cross-sectional view is
required to fully recognize the hierarchy of stratal surfaces and the
landward and seaward facies shifts that define high-frequency cycles and
the sequence stratigraphic framework. Evaluation of lateral variation
across depositional strike requires information on the shelf orientation
and antecedent topography.

The character of the high-frequency cycles and their component facies
reflects their platform location. Grayburg strata examined by this study
accumulated in shallow-water conditions (0 to 10 meters depth) in
a middle-ramp to ramp-crest setting, 10 km landward of the margin.
High-frequency cycles are less well developed in the more seaward
environments represented by the outer shelf, shelf margin, and foreslope
(Fekete et al. 1986; Franseen et al. 1989). Landward of the study area,
subaerial exposure was more continuous and the interval is dominated by
a suite of restricted inner-shelf facies, including quartz sandstone,
dolomitic sandstone, and tepee—pisolite—fenestral and algal-laminated
facies.

Antecedent topography profoundly influenced facies distribution
within the high-frequency sequences, composite cycles, and high-
frequency cycles. For example, the break in slope induced by the
underlying San Andres shelf margin influenced facies distribution in the
lower Grayburg (HFS 1 and 2). In the lower Grayburg, below the
maximum flooding event in HFS 2, outer-ramp fusulinid-peloid mud-

Fic. 17.—Isopach map of HFS 2 displays less
pronounced basinward thickening than HFS 1.
Local isopach thick in West Dog Canyon
represents depositional relief on a ramp-crest
ooid shoal that developed at this locale. In
addition to the measured sections, the continu-
ous outcrop exposures between sections were
used to generate map.
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dominated packstone-wackestone and mudstone and skel-peloid wack-
estone facies are generally confined to locations seaward of the San
Andres margin. Widespread deposition of a fusulinid—peloid mud-
dominated packstone-wackestone unit during maximum flooding in
HES 2 indicates that the antecedent topography in the study area was
largely infilled by this time, although more subtle topographic variation
continued to influence the location of outer-ramp-crest ooid grainstones
and inner-ramp-crest tepee—pisolite-fenestral and algal-laminated facies
in the HFS 2 highstand. Smaller-scale variation in antecedent topography
caused by depositional processes impacted facies distribution in the high-
frequency cycles and composite cycles. For example, in the transgressive
systems tract of HFS 2, dip-oriented topographic lows and highs created
by channel incision and shoals are maintained in successive high-
frequency cycles within a composite cycle. In the highstand systems tract
of HFS 2, depositional thicks created by ooid grainstone shoals on the
outer ramp crest influence facies distribution in the successive high-
frequency cycle.

Detailed characterization of the facies distribution from the Grayburg
outcrops demonstrates the application of sequence stratigraphic princi-
ples for high-resolution correlation of well-log and core data for
characterization of facies heterogeneity in subsurface reservoirs. The
high-frequency cycles offer the highest resolution correlation unit to
delineate the facies distribution. With widely spaced well data, however,
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recognition and correlation of individual high-frequency cycles becomes
more difficult, whereas the more significant facies tract offsets recorded
by the composite cycles and high-frequency sequences are readily
identified and confidently correlated. This stratigraphic framework then
provides a basis for further interpretation of the smaller-scale accommo-
dation trends and potential correlation of the high-frequency cycles.

Stratigraphic analysis indicates general relationships between strati-
graphic setting, depositional environment, and facies geometry and
lateral continuity. For example, subtidally reworked lowstand quartz
sands form laterally continuous units (more than several kilometers).
Transgressive low-energy carbonates display similar lateral continuity.
Ooid grainstones that accumulated in a transgressive setting formed dip-
elongate tidal channels and bars that are less than a few hundred meters
wide and more than one kilometer in length. Conversely, ooid grainstones
that accumulated under highstand conditions formed strike-elongate
shoals that are laterally continuous along dip and across strike for one
kilometer or more.

Prediction of facies distribution and lateral heterogeneity in areas with
sparse well data requires knowledge of the general trend of the platform
and the relative position within the cyclic hierarchy. Empirical relation-
ships such as those described above between stratigraphic setting, facies
orientation, and lateral continuity can be used to improve subsurface
correlations and better populate facies in 3-D geocellular models based on
limited well data.

SUMMARY

Mixed siliciclastic and carbonate rocks of the Grayburg Formation
accumulated on the shallow-water periphery of the Delaware and
Midland basins. Facies record depositional environments including
outer-ramp, high-energy ramp crest, restricted inner-ramp, and wind-
transported lowstand quartz sandstones. Facies successions display
vertical and lateral relationships that define four hierarchical scales of
sea-level cyclicity.

The entire Grayburg Formation is a composite sequence that records
a third-order cycle in eustatic sea level (Ross and Ross 1987). Grayburg
deposition began with onlap onto the San Andres platform and
culminated with subaerial exposure, followed by a major basinward shift
in facies during deposition of the Queen Formation. The Grayburg
composite sequence contains four high-frequency sequences. Each high-
frequency sequence corresponds to an intermediate-scale cycle in relative
sea level and comprises a retrogradational succession of transgressive
facies overlain by a progradational to aggradational succession of
highstand facies, capped by a sequence boundary. The high-frequency
sequences can be subdivided into composite cycles, intermediate-scale
transgressive-regressive successions that contain several high-frequency
cycles. High-frequency cycles are the smallest-scale, upward-shoaling
facies successions that can be traced laterally across different facies tracts
and are interpreted to represent fifth-order cycles in relative sea level.

Detailed characterization of the Grayburg outcrops demonstrates the
application of sequence stratigraphic principles for high-resolution
correlation and facies mapping, documenting the utility of stratigraphic
analysis to interpret and correlate well-log and core data for character-
ization of geologic heterogeneity in subsurface reservoirs. The high-
frequency cycles form the basic unit for high-resolution chronostrati-
graphic correlation and delineation of facies heterogeneity. High-
frequency cycles, however, may be difficult to confidently correlate using
well data at typical 10 to 40 acre well spacings, whereas the longer-term
accommodation trends and greater facies tract offsets recorded by the
composite cycles and high-frequency sequences allow more confident
chronostratigraphic correlations. These larger-scale correlations then
provide the framework for further interpretation of the smaller-scale

accommodation trends and potential correlation of the constituent high-
frequency cycles.

Because depositional fabrics are well preserved in the dolomitized
carbonates and quartz sandstones of the Grayburg, porosity and
permeability are a function of the original depositional fabric (Lucia
1995) and high-frequency cycles define the basic flow units.

Lateral heterogeneity reflects both larger-scale systematic facies
changes and interwell-scale heterogeneity due to geologic complexity.
Systematic facies changes that reflect primary environmental and/or
depositional controls (e.g., water depth, platform position, accommoda-
tion trends) can be characterized with subsurface data, abetted by
depositional models where data are sparse. Interwell heterogeneity due to
geologic complexity is more difficult to recognize with subsurface data.
Appropriate outcrop analogs provide invaluable information on lateral
facies dimensions and heterogeneity styles that can be utilized to
construct more realistic three-dimensional reservoir models than over-
simplified models based on lithofacies correlations forced between wells
by linear interpolation.

ACKNOWLEDGMENTS

This work was completed while the authors were at the Bureau of
Economic Geology at The University of Texas at Austin. C. Kerans and F.J.
Lucia proposed this study, obtained research support, and contributed to the
ideas and interpretations. The manuscript benefited from reviews by Journal
of Sedimentary Research Associate Editor E.C. Rankey and Co-Editor K.
Milliken, and editorial review by J.B. Southard. Technical reviews by D.L.
Cantrell, M.T. Harris, and E.K. Franseen greatly improved the manuscript;
C.R. Handford and S.P. Dutton reviewed early versions of the manuscript.
J.G. Grubb, M.H. Kwong, K.A. Kempter, and R. Boghici served as research
and field assistants. J.W. Jennings, Jr. evaluated petrophysical heterogeneity
in the Grayburg; this work is described in Jennings (2000). Funding for this
research was provided by the U.S. Department of Energy and by the
Industrial Associates of the Reservoir Characterization Research Laboratory.

REFERENCES

Bascock, J.A., 1977, Calcareous algae, organic boundstones, and the genesis of upper
Capitan Limestone (Permian Guadalupian) Guadalupe Mountains, West Texas and
New Mexico, in Hileman, M.E., and Mazzullo, S.J., eds., Upper Guadalupian Facies,
Permian Reef Complex, Guadalupe Mountains, New Mexico and West Texas:
Permian Basin Section, SEPM, Publication 77-16, p. 3-44.

Borer, J.M., anD Harris, P.M., 1989, Depositional facies and cycles in Yates
Formation outcrops, Guadalupe Mountains, New Mexico, in Harris, P.M., and
Grover, G.A., eds., Subsurface and Outcrop Examination of the Capitan Shelf
Margin, Northern Delaware Basin: SEPM, Core Workshop 13, p. 305-317.

Boyp, D.W., 1958, Permian Sedimentary Facies, Central Guadalupe Mountains, New
Mexico: New Mexico Bureau of Mines and Mineral Resources, Bulletin 49, 100 p.
CANDELARIA, M.P., 1989, Shallow marine sheet sandstones, Upper Yates Formation,
Northwest Shelf, Delaware Basin, New Mexico, in Harris, P.M., and Grover, G.A.,
eds., Subsurface and Outcrop Examination of the Capitan Shelf Margin, Northern

Delaware Basin: SEPM, Core Workshop 13, p. 319-324.

CoFFIN, M., GAHAGAN, L., LAWVER, L., LEE, T.-Y., AND RosSENCRANTZ, E., 1992, Atlas of
Mesozoic/Cenozoic reconstructions (200 Ma to present day) plates: University of
Texas Institute for Geophysics, Technical Report 122, 49 p.

CrowLEY, T.J., AND Baum, S.K., 1991, Estimating Carboniferous sea-level fluctuations
from Gondwana ice extent: Geology, v. 19, p. 975-977.

Duntam, RJ., 1962, Classification of carbonate rocks according to depositional
texture, i Ham, W.E., ed., Classifications of Carbonate Rocks—A Symposium:
American Association of Petroleum Geologists, Memoir 1, p. 108-121.

ENTZMINGER, D.J., FERDINAND, K., LawsoN, D., Loucks, R., MESCHER, P., AND PATTY,
K., 2000, Corrigan-Cowden unit: the next generation, in Reid, S.T., ed., Geo-2000:
Into the Future: American Association of Petroleum Geologists, Southwest Section,
Transactions, West Texas Geological Society, Publication 2000-107, p. 139-159.

Fekete, T.E., FrRanseen, E.K., AND Pray, L.C., 1986, Deposition and erosion of the
Grayburg Formation (Guadalupian, Permian) at the shelf-to-basin margin, western
escarpment, Guadalupe Mountains, Texas, in Moore, G.E., and Wilde, G.L., eds.,
Lower and Middle Guadalupian Facies, Stratigraphy, and Reservoir Geometries, San
Andres-Grayburg Formations, Guadalupe Mountains, New Mexico and Texas:
SEPM, Permian Basin Section, Special Publication 25, p. 69-81.

Fischer, A.G., AND SARNTHEIN, M., 1988, Airborne silts and dune-derived sands in the
Permian of the Delaware Basin: Journal of Sedimentary Petrology, v. 58, p. 637-643.



OUTCROP ANALOG FOR MIXED SILICICLASTIC-CARBONATE RAMP RESERVOIRS 57

FrrcueN, W.M., 1993, Sequence stratigraphic framework of the Upper San Andres
Formation and equivalent basinal strata in the Brokeoff Mountains, Otero County,
New Mexico: New Mexico Geological Society, 44th Field Conference, Guidebook,
Carlsbad Region, New Mexico and West Texas, p. 185-193.

FranseeN, E.K., Fekete, T.E., aND Pray, L.C., 1989, Evolution and destruction of
a carbonate bank at the shelf margin: Grayburg Formation (Permian), western
escarpment, Guadalupe Mountains, Texas, in Crevello, P.D., Wilson, J.L., Sarg, J.F.,
and Read, J.F., eds., Controls on Carbonate Platform and Basin Development:
SEPM, Special Publication 44, p. 289-304.

Garroway, W.E., Ewing, T.E., Garrert, C.M., TYLER, N., AND Besout, D.G., 1983,
Atlas of Major Texas Oil Reservoirs: The University of Texas at Austin, Bureau of
Economic Geology, 139 p.

GorpHAMMER, R.K., Dunn, P.A., aND HarbpIE, L.A., 1990, Depositional cycles,
composite sea level changes, cycle stacking patterns, and the hierarchy of stratigraphic
forcing—examples from platform carbonates of the Alpine Triassic: Geological
Society of America, Bulletin, v. 102, p. 535-562.

GranT, C.W., GoGGIN, D.J., AND HarRIS, P.M., 1994, Outcrop analog for cyclic-shelf
reservoirs, San Andres Formation of Permian Basin: stratigraphic framework,
permeability distribution, geostatistics, and fluid flow modeling: American Associa-
tion of Petroleum Geologists, Bulletin, v. 78, p. 23-54.

GRroTZINGER, J.P., 1986, Cyclicity and paleoenvironmental dynamics, Rocknest
platform, northwest Canada: Geological Society of America, Bulletin, v. 97, p.
1208-1231.

Harris, P.M., Kerans, C., anp Besout, D.G., 1993, Ancient outcrop and modern
examples of platform carbonate cycles—implications for subsurface correlation and
understanding reservoir heterogeneity, in Loucks, R.G., and Sarg, J.F., eds.,
Carbonate Sequence Stratigraphy: American Association of Petroleum Geologists,
Memoir 57, p. 475-492.

Haves, P.T., 1964, Geology of the Guadalupe Mountains, New Mexico: U.S.
Geological Survey, Professional Paper 446, 69 p.

Horak, R.L., 1985, Tectonic and hydrocarbon maturation history in the Permian Basin:
Oil and Gas Journal, v. 83, p. 124-129.

JenNINGs, J.W., Jr., 2000, Spatial statistics of permeability data from carbonate
outcrops of West Texas and New Mexico: implications for improved reservoir
modeling: The University of Texas at Austin, Bureau of Economic Geology, Report
of Investigations 258, 50 p.

JenNiNs, J.W., Jr., RuppeL, S.C., AND WarD, W.B., 2000, Geostatistical analysis of
permeability data and modeling of fluid-flow effects in carbonate outcrops: Society of
Petroleum Engineers, Reservoir Evaluation and Engineering, v. 3, no. 4, p. 292-303.

Kerans, C., anp FrrcueN, W.M., 1995, Sequence hierarchy and facies architecture of
a carbonate-ramp system: San Andres Formation of Algerita Escarpment and
Western Guadalupe Mountains, West Texas and New Mexico: The University of
Texas at Austin, Bureau of Economic Geology, Report of Investigations 235, 86 p.

Kerans, C., anp Nance, H.S., 1991, High-frequency cyclicity and regional depositional
patterns of the Grayburg Formation, Guadalupe Mountains, New Mexico, in
Meader-Roberts, S., Candelaria, M.P., and Moore, G.E., eds., Sequence Stratigraphy,
Facies and Reservoir Geometries of the San Andres, Grayburg and Queen
Formations, Guadalupe Mountains, New Mexico and Texas: SEPM, Permian Basin
Section Publication 32, p. 53-96.

KEeraANs, C., AND TINKER, S.W., 1997, Sequence Stratigraphy and Characterization of
Carbonate Reservoirs: SEPM, Short Course Notes 40, 130 p.

Kerans, C., AND TINKER, S.W., 1999, Extrinsic stratigraphic controls on development of
the Capitan Reef complex, in Saller, A.H., Harris, P.M., Kirkland, B.L., and
Mazzullo, S.J., eds., Geologic Framework of the Capitan Reef: SEPM, Special
Publication 65, p. 15-36.

KEerANs, C., FircHEN, W.H., GARDNER, M.S., SONNENFELD, M.D., TINKER, S.W., AND
WarbpLaw, B.R., 1992, Styles of sequence development within uppermost Leonardian
through Guadalupian strata of the Guadalupe Mountains, Texas and New Mexico, in
Mruk, D.H., and Curran, B.C., eds., Permian Basin Exploration and Production
Strategies: Applications of Sequence Stratigraphic and Reservoir Characterization
Concepts: West Texas Geological Society, Symposium, Publication 91, p. 1-7.

KEeraNns, C., Frrcuen, W.M., GARDNER, M.S., anpD WarprAaw, B.R., 1993, A
contribution of evolving stratigraphic framework of Middle Permian strata of the
Delaware basin, Texas and New Mexico, in Love, D.W., Hawley, J.W., Kues, B.S.,
Adams, J.W., Austin, G.S., and Barker, J.M., eds., New Mexico Geological Society,
44th Annual Field Conference Guidebook, Carlsbad Region, New Mexico and West
Texas, p. 175-184.

Kerans, C., Lucia, F.J., AND SenGer, R.K., 1994, Integrated characterization of
carbonate ramp reservoirs using Permian San Andres Formation outcrop analogs:
American Association of Petroleum Geologists, Bulletin, v. 78, p. 181-216.

King, P.B., 1948, Geology of the southern Guadalupe Mountains: U.S. Geological
Survey, Professional Paper 215, 183 p.

Kocurek, G., AND KIRKLAND, B.L., 1998, Getting to the source: aeolian influx to the
Permian Delaware Basin region: Sedimentary Geology, v. 117, p. 143-149.

Koerscuner, W.F., anp Reap, J.F., 1989, Field and modeling studies of Cambrian
carbonate cycles, Virginia Appalachians: Journal of Sedimentary Petrology, v. 59, p.
654-687.

Lottes, A.L., AND RowLEy, D.B., 1990, Early and Late Permian reconstructions of
Pangaea, in McKerrow, W.S., and Scotese, C.R., eds., Palacogeography and
Biogeography: Geological Society of London, Memoir 12, p. 383-395.

Lucia, F.J., 1995, Rock-fabric/petrophysical classification of carbonate pore space for
reservoir characterization: American Association of Petroleum Geologists, Bulletin,
v. 79, p. 1275-1300.

Meissner, F.F., 1972, Cyclic sedimentation in Middle Permian strata of the Permian
Basin, West Texas and New Mexico: West Texas Geological Society, Publication 60,
p. 118-142.

MircHuM, R.M., 1977, Seismic stratigraphy and global changes of sea level, Part 1:
Glossary of terms used in seismic stratigraphy, in C.E. Payton, ed., Seismic
Stratigraphy—Applications to Hydrocarbon Exploration: American Association of
Petroleum Geologists, Memoir 26, p. 205-212.

MircHuM, R.M., AND VAN WAGONER, J.C., 1991, High frequency sequences and their
stacking patterns: sequence stratigraphic correlation evidence of high-frequency
eustatic cycles: Sedimentary Geology, v. 70, p. 131-160.

MircauM, R.M., VaiL, P.R., anp TrowmpsoN, S., III, 1977, Seismic stratigraphy and
global changes in sea level, Part 2: The depositional sequence as a basic unit for
stratigraphic analysis, in Payton, C.E., ed., Seismic Stratigraphy—Applications to
Hydrocarbon Exploration: American Association of Petroleum Geologists, Memoir
26, p. 63-81.

Mobica, C.J., 1997, Stratigraphic cyclicity and reservoir heterogeneity within upper San
Andres and Grayburg strata (Upper Permian-Guadalupian), Maljamar Field, SE
New Mexico [M.S. Thesis]: College Station, Texas, Texas A&M University, 103 p.

Nance, H.S., 1988, Interfingering of evaporites and red beds: An example from the
Queen/Grayburg Formation, Texas: Sedimentary Geology, v. 56, p. 357-381.

ParrisH, J.T., 1993, Climate of the Supercontinent Pangea: The Journal of Geology,
v. 101, p. 215-233.

Parrish, J.T., 1995, Geological evidence of Permian climate, in Scholle, P.A., Peryt,
T.M., and Ulmer-Scholle, D.S., eds., The Permian of Northern Pangea, Volume 1:
Paleogeography, Paleoclimates, Stratigraphy: New York, Springer Verlag, p. 53-61.

Parrist, J.T., aND PeTERSON, F., 1988, Wind directions predicted from global
circulation models and wind directions determined from eolian sandstones of the
western United States—a comparison, in Kocurek, G., ed., Late Paleozoic and
Mesozoic Eolian Deposits of the Western Interior of the United States: Sedimentary
Geology, v. 56, p. 261-282.

PetERSON, F., 1988, Pennsylvanian to Jurassic eolian transportation systems in the
western United States, in Kocurek, G., ed., Late Paleozoic and Mesozoic Eolian
Deposits of the Western Interior of the United States: Sedimentary Geology, v. 56, p.
207-260.

Rankey, E.C., Bacutir, S.L., aND KaurMAN, J., 1999, Controls on stratigraphic
architecture of icehouse mixed carbonate-siliciclastic systems; a case study from the
Holder Formation (Pennsylvanian, Virgilian), Sacramento Mountains, New Mexico,
in Harris, P.M., Saller, A.H., and Simo, J.A., eds., Advances in Carbonate Sequence
Stratigraphy; Application to Reservoirs, Outcrops, and Models: SEPM, Special
Publication 63, p. 127-150.

Reap, J.F., 1985, Carbonate platform facies models: American Association of
Petroleum Geologists, Bulletin, v. 69, p. 1-21.

REaD, J.F., GROTZINGER, J.P., Bova, J.A., AND KoEerscHNER, W.F., 1986, Models for
generation of carbonate cycles: Geology, v. 14, p. 107-110.

Ross, C.A., anp Ross, J.R.P., 1987, Late Paleozoic sea levels and depositional
sequences, in Ross, C.A., and Haman, D., eds., Timing and Depositional History of
Eustatic Sequences: Constraints on Seismic Stratigraphy: Cushman Foundation for
Foraminiferal Research, Special Publication 24, p. 137-149.

RuppeL, S.C., anp Besourt, D.G., 2001, Competing effects of stratal architecture and
diagenesis on carbonate reservoir development: Grayburg Formation, South Cowden
field, West Texas: The University of Texas at Austin, Bureau of Economic Geology,
Report of Investigations 263, 62 p.

SARG, J.F., anD Lenmann, P.J., 1986, Lower-Middle Guadalupian facies and
stratigraphy, San Andres-Grayburg formations, Permian Basin, Guadalupe Moun-
tains, New Mexico, in Moore, G.E., and Wilde, G.L., eds., Lower and Middle
Guadalupian Facies, Stratigraphy, and Reservoir Geometries, San Andres-Grayburg
Formations, Guadalupe Mountains, New Mexico and Texas: SEPM, Permian Basin
Section, Special Publication 25, p. 1-36.

Scotesk, C.R., AND McKEerrow, W.S., 1990, Revised world maps and introduction, in
McKerrow, W.S., and Scotese, C.R., eds., Palacogeography and Biogeography:
Geological Society of London, Memoir 12, p. 1-21.

SiLver, B.A., anp Topp, R.G., 1969, Permian cyclic strata, northern Midland and
Delaware basins, West Texas and southeastern New Mexico: American Association of
Petroleum Geologists, Bulletin, v. 53, p. 2223-2351.

SONNENFELD, M.D., 1991, High-frequency cyclicity within shelf-margin and slope strata
of the upper San Andres sequence, Last Chance Canyon, in Meader-Roberts, S.,
Candelaria, M.P., and Moore, G.E., eds., Sequence Stratigraphy, Facies and
Reservoir Geometries of the San Andres, Grayburg, and Queen Formations,
Guadalupe Mountains, New Mexico and Texas: SEPM, Permian Basin Section,
Special Publication 32, p. 11-51.

SoNNENFELD, M.D., 1993, Anatomy of offlap: Upper San Andres Formation (Permian,
Guadalupian), Last Chance Canyon, Guadalupe Mountains, New Mexico: New
Mexico Geological Society, 44th Field Conference, Guidebook, p. 195-203.

SoreGHAN, G.S., AND Gires, K.A., 1999, Amplitudes of Late Pennsylvanian
glacioeustasy: Geology, v. 27, p. 255-258.

TiNKER, S.W., 1998, Shelf-to-basin facies distributions and sequence stratigraphy of
a steep-rimmed carbonate margin: Capitan depositional system, McKittrick Canyon,
New Mexico and Texas: Journal of Sedimentary Research, v. 68, p. 1146-1174.

Tye, EXN., 1986, Stratigraphy and formation of tepee structures in the Guadalupian
Grayburg Formation, southeast New Mexico, in Moore, G.E., and Wilde, G.L., eds.,
Lower and Middle Guadalupian Facies, Stratigraphy, and Reservoir Geometries, San
Andres-Grayburg Formations, Guadalupe Mountains, New Mexico and Texas:
SEPM, Permian Basin Section, Special Publication 25, p. 95-105.



58 R.J. BARNABY AND W.B. WARD

VaiL, P.R., 1987, Seismic stratigraphy interpretation using sequence stratigraphy, Part
1: Seismic stratigraphy interpretation procedure, in Bally, A.W., ed., Atlas of Seismic
Stratigraphy, vol. 1: American Association of Petroleum Geologists, Studies in
Geology 27, p. 1-10.

VaiL, P.R., Mitcium, R.M., aND Trowmpson, S., III, 1977, Seismic stratigraphy and
global changes of sea level, Part 4: Global cycles of relative changes of sea level, in
Payton, C.E., ed., Seismic Stratigraphy—Applications to Hydrocarbon Exploration:
American Association of Petroleum Geologists, Memoir 26, p. 83-97.

VAN WAGONER, J.C., MitcHum, R.M., Jr., PosaMeNTIER, H.W., AND VaIL, P.R., 1987,
Seismic stratigraphy interpretation using sequence stratigraphy, Part 2: Key
definitions of sequence stratigraphy, in Bally, A.-W., ed., Atlas of Seismic
Stratigraphy, vol. 1: American Association of Petroleum Geologists, Studies in
Geology 27, p. 11-14.

VAN WAGONER, J.C., PosaMENTIER, H.W., MitcHUuM, R.M., VaiL, P.R., Sarg, J.F.,
Lourit, T.S., AND HARDENBOL, J., 1988, An overview of the fundamentals of sequence
stratigraphy and key definitions, in Wilgus, C.K., Hastings, B.S., Kendall, C.G.St.C.,
Posamentier, H.W., Ross, C.A., and Van Wagoner, J.C., eds., Sea-Level Changes: An
Integrated Approach: SEPM, Special Publication 42, p. 39-45.

VaN WAGONER, J.C., MitcHuM, R.M., CampioN, K.M., AND RaHmANIAN, V.D., 1990,
Siliciclastic Sequence Stratigraphy in Well Logs, Cores, and Outcrops: American
Association of Petroleum Geologists, Methods in Exploration Series, 7, 55 p.

Warp, R.F., Kenparr, C.G.St.C., aND Harris, P.M., 1986, Upper Permian
(Guadalupian) facies and their association with hydrocarbons—Permian Basin, West
Texas and New Mexico: American Association of Petroleum Geologists, Bulletin,
v. 70, p. 239-262.

Yang, K.M., aND DoroBek, S.L., 1992, Mechanisms for late Paleozoic synorogenic
subsidence of the Midland and Delaware basins, Permian Basin, Texas and
New Mexico, in Mruk, D.H., and Curran, B.C., eds., Permian Basin Explor-
ation and Production Strategies: Applications of Sequence Stratigraphic and
Reservoir Characterization Concepts: West Texas Geological Society, Publication
91, p. 45-60.

Received 16 March 2005; accepted 31 May 2006.



Road to Carlsbhad Cavern



Carlsbad Caverns
Mexico

&

o T A | L] - *




Base Map

Guadalupe Carlsbhad

Mountains
(exposed reef)

\__NEW MEXICO

- o - =i _J
TEXAS  Dell Cityg Guadalupe
El Paso Mountains
o National Park '3%
G -
&) Apache = buried reef
Pog 04/ Mounit:ialns \ \
476‘% (expose re:ﬂ'_ elaware Basin

Glass

Mountains
(exposed reef)

50 Kilometers
|

o0

|
50 Miles Alpine o

Carlsbad Caverns National Park is located in the
Delaware Basin in west Texas and southern New
Mexico.



The road to Carlsbad...

Walnut Canyon drive is a seven-mile scenic drive to the
park visitor center.
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Visitors arrive by way of U.S. Highway 62/180 from either
Carlsbad, New Mexico (23 miles to the northeast) or El Paso,
Texas (150 miles to the west). A scenic 7-mile (11.3 km)
entrance road leads from the park gate at Whites City to the
visitor center and cavern entrance.

http://www.nps.gov/cave/planyourvisit/directions.htm



C-TANSILL FM - 24 Mbr
Och. 47 [C 47)

ATES FM

| SEYEN RIYERS FM

AJMbr

Mesogondolella  H2Wbe ~ ~ ~
postserrala,

Guad_12[Ghg 3) [QUEENFM 4 \
> , | CAPITAN M.
Guad. §[u SA3) == \ N Guad. 28(T 2)
. —— - Guad. 27(T 1)
upper-HaderMir.__|
Towrar Rader b —[~-=
r——————
- MarZEnka Wbt ———— _———— e rTRr=m
_‘_‘—m-_._______' 7=
“GLORIETA Mbr™ y South Yells Mb (SR 14)

CUTOFF M2 e
U.VICTORIOPEAK = =% _ Heg @ Ritr

Guad. 2125
= (¥ 1-5)

Shelf Margin / Upper Slope

[Ga"r‘.“"n'% & 3
i g - ¥
Skeletal packstonelgrainstone Lower Slope / Basin —

_VICTORIO PEAK FM % (s

with cut-and-fill structure Carbonate mudstone with thin, —Guad. §
Carbonate mudstone with thin, tniror megabreccia Guad.6[Br 2] [Br 4=u 5A3
miror megabr ecia Lutite, locally channelized,
- Sponge-algal and sponge- lowestand or un differ entiabed syst ems tract
ts bryoz oare brachiopod reefs, bioherms

|:| Sardston g, sitstone, bighstand systems tract
Skeletal and lithoclastic grainstones

and mega breccias, carbonate matric Intercalated carbonate and siliciclastic Neostreptograthodus
turbidites and mino debris flows SWICOphcatus
|:| Sardstone, sitstone
Carbonat e-anhydrite varve- M dalell
Carbonate megabreccias with like eycles moimncude.

sandstons matrix [ #nhwrite-halie varved ice cycles HErnglel
asemala

BOME SPRING FM

Guad 5(Br 1)

Kerans and Kempter, 2000

The drive into Carlsbad Caverns starts at the Reef (Capitan
Formation) and continues up the shelf to the Tansill and
Yates Formations.

G?ogle '

Eyealt 2 t:




Start from White City

At the entrance to Walnut Canyon, provides excellent exposures of
the reef and near-back-reef facies of the upper Capitan Limestone
and Tansill and Yates Formations. In this area, the fore-reef facies
and part of the reef have been buried beneath the thick Ochoan
(and some thin Tertiary-Quaternary) filling of the Delaware basin.
The Castile Fm., although completely or partially removed in areas
to the southwest, has been preserved in this area because of the
northeastward tilting of this region. Thus, only a small exposure of
the reef-crest and its transition to the near-back-reef are exposed.

http://geoinfo.nmt.edu/staff/scholle/permstops/pmstopl 3.html



Continuing on 7

Most of the drive to Carlsbad Caverns is through the Yates
Formations. In some locations, upper Yates and lower
Tansill sediments compose the canyon walls.



Carlsbad Caverns

Before you reach the caverns there is a thin
sandstone-siltstone unit which marks the Tansill-Yates
contact. The road ascends into Tansill Formation
dolomites and to the caverns.

http://geoinfo.nmt.edu/staff/scholle/wc_roadlog.html
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The cave Is
developed primarily
In the fractured reef
and forereef
Capitan Limestone,
but the entrance
and all of the upper
level are In the
back-reef dolomites
of the Tansill and
Yates Formations.
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The Natural Entrance route descends more than
750 feet into the earth following steep and narrow
trails.
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Fig. 2. Strike-perpendicular (a) and strike-parallel (b) cross-sections through the Guadalupe Mountains, showing
position of Carlshad Caverns within the Permian strata. BR, Big Room; BP, Bottomless Pit; LOTC, Lake of the Clouds,
Sections compiled and modified from Tyrell (1969), Jagnow {1986, 1987) and Garber ef al, {1989).

The greater part of Carlsbad Caverns was hollowed into
the largely aggradational Yate-equivalent reef facies.
Parts of the caverns also extend into the back-reef (Tansill
and Yates Formation) and fore-reef talus facies.

Harwood and Kendall, 1999
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Cross section of Mckittrick Canyon
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Facies of Seven Rivers and Tansils Formation
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CONCLUSION

Marginal mound depositional system
High degree of stratigraphy
Systematic distribution of facies

Overall decrease in water depth form
Seven Rivers to the Tansll

Complete sedimentation and accumulation
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DAY 1 ROAD LLOG AND LOCALITY GUIDE:
LITHOFACIES, STRATIGRAPHY AND DEPOSITIONAL MODELS
OF THE BACK-REEF GUADALUPIAN SECTION
(QUEEN, SEVEN RIVERS, YATES AND TANSILL FORMATIONS)

LEADERS: S.J. MAZZUL_LO_AND C.L. HEDRICK

The itinerary of Day 1 field stops will take us from the high-island or shelf crest facies tract to progressively more shelfward
facies of the complex, and will then reverse”and progress back across the shelf crest to the outer-shelf tract (Figures 1, 2). This
series of outcrops will expose for your scrutiny several generalized interpretations regarding the origin of back-shelf siliciclastic
and carbonate facies of the Capitan complex. We hope to convince you of what we consider to be two important aspects of facies
development in this stratigraphic complex: (1) that most of the widespread, uniformly thick terrigenous sandstones of the back-reef
shelf, particularly those of the Seven Rivers and Shattuck member of the Queen Formation, are of eolian origin: that they represent
desert sheet sand (erg) and associated facies, locally with relict dunes, and; (2) that island faciés in the complex are eomplex,
have varied relations to sea level fluctuations, and that differences in modes of island development through time lead to recogmzable
diagenetic facies in the back-reef environment.

MILEAGE .
Cumulative Interval
0.0 0.0 261‘ Parking Lot - Stevens Motel.
1.2 1.2 Z’{‘ «, Intersectlon of U.S. 62 and 285 in the center of Carlsbad (Caverna Hotel). Proceed north on
.-U.S. 285.
3.6 a2 4 30,0 In view ahead to the west are the Ocotillo Hills, a surface expression of one (Tracy Dome) of many
. domes and anticlinal flexures present on the Carlsbad shelf that are expressed in Tansill and Yates
S strata of the shelf area west of Carlsbad (see Motts, 1962 and Kel[ey, 1971). Outcrops of the Ocotillo

Hills are largely of thin-bedded evaporitic dolomite and of minor siltstones and sandstones (mcludmg
the Ocotlllo siltstone) of the Tansill Formatlon :

4.8 C 2 AL Living Desert State Park turnoff on left. It is worth a visit if interested in desert plants and animals.

5.0 . 2 3 + STOP1. Outcrop on west side of highway. The section exposed at this locality includes approxi-
s mately 25 ft of fine-crystalline dolomites, limestones, and interbedded siliciclastics. This section,
and that exposed in the steep cut-between road level and base of scarp extending to the river, comprise
the type section of the Tansill Formation as was described by 13éFord-and Riggs (1941: AAPG v..
25, p. 1713-1728). They measured the formation here to be 123.5 ft thick, and noted that it thickens
markedly as.it approaches the Capitan reef. They also formally named the Ocotillo Member as
comprising approximately 13.5 ft of siltstone, sandstone and dolomite at this locality. Cotinuous
outcrops-of the Tansill and Ocotillo continue on the north side of the road that leads to lemg Desert
State Park (thls road intersects the southern tip of this outcrop)

The Tansill Formatlon at this locality is situated on the flank of the Tracy Dome, a prominent
positive stiuctural feature that is part of a series of such domes in the Carlsbad area. The section
exposed in the cliff at and above road level comprises interbedded dolomites, shales, siltstenes and
sandstones, sandy dolomites, and subordinate limestones. The carbonates include micritic mudstones,
evaporite nodule molds, desiccation cracks, algal laminites, fenestral fabrics, and pisolites. These
rocks were deposnted as a complex of very shallow subtldal and (predommantly) mtemdal and

- spratidal facies.

The siliciclastics occur in two modes in the section: as discrete beds of fine sandstone and/or sandy
siltstone and shale, and as “contaminants™ in the carbonates, producing what DeFord and Riggs
referred to as “marls.” The sandstones and finer clastics typically are in sharp contact with underlying
and. overlymg carbonates. Internally, these sands are typified (as elsewhere in the outcrop area) by
being: devoid of diagnostic sedimentary and biogenic features, and generally are. unfossiliferous:
Individual units commonly maintain their lithic identity from the base to the top of the bed (e.g.,
upward coarsening or fining of grain size is not observed) except that many include a thin (several
cm) section of gray shales/silty shales at the immediate contact with the overlying carbonate. Of
particular significance is the fact that sandstones such as the Ocotillo Member and the Yates Formation
sands can be traced on the shelf to cover hundreds of square miles with only minor changes in thickness.
Based on the concept proposed by Mazzullo et al. (1984 and 1985), many of these sands are considered

3
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FIGURE 2. Reconstructions of facies relations in Guadalupe Mountains. Pray’s (1977)-model (“C”, lower)
invokes an outer shelf of grainstones behind which exists a long-llved high island or shelf crest. Shelfward
thesé facies- pass into shallow tagoonal environmerits with evaporites on the west. Model “D” is the

. interpretation of S.J. Mazzillo and C.L. Hedrick, which infers the evaporites and associated sandstones
to.be supratidal sabkah flats; seaward of’ the high: island, the outer shelf facies tract includes scattered
swet” islands. The reef is believed to be somewhat deeper-water. buildup. The model is drawn at time of
high sea level. Day 1 stops are indicated on model “D.”



9.1

9.6

11.8

to represent eolian deposits. We envision a scenario such as exists presently around the western
Persian Gulf, where a source of sands from the adjoining desert abuts against a shoreline carbonate
sabkha in an arid environment. At times of sea level low, the sand and evaporite flats to the west
were left dry, and sands were deflated and transported eastward across the Tansill carbonate supratidal
flats (and eventually across the reef and presumably into the Delaware Basin). As in the Persian
Gulf, the preserved sedimentary record of such processes does not normally include thick dunes. but
more typically leaves behind a blanket sand of near-uniform thickness and widespread occurrence.

referred to as an “erg.” Internal bedding in such erg sands is represented most commonly by wavy,

planar laminae that probably represent, for the most part, adhesion ripples (flattened ripples that
slowly migrated across a wet flat). Locally, small-scale cross-stratified sets representing a variety of
bedforms may also be present (we will examine several such bedforms at forthcoming Stops 4 and
6). Because such erg sands represent deflation-level surfaces in an arid environment, their top surfaces
frequently coincide with groundwater tables which may be fresh to hypersaline. Accordingly. such
sands commonly contain relicts of typical desert evaporites (gypsum nodule molds and rosettes, €.£..
desert roses). Subsequent sea level transgressions may rework the uppermost surfaces of these sands.
although as we will -examine at Stop 2, the usual result of such sea level rise is the deposition on
top of these sand units, locally, of a thin section of gray lagoonal shales.

4.1 35/5 Low cuts on both sides of the highway are in the basal Tansill Formation. The lithology here consists

largely of evaporitic dolomite showing abundant molds, mostly of anhydrite crystals (crystallotopic

_ fabric). Beds are thin, some are laminated. The dolomite is mostly mudstone. At the west end of

5 7_&.0

the road cut on the south side are several thick beds of gypsum of mosaic texture. Although details

are not well exposed, relationships suggest a westward transition in this cut from evaporitic dolomite

to gypsum. In outcrops a few feet below the road level on the western edge of the cuts are sandstones
of the Yates Formation. With careful search some pieces of this uppermost Yates sandstone may
show a few well-rounded medium sand-size quartz grains. These grains, much coarser than normal
for Guadalupian sandstones, were considered to be a marker of the “top of the Yates™ in the subsurface
to the north. -

" The Seven Rivers Hills form the skyline at a distance 6f about 10 miles to the northwest. From
here we see the gently east-dipping backside of a dolomite cuesta made by stripping off the less
resistant, more sandstone-rich strata of the Y ates Formation from the underlying Seven Rivers dolomite.

- The general structure of this area of the shelf is that of gentle east (basinward) dips of the outcropping

Tansill, Yates and Seven Rivers Formations.

Intersection with U.S. 285 Truck Route to Carlsbad to the left (south). Continue straight ahead
on U.S. 285 passing through Catclaw Draw field, which produces from the Strawn and Morrow at
a depth of 11,000 ft. Today’s traverse includes Morrow, Strawn, Atoka and Wolfcamp production.
Most recent activity has been for the prolific Bone Springs Formation.

2.2 38,2 STOP 2. Outcrop on the west side of the road is in sandstones and dolomites of the Yates Formation.

s d@pééits. Thus, we interpret the sand —gr

At this locality we will examine various interpreted aspects of the interactive yet noncontemporaneous
deposition of carbonates and siliciclastics in the back-reef section. '

The massive bedded red sandstones near road level are internally homogeneous to parallelflaminated;
diagnostic biogenic or sedimentary structures and fossils are lacking. Note, however, that the contact
between the massive sandstones and overlying carbonates typically is occupied by a relatively thin
section of gray shales. Also note, where indicated by the trip leader, that these shales are overlain

first by a section of laminated dolomite and then by fenestral dolomites. Detailed lithic analyses of

se carbonates suggest that the laminated dolomites are: subtidal 1c lower intertidal, mechanically
fanestral ‘d6lomites represent supratidal

eposited laminites (peloidal fine sands or silts); and. the fenestra
ay stiale —carbonate section as-follows:

R Exposureof t»hé-shal_low shelf due to sea level fall, and subseque t deposition of sandstones as erg

factes:

) —Sea level rise over a flat surface of essentially no relief, gngq:onis‘éqgentﬁ establishment of shallow,

nearly: anoxic lagoonal environment that receives slow. influx
replaced by carbonates. TR
— Deposition in the shallow lagoon of laminated carbonate sands/silts: considering the restricted
thickness of this section (less than 1.0 ft.), the inferred depth of thelagoon could not have exceeded
1.0 feet; subsequently, . . oo -
— Upward-shoaling into peritidal environments represerited by fenestral carbonates.

* fine siliciclastics until they are

The scenario postulated at Stops 1 and 2 for the deposition of the sands in the back-reef facies of
the Tansill and Yates (and units to be observed at'subsequent stops) differs from previously proposed
models in that we envision these clastics to represent eolian rather than lagoonal facies. Severe
problems arise if one considers the subaqueous origin of these sandstones in that a mechanism needs
to be invoked that would transfer sands from the west (innermost shelf sabkha facies) into and across

5
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the lagoon; obviously if these lagoons are the sites of sand deposition, then sea-level must be high
rather than low. In the eolian alternative, sea-level fall results in lowering of groundwater levels on
the inner shelf sand/evaporite sabkha, with deflation and sand transport to the east, onto and across
emergent flats. Such a model would explain (a) the widespread occurrence of these blanket sands,
(b) their fine-grained nature, and (c) the lack of marine depositional/biogenic features and the sharp
contacts between these sand units and overlying and underlying carbonates which form nor when sea
level is low. This model also allows for the local reworking of these erg sands as sea level subsequently

rises, to be overlain by lagoonal shales and ultimately, shallow subaqueous and peritidal carbonate
facies. : '

1.1 393 Cross Rocky Arroyo, the major drainage from the é:ea of the Seven Rivers embayment to the west.
" Several levels of alluvial gravels are conspicuous along the arroyo.

7 40,0 Intersection with New Mexico 137 on left. Turn left onto New Mexico 137 and proceed to the

southwest. The road here crosses gravels overlying the Yates Formation. To the west and northeast
the gentle east dips are evident on the back-slope of the Seven Rivers Hills cuesta. The Seven Rivers
Hills are the type locality of the Seven Rivers (Meinzer, et al., 1926).

The construction office on the right of the highway is the headquarter site for the Brantley Project.
The highway is being relocated to accommodate Brantley Dam & Reservoir.

The project was authorized for construction Octeber 20, 1972. The benefits are stated to be for
safety of dams (replacing the Lake McMillan Dam) in addition to irrigation, flood control and
recreation. The dam will be a 100-foot earthen dam approximately 4 miles long spanning the Pecos
River. At initial filling the reservoir will have a surface area of 3100 acres. The final surface area
will be 8600 acres extending 10 miles upstream, encompassing Lake McMillan.

As anyone who has worked this area kﬁbws, to build this project the government condemned
thousands of acres which have excellent oil and gas potential from the Morrow and other horizons.

4.3 44.% Entering Rocky Arroyo. Outcrops of dolomite valong the lower edge of the arroyo to the south are
v of the Seven Rivers. The Yates Formation crops out on the crest and east side of the hills south of
the arroyo. Note several local gentle anticlinal folds in the strata on the south side of the arroyo
(Figure 3). B '
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FIGURE 4. Qutcrop of lower Seven Rivers Formation, fine-crystalline, pentndal dolomites. Note heavily
fractared zone (“f“) and less fractured overlying unit (“x”).

STOP 3. These outcrops are located approximately 12 miles shelfward of the Capitan Reef shelf
edge. Dolomites of the lower Seven Rivers Formation are exposed in the roadcuts and the arroyo to
the southwest. This section consists entirely of stacked, thinning, upward-shoaling cycles of shallow
subtidal and intertidal to supratidal facies. In these cycles, the subtidal facies are represented by
sparsely fossiliferous dolomite mudstones with ostracodes and calcispheres. Thesé rocks grade rapidly
upward to algal-laminated and fenestral dolomites of peritidal origin. This section, 12 miles behind
the reef crest, is typical of back-reef facies of the middle shelf complex: interbedded shallow? lagoonal
and island facies. As we will examine at Stops 4-8 of today’s journey, these paleo-environmental
units contrast drastically with the inner-shelf siliciclastic/evaporite terrane and the outer shelf, high
island (shelf crest) and grainstone belt facies (Figure 2).

Note the heavily fractured dolomites in the lower part of 'the section (“f" on Figure 4); these rocks
 in the subsurface would comprise a highly permeable reservoir that is overlain by dense, less fractured
dolomltes (“x” on Figure 4).

Across the road and in the arroyo are outcrops -of Pleistocene travertine that formerly floored the
arroyo for at least 2 miles. Dunham states that this travertine formed by progradatlon of & waterfall,

~ much like modern-day Sitting Bull Falls.

6 4{;‘4 New-Mexico Highway mileage marker 44.

.5 fé }:Small cemetery ori left. Southeast across the arroyo the high cliff is Seven Rivers dolomite. At the

base of the cliffs to the south and rising from the arroyo level toward the west along the aroyo edge

* are outcrops of the Shattuck Sandstone, an upper unit of the Queen Formauon (Figure 5).

.

4 4&{ On left, ranch house and entrance to Rocky Creek recreational areas, a pnvatcly owned picnic and

146

swimming area at base of the high cliff. Access to the south bluff area requires permission at ranch
house. '

The canyon behind the ranch: house leads inte Walt Canyon. Perry Roehl reported the occurrence
of syndepositional and postdepositional hydrocarbons within the pores of the Seven Rivers dolomite
{1984 lecture at PBS- SEPM) .

Crossing of Rocky Azm)o Travertine outcrops on right. To left, the lower cliffs along the arroyo
are the Shattuck Sandstone Member of the upper Queen Formation. Most overlying dolomite is of
the basal Seven Rivers Formation.
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FIGURE 5. CHff behind Rocky Creek Recreation Area, exposing the lower Seven Rivers dolomite. The
Shattuck crops out at the base of the section, just out of view in this phato. -

2 ‘H/ % Caule guard, road to Shafer Ranch house at right. Property to west along both sides of Rocky Arroyo

is part of Shafer Ranch. The strata exposed behind. the Shafer Ranch house are skeletal-rich pellet
packstone.

8 %t?/b The south-facing hills north of the arroyo consist mostly of Seven. Rivers dolomite overlying the
. Shattuck sandstone which is poorly exposed along the base of the slope.. '

and lower. Seven Rivers Formations. The Shattuck. Sandstone Member (upper Queen Formation)
crops out in this area as thick, rather massive ledges at the north and south ends of this roadcut.
Excellent exposures of this unit occur in the arroyo bottom and cliff to the right, on the north side
of the road. At this stop we will first examine the nature of the Shattuck Sandstone in the arroyo on
the north side of the road, and then will climb back to road level and examine the upper Queen/lower
Seven Rivers sandstones and dolomites in the roadcuts. '

1 %?;%STOP 4. Enter area of roadcuts on the left exposing sandstones and dolomites of the upper Queen

In the western part of the arroyo section, the lower part of the Shattuck Sandstone section is
anomalousty thick as compared to its typical blanket-like, uniformly thick distribution throughout
the outcrop area. At this locality, the basal Shattuck occurs as a maximum 12.7 ft of massively
bedded, light yellowish-gray sandstones overlain by 0-12.5 ft of thinly bedded, dark gray-weathering
flaggy sandstones which in turn are overlain by a section up to road level of massive-bedded, light
yellowish-gray, laminated or homogeneous sandstones and siltstones (see Figure 6). The lower massive
unit in particular has a dune-shaped geometry when viewed, for éxample, from the northeast (Figure
6),.and this unit clearly represents large-scale foreset beds that dip'a maximum of 18-20 degrees to
the northeast, the strike of the beds being N60°W. The question we consider here is what erivironment
is represented by these foresets and overlying sandstones? These rocks have been interpreted, by
several workers as representing a lagoonal deposit, specifically a subaqueous sandwave (dune bedform
or megaripple: Sarg, 1977). However, it is our contention and present interpretation that these massive
foresets and overlying flaggy sandstones represent the slipface and stoss beds, respectively, of a
preserved eolian dune in the lower Shattuck. Evidence: of the eolian origin of such sandstones is
derived from a conceptual model of sandstone distribution patterns in mixed carbonate siliciclastic
environments (Mazzullo et al., 1984, 1985) as well as from the following direct observations: (i)
first and foremost, overlying and underlying carbonates are represented by extremely shallow subtidal
and intertidal-supratidal facies; as was examined at Stops 1, 2 and 3, water depths of the shelf section
behind the Capitan Reef, as inferred from the carbonates present, were mainly at or close to sea level
in low-energy environments. According (o empirical data presented by various workers, in order for
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FIGURE 6. View of dune bedform in Shattuck at Stop 4. Note massive foresets (“") that dip to the
northeast overlain by flaggy beds (“fb”). .

-
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FIGURE 7. View of lower Seven Rivers/upper Queen at Stop 4. Note incipient tepee (“T"), fenesteral
dolomites (“D”) and interbedded siliciclastics (“Ss”).



a bedform such as the 12.5 ft-thick sand section in the lower Shattuck to be developed subaqueously.
water depths must be considerably deeper than 12.5 ft deep. with relatively high energy levels. a
situation that directly contradicts the rock evidence: (ii). nowhere’ are marine entities (fossils, etc.)

found in these rocks, a situation considered unllkely if marine conditions persisted in this area: (iii)
the close physical association of inferred eolian sandstornes. with (overlymg and laterally contiguous)
- sandstones that contain adhesion ripples and evaporite relicts argues for a close genetic association
of many of the sandstones in the Shattuck and associated units in thc back-reef section. Interestingly.
“similar eolian erg (sand sheet) and dunal sandstones are well documented in the Permian Basin as
“reservoirs in the Queen and Shattuck-equwalent sandstones (Mazzullo et al., 1984)

“We are. not mamtammg, however that all: sandstones of.the.back-reef shi=lf section are eolian, for
|t is obvious that several sandstones exist here that can be mterpreted as ‘subaqueous (e.g.. Ball et
, 1971)."However, many such sandstoné units are of only limited extent areally, and conceptually
by thelr distributions and variable thicknesses cannot be assigned- an. eolian origin in our model.
‘Furthermore our model does envision two aspects of sand development on- the shelf that do not
" -contradict. a general eolian setting of many of the sands in this area: (l) that subseqitent transgression
following e g progradation.can locally rework eolian sands by marine processes. (although nowhere
do we see such processes operating in water deep enough and: of such energy-levels to produce a.
1251t thick: sandwave), and (ii) isolated lagoons, ponds or lakes on-the: erg flat (where the latter
two features intersect. groundwater tables, for example) may be the local sites of subaqueous sand
: deposmon in an overall eolian setting. .

We now retum to the roadcut outcrops, where we can examine the upper Queen (Shattuck Sandstone)
and overlying basal Seven Rivers dolomite and sandstone-shale units: (Figure 7). Recall that at Stop
3, we examined a time-equivalent section of shallow subtidal and intertidal- supratidal dolomites of
the lower Seven Rivers, at a locality in the back-reef lagoon where no sandstones were developed.
In the roadcuts at the present stop, the low-energy lagoonal facies observed at Stop 3 are replaced
by siliciclastics and predominantly supratidal dolomites. Again, we envision that most of the sandstones
in this section, particularly those that are blanket units of textureless character (with adhesion ripples
and evaporite relicts) and sharp contacts with overlying and underlying supratidal carbonates, are
eolian erg deposits. For comparison, take a few moments and visualize the interbedded red sandstones
at the western end of this outcrop as the deposits of windblown sand, envisioning a typlcal windy,

: sprmg day inMidland; -keeping i in mind the beautiful red sand we’re all accustomed to as our “soil.”

The associated dolomites of the section clearly are supratidal as evidenced by the ubiquitous
occurrence of birdseye fabrics, desiccation cracks, algal laminites, and other features indicative of
this_environment. But beyond this aspect of their formation, these rocks have been so affected by
aggressive fluids subsequent to their deposition that features such as collapse breccias, tepee structures,
and incipient caliche surfaces run rampant through the section. The association __A;,pratrdal deposrts
5..and extreme. vado 'alteratlon effects are what Roehl (1967) referred to as “dragenetlc terrane.’

21.6 ? Road cut exposmg the upper Queen Formation consisting of channel sandstone and interbedded red
"+ and green shale. The Queen Formation was named by Crandall (1929) for outcrops in the vicinity
. of the Queen Post Office about 20 miles south of here. There it consists of 370 feet of dolomite,
- shaly ¢ sandstone and srltstene Moran (1954) proposed another type section in the upper end of Dark
Canyon i
21.7
22.6
22.85

STOP 5» An arm wavmg stop to view the north wall of Rocky Arroye (Fxgure 9).

The abrupt west—to—east facies change from evaporities and siliciclastics to low-energy carbonates
and (inférred.eolian) sandstones in the Seven Rivers and upper Queen Formations is readily apparent
on the south-facing wall of Azotea Mesa. Note the color change defining this facies change to the
left and right of our vantage point; the evaporite realm forms the gentle, reddish slopes, whereas the
carbonate realm forms somewhat steeper slopes of a more brownish hue. The prominent ledge capping
the mesa is the Azotea Dolomite Member of the Seven Rivers Formation. At the base of the section,
the Shattuck Sandstone crops out, and is underlain by massive cryptocrystailine dolomites of the
upper Queen Formation. We will examine the sandstones and dolomites of the Queen, and evaporites
of the Seven Rivers, at Stop 6.

10



FIGURE 8. View to the west into Indian Basin; north wall of Rocky Arroyo on right exposes interbedded
sandstones and dolomites of the Seven Rivers and upper Queen Formations. Photo at mileage 22.85.

FEIGURE 9. North wall of Rocky Arroye showing transition from siliciclastic/evaporite belt on west (left)
to carbonate/siliciclastics to east (right) in the Seven Rivers and upper Queen Formations.

11
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Sarg (1977) believed the entire sequence exposed along the Azotea Mesa was deposited in shallow,
subaqueous environments. Ball et al. (1971) considered the section to represent intermixed sabkha
and lagoonal facies. Mazzullo et al. (1985) favor a scenario similar to that proposed by Ball et al.
(1971), except for advocating a more eolian origin of the sandstones. It is S. J. Mazzullo’s opinion
that the evaporites and sandstones represent a wide coastal and continental sabkha belt adjoining a
lagoon of variable width. The evaporites, much like those in the Seven Rivers Formation exposed
due east of Roswell, NM, were deposited-both within the sediment (displacive) and subaqueously in
shallow ponds or lakes (hollows intersecting groundwater table, or flooded areas on the flats) on the
sabkha surface. During times of high sea-level stand, this sabkha belt adjoined a shallow lagoon
(back-reef) in which carbonates were deposited as a mosaic of low-energy subtidal facies and coales-
cent, upward-shoaling islands. During these times, the sands were restricted to the sabkha. We note
that even when the carbonate facies had aggraded into broad supratrdal flats, no sands were deposited
over them in regular, predictable stratigraphic czderas postulated by Walther’s Law; quite the contrary,
~the ‘influx-of these sands occurred dunng sporadic events that affected broad areas of the back-reef

- shelf (emergence') the sandstones are_in sharp contact with the underlying truncated cycles of

carbonates. "Accordingly, in order to maintain a continual supply of sands that would migrate over
‘this carbonate terrane, sea level must fall so that the sabkha flat is exposed (by groundwater table
drop) to deflation. Eolian activity then resuits in the seaward progradation of sands, leaving behind
-a wndespread erg deposit with-scattered, rare preseived dunes. Locally, these sands are reworked by
currents in existing lagoonal embayments and by (sporadlc high-intensity) wadi streams on the desert
_sabkha flat. Subsequent sea level rise again traps the sands on the flats, and inundates this broad
~sand. flat; currents may rework some of these sands, producmg the cross-stratification observed by
Ball et = 71) in proxrrnrty ‘to- the (Goat Seep) reef

1 3 STOP 6 The comcal hill to the west called the “Tepee” (Frgure 10) consists of mterbedded gypsum
¢ and red siltstones.and shiales, with minor thin-bedded dolomites, -of the Seven Rlvers Formation.

- Toward the south, the: escarpment waved upon at Stop 5 exposes the same section of rocks. The

4 Tepee is capped by the massive dolomites of the Seven Rivers, referred to as the Azotea Dolomite

Member. -

The section exposed in the gully to the south of the Tepee includes interbedded sandstones and
dolomites of the Queen and Shattuck. The dolomites are micritic, with evidence of having been
exposed in shallow subtidal to supratidal environments. We see a complex of anastomosing facies
in the carbonates, suggesting the environment was one of many islands amidst a shallow lagoon.
However, note the abrupt contact of the sandstones and dolomites; it’s almost as if one froze the
carbonate environment in time, shut them off and covered them with sand!

The sandstones are typically like those examined at Stops 1, 2 and 4; they consist of medium- to
thick-bedded units with little diagnostic in terms of depositional environment. However, features that
are ubiquitous in these sandstones include planar, wavy laminations and adhesion ripples; at a few
locations you can observe gypsum nodule casts and desert rosettes. As we proceed down the gully,
note the sharp contacts between the sandstones and carbonates: I believe such relations evidence the’
sporadic events of low sea level stand during which times the sands migrated across the shelf, over
truncated cycles of carbonate deposits: For one tmoment, let us consider that these sandstones are
shallow lagoonal deposits; why aren’t they fossiliferous, or at least why den’t they contain some
peloids or tolerant algae? If they are hypersaline deposits, why: don’t thiey contain évaporites (desert
roses form subaerlally"') We can continue with this mental exercise; and debate all fine points of
sedrmentology concerning these. sandstones. I merely wish to infroduce an attractive alternative to
prevrous models regardmg these sandstones in the Guadalupe Mountams

Well on the r1ght (Marathon State Gas Com. #1) produces Morrow gas from the lndran Hills Unit.

Well on the right (Flag-Redfem Orl Company Winston Gas Company #1), a dual completion from
“the Cisco and Morrow ata total depth of 9730".in the Indlan Basin field.

Cut on the rrght exposes Queen redbeds Road to. the. left Contmue stralght
Road and ranch house to the left. Continue stralght .

Cattle guard and roads to right and left.. Continue strarght.

Cattle guard. .

Road to right. Bandana Point ahead.

Road cut. Seven Rivers gypsum.

12
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Drainage crossing.

FIGURE 10. The “Tepee,” exposing evaperites: and siliciclastics of thé lower Seven Rivers, capped by
the prominent ledge-forming Azotea Dolomite Member.

Ranch house to left, road to right. Thin-bedded Seven Rivers dolomite in low road cut ahead.

Intersection of State Road 137 with County Road 408. Turn left on County Road 408. Highway
137 continues to the Queen Plateau, which is the escarpment visible a few miles ahead, then on to
El Paso Gap. A side road goes up Last Chance Canyon to Sitting Bull Falls with excellent exposures
of the Queen, Grayburg, and San Andres Formations.

The escarpment at the edge of the Queen Plateau consists of the Queen and Grayburg Formations
downwarped by the Haupache monocline, one of the most prominent structural features of this area
with dips of up to 12 degrees and traceable for over 25 miles.

Cattle guard.

Seven Rivers dolomite on the right.

. Ranch house on the left and drainage crossing.

Cattle crossing.

Road on the right. Continue straight.

1

. Road to. left to Internorth incoporated Azotea Mesa Federal #1, which produced a little gas from

the: Morrow. Production is now listed as Robina Draw Atoka.

Cartle guard. Ranch house to the right. The canyon walls consist of Seven Rivers gypsum, red

siltstone and medium- to thin-bedded dolomite. The transition from gypsum to dolomite in the Seven

Rivers Formation occurs at this point.

Drainage crossing.

The cliffs ahead expose the Seven Rivers Formation. It consists of thick- to medium-bedded dolomite,
the gypsum having largely disappeared from the section. This is a more open marine shelf deposit.
There is some structural deformation displayed in the outcrop. .
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vRoad to rrght Ranch house on left. Cattle guard Contmue :

Road to the right. Continue straight.

Cattle ginard. Well to right. Small folds are exposed across the drainage on-the left in medium-bedded
Seven Rivers dolomite. We are crossing a low divide and will enter Mosely Canyon.

Located to the north (left) of the road is the Rock Tank field, producing from the Morrow and Atoka.

Drainage crossing. Solutron co]lapse folds are exposed in the canyon wall to the left. The bulk of
the Seven Rivers section here is dolomite with occasional thick. beds of fossiliferous, open marine

- carbonate. The environment of deposition includes supratidal, intertidal and open marine shelf. The

regi‘onal dip is almost ﬂat. The road crosses the Seven Rivers-Y ates Formation contact just ahead.

Dramage crossmg a,ounty oad 408B to left. Continue straight. Thin- to medium-bedded, light-col-
ored dolomlte of the Yates Formation in the creek bank )

Count_y Road 408A to Ieft. Continue straight.

Lease k'road-'.-to right. Continue straight.

Cattle guard

Amoco #1 State: N Vi Com on left, producmg gas from the-‘ 'rirow at a depth of 10,300’ in the

Dark Canyon ﬁeld

: Dramage crossmg Thm— to medium-bedded non- fossrlrferous llght-cotored dolomite and interbedded

shale cropping out in the creek bank. This is the supratrdal to intertidal facies of the Yates Formation.

Ranch road to right. Continue straight. There are still some redbeds visible in the canyon walls but
they do not extend much closer to the reef than this.

Anticline exposed to the left in medium-bedded Yates dolomite.
Drainage crossing. Thick-bedded Yates dolomite exposed. The dip is nearly flat.

Drainage crossing. A good exposure of Yates medium- to.thick-'bedded‘shelf dolomite in the creek

bank.

Drainage crossing.

Windmill on the left. Road to the right. Drainage crossmg Just ahead The Yates exposed in the

creek bank is medium-bedded dolomrte

Cattle guard. The dip in the canyon wall at 10 o’clock across thie canyon is 4° to 5° basinward.

»-Drainage crossing. Mosely Canyon drainage joins‘Datk Canyon drainage.

STOP 7. Outcrops on the right in abandoned quarry, of the contact between the upper Yates and
lowér Tansill Formations (Figure I1). At this locality, the: carbonatés of the Yates and Tansill
Formations consist entirely of fenestral dolomites with birdseye structures, desiccation cracks, algal

" laminites, and evaporite molds. We presently may be as close as: within 1.0 mile of the shelf edge,
- so these rocks represent the high island or “shelf crest” facies (of Pray, 1977). We have now progressed

in a wide circle, having started in this facies at Stop 1, continued shelfward to low-energy, micritic
lagoonal and island facies (Stops 2, 3y and distally to evaporite=siliciclastic sabkha flats (Stops 4, 5,
6), and now have returned to-the outer shelf tract (see Frgures 1 and 2).

Several 1mportant aspects of this outcrop are readlly apparent and specifically relate to the depos-
itional origin of the section in the Guadalupe Mountains. Firstly, note the relations between the upper
Yates sand and the underlying and overlying carbonates. Again, it appears as though the carbonate
factory was shut down abruptly, and that the sands prograded over the truncated carbonates, leaving
behind a deposit of near-uniform thickness and wide- areal extent (in our interpretations, an eolian
erg sand sea). :

Secondly, note the pervasivenese of the: depositional facies ‘frepres‘ented by the carbonates here:
entirely intertidal-supratidal. Clearly, we’re in an area that persisted as an island through time, much
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FIGURE 11. Stop 7. Upper Yates and lower Tansill peritidal dolomites of the shelf crest or high island,
with prominent eolian upper Yates sand (“S™). The entire section to the top of the hill consists of high
istand peritidal dolomite facies. Note the abundant tepees in the cliff face. '

the same as present-day relations between Ambergris Cay and the outer-shelf carbonate tract in Belize,
C.A., and closer to home, Tansill relations with the shelf edge at Cheyenne field in Winkler County,
Texas (Ordonez, 1984). Recall that at this locality, we may be approximately 1.0 mile behind the
shelf edge; at the next two stops we will move out of this island facies and into the outer shelf sand
facies tract behind the reef. One of the most interesting aspects of the section preserved at this locality
is the abundance of “tepees.” Such features, first described from the Guadalupe Mountains by Adams
and Frenzel (1950), have received a tremendous amount of attention from the scientific community,
principally because of their curious nature and seeming defiance to being understood. Since Assereto
and Kendall’s (1977) studies of tepees, it has been inferred by many workers that these tepees are
principally upper intertidal-supratidal diagenetic features that are associated with internal sediments,
local terra rossa surfaces, incipient caliches and pisolites, fine-crystalline dolomites, and admixed
marine cements and local reworked marine fossils. Perhaps the most concise explanation offered to
date of tepee formation was that of Warren (1982, 1983), who provided an excellent analog from
- the supratidal flats of Australia. In his model, the tepees form in partly indurated supratidal carbonates
as a result of actual physical displacement by upward-flowing ground waters, generally derived from
recharging meteoric sources. In the mixing environment of these supratidal flats, undersaturated fluids
(e.g., meteoric and/or dilute mixed meteoric/marine) passing through the partly indurated sediments
periodically dissolve and physically erode the crusts and associated less indurated sediments, thus
producing features such as caliche and layered internal sediments. The passage through the flat
deposits of more marine fluids results in the imprint of marine fabrics on the section, such as the
precipitation of aragonite or high-Mg calcite botryoidal cements and pisolites (see Assereto and
Kendall, 1977 and Handford et al., 1984 for analogs), and fine-crystalline dolomite formation.

The section examined at this stop offers convincing evidence that the mechanisms responsible for
tepee formation were environmentally controlled at the time of deposition; and that a prerequisite for
extensive tepee formation must certainly involve the presence of a long-lived supratidal area in which
these processes can be active for long periods of time. At the next stop we will examine a similar
island setting seaward of the main island/shelf crest facies tract, in which different circumstances of
geologic history have effected different resultant carbonate diagenetic fabrics.

-One final aspect of this section is the occurrence and interpretation of the formation of the pisolites
in the peritidal carbonates. There are as many thebries concerning the origin of pisolites as there are
sedimentologists. However, as will be discussed in further detail by Lloyd Pray on Day 2 of this
trip, the main aspects of pisolite formation center on whether they represent exposure and soil (caliche)
formation (the “Dunham” theory), or whether they are inorganic coated particles formed in the marine
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environment. A congcise review of this problem, and mterpretatlons concerning the Capitan pisolites,
appear in a recent paper by Esteban and Pray (1983).

Accordmg to these workers, many of the plsolltes of the Capitan are not caliches in the sense of
being modified soil-horizons as was propounded by Dunham. Instead, thick beds of nearly pure
pisolites are believed to be inorganic patticles formed in somewhat hypersaline, shallow peritidal
environments of variable energy levels. They demonstrated that many associated features of the rocks
that were indicated by Dunham to be evidence of soil-forming processes could also be formed in the
peritidal environment. Indeed, the recently discovered Australian analogs certainly support their
contention of a mechanical rather than soil-replacement origin for the Capitan pisolites.

We will examine pisolites like those interpreted as marine in Walnut Canyon on Day 2 of this

V trip. If time permits; we may also be able to view similar pisolites along the arroyo in Dark Canyon,

between this and the next stop. At both these localities, the pisolites occur in discrete beds of nearly
100% pisolites, such occurrences being relatively easy to interpret as marine. However, we must
bear in mind that there are pisolites and there are pisolites, and that there is more than one environment
of pisolite formation. For example, pisolites form in caliche soil horizons, in Holocene supratidal -
crusts in Australia, and apparently as marine particles (e.g., mega-ooids) in the Permian of west
Texas-New Mexico. -Accordingly, examine the pisolites in this outcrop, those intimately associated
with the fenestral dolomites, and arrive at your own conclusions regarding their origin. But keep- in
mind, this is only one outcrop out of a spectrum of possible pisolite- formmg areas within the reef-shelf
complex.

OPTIONAL STOP 7- A If time permits, we will proceed a short distance toward the mouth of Dark
Canyon, across an artifically gravel-covered arroyo (WATCH FOR RATTLESNAKES!!) to a cliff
outcrop equivalent stratigraphically to the last outcrop section. At this outcrop, we can walk up-section
from the top of the Yates sand to the basal Tansill dolomites. In the basal Tansill, the section consists
of similar fenestral dolomites and abundant bedded, coarse pisolite sands. The section here, if not
covered by the gravel, includes pisolite grainstones that are cross-stratified and otherwise devoid of
evidence of caliche ongm We stress this outcrop because of the still-pervasive thought, among
Permian Basin geologists in particular, that the pisolites are soil-caliche features. At this and the
outcrops described by Pray on Day 2, we have fairly firm ground on which to stand and argue for
a marine origin of these curious little particles.

STOP 8. This outcrop is at a position 0.4 mi shelfward of the basinward reef outcrop in Dark Canyon
(Figures 1 and 2), and is considered to be within 0.5 miles of the shelf edge. The quarry section is
in the middle to upper lower part of the Tansill Formation, stratigraphically higher than that at the
preceding two stops. Exposed here is a section of intermixed dolomites and limestones that record
the interplay of shallow (outer) shelf and island sedimentation (Figure 12). Note that the background

* facies from here to the mouth of the canyon consist predominantly of bedded, outer-shelf biograinstones

that pass. distally (close to the shelf edge, at optional Stop 8A) to reef facies. Superimposed on this
background are a series of upward-shoaling island facies consisting of silty dolomites with evaporites,
and fenestral limestones, both developed on porous biograinstones. The accompanying photograph
(Figure 12) is a photomosaic that illustrates the essential facies in this quarry outcrop.

There are many significant facets to this outcrop section that cannot be justifiably handled ina
road log. However, several important aspects. of facies development as indicated by this section are

~ of relevance to our- overall picture of Guadalupxan sedimentation in this region. Firstly, note on Figure

12 that two séparate islands have coalesced in this quatry exposure, overlymg ‘weird” carbonate
sands. These “weird” sands are outer-shelf facies, consisting of various forams (e.g., Mizzia),
bivalves, fusulinids, crinoids; etc. They are overlain by silty, fine-crystalline dolomites with evaporite
molds in the central quarry area (see Figure 12), which pass abruptly into biograinstones to the

northeast. These dolomites evndence the initial stages of island development, presumably during a
Jlow sea level stand. The “weird” biograinstones beneath this early island section appear to have been
affected by a complex of marine and meteoric dmgenesxs in that marine cements and fresh-water,

vadose-phreatic cements, sediments, and dissolution features are observed in the rocks. By this
evidence, we conclude that the island formed initially during low sea-level stand, and a fresh-water
lens that interfingered with the marine environment was established beneath the dolomites, invading
some extent downward into the grainstones. Continued vertical (and lateral) island accretion above
sea level occurred during subsequent sea level rise, forming a high island, the section represented
by the overlying fenestral limestones (see photomosai¢). By evidence of intermixed marine and
fresh-water diagenetic fabrics in these limestones, it appears that the grainstones that overlie this high
island were deposited not during progradation of updip, contiguous facies, but rather by continued -
sea level rise (transgression) over these island limestones. Subsequently, another island at a later
time abutted against this older island tract, resulting in the stratigraphic complexities recorded at this
quarry. As these islands are traced into the canyon along the quarry exposures (westward: shelfward),

~ they pass into the prominent and time-pervasive high-island, shelf crest facies as observed at Stop

7, and are underlain by a patch of reef facies of highly fossiliferous limestones (see Figure 12).
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Of importance here are the observations that (i) little in the way of pisolites were formed in these
islands, and (ii) few tepees are present in the island facies. We believe that such circumstances result
from the fact that there are at least two basic types of islands found in carbonate terranes: those that
are at or close to sea level (“wet islands’ ), and those that have accreted vertically and laterally into
higher islands. Of the latter, only those that are persistent through time will develop extensive

“supratidal diagentic features such as pisolites and tepee structures. Those “wet” islands are too allied

to groundwater (either marine and/or mixed marine-meteoric) to develop a fluid flow and depositional
syst that favor the formation of tepees and pisolites.

OPTIONAL STOP 8A. At the mouth of Dark Canyon is exposed the northernmost outcrop of reef
facies of the Capitan complex. The section at this locality has been drilled and cored by Amoco,
who found that the reef section here was unmcdlately underlain by back-reef and shelf facies of the
Tansill. Therefuie, this u.ef section and that exposed in the quarry-at Stop 8 must represent (back-reef)
patch reef facies.

The section here and immediately across the canyon has been studied by Toemey and Cys (1977),
Babcock (1977), and Mazzullo and Cys (1978). The massive reef limestones are composed principally
of massive-bedded, micritic limestones with sponges,. corals, crinoids, Tubiphytes, and abundant
encrustmg algae (. Archaeoltthoporella) brown, fibrous marine cements believed to represent pnmary
marine aragonite are ubiquitous in these rocks (Mazzullo and Cys, 1978, 1983). The reef facies is

“overlain by and passes laterally shelfward into thin- to- medium-bedded- blogramstones similar to those

examined at the quarry exposures of Stop 8. Further shelfward; or up-section at this locality, the -
facies pass abruptly into island-type. fenestral dolomltes with pisolites and évaporite relicts. The
sedimentologic and biologic attributes of the’ section here are essentially 1dentlcal to those that will
be examined in more detail durmg the stops of Day 2 of this trip.
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THE CAPITAN-MASSIVE AND ITS PROXIMAL CARBONATE,
AND MINOR SILICICLASTICS OF THE CAPITAN BACK-REEF,
WALNUT CANYON AREA,

CARLSBAD CAVERNS NATIONAL PARK, NEW MEXICO

Lioyd C. Pray

Rocks of the Walnut Canyon area of Carlsbad Caverns National Park provide the most accessible and some of the best exposures
available of the Capitan-massive facies and its contemporaneous succession of bedded strata for a distance of 1-2 miles shelfward
of the Capitan-massive. The Walnut Canyon area we will visit is near the eastern and lower end of the southwest-trending Reef
- Escarpment. Facies exposed here are considered typical of the younger Guadalupian part of the Capitan Reef Complex along much
of its exposed length in the Guadalupe Mountams

COLLECTI;NG OF SAMPLES OR IN ANY WAY DEFACING THE
NATURAL FACE OF THE LANDSCAPE WITHIN CARLSBAD
CAVERNS NATIONAL PARK IS STRICTLY PROHIBITED.
SEE AND ENJOY, BUT LEAVE LOCALITIES AS YOU FIND THEM.

A generalized geologic map of the area of Walnut Canyon, which extends from the White City area at the intersection of U.S.
62-180 with New Mexico 7 to the entrance to Carlsbad Cavems, is shown in Figure 2-1. Our traverse of facies formed at the
shelf edge or shelfward of it 1-2 miles will take most of the half-day allotted. The facies changes in the outermost part of the
shelf perpendicular to the trend of the shelf edge are striking as is the facies persisterice parallel to the trend of the shelf edge.
Dunham (1972, PBS-SEPM), guided in part by interpretations of Lang (1935) but largely by his own careful analysis, envisioned
the depositional profile of the shelf to be that of a low marginal mound, the highest part of which (occurring shelfward-of the
Capitan) restricted or, at times, prevented circulation from the open waters of the Delaware Basin and outermost part of the shelf

Rock features of Guadalupian Shelf (at times of peritidal shell crest)

Evap. S ; : - { Sheltf

Sheif Inner Shelf v Shell Crest Outer Shell Edge
P e S S :

Prollle Sealevetl
Anhy. R

Gy [+ D_olqmtle

. 1 § ak
micelile Pisoids walnutolds ) o aucial pleaide
Jﬁ&ﬂc&_cﬂcﬂvma_ IR §_kiel_a_! grains moa.llj gastropods dasyclads &
{moel restricled) - (restricted) ) fusulinids

Non- skeletal micritic grains {some castriction)

Evaporﬂe molds

From Esteban and Pray, 1983

FIGURE 2-3. Rock features of the Guadalupian (Capitan age) shelf at times of peritidal carbonate Shelf Crest deposition.
- Syndepositional carbonate cementation occurred across much of the carbonate depositional area.
1 . . .

25



TRIP MAP: WALNUT CANYON | '

A\ : Tansill

',Xﬂ'.';?%- , / 1 |
Mt
Tansill P '

iJ ' :/.' U v . .
"‘\White City

N E AN I
- Caphtel

R Ny
. ."lé//;
;.f//
. . . . . - C ’
0 172 I miles y \"-94’,9,,
[ L J _ e,

@'D ay 2 SprS "EX” -stops Geology from Hayes, 1957

FIGURE 2-1. Geologic map of the Walnut Canyon area showing distribution of the Capitan Limestone and its backreef equivalents of
the Tansill and underlying Yates Formations. Major stops are marked I-V, possible short exit stops are marked A and B.
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FIGURE 2-2. Diagram showing majoi‘ siibdivisioné of;the inferred: depositional profile (marginal mound hypothesis), .the lithologic
composition and spatial position of the major facies and of sea level at a time of deposition of peritidal Shelf Crest carbonate facies. Not
to scale - width of area 10-20 km. . - :
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with a broad inner area (normally a lagoon). He and subsequent investigators have provided much evidence in favor of this marginal
mound interpretation. For convenience in referring to both the facies and to the various environments of a marginal mound shelf-top
profile, I subdivided the profile (Figure 2-2) into a Shelf Edge, an Outer Shelf (characterized by seaward dips), a Shelf Crest (the
paleohigh of the marginal mound), an Inner Shelf (characterized by shelfward dips), and an Evaporitic Shelf, characterized by
predominant evaporite rather than carbonate facies. The location of the high on Dunham’s marginal mound was placed to coincide
with the maximum development of the pisolite facies, which he interpreted as developed by soil processes (a Permian paleocaliche)
— hence an area of maximum and most frequent emersion during sea level lows. The mutual association of pisolite, fenestral
dolomite and tepees, all compatible under Esteban and Pray’s interpretation of peritidal phenomena (the cross-hatched areas on
Figure 2-2) is used by us as diagnostic criteria of the Shelf Crest facies (Figure 2-3). Handford and others (Geology, Sept. 1984)
recently suggested these facies developed lagoonward of a shelf crest, which they inferred to coincide with some more seaward
oolitic and peloidal carbonate sands of this facies succession. Their suggestions, based largely on an inferred analogy of a minor -
development of pisolites and small tepees discovered at Lake MacLeod of Western Australia, appears unwarranted — at least
until more evidence favoring it than has been reported to date can be demonstrated in the facies of the Permian of the Guadalupe
Mountains. Major earlier characterizations of the back-reef Capitan shelf have been by Tyirell (1969), Dunham (1972, PBS-SEPM),
Denys Smith (1974, AAPG) and by Neese dnd Schwartz (1977, v. 1, PBS-SEPM) and in their separate M.S. theses (1978, 1981)
at the University of Wisconsin (Madison).

All stops (Figure 2-1) selected for this day’s Walnut Canyon field trip are localities described in earlier field guides. See
particularly Dunham (1972, PBS-SEPM) who devotes some 35 pages to present Stops 1, 2, 3, 5 and 7, and that of Pray and
Esteban, who devote about 100 pages to Stops 1, 2, 3, 4, 5 and 6.

I acknowledge with pleasure here the many contributions of numerous geologists with whom I have been associated in investigations
pertinent to this key area of the Guadalupe Mountains, many of whom have been University of Wisconsin (Madison) graduate
students with thesis projects on-facies we. will encounter. Specifically, these have been PhD students Jack Babcock (1974) and
Donald Yurewicz (1978), both werking on:the Capitan Limestone, and M.S. students Magell Candelaria (1983), shelf siliciclastics,
and on overall facies studies of the carbonates of the back-reef, Neil Hurley (1978), Doxglas Neese (1978), and Mark Rosenblum
(1984). The University of Wisconsin geologic field program has received financial support from a number of organizations;
particularly from the New Mexico Bureau of Mines and Mineral Resources and from Arco, Conoco, Exxon, Mobil, Shell and the
Union Oil Company of California. Most of my work in this region on the Shelf Crest pisolite facies has been in close collaboration
with Dr. Mateu Esteban, formerly of the University of Barcelona, Spain and currently with Amoco Production Research, Tulsa.
In addition, over the years the personnel of Carlsbad Caverns National Park have been most helpful to the investigations.
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HYPOTHESES OF SHELF TO BASIN PALEOBATHYMETRY
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FIGURE 2-4. Schematic diagram of alternative hypotheses compiled by
Dunham for the depositional profile of the Capitan-age Guadalupian shelf.
The marginal mound hypothesis as advocated by Lang (1935) and Dunham
(1972). is- strongly favored. Little -evidence supports the bartier reef
hypothesis. : .
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19.2 05 . STOP 1. Parking turnout on right at entrance to Carlsbad Caverns National Park, on New
- Mexico 7, 0.5 miles west of its intersection with U.S. 62-180. (A larger parking area is also
available west of the road at the boundary sign on the edge of Walnut Canyon. The parking area and
the outcrop area to be visited at Stop 1 outside the park i is on private land of Mr. James White at
White City.)

Capitan-massive, Shelf Edge facies. The outcrops to be observed occur just west of Walnut Canyon, between Walnut and Bat
Cave Canyons and south of the east-west line of the park boundary. Figure 2-5A is a map of the area of this stop. Most observations
will be in the area of the Figure 2-SB inset of Figure 2-5A, -and from there west across the low ridge separating Bat Cave and
Walnut Canyons, and thence along the lower slopes north of Bat Cave Canyon to the park boundary. This locality, long a stop
on nearly all field trips to the region, affords an excellent opportunity to-observe. a large mass.of the Cz spitan-massive in an area
where it consists almost entirely of a submarine-cemented mass of boundstone that includes some of the major biotic skeletal
elements of the Capitan-massive. Detailed observations at this stop are provided by Dunham (1972, PBS-SEPM), Babeock, Pray
and Yurewicz (1977, PBS-SEPM, v.2) and Babcock in Toomey and Babcock, (1983, CSM). We see here typical skeletal-cement
boundstones of the Upper Capitan (Tansill-equivalent) in an area which is inferred to be at or close to the area of the shelf edge’
where the depositional slope changed from gentle basinward dips observable in the proximal Outer Shelf facies to steeper dips
~ observable in forereef facies underlying the Capitan-massive by 100-200 m (not here exposed). The major objectives of this stop
are: 1) to appreciate on the outcrop the massive nature of the part of the Capitan referred to as the Capitan-massive; 2) to observe
and appreciate the volumetric importance of submarine cementation in the Capitan-massive in. the laminated encrustations that
form most of the rock mass (in many places 70-80 percent or more of the rock mass) and its interlamination with a component
1nterpreted by .Babcock as a probable calcareous algae; 3) to observe the major types of skeletal fossils associated with the
encrusting laminations of the submarine cement and alga [(herein referred to following Babcock (1983, CSM) as Archeolithopo'rélla
and radial fibrous cement (abbreviated A.-RFC)], and 4) to consider the implications of how much was not observed at this outcrop
that is relevant to mterpretanon of the Capitan-massive in the many years it was v1sited pnor to a decade or so ago

1) Observe the massive nature of the bulk of the outcrop. Although geopetal fabrics abound in the rocks here,
note the apparent absence of bedding planes, of surfaces of erosion or of apparently by-passmg of siliciclastics,
or of surfaces of emersion. Evidence strongly suggests deposition of the rock of the Capitan-massive at a
submerged shelf edge, deep enough to not become emergent during minor fluctuations of sea level. Prevailing
seaward depositional slopes of the proximal Outer Shelf facies, supported by some geopetal evidence of primary
dips by Hurley (1978, 1980) in his study in North McKittrick Catyon' of older Outer Shelf facics (see ‘also
Yurewicz in 1977, PBS-SEPM), leads to the interpretation that few Permian ships would have gone aground on
the Capitan-massive. In essence, it was not a barrier reef (see Figure 2—4) but a submerged shelf edge carbonate
buildup.

2) On close inspection, most of the rock mass of the entire area of Stop 1 (Figure 2-5A) consists of tan to
brownish calcite in the form of encrusting laminations, each made up of radial or parallél arrays of fibrous to
palisade calcite from less than one mm to several mm thick, commonly alternating with irregular thin laminae
of lighter-weathering calcite: these laminae may show within them light and dark couplets. The interpretation of
this encrusting laminated rock that is currently generally accepted is that of Babeock (1974, PhD; 1977, PBS-SEPM)
who considered the radial fibrous to palisade calcite as submariné- cement and the lighter intergrown micritic
laminae as the probable neomorphosed product of a red calcareous alga, Archeoltthoporella The crystals of the
radial to palisade calcite are coarse enough to be conspicuous on the outcrop (hand lens may help with much of
it); those of the inferred algal laminae are micritic. Some of these micritic layers, as noted in the diagram of
Figure 2-5C, may not be of orgamc origin. Interpretatlon of these laminated encrustatlons that.form most of the
rock of the entire area of the stop is reviewed in Babcock (1983, CSM). Newell and others ( 1953) and Newell
(1955) noted it and interpretations involved both algal processes (stromatolmc) and aragonite cement; Dunham
(1972, PBS-SEPM) noted its occurrénce in fissures and the main rock mass, referred to it as “recrystallized
limestone,” noted druse fan structure, and discounted an algal interpretation, partly on the likely absence of light .
in fissures. But more importantly, he considered it a product of diagenesis, some type of secondary substitution,
related to deep vadose ‘diagenesis. It should be noted that his mterpretatlons came at a tim¢ when in carbonater’s
dogma, submarine cements were of no. consequence in normal marine environments. Tyrrell (1969 and earlier)
had also referred to this calcite of the Capitan as “rayed” and “fibrous recrystallization.” But the submarine
.cement “bandwagon” which started in the mid-1960s was not applied in force here until Babcock’s work of the
early 1970s. Schmidt and Klement (1971) referred to it as “authigenic early. dlagenetlc calcium carbonate.”
Several authors in the 1977 PBS-SEPM volumes (Babcock, Yurewicz, Schmidt, and Mazzullo and Cys) discuss
this laminated encrusted rock in essentially the terms of the present mterpretatmn but with somewhat different

~ emphasis on the micritic laminae.

Important to note on the outcrop, and-astonishingly evident onee-gne looks for:the evidence,is the encrusting
habit of A.-RFC coating the conspicuous invertebrate fossils: (spenges, ‘phylloid -algae, Tubiphytes, etc.) and
forming much larger nodular masses (Babcock’s A. nodular boundstone).- In ‘miany*places it can be observed to
completely fill large openings in the rock framework, or to nearly fill such, leaving some residual primary
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" FIGURE 2-5. (A) Map of types of boundstone comprising the Capitan-massive at Stop 1, in area between Walnut
and Bat Cave Canyons. . . .- : ' . o o

(B) Map of area in square of A (above) on southwest side of Walnut Canyon showing fissure fillings and specific

- observation points (please do not sample or mutilate) for three major types of boundstone. .

(C) Schematic diagram of types of the laminated encrustations forming the tan-brown calcite that constitutes most of

the volume of the boundstones. The interlaminated Archeqlithoporella alga and radial fibrous cement predominates.
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porosity as a clue of the direction of filling. As evidence of its primary nature pockets of sediment may be
detectable on the crusts and in turn covered by later crusts. Locally in the rock coarse radial arrays of darker
calcite crystals (Flgure 2-6B), interpreted as aragonite bo(rymds (now known to be forming in modern normal
marine submarine environments such as off Belize), occur in pockets filling primary porosity in the cementmg
rock mass. These also can be found to occur coated by later A.-RFC crusts or by geopetal sediment. As an
example of a rigid carbonate buildup formed largely by submarine cement, but closely associated with various
skeletal assemblages, the Capitan-massive of Upper Capitan time has no equal. It should be noted that in the
Middle and older Capitan, masses of rock composed predominantly of the laminated encrustations seen here are
much less common, and cavity linings more commonly seen are thinner isopachous coatings of laminated, more
micritic, calcite — perhaps largely Archeolithoporella, but perhaps of cement origin.

3) The Capitan-massive here has a rich assemblage of marine fossils, and Babcock has here distinguished
three major types of A.-RFC boundstones (see Figure 2-5A and B) for {~calities. The most abundant invertebrate
fossils here are calcareous sponges of a variety of genera and shapes ranging from platy forms half a meter or
more across (locality A of Figure 2-5B) to smaller finger-like forms such as predominate in the photograph of
Figure 2-6A. Calcareous sponges are a dominant biotic component in Permian and early Mesozoic reefs. Dunham
referred to the original rock of the Capitan as a sponge wackestone, and indeed, such is an apt characterization,
particularly for much of the Middle and Lower Capitan-massive, but these units may also involve submarine
cements.

Particularly- conspicuous-at- Stop 1 outcrops, especially on the low ridge separating Walnut and Bat Cave
Canyons west of ‘the diagrammed fissure-rich area, are phylloid algae encased with A.-RFC laminations. Most
are about the size of potato chips and many show an orientation roughly paralleling the reef trend. Small
light-colored concentrations of sediment on their upper and basinward side, as first noted by Babcock, suggest
bottom currents were directed basinward. Inconspicuous. in the A. -RFC rock are the small, dense, white, somewhat
twig-like masses of Tubiphytes that form a third major type of boundstone on these outcrops (Figure 2-5A and B).

4) It is sobering to think of the various differing interpretations that have been made of the Capitan-massive
at this outcrop by first-class geologists, and also to realize how much was missed for so long. The primary nature
of the A.-RFC, and the presence of phylloid algae was largely unrecognized until the detailed studies of Babcock
but a decade ago. What that should be obvious is being missed now? Almost surely something of interpretive
importance. And what should have been interpreted long ago was evidence of submarine cementation (the A.-RFC
of the fissures that clearly opened in solid rock here near the Capltan basin slope also formed the bulk of the
ﬁssured rock!).

We will not have time to ..make the instrUCt-ive tra\(erse along the edge of Walnut Canyon into the park area (for details see
Babcock, Pray and Yurewicz, 1977, PBS-SEPM). Shelfward, the size and number of fissures diminish, as does the amount of
A.-RFC. Sediment increases in abundance, and some patches of dolomitization occur in the more shelfward part of the Capitan-mas-
sive.

MILEAGE
Cumulative. Interval » o _
0.00 0.000 l"éirk Bgnndéry, Walnut Canyon, Stop 1 location.
0.15 0:15 CrOSSIng:W:ilnut Canyon. Strata visible to left and right are outermost Quter Shelf carbonate

gramstones and packstones of the lower Tansill Formation. :

42.'

urhiout on right snde of read. Walnut Canyon North Bluff OQuter Shelf Facies.
Heast to intersect the base of Walnut Canyon for initial observations and then
anyon about 200 m to the vertical cliff area of the meander bend of Walnut Canyon.
This locallty wa Dunham s Stop II-1 and was Stop I, Day 2 of Pray and Esteban, 1977, PBS-SEPM.

We will

Yates and Tansill Formation, Outer Shelf Facies. Where we first intersect the base of Walnut
Canyon southeast of the parking area, the strata are largely of limestone, thick-bedded to massive,
and with but littlé dolomitization. Most of the rock is a molluscan-dasycladacean grainsupportstone.
Large snglls arejlocally conspicuous. The rock is largely a skeletal grainstone. Finer particles include
awide range of fossils and peloids. Note the basinward dips here and.on the cliff west of the highway.
nsndered to be indicative of the primary seaward dips of the strata here on the outer
Shelf Examination of rocks between here and those of the northern part of Walnut

“Canyon southwest of the hlghway crossing indicates a transitional contact of the Outer Shelf strata
~ with a graiii-rich, more massive Capitan. Walk up the canyon floor to the area of vertical cliffs
- -at the meander bend.

CIiff locality at the meander bend northeast of the parkmg area: Thislocality is described in more detanl than that given
below in Dunham (Stop 11-B; Day 1, 1972, PBS—SEPM) and by Pray and Schwartz (1977, PBS-SEPM). Figure 2-7 shows a
graphic section of the lower part of the 100" m sequence of cliffs exposed above the floor of the canyon. The dolomite exposed
_ at the base of the section (1-2 meters ‘of which ‘were -not exposed when the section was measured in 1977) corresponds to the
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FIGURE 2-6. Qutcrop photographs on south-sloping outcrops of Capitan-massive along Bat Cave
Canyon near Natlenal Park boundary in area of map of Figure 2-5A.

(A) CalcaFédnis sponge-rich laminated encrustation boundamne (radial fibrous cement and
Mc&wﬁﬂt@é&l&)

B) Lamm éncrustation boundstone showing several areas of 2-3 cm radial druse fans (dark
near ceiteér) of syndepositional submarine cement.
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uNIT - (FEET)
13 . S+

ROCK THICKNESS

FIGURE 2-7. Stratigraphic -
section at the elbow of Walnut
Canyon (Siop 2) shicwing .
major lithologic units, Quter
Shelf facies, Yates.and Tansill -
- Formations. Recent floods:
have exposed an additional 1-2-
m of the basal dolomite, and:
strengthened. its correlation
with the top of the upper Yates o
informal unit termed the
Hairpin Dolomite (see’ Figure- :
2-8, Stop 3). s

uppermost part of the “Hairpin Dolomite™ (Flglll:‘ -2:
be at the top of the thin sandstone unit number 1
is an appreciably thickened section of: the: Triplet
the thinning of siliciclastics of the Triplet unit.. T
Features to observe here and bnef dlscussmn fs

1) Sandstone pmchou_t_ dewn dip:towar,
level and about 100 feet south of th

* into enveloping carbonate. rock.
concentrate, a phenomena noted at ‘ol

exclusively indicating current flow: in
prevalent in the outerinost parts of th_

4) Unit 6 shows low- dlppmg foresets
with nuclei of marme fossxls in dlstmctlon

Soc. Amenca artlcle on Guadaluplan F
Shelf Crest pisolite' (see Flgurcﬁ 2-3 for

5) Several meters of strata: (umt 10) can be-s : ave hlgh angle basm—s oping oresets — v1ewed best to
the right of the vertical cliffs above unit 1. These aré oolitic, a facies distinctly uncommon in the Guadalupian
back-reef, but one suggested (Handford and others, 1984, Geology) as the possxble shelf crest, a suggestion not
proven in the Guadalupian work to date.

- 6) Unit 1 is the uppermost part of the _Yates Formation unit termed the Hairpin Dolomite (Figure 2-8). The
uppermost Hairpin here is calcitic, and the top surface may represent a fossil weathering surface, whose correlative
surface at Stop 3 is interpreted as altered by probable subaerial weathering. Note thé conspicuous white intraclasts
just above the contact of unit 1, entrained in the basal sandstones of unit 2. Most of the few recognized weathering
surfaces (Permian age) of the strata recognized in the Shelf Crest area are not recognized this close to the Capitan,
here unlikely to be more than ¥4 km more basinward. Return to vehicles and proceed up New Mexico 7.
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FIGURE 2-8. Generalized stratigrapliic ‘section*of upper Yates and lower Tansill Formations exposed at
Walnut Canyon Stops 3, 4, 5°'and Exit Stop'A. Strata are of Shelf Crest facies except for the evaporitic,
fenestral, mud-rich dolomite of the Walnut View Dolomite representing prograding, Tansill-age, Inner Shelf

facies.

0.2

0.2

0.1

Cross Walnut C'anyqn‘.“ o

Road cut cxpdses faulted section of upper Yates carbonate and sandstone. Dispiacément is down to
the south. Several more high-angle faults along this trend can be seen in the canyon walls to the west.

Strata of the upper Yates and lower Tansill are well exposed on the edges of the canyon to the right
of the road. (Stop I, Day 2, 1977, PBS-SEPM). This locality; 1-2 km shelfward of the Capitan inner
marine, shows well the upper part.of the Hairpin Dolomite, the Triplet siliciclastics and carbonates
of the uppermost Yates, and the overlying Tansill, upwardly composed predominantly of dolomite.
(See the stratigraphic section of Stop-3, Figure 2-8, for above units). The prominent recessive unit
a few feet thick. in the lower part of the cliff is the Hairpin: dolomitic sandstone (see notches and
caves ‘along it). The Hairpin “sandstone” unit here is an irregularly laminated dolomitic sandstone
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with a few small oscillation ripple marks which grades upward into fossiliferous dolomites. (We will
see this unit in a more shelfward position at Stop 2). The base of the Hairpin dolomitic sandstone
here truncates (with minor relief) underlying large tepees of the lower part-of the Hairpin Dolomite
unit. More tepees are evident in the overlying upper part of the Hairpin Dolomite. Ahead and on
cliffs on the north side of this locality note the prominent recessive units (grassier and greener than
the cliffs). These are made by the two major sandstone units at the base and top of the Triplet (Figure
2-8). These sheet sandstones can be traced along the Shelf Crest with no detected interruptions in
their continuity and but gradual changes in thickness (Candelaria, 1982, M.S.. Univ. Wis.) and
afford no evidence of channelization of sands as a way of moving siliciclastics across the shelf. The
strata of this area are transitional between Shelf Crest and Outer Shelf.

0.9 0.2 The lower west-facing cliffs at this meander bed (left) provide excellent exposures of pisolitic and
fenestral facies of the Hairpin Dolomite — and of extensive sheet cracks filled largely with calcitic
cements, in contrast to dolomitized cements farther shelfward (Stop 3).

1.9 1.0 Curve to left. Some of the siliciclastic unit near road level are unweathered (gray in contrast to normal
yellow brown of most roadcuts and all outcrops). Corral Unit, Yates Formation.

3.4 1.5 Tumout on left for botanical and anthropologic exhibit, and Stop B of exit route; see end of this log.
Stream level exposures are of Corral Unit and lower Hairpin Dolomite of the Yates Formation, as
are strata along the road for next mile.

43 0.9 Small parking turnout on right. At road level are excellent natural cxposures of thick pisolitic strata
. of lower Hairpin Dolomite that are well oriented for photography

4.4 0.1 Entering the Hairpm Curve section of the Carlsbad Caverns Highway The stratigraphic sections
exposed in roadcuts along the 2 mile of ascending road above:on:the: Jeft provide the best single
location for detailed study of the upper Yates and lower Tansill Formations of this area, here about
1-1.5 miles shelfward of the Capitan limestone. These-cuts forin the site of Stops 3 and 4 and Exit
Stop A of this field trip, the site of Stops II I and [V of Day 2 of the 1977 ﬁeld trip (Esteban and

4.7 03 Teadsto Corral and parking
area in 100 m. CAUTION, THIS IS PART OF A ONE- WAY ROAD AND IN ENTERING

YOU WILL BE GOING IN THE WRONG DIRECTION

Upper Yates Formation, Shelf Crest Facies, emphasrs on observations and interprétation ‘of Shelf Crést pisolmc strata and their
associated facies, in an area of intense development of tepee structures in the Hairpift Dolomite. This: locahty is 1-2 km shelfward
of the inferred inner edge of the Capitan Figure 2-8 is a generalized stratigraphic section: of the.upper-Yates and lower Tansill
Formations along the Caverns Highway in this area. Much of it can be observed in the cliffs-of the méander bend north of the
Corral parking area. The upper half of the Yates Formation of that section will be exammed m detail in the road cuts along the
‘highway. Stop 3 concerns the strata of the Hairpin Dolomite. :

A major objective at this stop is to obscrve the broader relationship of the pisolite facres to the mterbedded less- or non-pisolitic
dolomites and minor siliciclastics, and the relationship of these facies to the well—developed ‘tepee-Structures and to several
intraformational erosion surfaces at the top of and within the Hairpin Polomite Unit. These broader s graphic relationships are
critical to the interpretation of the Shelf Crest pisolite, the facies of prime interest at this stop. Asse major objective is to
observe in the excellent exposures of the highway cuts the details of the fabric of the rocks, particularly the pisolite-rich rocks,
long of major interest in the Capitan back-reef strata, and rocks whose mterprctatlon has. provided much controversy. A major
impression that should be gained by careful scrutiny of the- pisolitic rocks is the vanety and probable gcnetic complexity of these
rocks (see Figures 2-9 and 2-10). .

The cuts here have long been the location at which pisolitic facies of the Shelf Crest have been most frequently observed and
studied. Features of this stop are provided in more detail than that which follows in Esteban and Pray, 1977, PBS-SEPM (27
pages, Stop II, Day 2) and by Dunham (1972, PBS-SEPM, Locality 1I-2, 11 pages). Interpretauons of the pisolite facies of the
"Shelf Crest have most recently been presented and reviewed in an article by Esteban and Pray in the T. Peryt-edited volume.
Coated Grains, 1983, Springer-Verlag.

Briefly, the interpretations of the genesis of the Shelf Crest pisohte facies are as follows early work identified the pisohtes as
red algae and evidence of an algal reef! For three decades most attention was focused. on an algal or non-algal origin for the
pisoliths, a subaqueous origin being implied or assumed. [nterpretlve revolution occurred:in:1965 when Dunham, and independently
Thomas, interpreted the -pisoliths to have formed by secondary processes (weathering — a Permian’ paleocaliche). See Dunham
(1969, Jour. Sed. Pet.) and Thomas (1968, PBS-SEPM, Pub. 68-77) for first pubhshed details. Dunham focused principally on
the spectacular occurrence of inverse (reverse) graded bedding of some pisolitic strata,-pointed:out: analogous features in known
"weathering horizons (and also in cave pearls) and made what proved to be persuasive arguments for-an in-place vadose origin.
The “vadose pisolite” hypothesns was launched and rapidly gained wide acceptance for-not only the Shelf Crest pisolite but for
focks with some similar fabrics in other places in the world. Kendall (1969), while accepting the “caliche” interpretation, also
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FIGURE 2-9. Diagrams of pisolite facies of the Shelf Crest occurring at Stops 3, 4, 5 and at Exit Stop B. The
upper diagram shows the major pisolite faciés together with their description, classification (using Dunham’s
rock classification terms and the Embry-Klovan modification of if) and the major processes involved in the

. origin of the rack fabric. The lower diagram illustrates typical and common sedimentary cycles involving
pisolite-dominated rock in the Shelf Crest facies. :
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stressed a clastic synsedimentary origin. Starting in 1975, Esteban and Pray rejected the secondary soil or cave-origin for the Shelf
Crest pisolite and returned to synsedimentary, largely subaqueous origin compatible with processes related to hypersaline water
of a peritidal marginal marine environment. They accepted Dunham’s in-place origin of the inverse graded pisolite, but stressed
the predominant isopachous nature of most pisoliths, even in the inverse graded units, and the interpretation that most vadose
fabrics were late stage overprints of earlier isopachous fabrics, and most commonly associated with a distinctive but minor type
of pisolite they referred to as “botryoidal.” Key elements of their interpretations were based on the broader stratigraphic relationships
of the pisolitic strata, as well as the fabric details stressed in most earlier work. These were intergradations with other “normal”
sedimentary rocks: position favoring pisolite development in the position of inter-tepee depressions (pools on a partly emergent
peritidal flat); pisolite origin prior to erosion and local weathering phenomena associated with a few intraformational erosion
surfaces; and the lack of a spatial relationship of pisolite development directly below those erosion surfaces, few in number, that
showed evidence of subaerial weathering. Currently, most geologists familiar with the stratigraphic and fabric evidence in this
Shelf Crest area accept the interpretation of its formation on a pertidal marginal marine area involving intense precipitation of
calcium carbonate from hypersaline water covering or episodically flooding low- rellef flats that occurred behind the mors deeply
(and continuously submerged) Capitan shelf edge

Pisolite facies of the Guadalupian Shelf Crest have most recently been discussed by Esteban and Pray (1983 Coated Grams
Spnnger-Verlag) The diagrams of Figures 2-9 and 10 portray some of the key stratigraphic and fabric relationships we observe
in Shelf Crest pisolite facies (many of which are observable in the road cut of Stop 3) in close association with predominantly
peloxdal fenestral grainsupportstone dolomite and tepee structures with abundant cement-filled sheet cracks. We prefer a'subaqueous
origin for most pisoliths. Most were probably deposited clastically near their point of origin, some give évidence of in-place
growth within a pisolite assemblage by precipitation of outer concentric coatings of cement on free-to-move grains (not: linked by
cement), thus permitting expansive growth of a pisolite aggregate. Some pisolite aggregates show evidence of - early isopachously
coated grains growing by late stage non-isopachous accretionary cementation. Some of these late cements are downward-elongated
(stalactic or gravity cements) and of vadose origin — probably formed on supratidal parts of tidal flats. Recent geochemical studies
of Rosenblum (M.S. 1984, Univ. of Wisconsin) strongly implicates hypersaline marine water for the vadose “overprints.” Of the
three major types (end-members) of pisolite recognized by Esteban and Pray (Figure 2-10), the botryoidal (which involves generally
irregularly shaped, bumpy pisoliths, ¢oated pisolitic intraclasts and irregular seams and coatings of laminated: ‘micritic carbonate)
most consistently displays gravity fabrlcs We believe this type formed in the shoalest, intermittently exposed paits of a ‘peritidal
flat — some of their gravnty fabrics may be primary splash-zone effects. Most inverse graded pisolite probably formed by in-place
growth of free grains receiving successive accretionary coatings of carbonate cement, but some unusual clastic processes (migration

of beach cusps — Chafetz and Kocurek, 1980, or sorting mechanisms — David Johason, 1984, AAPG abstract etc.) might be
involved locally. . .

At this stop, examination of the Hairpin road cuts will be from north to south. In rough sequence, the followmg gdtures can
be observed (see 1977, PBS-SEPM, for precise locatlons and more detailed descriptions and illustrations):

1) Lower road cuts, west side, initial 100-200 feet. Note the interbedded pisolite-rich strata with fenestral
gramsuppoﬂstones and parallel to. cross-cutting: cement “veins” (filled sheet cracks related:to tepee formation).:
. Note in lower cuts where first thick (I m+) zone of pisolite occurs, that is, shows evidence of sequent1a1 prsohte ‘
deposition separated by minor erosron surfaces and" carbonate sand seams (Figure 2-124). - T

o 2) Initial road cuts, east side. Large tepee structure; another large tepee structure: occurs on west side of .
cuts, axis oblique to highway.

3) East side road cuts 200-300 feet south of entrance to cuts (refer to cross-section of Figure 2-11 showmg
an upper and a lower tepee complex separated by the thin, carbonate-rich Hairpin “sandstone”) 'Note the truncation
of the lower tepee complex by the erosion surface. It shows no evidence of alteration below it at the b
Hairpin “sandstone.” The surfacel not only' cates. strata of the lower complex, it also truncates cement filled
sheet cracks within it. Tepee bunldmg, tatlon of sedimentary strata, cement filling of tepee—relat'
cracks and intraformational erosion all“wete repetitive processes in the Shelf Crest depositional ar
preferentlal development of prsollte in the ter-tepee ‘depressions and the facies changes on the tepee flank (see
in partmular the area with the square, upper tepee complex of Figure 2-11). Tepee structures are preferentlally
developed in fenestral grainsupportstone: units relative to pisolith-rich units.

4) Halrpm sandstone. This remarkable persistent ¥4-1 m-thick unit is composed of very ﬁne sand- to coarse
silt-sized siliciclastic grains admixed with carbonate grains and dolomite cement. Its carbonate content increases
from about 50% to 75% or more as this unit is traced closer to the edge of the shelf. In this area much of the
Hairpin “sandstone” shows the planar to slightly wavy laminations, and fenestral structures. Very locally the
sharp eye may see small symmeirical (oscillation) ripple marks a few mm high and about 2 cm wave length —
ripple index about 10. Carbonate fossil grains increase in abundance toward the Capitan and upward into the

* upper Hairpin Dolomite. Candelaria (M.S., 1982, Univ. of Wis.), who has studied in detail the Hairpin and

overlying Triplet sandstone outcrops of this region, notes shelfward diminution in sedimentary structures in the

' Halrpm with.only.. local planar or wavy lamination more than 2.2 km behind the Capitan (see Candelaria article

in this volume for.details). His interpretation is of very shallow, subaqueous deposition of the Hairpin at a time
when a distinct marginal mound was obscure.. »

5) Fabrics in pisolitic strata of the upper tepee complex (Figure 2-11) on both sides of road south of area of
cross-section: these cuts show a variety of the fabrics diagrammed on Figure 2-10, including inverse grading
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FIGURE 2-10. Upper part of diagram shows the three end members of types of pisolite.of the Shelf Crest facies and
their estimated relative abundances. The lower 11 boxes show some of the variations encountered in the pisolite-dorni= -~ -
* nated facies of the Shelf Crest. : ’
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FIGURE 2-11. Diagram of the middle of the east side of thé road cuts at Stop 3, Shelf Crest facies. The stratigraphic unit is
the uppermost 20 feet of the upper Yates Hairpin Dolomite. Distances along road measured from the start of the road cuts on
the west side of highway. Note in particular: 1) the major occurrence of pisolite facies is in the intertepee depression flanking
the upper tepee core, 2) the facies changes of the pisolite units in the square marked on the south flank of the upper tepee core,
and 3) the truncation of the lower tepee complex (and associated sheet crack cements) by the smooth erosional surface at the
base of the Hairpin dolomitic sandstone.

A

. FIGURE 2-12. Outcrop photographs of twe sequences involving pisolite-dominated strata at Stop 3, in the Hairpin Dolomite, Shelf.
Crest facies. (A) Typical exposure of normal (clastic) pisolite, in which pisoliths predominately show isopachous accretions, and of an
overlying carbonate sand-rich unit. Carbonate sand infiltrated. into underlying interpisolith porosity; some pisoliths and coatings are -
truncated as the contact of the two units. Most thick pisolitic units show such etosional and textural depositional discontinuities. (B)
Spectacular upward gradation from inverse graded pisolite into botryoidal pisolite. Locality mldway along west road cuts; about 1 m
below upper surface of Hairpin Dolomite. Pole markings in feet. - -
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with both isopachous and gravity (Dunham) cementation. A superbly exposed sequence of inverse graded pisolite -
grading upward into nearly a meter of botryoidal pisolite (Figure 2-12B) occurs just below the top of the west -
road cut, midway along the west side. (Enter from above, or by climbing northward and up along road cut cliffs.)
This inverse to botryoidal sequence is part of a late stage of filling of an inter-tepee depression of a tepee complex
that shows several stages of growth and filling along the southern road cuts (see diagram in Esteban and Pray,
1977, PBS-SEPM).

6) At the south end of the low continuous cuts west of the road, examine the upper surface of the Hairpin
Dolomite, and note micritization, interpreted ¢Esteban and Pray, 1977, PBS-SEPM) as an alteration product
related to the major erosion surface at the top of the Hairpin - the alteration is possibly related to incipient soil
processes. End of Stop 3. How do you think the pisolite formed? Consider the problem if sampling were
permitted (it is not here) of selecting a single “typical” sample of pisolite and the tendency (sample or photo)
to focus on the unusual fabrics (inverse graded or botryoidal). This partly explains Esteban’s and my approach
to this stop on this trip — namely providing a diagram of some of the many fabric combinations of Shelf Crest
pisolite. Participants of this field trip will continue walking south across ravine area to the next road cuts
— location of Stop 4.

49 0.2 STOP 4. Parking for this stop is at the exhibit area. Rocks of road cuts to be
: examined are on both sides of the exhibit area on the western road cuts.

Triplet Unit, dolomite and sandstones, uppermost Yates Formation, Shelf Crest facies. Facies to be observed are the dolomite
of the middle part of the Triplet (including its thin carbonate-rich sandstone in the northemmost cuts near road level) and the
upper Triplet Sandstone exposed in road cuts below the level of conspicuous seeps coming out at the Yates-Tansill contact. Major
features of interest are the following: '

1). Triplet Dolomite: The exposed strata are largely a somewhat micritic, fenestral peloidal dolomite with only a few small tepees
and pisolitic zones, mostly in the upper portion. Locally (near north-end of cuts) several small micritic mounds and oncolites
occur; locally, burrowing is evident. The Triplet Dolomite Unit, although in nearly the same position as the underlying Hairpin
Dolomite (e.g: Shelf Crest), contrasts markedly with the Hairpin ~— and with the overlying basal Tansill. Neese and Schwartz
(1977, PBS-SEPM, v. 1) stress the appreciable variation in the three major carbonate units (Hairpin, Triplet, basal Tansill) in the .
marginal mound area. They are net just prograding units of closely similar facies developed at successive times on the carbonate
- depositional area of the marginal mound. Although the shelfward progression of facies characteristics (Figure 2-3) is genérally
valid, the widths of thé different facies bands and their detailed nature differs significantly (cf. Denys Smith, 1974b, AAPG) ‘

2) Erosion Surfaces: Three erosion surfaces are of interest at this stop. The lowest, at the north end of the cuts near road level,
underlies a thin carbonate-rich sandstone unit rather similar to the Hairpin carbonate-rich sandstone (Stop 3). As below the Hairpin
Sandstone, alteration is not evident below the erosion surface. The middle erosion- surface is at the top of the Triplet Dolomite
(Figure 2-13A) and below the upper Triplet Sandstone. This- erosion surface is underlain by a reddish- to pink-colored, more
micritic zone several inches thick. Petrography suggests an incipient alteration or weathering (Permian) zone. The alterdtion clearly .
postdates the development of small tepees and pisolitic facies of the upper part of the Triplet Dolomite. The third surface ‘is that
at-the base of the Tansill Dolomite, here marked by seeps caused by an impermeable clayey zone along the contact at the top of
the altered upper sandstone of the Triplet Unit. This alteration zone, affecting the upper half meter or so of the Triplet Sandstorne,
e . SOi in- thi was. first interpreted as a soil zone (Permian caliche) by Dei ‘
upporting his interpretation. Upward from:th
ontent increases. Some small elongate carb at
ns show. microspar replacement of quartz gra
ould.be called caliche pisoliths. This prob
-shelf edge) but appears o'

oxidized).
mm thick

outcrop. The sz
but little coats:

Triplet sandstones. The one dccutrence in the upperT p y .
sandstone base, Candelaria noted obscure, discontinuous symmetrical (oscillation) ripples of 1-3 cm wave length, 1-3 mm amplitude,
and a ripple index of about 10. ' ‘

The general absence of sedimentary structures in the shelf sandstones, and particularly in those of the Yates, such as here in
the Shelf Crest area (based on the carbonates) has long been puzzling. Candelaria’s detailed study of all known outcrops of cuts
exposing the Triplet reveals a differentiation of preserved sedimentary structures from the areas of the Outer Shelf (Stop 2) across
the area of the inferred Shelf Crest. He recognized planar and wavy lamisation, local cross-lamination and ripple marks (climbing,
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current, oscillation), and concluded that all observable structures were compatible with a subaqueous origin. The few asymmetric
ripples and ripple cross-lamination he observed in the Triplet indicate current direction both in a basinward and shelf direction.
Candelaria recognized no sedimentary structures he felt diagnostic of eolian origin. Candelaria’s summary of his work is to be
part of the symposium portion of this field trip: see also published AAPG Annual Meeting abstract, 1983.

4) Basal Tansill Dolomite: The lower 30 feet of the basal Tansill.consists largely of grainsupportstones of a variety of dolomite
facies. Predominant in the lower, more accessible 12 feet is dolomite composed of sand- to granule-size grains of peloids, composite
grains and skeletal material. Some show fenestral fabric, a few are burrowed. Some rather. normal marine fossils occur, such as
fusulinids. Pisoliths occur locally in the basal 1-2 feet; pisolite and large tepees occur mostly in higher strata exposed along the
highway to the southeast.

Reenter vehicles and proceed up highway.

5.2 03 - Parking for Exit Stop A in area to left of the sharp curve. Road cuts ahead and along remainder of
road to Carlsbad Caverns are in Tansill Formation dolomite.

6.2 1.0 Top of Guadalupe Mountain Escarpment. El Capitan may be visible 30 miles ahead to the southwest.
The surface inferred from the accordant crests of much of the Guadalupe Mountains is interpreted
by King (1948) as an erosional surface which he termed the Summit Peneplain. It is close to the
exhumed basal Cretaceous unconformity.

6.3 0.1~ - Roads to left to former Cavern Headquarters and to right toward Rattlesnake Canyon. This is the
one-way road that exits at the Hairpin Curve. Continue straight ahead.

6.6 0.3 West end of Visitor Center parking lot at entrance to Carlsbad Caverns. Stop 5 location is in cuts
on the west side of this parking lot. Proceed ahead on main road (left tum into parking lot is
prohibited here) to west end of Visitors Center Buildings, then turn left (west) mto parkmg Aot
area and proceed back to Stop 5 lecation at west end of lot.

STOP 5. Parking Lot Dolomlte, Tansill Formation, Shelf Crest facies. ThlS stop is within 1 km from the Capltan shelf edge
Large well- developed tepees,. of historic s1gmﬁcance and their associated pisolitic facies are well exposed in the cut at the western
end of the parking lot. It was for these structures, as seen here, that Adams and Frenzel (1950) coined the teim “tepees " a-terin:
that has subsequently been -widely used to apply to antiform, non-tectonic, intraformational structures rangmg in_height from: a.
few cm to the more common heights of a meter or two. Some are even larger The focus -of this stop is on the tépees, their
associated fractures (sheet cracks) and cement fillings, and on the sedimentary fillings of the intertepee depressnons

Tepees and sheet crackS' Tepee structures are now known from a wide range of environments ranging from oceanic deeps as
interpreted for tepees in the Ordovician of Sweden (Lindstrom, 1963) to modern shallow subtidal of the Persian Gulf {Shinn,
1969), to pentldal in many .environments from the Persian Gulf to southern Australia, to terrestrial salinas and caliches: The mest
comprehensive review of tepees is by Assereto and Kendall (1977, -Sedimentology). Genetlc views of the origin of these “hard-greund -
buckles” were recently summarxzed by Kendall and Warren (1985, AAPG, Ann. Mtg. abstract). ’l"epees are diverse and: complex
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FIGURE 2-13. West road cuts at Stop 4, uppermost Yates and basal Tansill Formations, Shelf Crest facies. (4) In upward
succession, Triplet Dolomite and upper Triplet Sandstone of uppermost Yates Formation and of the basal Tansill: Dolomite:
Basal sandstone directly overlies erosion surface. Sand locally infiltered into truncated small tepee sheet cracks along the
micritized erosion surface on the Triplet Dolomite. (B) Contact at seeps of overlying Tansill Dolomite with 1/2 meter-thick
weathered zone showing incipient calichification of pre-Tansill age developed on top of the uppermost Yates Triplet Sandstone.
Disc is 2 cm in diameter.
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and so may be their origin, which is still somewhat enigmatic. Their polygonal patters and associations suggest both shrinkage
(dessication-? polygons) and sedimentary expansion (involving repeated cementation and sediment filling of fractures and perhaps
of expansion of original sediment layers) are important. Seasonal changes in water table levels have also been invoked — South
Australia. Though the mechanisms of formation remain uncertain, there is wide agreement that the tepees of the Guadalupian
Shelf Crest are peritidal, marginal marine phenomena. Nearly all are of the type termed “mature” tepees by Assereto and Kendall,
including the types seen here -and at Stop 3. Some Guadalupian Shelf Crest tepees are of the “embryo” type of Assereto and
. Kendall in which the uplifted flank beds remain in contact at the tepee crest — a relationship suggested of compressional features
as emphasized by Denys Smith (1974a, AAPG). These commonly have preserved sheet crack porosity. Only-one occurrence of
what we believe would correspond to Assereto and Kendall’s “senile” tepee has been recognized in the Shelf Crest upper Yates
and lower Tansill strata. This is in the New Mexico 7 Highway cuts of the curve just southwest of the entrance to this parking
lot, described together with this locality (Stop 5, Day 2, Esteban and Pray, 1977, PBS-SEPM). The “senile” tepees are largely -
composed of a chaotic array of brecciated sediment slabs, commonly with large amounts of infiltered sediment and with extensive
development of ‘pendant or stalactitic (gravity-sensing) cements interpreted as of vadose origin. Tepee structure and/or traceable
sheet cracks may not be recognizable.

Three large tepees and several smaller ones in the larger intertepee depressions are well exposed in the parking lot cut: The
northern two are diagrammed in Figure 2-14 from Esteban and Pray, 1977, PBS-SEPM. Details of the tepee core of the northernmost
large one are given in Figure 2-15 taken from the recent detailed study of Rosenblum (M.S., 1984, Univ. of Wis.). Most of the
host sediment is dolomite; nearly all of the sheet crack cement is calcitic. The intraformational and non-tectonic origin of the
tepees is evident from the continuity of the underlying strata exposed along the base of the cut, from the progressively diminution
of folding ‘and buckling in the tepee cores, and from the sequences-of sedimentary wedges of the intertepee depressions. Sand-filled
fissures (Figures 2-14, 15) in the core of the northern tepee and another near the south end of the cut probably represent filtering
down of siliciclastics during burial of the intraformational erosion surface (poorly exposed) that forms most of the crest ofthe cut.

Rosenblum’s field and geochemical study (stable isotopes of carbon and oxygen, Sr, Fe and Mg) was undertaken to better
understand the cementation history of the sheet cracks. It concentrated on three areas, of which the Figure 2-15 tepee is one,
where the cements were largely calcitic, rather than the more pervasively dolomitized cements of areas farther back on the Shelf
Crest. The complex history of repeated sedimentation, fracturing, erosion, and cementation is apparent. Different morphologic
types of sheet crack cement have been described (Rosenblum recognized eight, named on the diagram, in addition to a late stage
coarsely crystalline calcite probably of post-Permian age). Numbers corresponding to the predominant cement of the various sheet
crack areas are shown in Figure 2-15. The most abundant cement is that of radial fans, generally formed of fibrous arrays 2-5 em .
long, with a radius of curvature of about the same length, that can be observed to grow in any direction and orthogonally and
symmetrically from the roof and floor of the sheet cracks. These are interpreted fo have been originally aragonitic, formed ina
phreatic zone. Palisade cements, with nearly parallel crystals (generally 2-4 cm long, but locally up to 8 cm long) are roof cements '
whose isopachous growth banding, regardless of angle, indicates phreatic zone development. At the tepee. core (Figure 2-15) note
the abundance of this cement in the stratigraphically older part of the tepee core, as well as its presence on:the underside of some'
of the displaced sediment slabs tilted to high dips that are midway up the- south-tepee flank. The various morphologies of sheet .
crack cements and age relationships indicate changing conditions of cementation or of water during the complex history of tepee.

development and sheet crack cementation. Rosenblum interprets most 'sheetvCrack cement to have formed inm a p edtic ,zione,,} :
contrary to Dunham’s vadose zone origin. Evidence of any sharp water stirface levels within tepees has not been recognized. The'-
stable isotopes of most sheet crack cements analyzed (39) by Rosenblum suggest precipitation from a mixed nieteoric-marine water
(perhaps mixing of flooding waters of a peritidal flat with that of shalléw aquifers carrying meteoric water from far back-shelf :
areas). Significantly the most marine isotope signatures were from the vadose-interpreted gravity cements associated with sediment-
bearing marine fossils of the senile tepee locality just to the southwest, also of Tansill age. ' - T

Pisolite facies: The exposures of Stop 5 again demonstrate-the preferential development of pisolite in the intertepee depressions .
(Figure 2-14) and the preferred growth host of tepees to be fenestral grainsupport dolomite. The lower major development of
pisolite here is_directly above an eatly erosion surface of the intertepee depression, and here, as in many other.plages, shows an

‘'upward sequence in the pisolite-tich (rudstone) units from inverse graded to the non-inverse graded nermal or clas ~dolomite.

The genetic inference is better development of pisolite in the lower parts of intertepee depressions, with the quieter; deeper water .
part favoring inverse graded pisolite. Also note that the major development of botryoidal pisolite, as at Stop 3, is high on the.
tepee flank, a late-stage filling of the intertepee depression. The Tansill strata of the tépee-host fenestral facies and of the successive. °
sedimentary fillings of the intertepee depressions have more skeletal grains, and of less restricted water types, than those of the .
upper Yates, such as the Hairpin Dolomite. Sedimentary units of the tepee depressions appear to best interpretable ‘as successive
shoaling-upward units, deposited on a Shelf Crest repeatedly covered by -restricted to hypersaline marine waters. Episodic shelf
* edge subsidence of a meter or so was probably more significant than minor yo-yoing of sea level. o ’

if time permits, brief stops will be made at Exit Stopé A and B enroute to the White City — U.S 62-180 area.
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FIGURE 2-14. Western edge of Carlsbad Caverns Visitor Parking Let, Shelf Crest facies, Tansill Formation, Stop 5. Sketch diagram
of tepee area showing relationship of nermal (clastic) inverse graded and betryoidal types of pisolite to sedimentary filling of intertepee
depression. The initial pisolite rudstone (inverse graded overlain by normal or clastic pisolite) extends across bottom of intertepee
depression, truncates smaller tepees and is directly above an erosion surface. Botryoidal pisolite is restricted to a late, partly emergent
stage of sedimentary filling of the intertepee depressions and to positions high on flanks. o
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FIGURE 2-15. Stop 5. Field diagram of large tepee structure in Tansill Dolomite showing areas of sediment versus sheet
crack cement, with designation of the types of sheet crack carbonate cement. Tepee diagrammed is the northern tepee of
Figure 2-14, about 50 m from the south end of the parking lot cut. Dark short lines on edges of diagram show position of
‘discontinuity surfaces formed during tepee growth. : ‘
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