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GEO 391 Field Trip 
 
Wednesday 16 May:  

6:30 AM   Depart Austin 
Drive to Washington Ranch (approx. 9 hour drive). 

5:00 PM                 Arrive Washington Ranch and check in 
6:00 PM   Dinner 
7:00 PM   Drive to Carlsbad for food shopping 
10:00 PM   Bed 

 

Thursday 17 May: Salt Flat Bench 
  6:30 AM   Breakfast 

7:00 AM   Depart for day 
Salt Flat Bench 

6:00 PM   Dinner/Bed 
 

Friday 18 May: Salt Flat Bench 
  6:30 AM   Breakfast 

7:00 AM   Depart for day 
Salt Flat Bench  

6:00 PM   Dinner/Bed 
7:30 PM   Graduation group departs for airport 

 

Saturday 19 May: McKittrick Canyon 
  6:30 AM   Breakfast 

7:00 AM   Depart for day 
 McKittrick Canyon Reef Trail & Carlsbad Caverns 

 6:00 PM   Dinner/Bed 
 

Sunday 20 May: Williams Ranch (Solar Eclipse) 
  6:30 AM   Breakfast 

7:00 AM   Depart for day 
Bone Canyon & Schumard Canyon 

9:00 AM  Graduation group back in New Mexico (drive to join group at Bone Canyon) 
6:00 PM   Dinner/Bed 

 

Monday 21 May: Williams Ranch 
  6:30 AM   Breakfast 

7:00 AM   Depart for day 
Bone Canyon 

6:00 PM   Dinner/Bed 
 

Tuesday 22 May: McKittrick Canyon 
  6:30 AM   Breakfast 

7:00 AM   Depart for day 
Basinal pinch out of sands against the carbonate foreslope 

6:00 PM   Dinner/Bed 
 

Wednesday 23 May: McKittrick Canyon 
  6:30 AM   Breakfast 

7:00 AM   Depart for day 
Basinal pinch out of sands against the carbonate foreslope 

6:00 PM   Dinner/Bed 
 

Thursday 24 May:  
  6:30 AM   Breakfast 

7:00 AM   Depart for Austin (approx. 9 hour drive) 
6:00 PM   Arrive Austin, drop off rental cars 
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ABSTRACT

Exploration in Permian (Guadalupian) deep-
water sandstones of the Delaware Mountain Group,
west Texas and southeast New Mexico, represents
a success story of the 1990s derived from reevalua-
tion of reservoirs previously deemed uneconomi-
cal. Recent discoveries have concentrated on the
Brushy Canyon in New Mexico and, to a lesser
extent, the Cherry Canyon in Texas. Brushy Canyon
reservoirs in particular previously were overlooked
due to indications of poor reservoir quality from
log and well test data; however, oil shows observed
on mud logs across the northern Delaware basin
led to new completion efforts in the late 1980s and
1990s using gel-sand fracture stimulations.
Productive reservoirs are very fine to fine-grained
arkosic to subarkosic sandstones with porosities of
12–25% and permeabilities typically of 1–5 md.
Better reservoir quality is concentrated in massive
channel sandstones variably interpreted as deposit-
ed by turbidity or saline density currents. Significant
clay content, lamination, and close interbedding
between oil- and water-bearing units make log anal-
ysis and reserve estimates problematic. As a result,
the mud log remains the cheapest, most practical
indicator of pay. Reservoir sandstones can be divid-
ed into a series of major productive trends related

to proximal/slope and more distal/basin-floor deposi-
tional settings. Well productivity is variable within
each trend, but primary recovery rarely exceeds 10%.
Options for enhanced recovery include pressure
maintenance, waterflooding, and carbon dioxide
flooding. Early indications suggest that carbon diox-
ide flooding may be most appropriate in these low-
permeability, clay-bearing reservoirs.

INTRODUCTION

The history of hydrocarbon exploration in the
Permian basin includes many episodes of refound
opportunity. In recent years, such episodes have
expanded reserves in a number of Permian reser-
voirs, such as the Bone Spring formation, Leonardian
detrital carbonates, the San Andres-Grayburg inter-
val, and Canyon (latest Pennsylvanian–Early Permian)
sandstones. In the Delaware basin portion of the
province, one of the most widespread reservoir-
bearing intervals to be successfully reexplored in
recent years is the Delaware Mountain Group, a rel-
atively deep-water siliciclastic interval up to 4500 ft
(1372 m) thick dominated by fine-grained sand-
stones and siltstones. In particular, new discoveries
and field development in the lower portion of the
interval, mainly in the Brushy Canyon and, to a less-
er extent, the lower Cherry Canyon formations,
have added more than 120 MMbbl oil and 200 bcf
gas to Permian basin reserves.

The Delaware Mountain Group has been the tar-
get of three major periods of exploration and devel-
opment effort. During the 1950s and 1960s, the
uppermost portion of the interval, known as the
Bell Canyon Formation, was a common, shallow

1901AAPG Bulletin, V. 83, No. 12 (December 1999), P. 1901–1926.
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target at depths of 5000 ft (1525 m) or less basin-
ward of the Capitan Reef margin in Loving, Ward,
and Reeves counties of west Texas, and in south-
ernmost Eddy and Lea counties, New Mexico
(Kosters et al., 1983). Reservoirs are mainly very fine
grained, well-sorted sandstones in the upper Bell
Canyon that were deposited in northeast-southwest
lenses interpreted as channels within basin-floor
submarine lobe and channel complexes (Gardner,
1997). Traps are mainly stratigraphic (lateral and
updip pinch-out) and structural-stratigraphic in
nature. Drilling and field development of Bell
Canyon reservoirs resulted in production of more
than 120 MMbbl oil and 500 bcf gas by 1985.

During the late 1970s and early 1980s, the upper
and middle Cherry Canyon Formation was the
focus of exploration within the Delaware Mountain
Group. As with the Bell Canyon, production was
primarily found in very fine to fine-grained sand-
stones, in which oil principally was trapped strati-
graphically by lateral and vertical loss of porous sand-
stone into nonpermeable sandstone, siltstone, or
carbonate. Key Cherry Canyon fields discovered dur-
ing this period included the Rhoda Walker and
Dimmitt fields of west Texas and the Indian Draw and
Esperanza fields of southeast New Mexico. Several
wells in these areas produced large volumes of oil,
such as the Gulf Trace 1 in Esperanza, which has
yielded more than 700,000 bbl of oil as of mid-1999.

A third major phase of activity, focused on the
deeper Brushy Canyon and lower Cherry Canyon
formations, has taken place only within the past 15
yr, with most field development occurring since
1990. Drilling has been centered in the New
Mexico portion of the basin, where stratigraphic
trapping is predominant, and in Ward and Winkler
counties, Texas, where a significant structural com-
ponent to entrapment exists. Prior to the mid-
1980s, Brushy Canyon sandstones in particular
were not an exploration target for three basic rea-
sons: (1) they exhibited a low-resistivity log
response and less permeability development than
Bell Canyon reservoirs, (2) they lie at greater
depths (generally >7000 ft; 2135 m), making them
appear less economical, and (3) they yield unen-
couraging results on drill-stem tests (DST). The last
of these reasons was especially influential. Brushy
Canyon sandstones flow little or no oil on test (pro-
ducing only oil-cut drilling fluid) and measure low
pressures under standard 1 hr initial and final shut-
in pressure runs.

During the late 1970s and early 1980s, hundreds
of wells were drilled in the Delaware basin to
Pennsylvanian targets (mainly Morrowan and
Atokan intervals), providing a large new database
for reexamining Permian formations. Mud logs
from these wells commonly indicated good shows
in the upper and lower Brushy Canyon. Sample

analyses, moreover, suggested sufficient oil satura-
tions for commercial recovery. Experimentation
with well testing and reservoir stimulation approach-
es eventually indicated two vital pieces of informa-
tion: (1) shut-in tests need to be run for 4–6 hr to
obtain accurate pressure data and (2) artificial frac-
turing that employs cross-linked gel as a fluid and
sand as a proppant could greatly improve produc-
tion rates and per-well drainage areas. As a result of
this information, the play developed rapidly in cen-
tral and southern Lea and Eddy counties, New
Mexico. As of early 1999, more than 75 MMbbl of
oil and 175 bcf gas had been produced from Brushy
Canyon and Cherry Canyon reservoirs in this area.

Although a significant number of published stud-
ies on the Brushy Canyon now exist (see, for exam-
ple, articles and references in DeMis and Cole,
1996), few regional syntheses of productive trends
and their relationships to lithologic, depositional,
and petrophysical characteristics have been assem-
bled. This paper is an attempt to help fill this gap.
Our aim is to offer a brief synthesis of existing
information and to augment such information with
unpublished data mainly from Nash Draw field.
Nash Draw has been the subject of a detailed reser-
voir characterization and simulation study intended
specifically to address the issue of low recovery in
the Delaware Mountain. This study has been per-
formed as part of the U.S. Department of Energy
Class III (Slope and Basin Clastic Reservoirs) Field
Demonstration Program. Data related to this work
can be found in Murphy et al. (1996), Martin et al.
(1997), and Strata Production Company (1998).

SETTING

The Delaware basin is the westernmost portion of
the Permian basin geologic province, located in west
Texas and southeastern New Mexico (Figure 1A).
The basin is bounded on three sides by major base-
ment uplift features, including the Marathon fold
and thrust belt to the south, the Diablo platform to
the west, and the Central Basin platform (CBP) to
the east. To the north, the border of the Delaware
basin is marked by the Northwest shelf, a significant
break in slope that proprietary seismic data suggest
may overlie deep-seated basement faulting.

The Delaware basin is asymmetric in geometry
with its axis adjacent and largely parallel to the
fault-bounded margins of the CBP. Structures with-
in the basin include local reverse faulting and
graben development along the border of the CBP
and minor anticlinal features along the northern
slope in New Mexico. The western f lank of the
basin is monoclinal with small-scale normal fault-
ing. Published and unpublished seismic and geolog-
ic information suggests that major deformation

1902 E & P Notes
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within the basin and along its margins had ceased
by the Wolfcampian–early Leonardian (Hills, 1984;
Yang and Dorobek, 1995). An east-southeastern
regional tilt was imposed during the Late
Cretaceous–early Tertiary as a result of Laramide
transpression in the Trans-Pecos region to the west
(Dickerson, 1985). Permian strata dip at a rate of
approximately 100 ft/mi (19 m/km) in western
Eddy County, New Mexico, decreasing eastward to
one-half this amount and finally flattening out in
the basin center in eastern Lea County (Figure 1B).

Delaware Mountain Group sediments are draped
over preexisting, mainly Pennsylvanian structures.
Masking of these structures is not complete; a
Pennsylvanian feature with as much as 300 ft (91 m)
of relief may appear at the Brushy Canyon level as a
subtle terrace, nose, or closure with 25 ft (8 m) of
relief. Removal of Laramide tilt has been used to
identify such structures in Delaware Mountain
Group strata. Resulting maps have shown a consis-
tent, although not absolute, relationship between
structure and hydrocarbon production in the

Montgomery et al. 1903

Figure 1—(A) Regional tectonic map, (B) structure contour map, and (C) simplified structural cross section of the
Delaware basin, west Texas. Contours in (B) drawn on top of the Delaware Mountain Group (Guadalupian). (B) is
modified from Grauten (1979); (C) is modified from Montgomery (1997).
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Delaware Mountain. Oil entrapment, however, is
observed to be stratigraphic, mainly related to
pinch-out of reservoir-quality sandstones. The rela-
tionship between structure and production is thus
subtle and indirect, possibly related to sand deposi-
tional patterns, diagenetic history, oil emplace-
ment, or some combination of these factors.

As indicated on the cross section of Figure 1C,
Permian deposits comprise the major proportion of
basin fill. Leonardian strata, included within the
Bone Spring formation, consist of interbedded
debris-f low carbonate and sandstone with sub-
sidiary siltstone and pelagic shale. This material
represents the slope and basinal equivalent to thick
carbonate platform and shelf-margin buildup
sequences (Abo, Yeso intervals) that rimmed the
Delaware basin. Although related basin-margin car-
bonate deposition continued into the Guadalupian
with significant progradation in many areas (Goat
Seep, Capitan intervals), deposition within the
basin proper underwent a significant transition to
sandstone and siltstone facies (Delaware Mountain
Group). Carbonate strata exist within the Delaware
Mountain section only as relatively local, proximal
tongues. Lithologically, the Brushy Canyon, Cherry
Canyon, and Bell Canyon intervals each are com-
posed of more than 95% medium- to very fine
grained sandstone and siltstone.

The considerable thickness of clastic material
(3500–4500 ft; 1067–1372 m or more), deposited at
a time when basin margins were the site of maxi-
mum carbonate platform and buildup development,
has posed certain challenges to interpretation.
Identifying paleocanyons as potential sediment con-
duits has been important to paleogeographic recon-
structions and analyses of facies architecture (see,
for example, Gardner and Sonnenfeld, 1996). At
present, it is generally accepted that Delaware
Mountain clastics represent a series of wedges
deposited during episodes of sea level lowstand,
with material having been mainly supplied by
eolian processes and bypassing a karsted carbonate
platform and shelf margin (Fischer and Sarnthein,
1988; Gardner, 1992; Basham, 1996). Sandstones
have been mapped in channel-like trends that
extend as much as 50 mi (80 km) along the basin
floor (Harms and Williamson, 1988). The most high-
ly contested aspect to these deposits remains their
precise mode of deposition within the basinally
restricted setting.

STRATIGRAPHY AND LITHOLOGY

The Delaware Mountain Group, consisting of the
Brushy Canyon, Cherry Canyon, and Bell Canyon
formations, is interpreted to encompass the entire
Guadalupian interval in the Delaware basin.

Regional stratigraphic relationships are shown in
Figure 2. The base of the Delaware Mountain
Group is marked by a persistent limestone used to
delineate the top of the Bone Spring formation.
The top of the interval is designated by another car-
bonate, the Lamar limestone, included in the Bell
Canyon Formation. Delaware Mountain strata are
replaced in a paleolandward direction by shelf-mar-
gin Goat Seep and Capitan carbonate, behind
which partly restricted, platform deposits of the
Artesia Group (Grayburg, Queen, Seven Rivers,
Yates, and Tansill formations) occur (Figure 2).

Brushy Canyon sandstones are mainly equivalent
to the San Andres Formation. The Brushy Canyon
comprises a basinward-thickening wedge that
onlaps an erosional surface in updip areas and over-
lies Cutoff formation sandstones and shales along
the paleoslope or, where absent, the Bone Spring
formation. This unconformity is interpreted to indi-
cate an episode of sea level fall that terminated bas-
inward progradation of shelf-margin carbonates
(Yeso) and began major clastic influx. A tongue of
the Cherry Canyon Formation extends landward
from the Yeso shelf margin, marking the stratigraph-
ic break between Leonardian and Guadalupian car-
bonate buildup (Figure 2) along the Northwest shelf.
On the Central Basin platform, the Cherry Canyon is
represented by sandstones of the Queen Formation
(Hamilton, 1996).

Stratigraphic divisions within the Delaware
Mountain Group are somewhat uncertain due to
lithologic similarity and thus a lack of clear bound-
aries between the major formational intervals.
Intragroup unconformities are absent; however, sever-
al significant marker horizons, such as the Manzanita
bentonite bed located 100–150 ft (30–45 m) below
the top of the Cherry Canyon, commonly are
used to facilitate subsurface correlation. The top
of the Brushy Canyon Formation remains the
most difficult stratigraphic boundary to deter-
mine. Certain persistent radioactive siltstone
markers are often employed to divide the Brushy
Canyon informally into upper, middle, and lower
intervals (Figure 3).

Figures 2 and 3 indicate that the Capitan reefal
complex prograded several kilometers basinward
and in places overlies the Cherry Canyon and Bell
Canyon intervals. South and east of the Capitan limit,
a full section of Delaware Mountain Group sedi-
ments is present. This includes up to 1800 ft (549 m)
of Brushy Canyon, 1200 ft (366 m) of Cherry
Canyon, and 1200 ft (366 m) of Bell Canyon
deposits. Recent sequence stratigraphic studies have
interpreted the Brushy Canyon interval as represent-
ing a third-order lowstand episode and consisting of
four wedge-shape to tabular low-order cycles
(Gardner, 1992, 1997). According to this model, the
deposits of succeeding cycles demonstrate a general

1904 E & P Notes
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Montgomery et al. 1905

F
ig

u
re

 2
—

Si
m

p
li

fi
ed

 n
o

rt
h

w
es

t-
so

u
th

ea
st

 c
ro

ss
 s

ec
ti

o
n

 s
h

o
w

in
g
 r

eg
io

n
al

 s
tr

at
ig

ra
p

h
ic

 r
el

at
io

n
sh

ip
s 

b
et

w
ee

n
 t

h
e 

N
o

rt
h

w
es

t 
sh

el
f 

an
d

 D
el

aw
ar

e
b

as
in

, s
o

u
th

ea
st

er
n

 N
ew

 M
ex

ic
o

. M
o

d
if

ie
d

 f
ro

m
 H

ar
m

s 
an

d
 W

il
li

am
so

n
 (

1
9
8
8
).

9



upward increase in thickness and sandstone vol-
ume. Lowermost Brushy Canyon sandstones exhib-
it evidence of progradational relationships, where-
as the uppermost Brushy Canyon cycle displays

backstepping relationships with sandstone thicks
closer to the basinal margins (Gardner, 1997).
Cherry Canyon strata are interpreted to have been
deposited during a continuation of the Brushy

1906 E & P Notes

Figure 3—Regional 
north-south log cross 
section showing 
interpreted subsurface
stratigraphic relationships
of the Delaware 
Mountain Group.
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Canyon lowstand, as well as the initial stages of a
succeeding transgression, with stratigraphic
turnaround identified in the upper portion of the
formation (Gardner, 1997). An important implica-
tion of this model is that reservoir sealing should be
least well developed in the middle portion of the
Brushy Canyon. To date, few fields have been pro-
ductive from the middle Brushy Canyon.

In order of importance, sediments of the Brushy
Canyon and Cherry Canyon intervals consist of the
following: (1) very fine to fine-grained arkosic to
subarkosic sandstones, mostly massive in charac-
ter, (2) very fine grained sandstones microlaminat-
ed with siltstones, (3) dark-colored organic silt-
stones (lutites), (4) carbonate beds (limestone or
dolomite) more prevalent near shelf margins, and
(5) black to dark gray, calcareous shales. Clay shale
is notably rare in the section and is virtually absent
from the Brushy Canyon Formation. Local cross-
bedding exists in some sandstone units and biotur-
bation occurs in some siltstones. Sandstones
exhibit a mixture of calcite and silica cement, with
some evidence of framework grain dissolution
(especially feldspars) and grain-coating illite clays.
Carbonate units (mainly limestone) are present in
the upper Cherry Canyon and, especially, Bell
Canyon intervals. Bell Canyon limestones have
been named, and include, from bottom to top the
Hegler, Pinery, Rader, McCombs, and Lamar lime-
stones. The Lamar Limestone Member, where pres-
ent, typically is used to mark the top of the Bell
Canyon Formation.

DEPOSITIONAL MODELS

Considerable, long-term debate has surround-
ed the interpretation of depositional models for
the Delaware Mountain Group (Harms and Brady,
1996). In broad terms, consensus now exists that
some form of gravity-flow mechanism, or mecha-
nisms, should be considered responsible for
these deposits. Discussion currently favors depo-
sition either by turbidity currents, whether in
deep-water conditions or during significant sea
level f luctuations (Silver and Todd, 1969; Berg,
1979; Rossen and Sarg, 1988; Basu and Bouma,
1996; Gardner and Sonnenfeld, 1996), or by clastic-
laden saline density currents (Harms, 1974; Harms
and Williamson, 1988; Harms and Brady, 1996).
Both hypotheses require sediment supply to the
basin through narrow channels cut into the carbon-
ate margin.

Several aspects to Delaware Mountain Group
sandstones pose a challenge to standard models of
slope and basinal deposition. Among these aspects
are the conspicuous lack of sedimentary structures
suggesting turbidity or contour-type currents and

the notable absence of detrital clay. As discussed by
workers such as Basham (1996), Harms and Brady
(1996), and Wegner et al. (1998), contemporary
study of both sandstone and siltstone character has
not yet provided determining evidence in favor of a
single depositional model; however, to account for
the lack of clay and the presence of moderate-to-
good sorting in Delaware Mountain sandstones, it
has been postulated that sediment was supplied
mainly by eolian processes. Dunes are thought to
have migrated across the platform, either amassing
sand at the shelf break (Fischer and Sarnthein,
1988), thereby giving rise to periodic slumping and
turbidity currents, or providing sediment to evapo-
ritic lagoons in which mobile saline water masses
accumulated and flowed downslope to the shelf
edge (Harms and Brady, 1996).

Both of these interpretive schemes highlight the
importance of submarine channels beyond the
shelf break as major sediment conduits and sites of
cleaner sand deposition. A large number of these
channels in Delaware Mountain deposits have been
identified and mapped (Basham, 1996), as indicat-
ed by Figure 4. This figure shows that channels are
commonly fairly linear and oriented perpendicular
to basin margins. It is clear from the change in rela-
tive abundance, size, and orientation of these chan-
nels that principal sediment source areas under-
went a significant shift between the times of
Brushy Canyon and Bell Canyon deposition. The
great majority of Brushy Canyon channels are con-
centrated in the northern portion of the Delaware
basin and are oriented south-southeast, indicating
sediment supply from the Northwest shelf. Cherry
Canyon channels are located in this same area, as
well as along the southern portion of the CBP,
where their orientation is southwest, suggesting a
transition in source areas. Finally, Bell Canyon chan-
nels extend for considerable distances in a south-
west orientation, strongly implying a major shift in
sediment provenance to the northern and central
CBP. The considerable extent and relative linearity
of channel trends, particularly in the Bell Canyon
Formation, imply some degree of structural (fault?)
control; however, the precise nature of such con-
trol is not well understood, even in areas of inten-
sive drilling.

Changes in the location, scale, length, and sedi-
mentary character of these channels between the
times of Brushy Canyon and Bell Canyon deposi-
tion suggest that no single model may be able to
account for all data. As suggested by Figure 4,
channels in the Bell Canyon Formation are unique
in terms of their remarkable length and linearity,
as well as the lack of inf luence by basin axial
trends on their orientation. Such factors continue
to pose certain challenges to traditional turbidite
models.

Montgomery et al. 1907
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SANDSTONE RESERVOIR CHARACTERISTICS

Composition

Reservoirs of the Brushy Canyon and Cherry
Canyon typically consist of angular to subangular,
moderate to well-sorted, fine- to very fine grained
sandstones. These sandstones have an arkosic to
subarkosic (feldspathic) composition, consisting of
60–80% quartz, 20–30% feldspar (K-spar and plagio-
clase), 5–12% rock fragments, and 2–12% authi-
genic clays. Authigenic clay species consist mainly
of illite, mixed-layer illite/smectite, and Fe-rich chlo-
rite, which occur as grain-coating and pore-lining
material (Behnken, 1996; Green et al., 1996). Car-
bonate (calcite, dolomite, ankerite) cements are
common, but variably developed between different
sandstone units.

Figure 5 shows that mineralogic composition is
often highly consistent over thick intervals (>150 ft;

45 m). Samples in which authigenic clays are less
abundant exhibit an increased amount of secondary
quartz in the form of epitaxial microcrystalline grain
coatings and syntaxial overgrowths. Compositional
analysis implies that the combination of small frame-
work grain size, grain-coating chlorite and illite, and
pore-occluding illite will significantly affect log cal-
culations of porosity and water saturation. In partic-
ular, clay microporosity is known to result in high
irreducible water saturations for these sandstones.

Core Descriptions and Petrophysical
Character

Core description, petrographic study, and scan-
ning electron micrograph (SEM) analysis have been
performed on sidewall and whole-rock core samples
from the Brushy Canyon and Cherry Canyon forma-
tions (see, for example, Spain, 1992; Thomerson

1908 E & P Notes

Figure 4—Mapped 
channel trends in the
Delaware Mountain
Group. Modified from
Basham (1996).
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and Asquith, 1992; Behnken, 1996). These analyses
indicate grain size within productive zones ranges
from 0.05 (silt) to 0.12 mm (very fine sand).
Primary intergranular porosity is dominant in most
samples, with secondary dissolution porosity also
significant. Pore geometry is polygonal to highly
variable due to the subrounded texture and small
size of framework quartz and feldspar grains and
presence of secondary quartz. In general, interpar-
ticle porosity is reduced in four ways: (1) by sutur-
ing along quartz grain boundaries due to pressure
solution, (2) by grain-coating and pore-bridging
clays, (3) by quartz overgrowths and epitaxial sec-
ondary grain-coating quartz, and (4) by pore-filling
carbonate cements.

Porosities and permeabilities in productive inter-
vals range from 12–25% and 1–5 md, respectively,
but occasional “streaks” of permeability of up to 200
md are sometimes present. The best reservoir quality
exists in relatively massive sandstones, such as those

shown in Figure 6A. Sandstones containing wispy
lamination, soft sediment deformation, or bioturba-
tion also can be productive (Figure 6B). Nonreservoir
zones include siltstones and highly laminated sand-
stone/siltstone units, the latter of which may contain
significant oil in thin (<1 cm) sandstone layers but
generally are water productive (Figure 6C). An
important aspect to productive intervals is the close
interbedding between oil-bearing, water-bearing
zones and nonreservoir zones. As revealed by the
core photographs of Figure 7, such interbedding
results in significant vertical and possibly lateral reser-
voir discontinuity, with a lack of any single oil/water
contact.

Thin section and scanning electron micrographs
from productive Brushy Canyon sandstones in
Nash Draw field (Eddy County, New Mexico) are
shown in Figures 8 and 9, respectively. In Figure
8A, primary intergranular (dominant) and sec-
ondary dissolution pore types are evident. Pore and

Montgomery et al. 1909

Figure 5—Mineralogic
determinations by means
of x-ray diffraction for 
12 samples, Nash Unit 23,
Nash Draw field, Eddy
County, New Mexico.
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pore-throat geometries are enhanced by dissolution
of quartz and feldspar grains but adversely affected
by calcite cement, quartz overgrowths, local pres-
sure solution, and authigenic clays. A magnified
view (Figure 8B) exhibits considerable porosity but
reduced permeability due to grain boundary sutur-
ing and pore throat plugging by clays. Solution
along grain boundaries is observed in only a few
locations (I-7). The sample also displays probable
oil staining within clay microporosity. Scanning
electron micrographs highlight the reduction of
permeability as a result of grain suturing, cementa-
tion, and clay presence (Figure 9). In Figure 9B, the
bridging of pore space by illite/smectite is especial-
ly apparent.

Log Analysis

The relatively low permeabilities, high clay
content, and presence of iron in these very fine
to fine-grained sandstones (Brushy Canyon and
Cherry Canyon) have a number of important
effects with regard to log analysis. Significant dif-
ficulty exists with respect to differentiating pay
and nonpay (wet) zones, and thus performing
reserve calculations, on the basis of standard cal-
culations. Frequently, productive intervals calcu-
late Sw at 40–70% due both to the presence of
bound water in clays and to interbedding
between oil-bearing and water zones; moreover,
in a particular well, wet zones yield values of Sw
only 10–20% higher than for pay zones (Figure
10). Other effects include high (“shalier”) gamma-
ray response (40–60 API units), due to the pres-
ence of K-feldspar, and an overestimation of porosi-
ty by the compensated neutron tool as a result of
authigenic clays.

Operators have addressed these effects by rely-
ing on mud log data as a primary means for distin-
guishing pay and calibrating log response to core
analysis based on sidewall sampling. For the Brushy
Canyon, it has been found that the mud log pro-
vides the most reliable indication of pay in most
instances; however, such is not universally the case
for the Cherry Canyon. Some productive zones at
War-Wink field yielded no shows on mud logs.

Figure 10 illustrates fairly typical log data for
Brushy Canyon pay. Prospective zones have good

oil shows (bright yellow to white fluorescence),
significant gas increase above background levels,
and a good drilling break with drill rates falling to
1.0 ft/min (0.305 m/min) or less. In addition, cut-
ting samples through good reservoir zones typically
appear as unconsolidated sand. Another approach
to identifying pay zones at greater resolution has
been attempted in Nash Draw field (Martin et al.,
1997). The basic procedure is based on the
premise that only zones with residual oil saturation
have a good probability of being productive.
Microlateral log data calibrated via core analysis are
used to calculate residual oil saturations for each
0.5 ft (15 cm) of reservoir section. Calibration with
other log data and use of porosity correction trans-
forms provide a basis for net pay and volumetric
calculations in uncored wells. Comparison between
resulting volumetrics and those derived from
decline-curve analysis has shown good agreement
(Murphy et al., 1996).

The standard suite of electric logs run includes
a gamma-ray, neutron/density, and dual-formation
resistivity or dual-induction log. Core-based analy-
sis in a number of fields has suggested that cer-
tain cross-plot relationships may be locally effec-
tive in helping identify pay and pay cutoff. For
example, in East Livingston Ridge field (Brushy
Canyon), cross-plots of core-measured porosity
vs. bulk density indicate good correlation (R2 =
0.9) and allow correction of density log porosities
with high confidence (Thomerson and Catalano,
1996). In Hat Mesa field (Brushy Canyon) to the
north, a plot of core porosity vs. absolute perme-
ability provided a porosity cutoff of 15% for zones
with permeability of less than 1 md and Sw of less
than 60% (Thomerson and Asquith, 1992). For
other fields, however, a 12% porosity cutoff is
widely used. With regard to Cherry Canyon,
Hamilton (1996) noted that in War-Wink field
(Texas), reservoir log parameters have been deter-
mined as follows: porosity = 18%, Rw =
0.037–0.052, resistivities = 1.5–3.5 ohm-m, with
some recent workovers successful at 1.0 ohm-m.

Simultaneously, however, the complex nature of
these reservoirs may well render the use of single
porosity cutoff values problematic. Given the low
permeabilities involved, capillary pressure and rela-
tive permeability measurements, in some instances,
may yield more useful results for explaining and

1910 E & P Notes

Figure 6—Sidewall core samples, Brushy Canyon Formation. (A) Massive, good-quality reservoir sandstone from
productive interval. Permeability = 9.76 md; porosity = 16.7%. Oil saturation = 18.5%; water saturation = 54.1%. (B)
Reservoir sandstone showing evidence of bioturbation(?). Permeability = 4.98 md; porosity = 14.0%. Oil saturation =
16.9%; water saturation = 59.1%. (C) Nonreservoir, oil-bearing laminated sandstone/siltstone. Such lithologies com-
monly have significant oil saturations (>15%) corresponding to sandstone layers with better porosity, but they also
have high water saturations (>60%) and are water productive. Permeability = <0.01 md; porosity = 5.5%. Oil satura-
tion = 19.2%; water saturation = 72.4%.
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Figure 7—Whole-rock core samples from Nash Unit 23, Nash Draw field, revealing a high degree of interbedding
between massive textured, oil-bearing sandstone and dark-colored laminated sandstone/siltstone. Samples on the
left are shown under natural light; samples on the right are shown under ultraviolet light.
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Figure 8—Thin section photomicrographs of productive Brushy Canyon sandstone, Nash Draw field (T23S, R29E),
Eddy County, New Mexico, at (A) moderate and (B) high magnification. Samples are taken from the same well and
depth (6739.5 ft; 2055.5 m) as that in Figure 6A. See text for discussion.

17



predicting reservoir quality distribution. Detailed
study in Nash Draw field, for example, has estab-
lished that below 1 md, the relative permeability of
water to oil in Brushy Canyon sandstones is too
high for commercial production; moreover, differ-
ent productive sandstone units exhibit different
porosity cutoffs for a permeability of 1 md, with

values ranging from 11.5 to 14% (Murphy et al.,
1996).

Nuclear magnetic resonance (NMR) logs also
have been used recently in Brushy Canyon. Exper-
ience indicates that these logs are able to distin-
guish oil-bearing vs. water-bearing reservoirs and
to provide relatively accurate measurements of

1914 E & P Notes

Figure 9—Scanning 
electron micrographs
(SEM) of productive 
sandstones, Nash Draw
field, Eddy County, 
New Mexico. (A) Example
of primary intergranular
pore system showing
quartz overgrowths (O),
pore-filling cement (P),
and authigenic pyrite (Py).
(B) Image showing fibrous
authigenic illite/smectite
partially occluding 
intergranual pore space.
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permeability. Such determinations are based on
laboratory study using NMR measurements on
core plugs; these measurements have accurately
predicted pore-size distributions (Logan et al.,
1995). NMR logs have been successfully used in
Nash Draw field and a few other locations. Good
correlations have been indicated with mud log
shows, core-determined permeability, and vertical
distribution of production. Generally, due to their
added expense, NMR logs are considered especially
helpful where mud log data is either absent or
deemed to be of poor quality.

Reservoir Thickness, Geometry, and
Continuity

Productive zones within the Brushy Canyon and
Cherry Canyon range from a minimum of 8 ft (2 m)
to 200 ft (61 m), with thicker intervals showing a sig-
nificant degree of interbedding between oil-bearing
and wet zones. Net pay within wells is commonly in
the range of 30–90 ft (9–27 m). Productive zones are
lenticular in geometry and can exhibit rapid lateral
pinch-out between adjacent wells (Figure 11). These
zones are commonly separated by thin, imperme-
able siltstone intervals that appear to mantle sand-
stone thicks (Figure 11). These siltstones act as top
and lateral seals.

Lateral continuity and heterogeneity of reser-
voirs depend on specific depositional setting.
Upper Brushy Canyon reservoirs in lower slope
and basin-floor settings proximal to the shelf mar-
gin (e.g., Avalon field) display evidence of deposi-
tion by suspension and thus exhibit little overall
heterogeneity (Cantrell and Kane, 1995). In con-
trast, lower Brushy Canyon and most Cherry
Canyon reservoirs were deposited in more distal,
submarine channel/fan settings with sandstones
characteristically showing less continuity and
more complexity.

A good example of the latter type of reservoir is
found at Nash Draw field (Eddy County, New
Mexico). Abundant core data in this field have indi-
cated that individual productive sandstone zones
with areal extent of several square miles or more
actually are composed of a number of stacked units
ranging from 1 to 6 ft (0.3 to 1.8 m) thick, each
with lateral extent of 0.25 to 0.50 mi (0.4 to 0.8
km) (Martin et al., 1997). Little vertical permeabili-
ty is observed to exist between these “microreser-
voirs.” As a result, a significant degree of compart-
mentalization appears to characterize productive
zones. This assumption is supported by capillary
pressure data, which have been calculated for sev-
eral cored wells. Maps of resulting values vs. struc-
ture suggest the existence of multiple sand pods
with different characteristics (Murphy et al., 1996).

In addition, seismic attribute analysis in this field,
using a 3-D (three-dimensional) data set, also pre-
dicts a complex distribution of good-quality reser-
voir (Balch et al., 1998). Comparison with core
data from other, nearby fields (e.g., Loving field)
indicates strong similarity in terms of sandstone
geometry and character.

Reservoir Facies

Recent studies of Brushy Canyon and Cherry
Canyon sandstones in New Mexico and Texas have
tentatively identified several main reservoir facies
(Spain, 1992; Thomerson and Catalano, 1996;
Gardner, 1997; Martin et al., 1997). These facies
are based on a fine-grained turbidite depositional
model for the subsurface Delaware basin and
include (1) channel facies sandstones typified by
more massive character and highly lenticular
geometry (Figure 11), (2) levee/overbank sand-
stones exhibiting a more laminated, bioturbated
character, and (3) basin-floor fan facies showing
greater lateral continuity and bioturbation. Massive
channel and levee/overbank sandstones are inter-
preted to reflect deposition in an inner or middle
fan setting with basin-f loor sandstones more
indicative of distal, outer fan environments. Most
productive are channel facies, which comprise the
main reservoir sandstones in a majority of fields.
Reservoir quality generally is highest in the thick-
est portions of channels, but porosity thicks also
can occur outside and parallel to the central chan-
nel scour (May, 1996).

Reservoirs in the Brushy Canyon exist in the
upper and lower portions of the formation. Lower
Brushy Canyon reservoirs, occurring in multistory
basin-floor submarine channel and lobe complex-
es, represent part of the initial, progradational
phase of basin filling. In general, porosities and
permeabilities are somewhat higher in these lower
Brushy Canyon sandstones than in overlying inter-
vals due to lesser amounts of carbonate cement.
This fact is interpreted to reflect a highly efficient
sediment bypass system, such that eolian- or fluvial-
supplied clastics did not incorporate material from
shelf-edge carbonates during transport to slope
and basinal settings. Upper Brushy Canyon sand-
stones are considered part of a backstepping
sequence (Gardner, 1997) that onlaps and extends
landward of the Victorio Peak shelf margin.
Reservoirs in this interval appear to consist of both
slope and basin-f loor fan deposits. Slope sand-
stones lie closer to the coeval shelf edge and
exhibit less heterogeneity than lower Brushy
Canyon channel/lobe deposits. They are overlain
by a thinner Cherry Canyon–Bell Canyon section
prograded by the Capitan reef system.

Montgomery et al. 1915
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REGIONAL RESERVOIR TRENDS

A map distinguishing the principal reservoir
trends in the Brushy Canyon and Cherry Canyon for-
mations is given in Figure 12. A total of five trends
are shown: (1) lower Brushy Canyon in distal, basin-
floor settings (e.g., Loving, Nash Draw, Sand Dunes
fields), (2) upper Brushy Canyon in basin-floor set-
tings (Lost Tank, Livingston Ridge, East Livingston
Ridge fields), (3) upper Brushy Canyon in slope tur-
bidite channel/fan settings commonly within 5 mi
(8 km) of the shelf margin (Catclaw Draw, Avalon,
Parkway fields), (4) Cherry Canyon in lower slope
and basin-floor settings, and (5) Cherry Canyon in
upper/middle slope settings with updip pinch-out
into shelf-margin carbonates.

Brushy Canyon fields are confined to the north-
ern portion of the Delaware basin, in New Mexico.
Fields in Cherry Canyon reservoirs, however, are
more widely dispersed, existing in slope and basi-
nal positions both in the northern and central
parts of the basin. With the exception of War-Wink
field in Texas, exploration and field development
have concentrated on the newer Brushy Canyon
plays, the majority of which have been discovered
since 1985 (Table 1).  These plays, and reservoir
trends in general, have depended on the mapping
of channel fairways. As previously noted, these fair-
ways are oriented perpendicular to the shelf mar-
gin in more proximal areas (e.g., within 5–10 mi;

8–16 km) and more north-south within the deeper
northern basin.

Trapping within Brushy Canyon and Cherry
Canyon reservoirs is dominantly stratigraphic in
nature, related to lateral and updip pinch-out of
porous sandstone facies. In many cases, however,
porosity pinch-out occurs in conjunction with low-
relief structures, many of which have been mapped
in the lower Brushy Canyon. A typical example,
shown in Figure 13 for the Los Medanos and Sand
Dunes producing area, suggests that related struc-
tures helped control channel development and
thus deposition of higher quality sands. Data from
certain fields productive in the lower Brushy
Canyon strongly imply that channel deposition
took place in paleobathymetric lows or along sub-
tle ledges of the underlying Bone Spring formation
(Murphy et al., 1996; Thomerson and Catalano,
1996). Such features may have been influenced by
preexisting structure. In most cases, maximum
reservoir thickness appears located along the
f lanks of a particular closure or structural nose
(Figure 13B).

Alternately, present-day entrapment and reservoir
development may reflect early charging of Delaware
Mountain sandstones on structural highs. Oil migra-
tion into these sandstones would have inhibited sub-
sequent cementation and quartz overgrowth
development compared with downdip positions,
thereby resulting in lateral pinch-out of porosity.

Montgomery et al. 1917

Figure 11—Northeast-
southwest cross section,
East Livingston Ridge
field (Lea County, 
New Mexico), showing
lenticular morphology
of Brushy Canyon 
sandstone units. 
Cross section shows 
the upper portion of the
Brushy Canyon, where
“D” zone sandstones,
including a massive
channel facies, form 
the primary reservoir.
Modified from 
Thomerson and 
Catalano (1996).

21



Later tilting due to Laramide tectonism would not
have affected entrapment, yet shifted the thickest
reservoir section off-structure. More detailed
study is clearly required to resolve the question of
how structure, deposition, and oil occurrence are
related.

PRODUCTION

Rates of production for individual wells complet-
ed in the Brushy Canyon and Cherry Canyon are on

the order of 50–400 bbl oil, 100–1000 mcf gas, and
30–350 bbl water per day. Due to the highly
interbedded nature of oil- and water-bearing zones,
nearly all wells have significant water cuts, usually
in the range of 40–65%. Estimated ultimate primary
recovery for wells in most fields is 50,000–100,000
bbl oil and 40–200 mmcf gas (see, for example,
Broadhead and Luo, 1996). These figures generally
represent no more than 10% of the original oil in
place (OOIP).

The oil is a sweet crude, 37–43° gravity (API),
whereas gas is commonly 60–75% methane with a
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heat content of 1100–1470 btu/ft3. Reservoirs
produce by solution-gas drive; a great majority
yield oil and associated gas with only a few pro-
ducing nonassociated gas. Initial pressures in
many reservoirs are only slightly (several hundred
psi) above bubble-point pressure. As a result,
early decline rates are steep, and gas/oil ratios,
which begin relatively high, typically 600–5000

scf/bbl, increase rapidly. Fields are generally
developed on 40 ac (16 ha) spacing with a few on
80 ac (32 ha). Detailed analysis of producing
wells in Nash Draw field suggests that actual
drainage areas range from 19–66 ac (7–26 ha)
(average 34 ac; 13 ha) with significant interfer-
ence occurring in certain areas (Strata Production
Company, 1998).

Montgomery et al. 1919

Table 1. New Mexico Delaware Fields

Fields with cumulative production >500 MBO
Production through February 1998

Active
Field Wells MBO MMCFG MBW ZONE DISC 

Malaga 16 592 99 1,132 BELL 1951
Mason N 59 4,347 8,284 6,487 BELL 1955
El Mar 62 6,150 13,648 5,802 Bell 1956
Brushy Draw 118 6,292 10,003 22,589 CC, BR 1959
Shugart 6 1,585 1,540 346 BR 1959
Corral Canyon 15 671 618 1,567 Bell 1960
Double X 33 1,322 3,644 2,503 Bell 1961
Paduca 61 12,936 14,623 14,232 Bell 1961
Cruz 20 992 1,673 5,030 Bell 1962
Mason, E 26 1,372 2,136 2,053 BELL 1962
Salado Draw 11 762 1,394 850 BELL 1962
Esperanza 8 1,193 352 1,280 CC 1969

• Sand Dunes CC 13 908 462 1,183 CC 1970
Indian Draw 22 3,131 163 4,675 CC 1974

• Cedar Canyon 27 502 600 1,126 C, BR 1976
• Corbin, West 46 2,410 3,401 4,120 CC 1976

Indian Flats 13 561 196 1,233 CC 1976
Herradura Bend 24 874 64 996 BELL 1977

• Avalon 55 4,027 9,351 9,379 CC, BR 1984
• Fenton NW 21 727 2,956 1,419 CC 1984
• Herradura Bend E 52 1,236 8,207 4,608 BR 1986
• Shugart E 18 2,114 4,698 1,908 BR 1986
• Cabin Lake 36 3,267 3,675 9,038 CC, BR 1987
• Loving, Brushy Canyon E 109 6,291 36,491 7,287 BR 1987
• Lusk, West 34 2,287 4,666 2,023 BR 1987
• Parkway 34 2,502 7,953 2,159 BR 1987
• Ingle Wells 120 5,438 13,713 11,368 BR 1989
• Lea, NE 66 3,028 3,365 2,964 CC 1989
• Livingston Ridge 54 4,187 6,536 7,565 BR 1989
• Hat Mesa 21 1,364 1,536 1,913 BR 1990
• Sand Dunes W 82 4,872 19,571 4,243 BR 1990
• Catclaw Draw, E 19 960 2,419 1,181 CI, BR 1991
• Los Medanos 38 2,162 5,842 3,048 BR 1991
• Lost Tank 44 2,162 3,991 5,035 BR 1991
• Livingston Ridge, E 36 1,729 1,827 5,331 BR 1992
• Nash Draw Brushy Canyon 38 1,108 5,702 2,085 BR 1992
• Red Tank, W 85 3,432 5,626 6,869 B, CC, BR 1992
• Triste Draw W 17 513 828 1,022 BR 1992
• Happy Valley 24 602 510 1,277 CC, BR 1993
• Mesa Verde 19 645 1,135 1,104 BR 1993
• Poker Lake SW 24 648 1,787 1,729 BR 1996

41 Fields 1,626 101,901 215,285 171,759

• = Discovered or primarily developed since 1985
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Figure 14 is a plot of per-well calculated flow
capacity (kh/µ),  computed from core data for the
main pay zone (lower Brushy Canyon “L” zone) in
Nash Draw field. Given that most wells in this
field have been completed in a similar manner,
this histogram suggests a considerable variety in
reservoir quality and well performance. Decline
curves for three of the wells are given in Figure
15 and confirm significant differences in perfor-
mance over t ime. For example, the Nash 15
shows a more rapid decline in oil production and

rise in water production than either of the other
two wells, especially during the first 2 yr. Gas
production remains relatively flat for wells 13 and
15, but declines significantly in well 19, which,
however, displays a fairly constant oil/water ratio
in contrast to the other wells. Such differences
point to changes in reservoir character among
these locat ions,  which are a l l  0 .25–0.5 mi
(0.4–0.8 km) of each other. Figure 15 also indi-
cates typical hyberbolic decline for these fracture-
stimulated wells.

1920 E & P Notes

Figure 13—Maps comparing
(A) structure and 
(B) reservoir sandstone
thickness (porosity >14%),
lower Brushy Canyon
main pay interval, 
Sand Dunes field, Eddy
County, New Mexico. 
Modified from Hoose and
Dillman (1995).

(A)
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Many operators consider secondary recovery
essential to future development (Broadhead and
Luo, 1996); their thinking is based on three main
reasons: (1) relatively low primary recoveries
(7–10%), (2) steep oil production decline, which
can be up to 50% in the first year, and (3) rapidly
increasing gas/oil ratios. A few fields, such as
Indian Draw (Eddy County, New Mexico), which
produces from the Cherry Canyon, have successful-
ly doubled primary production through long-term
waterf looding. Waterf loods have been initiated

recently in several upper Brushy Canyon and lower
Cherry Canyon fields (Avalon, Parkway, and Lusk
West), along the proximal lower slope/basin floor
trend. Reservoirs in these fields show less lateral
heterogeneity than in other trends and thus may be
more appropriate targets of waterflooding. Related
efforts have employed as injectors both existing
wells and new wells drilled on 20-ac (8-ha) spacing.

In more complex heterogeneous reservoirs, a
combination of early pressure maintenance (gas
injection) and secondary carbon dioxide flooding

Montgomery et al. 1921

Figure 13—Continued.
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may be able to maximize production. Use of gas
instead of water as an oil-mobilizing agent is suggest-
ed as preferable due to the low permeabilities
involved and high water-to-oil relative permeabilities
(Strata Production Company, 1998). Carbon dioxide
floods have been performed in several Bell Canyon
fields; in one case, Two Freds field (Ward and Loving
counties, Texas), the volumes of oil recovered have
exceeded those from primary and earlier water-
flooding combined. Whether similar results might
be attained for Brushy Canyon and Cherry Canyon
reservoirs in New Mexico is not known.

DRILLING AND COMPLETION

The nature of Brushy Canyon and Cherry Canyon
reservoirs requires that drilling and completion tech-
niques be adjusted to minimize formation damage and
ensure good fracture stimulation. In particular, the pres-
ence of clays, K-feldspar, and Fe-rich chlorite make
these reservoirs susceptible to damage as a result of
swelling, fines migration, and acid sensitivity (iron chela-
tion) (Behnken, 1996; Green et al., 1996). As a result,
operators have employed appropriate additives, mud
salinities, and KCl-based fluids to reduce damage.

1922 E & P Notes

Figure 15—Decline curve
data for three wells in
Nash Draw field. 
Wells are chosen to 
illustrate the significant
variation observed in 
field production over
short distances. Wells 13
and 19 are 0.25 mi 
(0.4 km) apart and
approximately 0.5 mi 
(0.8 km) from well 15.

Figure 14—Flow capacity (kh/µ)  calculated on a per-well basis for the main productive zone (lower Brushy Canyon)
in Nash Draw field. Modified from Murphy et al. (1996).
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Extensive acidization is generally avoided; a typical
treatment involves 100 gal (378 L) per perforation (one
shot per foot), injected at a rate of 3 bbl per minute.

Fracture stimulation commonly is rendered prob-
lematic in these reservoirs due to their multilayered,

thin-bedded character, the vertical interbedding or
proximity of water-bearing zones, and the general
lack of stratal fracture barriers (Scott and Carrasco,
1996). Adjustments to standard stimulation tech-
niques have been required to adequately address

Montgomery et al. 1923

Figure 15—Continued.
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these factors. Earlier treatments often were quite
large, ranging up to 300,000 lb (136,200 kg) or
more of sand pumped at rates of 15–40 bbl/min
with high proppant concentrations of 6–12 lb/gal
(Scott and Carrasco, 1996). This type of stimulation
had trouble controlling vertical fracture propaga-
tion and usually yielded fracture heights equal to, or
even greater than, fracture length. Larger treatments
at high pumping rates also resulted in screenout.

To control fracture growth and avoid screenout,
operators now design stimulations for smaller frac-
ture lengths (e.g., 400 ft; 122 m) and lower pump
injection rates. A common size for these stimula-
tions is 75,000–100,000 lb (34,050–45,400 kg) of
resin-coated sand with 50,000 gal (189,250 L) of
cross-linked gel as the transport fluid. Smaller stim-
ulations (e.g., 10,000 lb; 4540 kg) or acidization
alone are used in cases of thinner sandstones locat-
ed in vertical proximity to water zones. Full stimu-
lations employ a fairly low proppant concentration
of up to 6 lb/gal, pumped at a rate of 6–15 bbl per
minute. As discussed by Scott and Carrasco (1996),
improved results have come from continuous, pro-
gressive ramping of the pump rate in combination
with an increase in sand concentration (e.g., from 1
to 10 lb/gal). This technique works well to prevent
premature screenout while achieving good place-
ment of the proppant.

In most field settings, design of fracture treat-
ments will need to evolve as a result of experience
and increased information on reservoir character as
development progresses. The lateral heterogeneity
and reservoir compartmentalization observed in
many Brushy Canyon reservoirs, moreover, also
may demand design reevaluation and adjustment
for different portions of a specific field.

CONCLUSIONS

Exploration and development of basin-restricted
sandstone reservoirs in the lower Delaware
Mountain Group during the past 10–15 yr repre-
sent a significant addition to hydrocarbon plays of
the Permian basin. These low-permeability, high-
porosity oil and gas reservoirs of the Brushy
Canyon and Cherry Canyon formations can be
divided into several main productive trends, each
reflecting a specific depositional style and setting.
Slope and basin-floor submarine channel/fan sys-
tems exist proximal to the coeval carbonate shelf
margin and in more distal trends. Reservoir sand-
stones do not show typical turbidite sedimentary
features but are very fine grained, commonly mas-
sive, highly laminated, and interbedded with thin,
organic siltstones lacking in detrital clay. Reservoir
character commonly is complex with significant lat-
eral heterogeneity. Productive sandstone intervals

tend to be multilayered with considerable interbed-
ding between oil-bearing and water-bearing zones.
These characteristics continue to present chal-
lenges for interpreting depositional history, predict-
ing reservoir quality, and achieving maximum
recovery.
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Permian Cyclic Strata, Northern Midland and Delaware Basins, 
West Texas and Southeastern New Mexico' 

Abstract Permian cyclic rocks of Wo l fcampian-Guado l -
upian age in the norlhern Permian Basin, West Texas and 
southeosf New Mexico, are grouped into five regional ly 
extensive l i thofacies: (1) shelf evapor i te-carbonate, (2) 
shelf detr i tus, (3) shelf-margin carbonate, (4) basin cor-
bonate, and (5) basin detri tus. 

Recognition of these l i thofacies wi th in an unconformity-
bounded sequence suggests the fo l lowing sedimentary 
model . During normal sea-level condit ions, Wo l f camp ian-
Guadolup ian shelf-margin reefs and banks formed near 
sea level. The resultant backreef lagoon was shallow but 
very b rood ; therefore litt le terrigenous sand reached the 
distant basin. Deposit ion of shelf-margin carbonate was at 
a maximum and the sediments accumulat ing in the basin 
were chiefly pelagic mud and micrite. Relative lower ing 
of sea level , possibly eustat ic-epeirogenic, in i t ia ted re­
gression, causing continental and nearshore sand ond mud 
to progrode across the lagoon. Cont inued progradat ion 
enabled shelf detritus to enter the basin through numerous 
reentrants and submarine canyons dissecting the shelf 
marg in ; add i t iona l regression suboerial ly exposed the 
shelf clastic beds, prov id ing an unconformity-del imi ted 
datum surface. Flooding of the shelf by transgression re­
stricted the supply of detritus and reactivated normal car­
bonate deposi t ion. Correlat ion of a shelf-detritus top wi th 
a coeval basin-detritus top provides the framework for 
Wol fcampian-Guado lup ion shelf-to-basin correlations. 

INTRODUCTION 

Among the many difficult problems facing 
geologists is the formulation of a valid time-
stratigraphic framework for an area of complex 
lithosomal patterns and relatively steep deposi-
tional topography. Pennsylvanian and Permian 
strata in the Permian Basin of West Texas and 
southeast New Mexico (Fig. 1) exemplify this 
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problem. Many geologists have recognized 
shelf, shelf-margin, and basin deposits in this 
area (Adams et~al.. 1951: Galley, 1958; King. 
1948; Van Siclen, 1958; Wright," 1962). How­
ever, because depositional topography has been 
accentuated by differential compaction along 
shelf margins, many of the consequent time-
stratigraphic problems are unsolved. Correla­
tion of anachronous lithosomes has resulted in 
erroneous facies, structural, and paleotopo-
graphic interpretations. 

The concept of depositional topography is not 
new. Rich (1951) recognized the importance 
of differentiating among horizontally bed­
ded rocks deposited above wave base (unda-
form), those laid down on the slope (clino-
form), and tho.se tleposited in deeper water on 
the sea floor Ifondoform). Van Siclen (1958) 
later applied Rich's concepts to Late Pennsyl­
vanian and Earlv Permian (Wolfcampian) 
strata on the Eastern shelf of the Midland 
Basin. Meissner ( 1967) and Jacka and St. Ger­
main (1967) described sea-level changes in 
Middle Permian (Guadalupian) strata of the 
Delaware Basin and spectilated on how these 
changes affected depositional topography and 
lithofacies. Meissner's approach to Guadalu­
pian shelf-to-basin correlations is similar to 
ours, but many of his correlations are different, 
particularly in the early (iuadalupian beds. 

This paper is the outgrowth of a detailed 
stratigraphic study in the northern part of the 
Midland and Delaware Basins (Fig. I ) . The 
study comprised six phases: ( I ) sample de­
scription of key wells including those on cross-
sections .A-E (Figs. 9^13). (2) use of com­
mercial and Humble sample descriptions of 
additional wells to (ill in data, (3) determination 
of depositional environments for lithic types, 
(4) systematic integration of biostratigraphic 
data (primarily fusulinid control) with physical 
stratigraphic data, (5) ilevelopment of shelf-
to-basin correlations based on these data, and 
(6) formulation ol a sedimentary model which 
best explains the phvsic.il correlations and deli­
neated environments, thus facilitating interpre­
tation of areas v\herc subsurface control was 
sparse. 
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FIG. 1.—Major Permian geologic features, including location of cross sections. West Texas and southeastern 
New Mexico. Modified after McKee et al. (1967). Sections A-A' through F-E' are Figures 9-13. 

34



SHELF SEQUENCE 
1 2 

HONOLULU GREAT WESTERN 
N a 1 Bminard Na i B I O O I M 

GR Res. GR Res. 

BASIN SEQUENCE 

LIMESTONE1 
DOLOMITE 

O SANDSTONE 
SHALE 

3 
FELMONT 

N0.1 PDvrall 

GR Res. 

4 
HUMBLE 
N0.1 Cox 
GR Res. 

lOVP 

I 
3 

I 

F-IG. 2.—Leonardian sedimentary cycles, Midland Basin, West Texas. Vertical scale in feet. to 

35



DELAWARE BASIN MIDLAND BASIN 
1 

SHELL 
N0.1 Bootleg Ridge Unit 

GR Res. 

4 
HUMBLE 
N0.1 Cox 
GR Res. 

to 
lO 
0^ 

DO 

c 

o 
3 a. 

o 
o-
n 

O 

o a. a. 

FIG. 3.—Comparison of Delaware Basin and Midland Basin Leonardian sedimentary cycles, West Texas and 
southeastern New Mexico. Vertical scale in feet. 

36



I 
3 

n 

I 

Fui. 4.—Depositional environments related to normal sea level, Stage I, northern Permian Basin, southeastern 
New Mexico and West Texas. Approximate vertical exaggeration X 10. See footnote 4 for spelling of sebkha. 

lO 
to 

37



to 

OD 

< 

Q 
3 
Q . 

o 
IT 
o 

O 

o a. 
Q. 

FIG. 5.—Depositional environments related to sea-level change. Stage 11, northern Permian Basin, southeastern 
New Mexico and West Texas. Approximate vertical exaggeration XIO. See footnote 4 for spelling of sebkha. 38



• D 
It 

Q 
3 

n 

I 

FIG. 6.—Deposilional environments related to sea-level change. Stage III, northern Permian Basin, southeastern 
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It is the intent of this study to place the Per­
mian Basin into a regional framework charac­
terized by cyclic changes in sea level during 
Early and Middle Permian time. A sedimentary 
model is used to show how it may explain the 
origin of the cyclic lithofacies and permit in­
terpretation of their synchronous patterns. The 
stratigraphic intervals discussed include the 
late Wolfcampian, Leonardian, and Guadalu­
pian Series. A complex stratigraphic nomencla­
ture has evolved to differentiate among shelf, 
shelf-margin, and basin beds; where possible, 
however, this nomenclature is avoided in order 
to emphasize the gross stratigraphic relations. 

Geologists generally employ two suites of 
terms to refer to depositional topography— 
shelf, shelf margin, and basin; or undaform, 
clinoform, and fondoform (Rich, 1951). Al­
though both suites have certain fundamental 
limitations, the use of shelf, shelf margin, and 
basin most accurately describes environment 
and site of accumulation of late Wolfcam-
pian-Guadalupian strata in the northern Per­
mian Basin. Most objectionable is the term 
basin. Unfortunately it has been applied to a 
site of sediment accumulation irrespective of 
original depositional environments and/or 
preservational patterns. To avoid confusion the 
term Basin is used with a capitalized proper 
name to refer to a preserved thick sedimentary 
section regardless of its depositional environ­
ment (e.g., Midland Basin, Delaware Basin); 
however, when basin remains in lower case let­
ters, it denotes an environment of deposition 
seaward of a shelf margin and below normal 
wave base. 

SEDIMENTARY MODEL 

Late Wolfcampian, Leonardian, and Guad­
alupian rocks are characterized by large-scale 
cyclic lithosomes. For example, Leonardian 
shelf rocks (Fig. 2) are typified by alternating 
carbonate and terrigenous clastic beds. Shelf 
and shelf-margin carbonates commonly are 
light-colored, dolomitized micritic and micri-
tic-skeletal limestone. Vugs filled with anhy­
drite are perhaps the most striking characteris­
tic of these shallow-water carbonate rocks. 
Varicolored shale, siltstone, and sandstone beds 
commonly intercalated with evaporite beds 
constitute shelf clastic rocks. Basin carbonate 
lithofacies (Fig. 2) are characteristically dark 
micritic and micritic-skeletal limestone. Dark 
claystone, siltstone, and sandstone typify basin 
terrigenous rocks. Four complete cycles of car­
bonate and clastic beds are recognized in the 

Midland Basin both on the shelf and in the 
basin. Similar cycles are present in the Dela­
ware Basin (Fig. 3) . For example, two wells in 
the Delaware Basin, the Shell No. 1 Bootleg 
Ridge Unit and the Continental No. 6 Bell 
Lake Unit, are correlated with the Felmont No. 
1 Powell and the Humble No. 1 Cox wells in 
the Midland Basin (Fig, 3) . The following sed­
imentary model is an attempt to explain the 
lithic cyclicity and juxtaposition of depositional 
environments observed in upper Wolfcampian, 
Leonardian, and Guadalupian strata of the 
northern Midland and Delaware Basins. 

Depositional Environments 
Continental.—Lithologic and biotic data sug­

gest an arid to semiarid climate during Early 
Permian time (Walker, 1967, p. 364). Fluvial 
sediment transport, therefore, was not region­
ally important and is considered subordinate to 
eolian sediment transport, much like that in the 
modern environmental setting described by 111-
ing et al. (1965) for the Persian Gulf. Early 
and Middle Permian continental strata consist 
of a redbed sequence of terrigenous sand and 
shale. Generally, shale lithic types are red and 
green quartzose clayite (Clark, 1954, p. 4) and 
siltite with interbeds of gray to brown mud-
rock. 

Shelf.—Continental sediments were bordered 
by broad supratidal and intertidal flats com­
posed of sabkha' (salt flat) and laminated algal 
deposits. The tidal-flat beds are composed gen­
erally of irregularly laminated, dolomitized mi­
critic limestone with interbeds of quartzitic 
clayrock and siltrock. Nodular anhydrite com­
monly is associated with dolomite. Stromatoli-
tic algae produce most of the characteristic 
laminae. 

Supratidal and intertidal flats were bordered 
by extremely wide lagoons which, during nor­
mal sea level, probably extended 10-150 mi 
shelfward. Lagoonal beds consist of thinly lam­
inated, medium-crystalline, dolomitized micri­
tic-skeletal limestone. Laminations have been 
destroyed locallv by burrowing animals and 
soft-sediment deformation. 

.Shell mar^'(«. -Shelf-margin beds are subdi­
vided into three main groups, each reflecting 
the influence of sea-floor topography, relation 
to effective wave base, and relative change in 

"Editor's footnote: Because writers have used a 
variety of spellings, Kinsman (1969, p, 832) proposed 
that sabkha be used as a standard spelling. Illustrations 
for this paper were drafted prior to that proposal, and 
the form sehkha is used on them. 
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sea level. These beds are characterized by 
bank, reef, and forebank or forereef debris. In 
general, bank environments were dominant 
during Wolfcampian and Leonardian time, 
whereas reefs were characteristic of the Guad-
alupian. Banks consist of oolite bars and non-
wave-resistant skeletal buildups which are dis­
tinctly bedded. Biota is dominated by crinoid 
remains, fusulinids, and calcareous algae; 
brachiopods, corals, bryozoans, and sponges 
are common. Guadalupian reef facies are char­
acterized by calcareous sponges, numerous 
types of calcareous algae, bryozoans, and spe­
cialized brachiopods all incorporated into a 
massive wave-resistant framework. Both banks 
and reefs bordered foreslopes of moderately 
steep depositional topography. Foreslope de­
posits are distinguished from shallow-water 
bank and reef beds by their darker color, com­
mon presence of silicified fossils, and by nu­
merous shelf-derived lithoclasts. Deposition was 
the result of several mass-transport processes 
such as slow creep and suspension, and tur­
bidity currents. 

Basin.—Two lithic types, carbonate and ter­
rigenous detritus, constitute basin deposits. The 
carbonate type is dark, laminated micrite. The 
sparse fossils include fusuhnids and other fora-
minifers, crinoid columns, siUceous sponge spi­
cules, and ammonoids. Most of the micrite in 
the basin probably was derived from the shelf 
and shelf margin by transport in suspension. 
Mass transport of coarse carbonate detritus 
through submarine canyons as subaqueous 
slides or turbidite flows resulted in extensive 
redeposition of shallow-water carbonates in 
deeper water. These beds are characterized by 
a displaced shallow-water biota, clasts of both 
shelf and basin origin, graded bedding, and sili-
cification of fossils. Terrigenous detritus con­
sists of quartzose clayrock and siltrock, with in­
tercalated beds of dark micritic limestone that 
are regionally extensive. Generally these rocks 
lack fossils except where they interfinger with 
shelf-margin strata. Base level shifted fre­
quently during low-water stands, resulting in 
reworking of sediment. 

Cyclic Depositional Environments 
A series of. block diagrams (Figs. 4-7) dia-

grammatically depicts a falling sea level and its 
control of sedimentary patterns. Major cyclic 
fluctuation of base level with intermittent still-
stands contemporaneous with subsidence are 
the major controlling processes of this environ­
mental model. It is suggested that cyclic 

changes in sea level caused cyclic depositional 
patterns. 

Sea-level stage I.—During normal sea-level 
stand (Fig. 4 ) , shelf-margin reefs and banks 
formed near sea leyel. The resultant lagoon was 
shallow but very broad; therefore little terrige­
nous sand reached the distant basin. Deposition 
of shelf-margin carbonates was at a maximum 
and the main sediments in the basin were pe­
lagic mud and micrite. 

Sea-level stage / / . - A t sea-level stage 11 
(Fig. 5), shelf-margin strata were partly subaer-
ially exposed but still were forming actively at 
a lower elevation. Islands developed along the 
topographically highest parts of the shelf mar­
gin. The lagoon was constricted and was bor­
dered landward by an extensive algal flat. 
Locally, barrier islands developed during this 
sea-level stage. Continental and sabkha environ­
ments prograded basinward from their location 
at normal sea-level stand. Pelagic mud and mi­
crite were the doin.inant lithic types deposited 
in the basin. 

Sea-level stage III.- Ax this substantially 
lower sea level (Fig. 6 i . continental and near-
shore clastic beds continued to prograde sea­
ward. Sabkha and algal-flat deposits replaced 
previous lagoonal setliments. Reefs and/or 
banks ceased to develop and were replaced by 
an extensive stable land surface dissected by 
canyons and tidal channels. Tidal and near-
shore currents and local rivers swept land detri­
tus into canyon heads which were formed most 
commonly near salieni features on the shelf 
margin. This clastic material was transported 
down the canyons bv iraction, slow creep, or 
turbulent flow. Channel and overbank systems 
distributed clastic material in the form of pro-
grading submarine fans along the basin floor. 

Sea-level stage /K. - A t maximum low-water 
stand (Fig. 7) , land-derived detritus, at least 
locally, prograded completely across the shelf. 
Sediment transport was at maximum, so that 
sheetlike sands, perhaps more correctly de­
scribed as coalescing eolian and fluvial sands, 
prograded over the supratidal flat to the shelf 
edge. Lagoonal and shelf-margin environments 
were exposed subaerially before being covered 
bv prograding continental-derived sediments. 
Base level shifted frequently during maximum 
low-water stand; major degradation prior to 
burial beneath prograding continental sedi-
scale, but was a locallv important process. De­
ments probably did not occur on a regional 
trital sediment was carried across the shelf 
margin bv suspension or through submarine 
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canyons by a combination of mass transport, 
slow creep, and tidal and nearshore currents. 

Interpretation of Time Surfaces 
Time-surface configuration.—The deposi-

tional environments are represented by five 
major lithofacies: (1) shelf detritus (continen­
tal and nearshore terrigenous clastic material), 
(2) shelf evaporite-dolomite (supratidal-flat 
and lagoonal strata), (3) shelf margin (oolite 
banks, reefs, etc.), (4) basin carbonate (pe­
lagic micrite), and (5) basin detritus (subma­
rine fan, turbidite, and bypass terrigenous clas­
tic material). 

If topography is assumed to have been mono-
clinal at time-surface T^ (Fig. 8) , the sedimen­
tary evolution as suggested in Figures 4 and 5 
occurred from Ti through T4. Time-surfaces T,, 
and T3 indicate that sedimentation rates were 
greater at the shelf margin than on the shelf or 
in the basin and that sedimentation was pro-
gradational. Time-surfaces T5 and T,, are in­
terpreted from the sedimentary model and sug­
gest that sedimentary rates were greater at the 
shelf margin than on the shelf, and were slowest 
in the basin. Figure 7 is not depicted precisely 
in upper Figure 8, but is approximated by the 
interval between T^ and T^. Transport of sedi­
ment in suspension over the shelf margin was 
probably a more important process during Wolf-
campian and Leonardian time than during the 
Guadalupian. If additional time surfaces were 
added between T^ and T^, they would converge 
on the shelf and diverge in the basin and, be­
cause of local variability in the aggradational 
and degradational processes, exact time equiva­
lents of specific basin strata may not be present 
on the shelf. Time surfaces may or may not be 
preserved on the shelf or shelf margin because 
nondeposition and local degradation were prob­
ably more active processes than sedimentation. 

A relative rise in sea level in an area charac­
terized by a broad, topographically featureless 
platform would initiate extensive lagoonal and 
supratidal environments on a newly formed 
shelf. Reestablishment of extensive lagoons and 
supratidal flats would then prevent detritus from 
being transported across the shelf, thus allow­
ing carbonate sedimentation to recur. In other 
words, after initial rapid transgression, progra-
dational patterns from T^ through T,„ were simi­
lar to that described for T^ through T,. Each 
time-rock unit {i.e., sediments deposited during 
T,-T4 and T4-T7) is cyclic and reflects periodic 
changes in base level. 

Time-datum variance.—Initial sedimentation 

of a given lithosome within the sedimentary 
model discussed depends upon (1) topographic 
relief on land, (2) evolution rate of the land­
ward geomorphic cycle, (3) extent and kind of 
environments established on the shelf, (4) sea-
floor topography, (5) lithic type and rate of 
sedimentation for the shelf margin and basin, 
(6) rate of change in sea level, and (7) 
efficiency of sediment distribution by marine 
processes. Assume a situation at approximately 
T4 (Fig. 8, upper) in an area resembling that 
illustrated in Figure 8 (lower). Land-derived 
detritus is transported along the floor of the 
submarine canyon forming a prograding sub­
marine fan. Submarine currents may transport 
some of this sediment a limited distance north­
east and southwest. Thus at T, (strike cross 
section. Fig. 8, lower) sedimentation of detritus 
at locality C is contemporaneous with sedimen­
tation of micrite in the basin. With lowering 
sea level, shelf detritus is permitted to prograde 
over the supratidal flats southwest of the can­
yon and "spill" over the shelf margin, so that 
at T-j land-derived detritus is being deposited at 
localities A, B, C. and D contemporaneously 
with sedimentation of micritic limestone at lo­
cality E. Furthermore, at T., land-derived detri­
tus is deposited on the shelf, shelf margin, and 
basin throughout the map area except in the la­
goon and downdip of the lagoon at locality E. 
Not until the lagoon is filled is clastic material 
deposited at locality E. This simplified example 
shows that the base of a basin detrital lithofa­
cies is not a reliable time datum, but the top of 
each detrital lithofacies approximates a regional 
time surface and provides the basis for shell-
to-basin correlations for upper Wolfcampian 
through Guadalupian rocks of the northern 
Permian Basin. 

Geologic Processes 
Geologic processes required for the model 

include (1) subsidence, (2) compaction, (3) 
progradational sedimentation, (4) large supply 
of terrigenous sediment, and (5) cyclic change 
in sea level characterized by long periods of 
stillstand. Critical study of Figures 4-7 shows 
that subsidence is depicted schematically as 
contemporaneous with a falling sea level. Sub­
sidence is thought to be a result of regional 
downwarping, possibly epeirogenic rather than 
compactional. Differential compaction, how­
ever, was important in influencing upper Wolf­
campian through Guadalupian sedimentary 
patterns. Shelf and shelf-margin carbonate sedi­
ments compact only slightly, whereas very fine-
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grained basin clastic material compacts as 
much as 65 percent upon burial under 100 ft 
of sediment (Weller, 1959, p. 289). Thus dif­
ferential compaction enhanced shelf-to-basin 
relief and therefore influenced the distribution 
of carbonate sedimentation. It is suggested that 
depositional topography mapped today may be 
due partly to differential compaction. Weller 
(1959, p. 289) demonstrated that very fine­
grained sediment buried 10,000 ft may be com­
pacted nearly 80 percent. Detailed compaction 
studies of basin clastic sediments of the Mid­
land and Delaware Basins may help interpreta­
tion of basin water depths during late Wolf­
campian through Guadalupian time. 

Figure 8 (upper) schematically illustrates 
theoretical time-surface configuration. The time 
surfaces represent basinward sediment accre­
tion. The terms marine transgression and 
regression as geologic processes apply to major 
advances and retreats of the strandline over a 
large area, with no reference to sedimentary 
patterns. It may be useful to use the term pro-
gradation to describe area-time relations of sed­
imentary accretionary patterns in a seaward di­
rection. Progradation may occur during sea-
level transgression, stillstand, or regression. 

A large supply of quartzose sediments is in­
dicated by the presence of thick shelf and basin 
clastic beds in upper Wolfcampian through 
Guadalupian strata. The source area was prob­
ably positive throughout Early Permian time. 
Cyclic deposition of clastic sediment was a 
function of cyclic degrees in efficiency of sedi­
ment transport and periodic presence of broad 
lagoons which kept clastic material from enter­
ing the basin. Broad lagoonal and supratidal 
environments were formed during regional rises 
in sea level which may have been caused by 
rapid regional subsidence or by eustasy. 

Cause of Sea-Level Change 
Postulation of sea-level changes leads to 

speculation as to their cause. Cyclic sedimen­
tary patterns caused eustatically are compared 
with those caused tectonically in Table I. Evi­
dence suggests that eustatic change was the 
controlling factor in the formation of Wolf-
campian-Guadalupian cyclic patterns in the 
northern Permian Basin. 

Rock thicknesses are interdependent. For ex­
ample, each cyclic detrital lithosome reflects 
depositional topography and kind and extent of 
depositional environment on the shelf and shelf 
margin. Shelf-margin fades are extremely ho­
mogenous in lithic and biologic composition 

Table 1. Characteristics of Eustatic-Epeirogenic 
and Tectonic Controls of Sea Level 

l-Aislasy- EpC: oileiir 

1. Shelf, shclf-margin, aiut h,i 
sin sirala thickness iniei je-
pentlenl 

2. ShelJ-margin lithofacies de­
velopment a round tMsin 
relatively constant 

."i. Lithofacies i"elal!vel\ homo­
genous 

4. Base and lop of lithof.Kic 
boundaries suhparallel :. 
parallel 

-'̂ . Reasonably good conel.i 
tions between b.isins 

I Shelf, shelt^-margin. and ba­
sin strata thickness depen-
ilent on direction of regional 
'ilt 

2. Shelf-margin lithofacies sig­
nificantly difTereni around 
liasin 

V L i tho fac ie s significantly 
nonhomogenous, reflecting 
icctonically act i \e areas 

4 IJase and top of lilhot"aeies 
boundaries nonpar.illel 

niflerent sedimentary pat­
terns between basins, mak-
mg accurate correUitions 
difficult 

and can be mapped around the periphery of 
the Permian Basin. The base and top of each 
shelf or basin lithosome are regionally suhpar­
allel and these units are correlative between the 
Midland and Delaware Basins (Figs. 3, 9. 11). 
Perhaps the most significant evidence support­
ing eustatic control of sea level is the presence 
of cyclic lithofacies in the Lower Permian of 
the Paradox Basin, the Denver Basin, and the 
Perm Basin of Russia. 

Evidence lor late Paleozoic glaciation is 
abundant in the southern hemisphere (Hamil­
ton and Krinsley, 1967; Teichert, 1941). and 
has led many workers to assume that the sea-
level changes in the Pennsylvanian (Wanless 
and Cannon, 1966i and Permian (Jacka, 1967; 
Meissner, 1967) of North America were eu­
statically controlled. Palcontologic and paleobo-
tanic data from the dondwana Beds of the 
southern hemisphere suguest that the glaciation 
is no younger than Permian Wolfcampian 
(Hamilton and Krinsle\. 1967). The dating of 
these deposits was based solely on faunal and 
floral elements which are present only in the 
Gondwana Beds; therefore their exact time re­
lations to other biotas arc not accurately 
known. 

Wilson (1967i tlescribed numerous cvclo-
thems in Cisco (Viigihaii i and Wolfcamp rocks 
of the Sacramento Mountains of New Mexico. 
He concluded that avttilalile evidence supported 
a tectonic control, although he did not rule out 
a glacial origin for the cycles. Bott and John­
son (1967) have argued that varying rates of 
crustal subsidence arc sufficient to produce eu-
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static rise in sea level and produce the cyclic 
sedimentation observed in the Carboniferous. 

Sedimentary evidence as compiled in Table 1 
suggests that eustatic sea-level change contem­
poraneous with subsidence is the major control 
for the cyclic nature of Wolfcampian-Guadalu-
pian strata, although local tectonics certainly 
influenced these patterns. Glacially controlled 
eustatic sea-level changes are favored as the 
cause of cyclic deposition for the Permian 
Basin. 

STRATIGRAPHIC FBAMEWORK 

Most of the rock types discussed in the envi­
ronmental model are in upper Wolfcampian-
Guadalupian strata of the northern Permian 
Basin. Based on the sedimentary model, a phys­
ical stratigraphic framework is proposed which 
relates the delineated lithosomes in time and 
space. Because of cyclic lithosomes, deposi-
tional topography, and sparse subsurface con­
trol, no "positive" lithologic or biologic entity 
is mappable from the shelf across the shelf 
margin into the basin. Thus several interpreta­
tions of temporal relations are possible. It is 
necessary to delimit a mappable stratigraphic 
datum throughout the study area to which the 
cyclic rock units may be related. The sedimen­
tary model suggests that subsidence and relative 
changes in sea level are the principal processes 
which control cyclic rock imits and that litho­
somes for the shelf, shelf margin, and basin are 
genetically related. Thus, a physical datum 
upon which cyclic sedimentation began would 
provide a means of correlating superimposed 
lithogenetic strata within the sedimentary 
framework. 

Sloss (1963, p. 94) , Wheeler (1963, p. 
1498), and Schleh (1966, p. 269), among oth­
ers, have demonstrated the usefulness of re­
gional unconformities as valid, mappable strati­
graphic datums. Several geologists (Cooper and 
Grant, 1964, p. 1584; Meyer, 1966, p. 69; 
Ross, 1963, pi. 1; Wilde, 1962, p. 71) have 
noted an unconformity below upper Wolfcamp 
strata in the Permian Basin, and that upper 
Wolfcamp rocks are in unconformable contact 
with strata ranging in age from middle Wolf-
campian through Precambrian. At Wasson 
field, Yoakum County, Texas, upper Wolfcamp 
strata progressively overlie rocks of middle 
Wolfcampian through Desmoinesian (Strawn) 
age (Fig. 9 ) . Upper Wolfcamp rocks uncon-
formably overlie Precambrian granite along the 
Matador arch (Fig. 10) and Devonian strata 
on the Central Basin platform (Fig. 11). Re­

gional sedimentary patterns of shelf-margin de­
posits further demonstrate the extensiveness of 
this pre-upper Wolfcamp unconformity. 

In the northern Permian Basin, upper Strawn 
through middle Wolfcamp shelf margins are 
parallel. Except where tectonic processes have 
modified regional patterns, each Strawn 
(Desmoinesian), Canyon (Missourian). and 
Cisco (Virgilian) shelf margin is situated 
progressively landward from the preceding one. 
This pattern is opposite that on the eastern 
shelf. Incipient regression of shelf-margin pat­
terns began in early Wolfcampian time; there­
fore, middle Wolfcamp shelf-margin rocks 
are basinward of lower Wolfcamp shelf-margin 
beds (Fig. 9 ) . Strawn (Desmoinesian) through 
middle Wolfcamp strata thus are a sedimentary 
and preservational unit; that is, these rocks 
were deposited within an overall transgressive-
regressive cyclic phase and are bounded by un­
conformities. These strata, as well as pre-Des-
moinesian rocks, underwent a pre-late Wolfcam­
pian deformation and therefore were preserved 
differentially under upper Wolfcamp strata. 
Late Wolfcampian through Guadalupian rocks 
likewise are a related sequence, but whereas the 
pre-upper Wolfcamp shelf rocks were deposited 
in a transgressive sea, the post-upper Wolfcamp 
rocks are regressive. Therefore, on the basis of 
both degradational and sedimentary patterns, 
the pre-upper Wolfcamp unconformity is a 
valid regional stratigraphic datum. 

A series of physical stratigraphic cross sec­
tions with supporting paleontologic data have 
been constructed by using the pre-upper Wolf­
camp unconformity as a stratigraphic datum. 
Shelf-to-basin correlations are based on princi­
ples discussed lor the environmental model 
(Figs. 4 -8 ) . In Figures 9-11 the pre-upper 
Wolfcamp unconformity has been flattened ar­
bitrarily, even though there was considerable 
local topographic relief on this surface. Pre-up­
per Wolfcamp strata plotted beneath the un­
conformity show degradational patterns and 
structure relative to it; post-unconformity 
rocks, plotted above the unconformity, reflect 
depositional topography. 

Monoclinal depositional topography in the 
northern Permian Basin was initiated once dur­
ing Middle Pennsylvanian and once during 
Early Permian time. Pennsylvanian deposi­
tional topography has been documented by 
Van Siclen (1958, p. 1899). Development of 
late Wolfcampian depositional topography was 
governed partly by residual relief on the uncon­
formity, differential accunudation of skeletal 
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carbonate sediments near effective wave base, 
and prevailing wind and water-current direc­
tions. 

Late Wolfcampian 
A threefold physical division of Wolfcamp 

strata is proposed which allows delineation of 
three distinct shelf-margin developments in the 
northern Permian Basin. This division can be 
recognized partly by precise fusulinid zonation; 
accurate mapping of the middle and lower 
Wolfcamp boundary, however, is possible only 
in shelf and shelf-margin strata. A twofold di­
vision of the Wolfcamp is more practical in ba-
sinal facies. 

Topographic relief on the pre-upper Wolf­
camp unconformity was apparently slight in the 
northern Midland and Delaware Basins, be­
cause (1) the upper Wolfcamp is characterized 
by a regionally extensive micritic limestone, 
(2) the thickness of the interval between the 
top of the Dean or Third Bone Spring sand to 
the base of the upper Wolfcamp limestone is 
characterized by regional thinning rather than 
by local anomalies, and (3) the upper Wolf­
camp rocks lie just above the unconformity 
surface except locally on the northern part of 
the Central Basin platform, where early Leo-
nardian strata lap onto this erosion surface. 
Minor residual topography, however, was pres­
ent in places throughout the area, as suggested 
by the presence of isolated mounds of upper 
Wolfcamp skeletal limestone in Terry, Lynn, 
and Garza Counties, Texas, and Lea County, 
New Mexico. Distinct monoclinal residual to­
pography was present in southwestern Yoakum 
County, Texas, where a well-developed late 
Wolfcampian shelf margin is present (Fig. 9 ) . 
There is no distinct, regionally extensive late 
Wolfcampian shelf margin in the northern Per­
mian Basin, but discontinuous margins were 
developed locally, as in northern Lubbock 
County, Texas (Fig. 10). Transgression of 
upper Wolfcamp strata over the pre-upper 
Wolfcamp erosion surface is demonstrated in 
the Shell No. 1 Granger (Fig. 9 ) , where basin 
carbonate beds overlie shelf-margin carbonate 
beds. 

Upper Wolfcamp strata in the northern Del­
aware Basin are characterized by interbedded 
shale and micritic Umestone. True shelf-margin 
beds are restricted to the northwest section of 
the Delaware Basin and were formed during 
the latest Wolfcampian; they are generally as­
sociated genetically with incipient Abo Forma­
tion shelf-margin development. Skeletal-lime­

stone beds, characteristic of a shoaling environ­
ment, have been recognized along the western 
flank of the Central Basin platform. 

Leonardian 
Wichita deposition.—During early Leonar­

dian time, the northern Permian Basin was 
characterized by a continued rise in sea level 
which resulted in the basinward progradation 
of shelf-margin sediments. This is demonstrated 
by the lack of an upper Wolfcamp basinal de-
trital lithofacies and the basinward position of 
the Wichita shelf-margin strata in relation to 
the upper Wolfcamp shelf-margin rocks. For 
example, if upper Wolfcamp shelf-margin 
rocks had been deposited in a regressive sea. a 
constriction of the lagoon would have permit­
ted land-derived sediments to enter the basin 
(Fig. 6 ) . Wichita sedimentation was not af­
fected uniformly by rising sea level because of 
the influence of late Wolfcampian depositional 
topography. Depending on sea-floor topogra­
phy, shelf-margin facies may "stack" (Cobb et 
al. No. 1 Jones, Fig. 10) or migrate seaward 
(Gulf No. 1 Jalmat, Fig. U ) . Maximum depo­
sitional topograph) (maximum sea-floor relief) 
during Wichita deposition was in the northern 
Midland Basin in areas where late Wolfcampian 
shelf margins were developed best (Fig. 9 ) . 
Depositional topography across the shelf mar­
gin was greater along the northwest shelf area 
of the Permian Basin (Fig. 1) than along the 
Central Basin platform. Broad lagoonal and su-
pratidal environments are evidenced by evapo-
rite and dolomitized limestone beds in the Palo 
Duro Basin (Fig. I ). 

In general, depositional patterns during late 
Wichita sedimentation represent regression, 
which continued throughout the Leonardian, 
interrupted only by comparatively small 
transgressions. A discontinuous bank was con­
temporaneous with widespread development of 
the shelf evaporite and dolomite facies and 
basin carbonate facies. Physical stratigraphic 
correlations based on the sedimentary model 
(Figs. 4-7) suggest that the green and red 
quartzose clayrock and siltrock composing the 
shelf detritus facies are partly coeval with the 
basin detritus facies. In the Permian Basin 
there is no satisfactory formal name for the 
shelf evaporite-dolomite, shelf detritus, or basin 
carbonate facies. It is unfortunate that the 
terms "Abo" and "Wichita" have been applied 
to shelf evaporite-dolomite and shelf-margin 
carbonate lithofacies of early Leonardian age 
in the Midland and Delaware Basins (Jones, 
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1953, p. 29-33) . Lee (1909, p. 17) described 
the Abo sandstone as ". . . coarse-grained sand­
stone, dark red to purple, usually conglomer­
atic at base; with subordinate amount of shale, 
which attains prominence in some places." 
Like the Abo sandstone, the Wichita Formation 
is varicolored sandstone, claystone, and con­
glomerate with no limestone (Cummins, 1891, 
p. 400). Thus, in order to apply these terms it 
is necessary to demonstrate the equivalency of 
the terrigenous sand, shale, and conglomerate 
beds of the Abo and Wichita on the surface 
with the dolomitized limestone and evaporite 
beds of the subsurface. Furthermore, this facies 
change is not within a time-stratigraphic unit, 
in that the lower Abo sandstone at the type 
section includes late Wolfcampian and early 
Leonardian fusulinids, whereas the Wichita 
Formation at the type locality is probably en­
tirely of Leonardian age (Skinner, oral com-
mun.). It is suggested that the terms "Abo" 
and "Wichita" be restricted to the shelf clastic 
Hthofacies and that a nomenclatural framework 
be proposed for the Leonardian that is similar 
to the one developed for the Guadalupian Se­
ries (King, 1948, p. 12), using the principle of 
arbitrary cutoff (Wheeler and Mallory, 1953, p. 
2412) for designation of stratigraphic units. 

The terms "Dean" and "Third Bone Spring 
sand" (Fig. 11) are most commonly applied to 
the basin detritus facies in the northern Mid­
land and Delaware Basins, respectively. It is 
suggested that most of the sediments compos­
ing the Dean sand (Third Bone Spring sand) 
were transported primarily through submarine 
canyons similar to those in Figure 4. Canyons 
1-2 mi wide filled with as much as 1,500 ft of 
early Leonardian sand have been delimited in 
the northern Permian Basin. One such canyon 
in north-central Hockley County, Texas, ex­
tended at least 5 mi landward of the Wichita 
shelf margin. Because shelf detritus is finer 
grained than basin detritus, it is concluded that 
sediment transport by suspension was not an 
important process for distributing detritus into 
the basin during early Leonardian time. 

Schubertella melonica, Schwagerina crassi-
tectoria, and S. hawkinsi are present in the 
100-150-ft limestone bed just below the Dean 
sand and Third Bone Spring sand. Thus, by ei­
ther biostratigraphic or physical stratigraphic 
criteria, the Dean sand (Third Bone Spring 
sand) in the Permian Basin is of early Leonar­
dian age (J. Skinner and G. Wilde, oral com-
mun.). No regional degradational patterns have 
been observed below Leonardian strata in the 

study area, although the limestone with Schu­
bertella melonica and Schwagerina hawkinsi 
varies inversely in thickness with the Dean 
sand. Local absence of the lowermost Leonar­
dian limestone in the vicinity of submarine fans 
or turbidity-flow deposits is thought to be due 
to submarine scouring. 

Lower Clear Fork deposition.—The 
Wichita-Clear Fork boundary is characterized 
by landward migration of shelf and shelf-mar­
gin Hthofacies, and deposition of carbonate 
rather than detritus in the basin. Though 
transgression may have resulted in tens of miles 
of landward migration of shoreline, it may re­
flect only a few tens of feet increase of water 
depth. This is suggested by shaUow-water, su-
pratidal, and lagoonal environments which per­
sisted just behind the higher energy shelf-mar­
gin Hthofacies of the lower Clear Fork (Figs. 
9-11) . 

Inherited depositional topography greatly af­
fected the distribution of lower Clear Fork Htho­
facies. In Yoakum County, Texas, lower Clear 
Fork shelf-margin beds are "stacked" on those 
of Wichita age (Fig. 9 ) ; in contrast, a distinct 
seaward migration of shelf-margin strata is evi­
dent in northern Lubbock County, Texas (Fig. 
10). If the relative sea-level rise was uniform 
in the two areas, the "stacking" in Yoakum 
County is probably due to the relatively steep 
pre-lower Clear Fork depositional topography. 
"Stacking" of Abo and lower Yeso shelf-mar­
gin sediments occurred also in the northern 
Delaware Basin. Stratigraphic relations along 
the Central Basin platform (Fig. 1) are diffi­
cult to generalize because of lack of data; how­
ever, preliminary seismic interpretations suggest 
that in Lea County, New Mexico, the lower 
Yeso shelf margin migrated seaward. 

Broad, shallow-water shelf environments 
were present during lower Clear Fork deposi­
tion as evidenced by cxtcnsiye evaporite and do­
lomite beds in the Palo Duro Basin (Fig. 1). 
During maximum low-v\ater stand (Fig. 7) the 
northern Permian Basin was typified by exten­
sive salt "pans." Eiiolian processes were respon­
sible for most sediment transport on land. 

Physical stratigraphic correlations suggest 
that the red and gray quartzose siltrock and 
sandstone beds of the Tubb Formation are coe­
val with the siltstone and sandstone beds of the 
lower Spraberry sand (Second Bone Spring 
sand) in the basin. An alternate interpretation 
by some geologists is that the Tubb Formation 
is equivalent to the Dean (Third Bone Spring 
sand). However, this conclusion is difficult to 
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justify in such wells as the Sun Oil Company 
No. 1 Harper (Sec. 26, T25S, R35E, Lea 
County, New Mexico) and the Pan American 
No. 1 Johnson (Fig. 10), where normal sec­
tions of the Tubb and Dean (Third Bone 
Spring sand) are present in the same borehole. 
Shelf evaporite and dolomite beds of the lower 
Clear Fork Formation are partly equivalent to 
the micritic limestone beneath the lower Spra­
berry sand and above the Dean (Third Bone 
Spring sand) in the basin. Most lower Clear 
Fork shelf-margin beds are coeval with shelf 
evaporite and dolomite beds and basin lime­
stone beds. 

Because lower Clear Fork depositional to­
pography across the shelf margin was not as 
pronounced, submarine canyons were not as 
well developed as those of Wichita age. Several 
Wichita submarine canyons are thought to have 
been partly filled with sand during lower Clear 
Fork sedimentation. Sediment bypass over the 
shelf margin by traction, slow creep, and sus­
pension at low-water stand was an important 
process during late lower Clear Fork deposition 
(Figs. 6 -9) . 

Middle Clear Fork deposition.—Early mid­
dle Clear Fork deposition in the northern Per­
mian Basin was characterized by migration of 
the middle Clear Fork shelf margin basinward 
from the lower Clear Fork shelf margin. A 
sea-level rise smaller than that in the two 
preceding Leonardian cycles is suggested by a 
small landward migration of fades, coupled 
with a less distinct inherited depositional topog­
raphy (Figs. 9, 10). 

Landward or seaward migration of facies 
with a given change in sea level is dependent 
upon local difference in sea-floor topography 
and rate of sedimentation. Thus locally, in 
Hockley and Lubbock Counties, middle Clear 
Fork shelf-margin beds migrated farther land­
ward than lower Clear Fork shelf-margin beds, 
and in south-central Yoakum County, Texas 
(Fig. 9 ) , lower middle Clear Fork shelf-margin 
beds are in contact with lower Clear Fork 
shelf-margin rocks of the same lithic type. 
These local deviations from the regional frame­
work result from topographic differences on the 
pre-middle Clear Fork sea floor. 

Middle Clear Fork shelf rocks are regionally 
extensive. For the first time in the Leonardian, 
"salt pans" were present south of the Matador 
arch (Fig. 1), as exemplified in the Humble 
No. 1 Farris (Fig. 10). Middle Clear Fork 
(Yeso) varicolored siltstone beds are interca­

lated with thin beds of dolomitized micritic 
limestone. No validated formation name has 
been applied to the middle Clear Fork or mid­
dle Yeso shelf detrital rocks. 

Physical strati graphic correlations based on 
the sedimentary model (Figs. 4-7) suggest 
that the varicolored shelf detritus at the top of 
the middle Clear Fork (middle Yeso) Forma­
tion is partly coeval with the upper Spraberry 
sand (First Bone Spring sand). Middle Clear 
Fork (middle Yeso) shelf evaporite and dolo­
mite beds are correlative with the upper Spra­
berry sand (F'irst Bone Spring sand) and with 
basin limestone beds below the upper Spraberry 
(First Bone Spring sand) and lower Spraberrv 
(Second Bone Spring sand) in the basin. 

In general upper Spraberry sand of the 
northern Midland Basin and the correlative 
First Bone Spring sand of the northern Dela­
ware Basin are finer grained than the lower 
Spraberry (Second Bone Spring) sand. This is 
attributed to the presence of fewer submarine 
canyons during middle Clear Fork deposition 
than during lower C Îear Fork deposition. 

Upper Clear Fork deposition.—The youngest 
Leonardian cyclic rock unit is characterized by 
even less monoclinal topography than older cy­
cles. Mapping of upper Clear Fork and upper 
Yeso rocks is difficult because of vertical gra­
dation and "interfingering" of rock types. 
Transgression at the beginning of lower Clear 
Fork (Yeso) deposition was more widespread 
than the preceding Leonardian ones, even 
though actual rise in sea level may have been 
less, because of the very slight pre-upper Clear 
Fork rehef in the northern part of the Permian 
Basin, except in southern Yoakum (Fig. 10) 
and northern Gaines Counties, Texas. 
McDaniel and Pray (1967, p. 474) report sim­
ilar low monoclinal topography for contempo­
raneous shelf-margin rocks in the Guadalupe 
Mountains, Texas, Upper Clear Fork shelf 
margins are most commonly 3-5 mi wide and 
locally, in north-central Lubbock County. 
Texas, reach a maximum width of 10 mi. 

Poor preservation of shelf evaporite and do­
lomite beds in the Palo Duro Basin probably is 
due to the combined effects of erosion, nonde-
position, and solution. Salt and anhydrite are 
very common in upper Clear Fork shelf strata 
in the vicinity of the Matador arch. 

Physical stratigraphic relations suggest that 
the San Angelo Formation of the northern 
Midland Basin is partly correlative with the ar-
nillaceous micritic limestone in the basin and 
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that the Glorieta Formation is coeval with the 
Cutoff Shale= in the northern Delaware Basin. 
King (1945, p. 10) and Lloyd (1949, p. 22) , 
among others, concluded that the Glorieta 
(Rich, 1921, p. 225) and San Angelo (Cum­
mins and Lerch, 1891, p. 73) are coeval. 
Meissner (1967, p. 38) has suggested that the 
Glorieta Formation is correlative with the First 
Bone Spring sand. This conclusion is incompat­
ible with the sedimentary model, as initiated on 
the pre-upper Wolf camp erosion surface; more­
over, the presence of a normal section of Glo­
rieta in the same borehole with a normal sec­
tion of First Bone Spring sand in both the 
Odessa Natural Gas No. 1 El Paso State (Sec. 
36, T17S, R30E, Eddy County, New Mexico), 
and the Standard No. 1 McNabb (Fig. 10) 
precludes it. A well-developed basin detrital 
unit commonly was lacking in the northern 
Permian Basin during late Clear Fork (Yeso) 
sedimentation; there are several exceptions, 
however, such as at Reeves field, Yoakum 
County, Texas. There local basin detritus is 
present at the top of the Leonard and probably 
represents a submarine fan. General lack of 
upper Clear Fork (Yeso) basin detritus is at­
tributed to (1) a very slight gradient along the 
shelf margin, minimizing landslide or slow-
creep transport of fine detritus downslope, (2) 
a very broad upper Clear Fork (Yeso) shelf 
margin which inhibited sediment bypassing, 
(3) a lack of source of detritus, and (4) eolian 
and fluvial processes that were less active than 
those of early Leonardian time. 

The upper Clear Fork shelf detritus facies, 
furthermore, is predominantly an evaporitic, 
dolomitic unit interbedded with quartzose silt-
stone and sandstone in the northern Permian 
Basin. This shelf facies is unique in that it gen­
erally can be traced farther seaward than any 
of its predecessors. Shelf evaporite and dolo­
mite facies are coeval with basinal micritic 
limestone. Faunal and textural characteristics, 

'Wilde and Todd (1968, p. 12) have suggested that 
the Cutoflt Shale is a regionally extensive but discon­
tinuous unit of early Guadalupian age. Problems yet 
to be completely resolved are (1) the Cutoff Shale of 
the surface may not be the same physical unit as that 
in the subsurface and (2) fusulinid and ammonoid 
specialists are not in complete agreement as to the age 
of the Cutoff Shale. It is believed that the shaly interval 
at the top of the Bone Spring Limestone in the Dela­
ware Basin is regionally extensive, continuous, and 
represents maximum low-water stand at the end of 
upper Clear Fork deposition. Whether the unit is 
earliest Guadalupian or latest Leonardian does not 
affect the physical stratigraphic correlations presented. 

such as increased loraminiferal content and the 
churned nature of matrix material, suggest that 
upper Clear Fork (Yeso) basin rocks were de­
posited in shallower water than middle Clear 
Fork (Yeso) basin strata. 

Guadalupian 
Guadalupian strata differ from upper Wolf-

campian-Leonardian rocks in several important 
aspects. In contrast to the Leonardian, terrige­
nous clastic rocks are more abundant on the 
shelf and dominate in the basin. Repetitious in-
terbedding of terrigenous clastic strata with 
carbonate and/or evaporite units is more com­
mon in the Guadalupian, suggesting more fre­
quent relative sea-level changes. Biotic content 
of middle and upper Guadalupian shelf-margin 
beds differs significantly from that of under­
lying Leonard beds in that both the upper Goat 
Seep and Capitan Formations represent true or­
ganic reefs, whereas skeletal and oolitic banks 
characterize Leonard rocks. 

Carbonate sediments were deposited mostly 
during "normal" sea-level stands (Fig. 4 ) . 
Most of the carbonate rocks in the basin are 
distributed around its periphery; relatively few 
beds extend into the center and thus a compar­
atively thin "starved-basin" sequence is equiva­
lent to a considerably thicker sequence of 
shelf-margin beds. The Lamar Member of the 
Bell Canyon Formation and the Manzanita 
Member of the Cherry Canyon Formation 
(Figs. 12, 13) are the only two carbonate units 
which can be traced across the basin. Carbon­
ate sediment in the basin is generally silt or 
clay size, but markedly coarser materials are 
present in turbidite and submarine-slide depos­
its. Newell et al. (1953, p. 71) described shelf-
derived limestone blocks up to 14 ft across as 
far as 10 mi in front of the Capitan reef. 

The terrigenous clastic rocks of the Guadalu­
pian are generally of much finer texture than 
detrital carbonate beds deposited as turbidites 
or submarine slides. Only during early Guada­
lupian (Brushy Canyon) deposition did quartz 
grains reach coarse size and they mainly are 
"floating" in a fine- to very fine-grained matrix. 
The coarser grained deposits, moreover, seem 
to be limited to the western part of the Dela­
ware Basin near the Guadalupe Mountains 
(King, 1948; Wilde and lodd, 1968, p. 29) 
and do not extend far into the basin. Younger 
beds (Cherry Canvon and Bell Canyon) are 
characterized by very fine- to fine-grained sand 
with comparativelv few medium-size grains. 
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The marked difference in grain size between 
terrigenous and carbonate clastic rocks is ex­
plained by the fact that terrigenous material 
originated far beyond the limits of the Dela­
ware Basin, whereas carbonate grains were 
being produced continually within the immedi­
ate area. 

As has been discussed, terrigenous clastic 
material was introduced into the Delaware 
basin during low sea-level stands (Figs. 6, 7 ) . 
A significant drop in sea level would have ex­
posed the shelf margin and resulted in subaerial 
exposure of the topographically higher points 
of the reef or bank as a series of island chains 
similar to the Florida Keys. Evidence of such 
exposure of reef and backreef facies includes 
caliche pisolites (Dunham, 1965; Thomas, 
1965, 1968), vadose silt (Dunham, 1963), 
sandstone dikes (Newell et al., 1953, p. 130), 
and laminated calcite that lines vugs. 

Reefs on the shelf margin probably kept 
pace with initial regression but grew at a topo­
graphically lower elevation determined by a 
continually lowering sea level. Several geo­
graphically separated mounds of algal-en­
crusted sponges, apparently in growth position, 
are present far down the forereef slope of the 
Capitan reef in the Guadalupe Mountains. If 
the reef crest is assumed to represent minimum 
sea level, these organisms would have been liv­
ing in several hundred feet of water. A main 
contributor to these mounds, however, is the 
red alga Archaeolithoporella, which is pre­
sumed to have lived in rather shallow water 
and probably represents in situ reef growth 
during a lowered sea-level stage. Continued 
reef growth during lowering of sea level may 
partly explain how the Capitan reef was able to 
build basinward 6-10 mi. Maximum low-water 
stand and regression probably eliminated all 
carbonate development (Fig. 7 ) . At that time, 
terrigenous clastic material was carried mainly 
through submarine canyons into the basin, but 
at least locally was transported over the ex­
posed reef crest as well. 

Cyclic deposition in the Guadalupian has 
been described by several workers (Hull, 1957, 
p. 301; Jacka, 1967; King, 1948, p. 32; Meiss-
ner, 1967; Newell et al, 1953, p. 44) . Al­
though repetitious interbedding of carbonate 
and terrigenous clastic units is present both on 
the shelf and in the basin, basin cycles under­
standably represent a more complete sedimen­
tary record. 

Both the Cherry Canyon and Bell Canyon 
Formations show well-developed cyclothems; 

King (1948, p. 31) described sedimentary cy­
cles from the Brushy Canyon Formation, but 
they probably were produced by shifting sub­
marine fans (Jacka et al. 1968) rather than by 
relative sea-level changes. 

Hull (1957, Fig. 15, p. 301) described a typ­
ical cyclothem for the Delaware Mountain 
Group. Individual cyclothems are about 140 ft 
thick and consist of a lower clastic member, 
overlain by a laminated quartz sandstone mem­
ber, which is capped by a 50- to 100-ft massive 
sandstone member. Cyclothems of this type are 
well displayed in the upper Cherry Canyon and 
Bell Canyon Formations. 

Hull (1957. p. 303) attributed the cyclo­
thems to differing rates of subsidence. Initial 
subsidence created conditions favorable for car­
bonate development both on the shelf and in 
the basin. A slower rate of subsidence pro­
duced an influx of terrigenous sand moving 
across the shelf and subsequent deposition of 
laminated sandstone in the basin. Cessation of 
subsidence permitted abundant silt and sand to 
be transported across the shelf and to accumu­
late as massive beds in the basin. The King and 
Hull explanations both require relative sea-level 
changes to account lor the repetitive interbed­
ding of carbonate and terrigenous clastic units. 
The possible cause or causes of the postulated 
sea-level changes have been discussed. 

Although the Guadalupian Series tradition­
ally is divided into early fCapitanian), based 
on the zone of Poiydiexodina, and late (Wor-
dian), based on the zone of Parafusulina 
(Dunbar et al., 1960), a threefold division is 
recognizable (King, 1948, p. 28) and proves 
more useful. Wilde and Todd (1968, Fig. 4) 
readily recognize this threefold division from 
fusulinid zonation. 

Early Guadalupian.—Early Guadalupian 
rocks in the northern Delaware Basin consist of 
the Brushy Canyon Formation deposited in the 
basin and the lower San Andres Formation rep­
resenting shelf and shelf-margin deposits. Kine 
(1948) and Newell et al. (1953) did not find a 
shelf equivalent to the Brushy Canyon Forma­
tion in the Guadalupe Mountains, but found 
middle Guadalupian Cherry Canyon beds un-
conformably overlying rocks of Leonardian 
age. Numerous subsurface data, however, sug­
gest that this is a local unconformity controlled 
by the Bone Spring flexure, and that the lower 
part of the San Andres Formation is also of 
early Guadalupian age and thus is partly equiv­
alent to the Brushv Canyon Formation. Fusu­
linid control (Figs. 12, I V) supports these con-
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elusions. Hayes (1959) reported a similar rela­
tion in Big Dog Canyon, 42 mi southwest of 
Carlsbad, New Mexico. He believed the San 
Andres at this locality represents continuous 
deposition from latest Leonardian or earliest 
Guadalupian through early middle Guadalu-
pian (Cherry Canyon) time. Accordingly, the 
Brushy Canyon Formation does have a shelf 
equivalent in this area. 

Meissner (1967) considered the entire San 
Andres Formation around the periphery of the 
Delaware Basin to be of Leonardian age. This 
conclusion is contradicted by abundant paleon-
tologic evidence presented herein (Figs. 12, 13) 
and elsewhere (Skinner, 1946, p. 1865; Wilde 
and Todd, 1968) that the San Andres Forma­
tion is of Guadalupian age in the Permian 
Basin. 

Because of insufficient well control, the exact 
geometric configuration of the lower San An­
dres bank is not well understood; accordingly, 
in Figures 12 and 13 the bank is presented 
schematicaUy. The basinward position of the 
lower San Andres bank relative to the Leonar­
dian shelf margins, however, suggests that 
shelf-to-basin relief was not great. 

Middle Guadalupian.—The Cherry Canyon 
Formation of the basin is correlative with the 
Goat Seep reef and Getaway (upper San An­
dres) bank of the shelf margin (Figs. 12, 13). 
The Queen and Grayburg Formations are the 
shelf equivalents of the Goat Seep reef, and the 
upper San Andres is the shelf equivalent of the 
Getaway bank. 

The suggested relation of terrigenous clastic 
to carbonate units set forth here is well sup­
ported by the facies changes in the Queen-
Grayburg, Goat Seep reef, and upper Cherry 
Canyon Formations (Figs. 12, 13). The upper 
sandstone of the Queen Formation, Shattuck 
Member (Newell et al., 1953), was traced to 
the very edge of the Goat Seep reef. Subjacent 
to the Shattuck Member is the Goat Seep reef 
and superjacent to it are the backreef deposits 
of the Capitan reef. The fusulinid Parajusidina 
found in the upper part of the Queen (Newell 
et ah, 1953, p. 41) indicates a middle Guada­
lupian age, whereas overlying beds contain Po-
lydiexodina, an index fossil for late Guadalu­
pian strata. Just in front of the Goat Seep reef 
and about 1,000 ft topographically lower than 
its crest is an equivalent sandstone (Figs. 12, 
13) which marks the top of the middle Gua­
dalupian Cherry Canyon Formation (King, 
1948). Parafusulina is present below this sand­
stone, and Polydiexodina is present just above 

it in the Hegler Member of the late Guadalu­
pian Bell Canyon Formation. Tracing the top 
of the Queen (Shattuck Member) across the 
shelf margin and equating it with the top of 
this basinal sandstone provided the basis for 
the Guadalupian shcll-lo-basin correlations. 
This particular example is supported by surface 
correlations of King ( 1948) and Newell et al. 
(1953, p. 45) and by paleontologic data. Ap­
plication of this Iramcwork in the subsurface, 
where comparable lithologic and paleontologic 
data are less clear, permits interpretation of 
stratigraphic form lines lor lower and middle 
Guadalupian beds 

Although King (1948) and Newell et al. 
(1953) substantiated the equivalence of the 
Queen-Grayburg with the Goat Seep reef in the 
Guadalupe Mountains, considerable doubt re­
mained about its stratigraphic position in the 
subsurface (Frenzel. 1955, 1962). The prob­
lem is created by the masking" effect of the 
Capitan reef, which began growing in front of 
the Goat Seep reef (Fig, 12). Consequently, 
only in an area of dense well control can the 
true relation of the Capitan and Goat Seep 
reefs be interpreted. Figure 12 extends across 
the Pennsylvanian (Desmoinesian) Lusk field 
of Eddy and Lea Counties, New Mexico, an 
area of relatively deep well control, in which 
the Capitan-Goat Seep contact was accurately 
mapped. Scale docs not permit all the wells 
originally used during the study to be included 
in Figure 12; however, well spacing of approxi­
mately 2,000 ft fully supports all correlations. 

Subsurface data indicate 700-900 ft of relief 
from shelf to basin at the end of Goat Seep 
reef growth (Figs. 12, 13), These figures agree 
reasonably well with the estimate of 900 ft 
made by ^Newell ct <d. (1953, p. 190) in the 
Guadalupe Mountains. 

Of particular interest is the relation of the 
Manzanita Member of the Cherry Canyon For­
mation to the Goat Seep reef. Whereas the 
other basin limestone members of the Delaware 
Mountain Group (Getaway, South Wells, Heg­
ler, etc.) pass into a shelf-margin facies, the 
Manzanita does not. but laps out against the 
Goat Seep reef (King, 1942, p. 588;'Newell et 
al., 1953, p. 27, Fig. 16). Another characteris­
tic of the Manzanita is its widespread distribu­
tion virtually throughout the Delaware Basin as 
a light-colored dolomite or dolomitic limestone. 
Only one other Guadalupian carbonate unit, 
the Lamar Member, is comparably widespread, 
but in contrast to the Manzanita it changes 
rather abruptly basinward into dark, calcareous 
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shale. It is suggested that a relatively great drop 
in sea level after Goat Seep deposition was re­
sponsible for deposition of the Manzanita 
throughout the basin; it is thought that the light 
color and dolomitic nature also is attributable 
to this exceptionally low stand of sea level. The 
faunal change from Parafusulina to Polydiexo-
dina is at this horizon, and further suggests that 
the sea-level drop near the end of middle 
Guadalupian time was particularly pronounced. 

Late Guadalupian.—More published data 
are available on late Guadalupian shelf-to-ba­
sin relations than on any others discussed. Ex­
cellent exposures in the Guadalupe Mountains 
and the detailed surface geologic work of 
King (1948), Newell et al. (1953), and Hayes 
(1964) add greatly to the understanding of late 
Guadalupian history. Many features described 
by these workers are documented also in the 
northern Permian Basin. 

Newell et al. (1953, p. 190) suggested that 
the Delaware Basin was about 1,800 ft deep at 
the end of late Guadalupian deposition. Fig­
ure 13, in which the crest and slope of the 
upper Capitan (Tansill) reef are adequately 
controlled by three wells, Mobil's No. 1-75, 
1-73, and 1-88 Sealy, indicates 1,800 ft of 
depth for the Delaware Basin. Figure 12, which 
is nearly as well controlled, indicates 1,400 ft 
of water. The difference in depth seems due to 
greater tectonic activity along the Central Basin 
platform and in the Guadalupe Mountains than 
in the north end of the Delaware Basin. 

Upper Guadalupian terrigenous clastic rocks 
provide a key to diflferentiating the several 
shelf-margin sedimentary cycles. The lower 
Yates sandstone marks the end of lower Capi­
tan (Seven Rivers) reef development. Condi­
tions seem to have been rather stable during 
this interval, as indicated by the great amount 
of basinward reef growth. On the west side of 
the Central Basin platform, the lower Capitan 
reef prograded 5 mi into the basin (Fig. 13), 
and on the north (Fig. 12) nearly 7 mi. Clastic 
interbeds indicate minor interruptions in this 
pattern, but they are minimal in comparison 
with those in the overlying Yates Formation. 
During this rather stable period significant car­
bonate submarine slides and turbidites accumu­
lated in the Hegler, Pinery, and Rader Mem­
bers of the Bell Canyon Formation. 

Growth of the middle Capitan (Yates) reef 
took place during a less stable period. Relative 
sea-level changes were more common, with the 
result that the Yates Formation contains nearly 
equal amounts of interbedded sandstone and 

carbonate. The upper Yates sandstone marks 
the end of middle Capitan deposition. Relative 
sea-level change which produced the wide­
spread distribution of this sandstone also 
created another significant faunal break. The 
zone of Polydiexodina is not present above the 
Yates Formation on the shelf or the McCombs 
Member in the basin. 

The upper Capitan (Tansill) reef is the least 
well developed of the late Guadalupian reefs. 
Its growth evidently was of rather brief dura­
tion and signified the end of prolific carbonate 
development in the Permian of West Texas and 
southeastern New Mexico. Fusulinid evidence 
supports the correlations, A rather distinct as­
semblage characterized by Yabeina texana. 
Parahouhonia splcndens. and Reichelina lamar-
ensis is present in both the Lamar Member of 
the basin and Tansill Formation on the shelf 
and proves their equivalency (Skinner and 
Wilde, 1955; Tyrrell, 1962). The presence of 
Yabeina is particularly noteworthy in that it 
represents mixing of "Tethyan" fusulinids with 
those of the Permian Basin area. A siltstone 
unit in the upper part of the Tansill Formation, 
the Ocotillo Member, signifies a brief relative 
drop in sea level. The Ocotillo siltstone is 
equivalent to the post-1 amar clastic beds of the 
Delaware Basin. These correlations are consis­
tent with the stratigraphic model presented 
herein and have been supported by the surface 
work of Tyrrell (1962, p. 68) . 

The Castile Formation of Ochoan age transi-
tionally overlies post-Lamar beds in the basin 
(Hayes, 1959; Wilde and Todd, 1968, p. 23) . 
Core information from shelf beds in the Fort 
Stockton field of Pecos County, Texas, indi­
cates similarly continuous deposition from the 
Tansill Formation inio the overlying Salado 
Formation of Ochoun age. Jones (1954) also 
concluded that the Tansill and Salado are con­
formable, based on numerous potash test cores 
and radioactivitv logs from southeast New 
Mexico. King (1948) reported an unconfor­
mity between the Tansill and Salado in the 
Guadalupe Mountains, and postulated that the 
Castile has no shelf equivalent. Subsurface 
data, however, suggest that this may have been 
a local discontinuity and that the basal part of 
the Castile grades laterally info the post-Oco-
tillo siltstone part ol the Capitan reef. Jones 
(1954) believed the rest of the Castile to be 
coeval with the lower part of the vSalado. Nu­
merous unconformities undoubtedly are present 
in the Salado, but they probably are only local 
and represent ,i riither short time span, al-
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though local degradation may have been se­
vere. 

CONCLUSIONS 

More than 15 major environmental rock 
types are recognized in the Wolfcampian-
Guadalupian strata of the northern Permian 
Basin. They are grouped into five lithofacies 
(lithosomes): (1) shelf evaporite-carbonate, 
(2) shelf detritus, (3) shelf-margin carbonate, 
(4) basin carbonate, and (5) basin detritus. 
Recognition of these lithofacies within uncon­
formity-bounded sequences suggests the follow­
ing conclusions. 

1. Under stable conditions, Permian shelf-
margin reefs and banks formed near sea level. 
The resultant lagoon was very shallow but very 
broad, and therefore little terrigenous sand 
reached the distant basin. Shelf-margin carbon­
ate bodies were at maximum development and 
the main sediments deposited in the basin were 
pelagic mud and micrite; locally submarine 
slides and turbidites composed of carbonate 
grains accumulated. Regression caused by a 
drop in sea level, probably eustatic-epeirogenic, 
permitted continental and nearshore sands to 
prograde across the lagoon. Continued progra-
dation enabled shelf detritus to enter the basin 
through numerous reentrants and submarine 
canyons dissecting the shelf margin. Prograding 
submarine fans aided by well-developed over-
bank systems distributed detritus along the 
basin floor. At maximum low-water stand the 
shelf detritus was exposed subaerially. 

Later flooding of the shelf by a rising sea re­
stricted the sand supply and reactivated normal 
carbonate deposition. Correlation of a shelf de­
tritus top with a coeval basin detritus top pro­
vides the framework for Wolfcampian-Guadal-
upian shelf-to-basin correlations. 

2. A Wolfcampian-Leonardian physical 
stratigraphic framework is proposed which sug­
gests: (1) the green quartzose clayrock and silt-
rock at the top of the Wichita Formation 
(Abo Formation of New Mexico) is coeval 
with the Dean sand of the Midland Basin and 
the Third Bone Spring sand of the Delaware 
Basin; (2) the Tubb Formation is correlative 
with the lower Spraberry sand of the Midland 
Basin and the Second Bone Spring sand of the 
Delaware Basin; (3) the red and green quart­
zose siltrock and evaporitic unit at the top of 
the middle Clear Fork Formation (middle 
Yeso Formation of New Mexico) is coeval 
with the upper Spraberry sand of the Midland 
Basin and First Bone Spring sand of the Dela­

ware Basin; and (4) the San Angelo Formation 
is equivalent to a brown argillaceous micritic 
limestone at the top of the Bone Spring Forma­
tion. The Glorieta Formation of the Northwest­
ern Shelf is correlative with the Cutoff Shale of 
the Delaware Basin. 

3. Physical and biostratigraphic data support 
a threefold division of Guadalupe rocks in 
the northern Delaware Basin. A Guadalupian 
framework is proposed which suggests that (1) 
the lower San Andres Formation is partly coe­
val with the early Guadalupian Brushy Canyon 
Formation; (2) the sandstone (Shattuck Mem­
ber) at the top of the Queen Formation is coe­
val with the sandstone at the top of the middle 
Guadalupian Cherry Canyon Formation be­
tween the Manzanita Member and overlying 
Hegler Member; (3) the sandstone directly 
overlying the late Guadalupian Seven Rivers 
Formation is coeval in part with the sandstone 
above the Rader Member of the Bell Canyon 
Formation; (4) the sandstone at the top of the 
late Guadalupian Yates Formation is correla­
tive with the sandstone between the McCombs 
and Lamar Members of the Bell Canyon For­
mation; and (5) the late Guadalupian lower 
Tan sill Formation below the Ocotillo Siltstone 
is coeval with the Lamar Member, whereas the 
Ocotillo is correlative with the post-Lamar 
beds. Upper Tansill beds are partly coeval with 
the basal Castile Formation of Ochoan age. 

4. Cyclic sedimentation is characteristic of 
upper Wolfcampian through Guadalupian shelf 
and basin facies. Ease of correlation between 
the Midland and Delaware Basins and laterally 
along the shelves suggests this cyclicity was 
caused by eustatic-epeirogenic sea-level 
changes. Periodic glaciation and deglaciation in 
the southern hemisphere contemporaneous with 
subsidence are favored as the cause of cyclicity 
during Wolfcampian-Guadalupian time in the 
northern Permian Basin, 

5. Recognition ol the late Wolfcampian 
through Guadalupian unconformity-bounded 
sequence and the depositional model permit 
(1) rapid regional mapping of shelf-margin 
strata, (2) definition ot valid structural hori­
zons, (3) delineation of regional potential 
source and reservoir rocks both on the shelf 
margin and in the basin, and (4) recognition 
of similar relations in Early Permian basins 
characterized by shelp-to-basin topography. 
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Glossary of Terms: 

Regression: Shoreline advance basin-ward.  This is sometimes associated with sea-level fall of basin uplift.

Transgression: Shoreline retreat landward.  This is sometimes associated with sea-level rise or basin subsidence. 

Parasequence: Relatively conformable, genetically related succession of beds bounded by marine flooding.

Retrogradation: Landward trend in the position of the foreslope of deposits with time. Volume of incoming 
sediment < accommodation due to subsidence, sea-level rise, and/or erosion.  Interspersed with parasequences.

 Adapted from Van Wagoner et al. (1990)

Aggradation: No overall trend in shoreline position through time.   Supply of sediment ~ accommodation.

 Adapted from Van Wagoner et al. (1990)

Progradation: Basinward trend in the position of the foreslope of deposits with time. Volume of incoming sediment 
is greater than accommodation due to uplift or sea-level fall.  Interspersed with parasequences.

 

 Adapted from Van Wagoner et al. (1990)
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Exxon Sea-level Curve showing changes in sea level above present day (PD) (Haq et al., 1987; Haq and 
Schutter, 2008): 

Further reading: 

1) Haq, B. U., and S. R. 
Schutter (2008), A 
Chronology of Paleozoic 
Sea-Level Changes, 
Science, 322(5898), 64-68.

2) Exerpt from: Osleger, D. A. 
(1998), Sequence 
architecture and sea-level 
dynamics of Upper 
Permian shelfal facies, 
Guadalupe Mountains, 
southern New Mexico, 
Journal of Sedimentary 
Research, 68(2), 327-346.
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A Chronology of Paleozoic
Sea-Level Changes
Bilal U. Haq1* and Stephen R. Schutter2

Sea levels have been determined for most of the Paleozoic Era (542 to 251 million years ago),
but an integrated history of sea levels has remained unrealized. We reconstructed a history
of sea-level fluctuations for the entire Paleozoic by using stratigraphic sections from pericratonic
and cratonic basins. Evaluation of the timing and amplitude of individual sea-level events reveals
that the magnitude of change is the most problematic to estimate accurately. The long-term sea
level shows a gradual rise through the Cambrian, reaching a zenith in the Late Ordovician, then a
short-lived but prominent withdrawal in response to Hirnantian glaciation. Subsequent but
decreasingly substantial eustatic highs occurred in the mid-Silurian, near the Middle/Late Devonian
boundary, and in the latest Carboniferous. Eustatic lows are recorded in the early Devonian,
near the Mississippian/Pennsylvanian boundary, and in the Late Permian. One hundred and
seventy-two eustatic events are documented for the Paleozoic, varying in magnitude from a few
tens of meters to ~125 meters.

Although there has been substantial progress
in recent years in integrating the record
of Mesozoic and Cenozoic eustatic fluc-

tuations (1, 2), relatively little attention has been
paid to reevaluating or synthesizing Paleozoic
sea-level data, the coverage of which has been
largely piecemeal. The Paleozoic Era encompasses
more than half of the Phanerozoic Eon, featuring
some of the most intriguing unanswered ques-
tions in Earth history. Unexplored Paleozoic
strata also are believed to contain important un-
recovered hydrocarbons. A reevaluation of the
eustatic history of this Era therefore would not
only serve as a tool for exploration geology but
hopefully also revive interest in Paleozoic Earth
science.

Sea-level curves provide utilitarian predictive
models of sedimentation and thus are invaluable
in geologic exploration. These curves offer a work-
ing representation of the long-term trends of the
base level along continental margins and the
individual inundations and drainings/desiccations
of interior seaways, and thus the migration of
hydrocarbon reservoirs and source facies. Where
local tectonic influences are minimal and have not
deformed the stratigraphic record (or where
tectonics can be corrected for), these curves also
can aid in first-order correlations. The relative
magnitude and frequency of sea-level highs and
lows, the extent and nature of the transgressive
condensed intervals on the shelf (when organic-
rich sediments accumulate), and the duration of
subaerial exposure and incision of the shelf are
also important exploration criteria (3). Here we
present an integrated semiquantitative model of
the Paleozoic sea-level history. It is based on

widely distributed sequence-stratigraphic data
within the biochronostratigraphic constraints of
varying quality and reliability for various Paleo-
zoic periods.

Although previous reconstructions of re-
gional sea-level histories have been limited to
discrete slices of time, they provide a wealth
of information on the long- and short-term
trends and have been an invaluable resource
for this synthesis [see the supporting online
material (SOM) text]. Particularly, the studies
from relatively stable pericratonic and cratonic
basins of North American and Australian cra-
tons have been indispensable. As discussed
later, we have designated reference districts
(RDs) for various time segments (largely from
North America and Australia, but also from
northern and southern Africa, northwestern
Europe, and China). We interpret the sedi-
mentary record in these districts as represent-
ing the modal mean of change in sea level
during intervals of relative tectonic quiescence.
The RDs were also compared with sections
elsewhere around the world to ascertain the
broad transgressive/regressive trends and indi-
vidual variations of sea levels and provide
corroborative data. Because of spatial con-
straints, in this article we only report a brief
account of our main findings (see also SOM
text).

Timing and magnitude of sea-level events
in the Paleozoic. Obstacles encountered in re-
solving the timing and magnitude of individ-
ual sea level events based on a synthesis of
worldwide data of varying quality and utility
are not specific to the Paleozoic; they are also
applicable to the younger eras. The Paleozoic,
however, has a special suite of constraints that
sets it apart. For example, most Paleozoic
oceanic crust has been subducted (with the
exception of a few obducted ophiolite mél-

anges), making it unfeasible to directly estimate
the mean age of the oceanic crust for decipher-
ing long-term eustatic trends. Paleozoic stratig-
raphy is also strongly biased toward epi- and
pericratonic basins, characterized by their plen-
tiful unconformities and endemic faunas. Never-
theless, these attributes make these basins natural
places for the study of “unconformity-bounded”
units (depositional sequences). The unconformity-
bounded subdivision also makes the existing
Paleozoic literature, spanning over a century of
research, relevant and useful.

An accurate time scale is of crucial first-order
importance for any global synthesis. Geological
time scales have been improving and becoming
better integrated in recent years. The Paleozoic
time scale in particular has been in a considerable
state of flux, with major recent changes to the
ages of period and stage boundaries. The most
up-to-date published time scale is that compiled
by Gradstein et al. (4). Some parts of this chrono-
stratigraphy have been updated recently (5), which
we have adopted here. Ongoing attempts at as-
tronomical tuning and recalibration of 40Ar/39Ar
ages will probably lead to further refinements of
the boundary ages (6). However, with the excep-
tion of a few radiometrically determined bounda-
ries, all of the Paleozoic correlations are actually
based on fossil biozonations. Thus, the duration of
a biozone in question provides a minimum mea-
sure of uncertainty in the correlations of sequence
boundaries.

The degree of precision of correlations from
one basin to another depends on the biostratigraphic
fossil assemblage used for such purposes. For the
Paleozoic, biochronostratigraphy is traditionally
based on several groups of commonly occurring
fossils, the majority of which tend to be endemic
and/or facies-controlled (7). This underscores the
need to usemultiple overlapping criteria (biozonal
assignments based on several groups) where pos-
sible, to enhance the chronostratigraphic signal-to-
noise ratio.

The second issue of importance for a re-
construction such as this concerns the uncer-
tainty in estimating the magnitude of rises and
falls in sea level. In the Paleozoic, the general
lack of data on ice-volume proxies, such as
oxygen isotopes (because of severe diagenetic
alterations), limits us to relying on physical
measures of sea-level changes from strati-
graphic data. A fundamental limitation for
accurate physical estimates stems from the
lack of a universal reference point against
which sea level changes can be computed. For
convenience, we often compare past eustatic
fluctuations with present-day (PD) shorelines,
but over the longer periods this comparative ref-
erence point becomes less meaningful because
continents have changed both by horizontal
accretion/destruction and vertical motions. It is
often possible to determine when the sea
withdrew below the extant shelf edge, but it is
challenging to accurately gauge the amount of
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sea-level fall from stratigraphic data because of
the unknown amount of erosion on the shelf. A
rise in sea level is even more difficult to measure

meaningfully because of the potentially less-
than-complete filling of the accommodation
space during the highstand or because of a sub-

sequent fall in sea level that may erode part or
much of the highstand systems tract. Thus, for
practical purposes, all amplitude assessments
from physical data must be considered relative
rather than absolute.

Backstripping can potentially refine such
estimates through corrections for sediment
loading and compaction and basin-floor sub-
sidence (8, 9). Nevertheless, considerable un-
certainties remain in this approach because
of long-ranging paleobathymetric indicators
and the potential for differential subsidence.
Corrections for the flexural response of a margin
to the loading and unloading of water/ice
and sediments are also not straightforward or
precise and can bias the measurements in
either direction. During this synthesis, the only
meaningful approach we could adopt was to
reproduce the magnitude estimates of rises
and falls in sea level as gleaned from the RDs
and ancillary sections (based variously on strat-
igraphic measures such as thickness of system
tracts, bio- and lithofacies depth assessments,
the depth of incision on shelves, and partial
backstripping). We classified each event semi-
quantitatively (measured as a magnitude of fall
from the previous highstand) as minor (<25 m),
medium (25 to 75 m), or major (>75 m). From
the worldwide data, it is apparent that al-
though the overall long-term (cumulative) rise
in sea level could be as much as 250 m, the
individual third-order changes in sea level
[that is, those occurring over ~0.5 to 6 million
years (My)] rarely exceeded 150 m. Many of
the higher-frequency (<0.5 My) variations are
within the minor to medium range. These es-
timates will be subject to refinement in the
future once various basins (in the RDs and
elsewhere) have been effectively backstripped
and when better paleobathymetric assessments
are available.

Reconstruction of the Paleozoic sea-level
history. Though Earth scientists have been
interpreting changes in sea level based on strati-
graphic data for over a century, the first at-
tempt at an integrated history of the Paleozoic
sea level was embedded in the broader pre-
sentation of seismic-stratigraphic methodology
by Vail et al. (10). Hallam (11) also reviewed
much of the Paleozoic sea level data accumu-
lated up to the 1980s. More recently, Haq and
Al-Qahtani (12) presented a regional history of
the sea level in the Phanerozoic Arabian Plat-
form and compared it with an updated eustatic
sea level curve based on previous syntheses.
However, the Paleozoic portions of those curves
largely depicted second-order events, mostly
cycles of >5 My duration.

The stratigraphic record is a composite of
several orders of superimposed sedimentary cy-
cles, depending on their causal mechanisms. They
range from the high-frequencyMilankovitch-scale
climatic cycles (often 1 m to a few meters in
thickness) to third-order (mostly 1 to 2 My in
duration) and fourth-order (<0.5 My in duration)

Fig. 1. Cambrian-Ordovician sea-level changes. The time scale and standard and regional stages aremodeled
after Gradstein et al. and Ogg et al. (4, 5). The left half of Figs. 1 to 3 shows the stratigraphic subdivisions
calibrated to the absolute time scale. Known intervals of continental glaciation (26–28) are indicated alongside
the numerical time scale. The right half of each figure starts with an onlap curve, which is a measure of relative
landward or basinward movement of the regional baseline as estimated in the RD sections. Sequences that are
associated with known prominent condensed sections (indicated by asterisks) are also shown in this column.
The biochronological ages of the sequence boundaries (estimated in the RDs and ancillary sections) are
indicated in the next column. A semiquantitativemeasure of the relativemagnitude of each short-term event is
shown in parentheses [minor,1 (<25m); medium, 2 (25 to 75m); andmajor,3 (>75m)]. Periods with known
higher-frequency eustatic cycles and documented condensed sections are also indicated in this column, by
vertical bars. This is followed to the right by the sea level curves, both the long-term envelope and the short-
term curve of (third-order) fluctuations in the sea level (those suspected to be of fourth order are shown by
dashed lines). The dashed vertical line in this column represents an approximation of the PD sea level. Long-
term and short-term sea-level curves are calibrated to the PD sea level.
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eustatic cycles, and larger (several million years
in duration) tectonic cycles. In practice, it is
difficult to consistently separate third- and fourth-
order cycles. Our ability to resolve the record
chronostratigraphically in any given section de-
pends on the thickness of the preserved section,
the quality of the outcrop, the position of the
section along the shelf-slope-basin profile, and
the quality of biochronostratigraphic data. Here
we have attempted to identify sequences at third-
order resolution; however, a few fourth-order
sedimentary cycles inevitably were also incorpo-
rated. Although the existence of higher-frequency
cycles may be more widespread in the Paleozoic,
some intervals more visibly preserve fourth-order
(~400,000 years) cycles, such as the mid-Cambrian,
mid-Devonian, mid- to late Carboniferous, and
Permian (Figs. 1 to 3).

The Paleozoic sequence-stratigraphic data
are derived entirely from public-domain out-
crop sections (seismic data are generally lack-
ing or spotty except for the late Paleozoic).
The criteria for interpreting regional rises and
falls in sea level from sequence-stratigraphic data
and seismic data have been summarized else-
where (3, 10, 13) and are not repeated here. In
addition, several lithological features (condensed
section deposits, transgressive coals, evaporites,
carbonate megabreccias, and exposure-related
and forced-regressive deposits) and paleontolog-
ical attributes have also aided our interpretations
in placing outcrop features within sequence-
stratigraphic framework (see the description in
the SOM text).

Reconstruction of the long-term envelope
and the short-term history of changes in sea
level requires differing approaches. The long-
term changes are believed to be mostly driven
by the slow tectonic processes that change the
volumetric capacity of the ocean basins. Indi-
vidually, each data set on which the long-term
envelope can be based must be considered rel-
ative rather than absolute measures of eustatic
trends. However, a long-term curve based on
global continental flooding estimates (14–17),
stacked regional sea-level data (evaluated by
us), and modeling results for the mean age of
the oceanic crust yields consistent results. Algeo
and Seslavinsky (17) have presented an analy-
sis of the flooding history and hypsometry of
13 Paleozoic landmasses and estimate that the
long-term eustatic highs were 100 to 225m above
PD sea level. They also conclude that Paleozoic
continents experienced an additional change of
T100 m in vertical movements because of epei-
rogeny. The upper limits of our estimates of long-
term highs are influenced by this analysis.

More-recent modeling results of the Mesozoic-
Cenozoic sea floor (18–20), although based on
differing assumptions, consistently point to the
mean age of the oceanic crust, rather than sea-
floor spreading rates or ridge volume, as po-
tential forcing for the long-term eustatic change.
Cogné and Humler (20) have extrapolated
their modeling results back to the Paleozoic,

for which direct measurements of sea-floor
isochrons are not possible because of sub-
duction. Instead, they estimate land-ocean dis-
tributions from measurements of areas of
continental landmasses based on paleomagnetic
reconstructions. Their results show a credible
agreement between periods of high fragmenta-
tion of the continents and high global sea levels
through much of the Paleozoic. One recent as-
pect of the modeling efforts is the conclusion
that continental margins could be subjected to a
substantial degree of mantle flow–related vertical
motions over relatively short geological intervals.
This process causes changes in local dynamic to-
pography, which may have led to an underestima-
tion of changes in sea level from physical data
in the past (21).

The shorter-term changes in sea level (third-
and higher-order events) were more likely
mostly driven by changes in the volume of
water in the world ocean through glacial (and as
yet unknown) processes. The short-term Paleo-
zoic curve as portrayed here (Figs. 1 to 3) is
based on the best of several sections in an area
designated the RD, in which, according to our
interpretations, tectonic influences were minimal
and the eustatic signal is more likely to have been
preserved. Sea level–change events identified in
the RDs were then sought elsewhere worldwide
(in the existing stratigraphic data) and docu-
mented in designated ancillary sections (SOM
text).

The previous physically estimated magnitude
of the shorter-term (third- and fourth-order) sea-

Fig. 2. Silurian-Devonian sea-level changes. See the caption of Fig. 1 for details.
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level events in the Paleozoic range from a few
tens of meters to ~250 m (22). A recent synthesis
of the Carboniferous-Permian yielded fluctuations
of a few tens of meters in the nonglacial intervals
and changes of up to 120 m in the glacially dom-
inated periods (23). Many of these regional es-
timates will be subject to refinement in the future,
once the sections in question are rigorously
backstripped.

Although we deem the long-term trends to
be real, the difficulties in estimating meaningful
measures of the magnitude of eustatic changes
discussed above imply that the absolute global

amplitude of both the long-term envelope and
the short-term changes remain elusive. All such
measures must be currently considered as ap-
proximate. These observations also caution us
about the futility of generalizing the magnitude
of individual sea-level events from one con-
tinental margin to represent worldwide eustatic
values.

The concept of RDs [first proposed by M. E.
Johnson (24)] implies that we consider the
sections therein to be currently the best avail-
able representation of the modal mean for the
time segment under consideration. Our criteria

for inclusion of an area as a RD are as fol-
lows: (i) the time segment in question is rep-
resented by a period of tectonic quiescence
locally (or is correctable for tectonic influences)
and has suffered relatively little postdeposi-
tional deformation and is thus interpretable
with sequence-stratigraphic methodologies;
(ii) sections are relatively well-dated, prefera-
bly with multiple biostratigraphies (to enhance
the chronostratigraphic signal-to-noise ratio);
(iii) outcrops in the area have open public
access; and (iv) the area will easily lend itself
to geohistory analysis so that the relevant sec-
tions can be eventually backstripped (as well
as corrected for local dynamic topographic
changes over time) for more-refined estimates
of the magnitude of changes in sea level. We
list the selected RDs and ancillary sections in
the SOM, along with background literature
and ages assigned by us to the interpreted se-
quence boundaries.

Results and conclusions. Here we offer
(in our view) a robust working model of the
history of the Paleozoic sea level that is,
nevertheless, subject to refinement with better
chonostratigraphies and when the sections are
subjected to backstripping analyses. Our results
show a long-term sea level curve, including a
rising sea level during the Cambrian–through–
Early Ordovician interval [see fig. S1 and
explanation in (25)], a marked dip during the
Middle Ordovician (the Dapingian to early
Darriwilian) preceding a substantial rise enter-
ing the early Late Ordovician, and the highest
sea levels of the Paleozoic during the early
Katian (when the sea level is estimated to be
~225 m higher than at the PD). This was
followed by a sharp fall during the latest Or-
dovician (late Katian to the Hirnantian) that
continued into the earliest Silurian. The re-
mainder of the Early Silurian saw the beginn-
ing of another long-term rise that culminated
in a mid-Silurian (mid-Wenlock) high, fol-
lowed by a decline that lasted from Late
Silurian (Ludlow) through Early Devonian
(Emsian). The Middle Devonian saw the be-
ginning of yet another long-term rise, which
reached its acme in the early Late Devonian
(Frasnian). After a slight dip at the Frasnian/
Famennian boundary and a recovery in the
early Famennian, the long-term curve shows
a gradual sea-level decline in the later De-
vonian (late Famennian) with a punctuated
fall near the Devonian/Carboniferous bound-
ary. After a short recovery, subsequent long-
term decline began in the mid-Mississippian
(mid Visean), reaching a low in the late Mis-
sissippian (near the Mississippian/Pennsylva-
nian boundary). The next long-term rise (though
less pronounced than all previous rises) began
in the mid-Pennsylvanian (Moscovian) and
lasted only until the end of the Pennsylvanian
(Gzhelian), followed by a slight fall thereafter
in the earliest Permian (Asselian). The sea
level stabilized at that level for the remainderFig. 3. Carboniferous-Permian sea-level changes. See the caption of Fig. 1 for details.
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of the Early Permian. A sharp trend toward a
declining sea level started in the mid-Permian
(Roadian), culminating in the nadir of the sea
level for the Paleozoic in the early Late Permian
(Wuchiapingian). It began to recover in the latest
Permian (Changhsingian), but the general low
extended into the Early Triassic.

The shorter-term (third-order) base-level
changes generally vary in duration from ~0.5
to 3.0 My (with the exception of Early-to-
Middle Mississippian). One hundred seventy-
two discrete third-order events (cycles) have
been identified, with an average duration of
~1.7 My per cycle. In some intervals, the
sections preferentially preserve fourth-order
cycles, indicating a possible long-period or-
bital eccentricity control. Four such intervals
have been identified so far: in the middle Cam-
brian (Toyonian to Mayan), middle Devonian
(late Eifelian to Givetian), middle to late Car-
boniferous (late Visean to Kasimovian), and
early to Middle Permian (Artinskian to Cap-
itanian); however, fourth-order cycles may
exist more widely. Whether this higher fre-
quency is entirely due to higher sedimentation
(a preservational effect) or the underlying
signal (that is, long-term orbital forcing) is
not always clear. The two younger intervals of
higher-frequency cycles (in the Carboniferous
and Permian) also coincide with periods of
known glaciation, but for the two older in-
tervals (the middle Cambrian and middle
Devonian) no glaciation has been documented
(26–28).

It should be noted that for the Early to
middle Mississippian, the duration of most of
the third-order cycles seem inordinately long (up
to ~6.0 My). Although occasional long cycles (3
to 5 My) also occur at other times (for example,
in the Cambrian through early Silurian), the
consistent occurrence of long cycles in the Early
to middle Mississippian may point to time-scale
problems for this interval (the Tournaisian and
Visean stages are also inordinately long, prob-
ably for the same reason).

We are unable to comment on all of the
causes for shorter-term (third-order and fourth-
order) eustatic changes in the Paleozoic. Al-
though glaciation has been attributed to ~28% of
the Paleozoic time (and suspected for another
10%), it has not been documented for the
remainder of this era (26–28). Thus, waxing
and waning ice sheets cannot be considered to be
the only underlying cause for fluctuations in the
Paleozoic sea level. Nevertheless, because the
Paleozoic glacial record remains fragmentary, the
question remains open. Conversely, there may be
other, nonclimatic, causal mechanisms for short-
term changes in sea level that still remain to be
discovered.
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4)	Brushy	Canyon	Formation	
Trevor	Hutton	

	



Depositional Setting 

 Deep water sand and siltstones 
 Permian basin Complex of the 

Delaware Basin 
 Early Guadalupian (Permian) time 

 During Deposition  
 400-600m water depth 
 Surrounded by shallow marine 

shelfs 
 Diablo Platform 
 Central Basin Platform 

 Paleocurrent direction NW>SE 
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Brushy Canyon Sequence Stratigraphic Framework 

 Basinally restricted marine sediments 
 Third order lowstand sequence sets (110,000) 

 3 laterally persistent sand units  
 Lower, Middle, Upper 
 Seperated by thin siltstones 

 4th order (40,000 years) 
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4th ordered units 

 Upper 
 Very large, deeply incised multi story channel complexes 
 1000 meters wide 

 Middle-lower slope 
 Middle 

 Mix of laterally extensive sandstones  
 Large channels 
 Filled by massive sands 

 Proximal medial fan  
 Lower 

 Sheet like tabular sandstone bodies 
 Medial outer fan 

72



Brushy Canyon Deposits 
-Turbidites 90% 
 Bedload Deposits  

 Grain size 
 >Coarse Sand 

 Stratification 
 Parallel lamination 
 Tabular and trough cross bedding 

 Suspension Depostis 
 Grain size 

 <Medium Sand 
 Stratification 

 Structureless beds 
 Climbing dunes and trough cross bedding 
 Ripple and Parallel laminatinon 

 Sandy turbidites 
 3m of transport per suspended load 

 Produce climbing ripples and duneforms 

 Silty turbidites  
 Thin bedded  
 Basin ward deposition resulting in wedge shaped 

packages 
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Brushy Canyon Deposits 

 Debrites 5% 
 Gravels with sand filled pore space 
 Sandstones with small amounts of out-sized clasts as a result 

of underlying formations or intraformational rip-up clasts. 
 Pebbles  
 Cobbles 
 Boulders 

 -Hemipelagites 5% 
 Mudstones from hypopycnal plumes 
 High Total Organic Content 
 Centimeter thick volcanic ash 
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Brushy Canyon Reservoir Quality 

  Net porosity thickness maps illustrate reservoir 
quality sandstones came from Northwest shelf 
(turbidites). 

 Depositional sandstone units seperated by 5ft-
20ft thick layers of organic rich siltstones. 

 Act as a seal for reservoir sandstones, and partly 
as source rocks. 
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Brushy Canyon Formation, 
Texas: A Deep-Water Density Current Deposit 

J. C. HARMS Marathon Oil Company, Denver Research Center, P. O. Box 269, Littleton, Colorado 80120 

ABSTRACT 

In mid-Permian time, the Delaware basin 
was a nearly circular deep, about 160 km in 
diameter. It was ringed by banks or reefs, 
which were surrounded in turn by very 
broad shallow shelves, lagoons, sabkhas, 
and alluvial plains. Broad tectonic down-
warping caused deposition of about 1,000 
m of sediment in the basin and neighboring 
shelves in both the Leonardian and 
Guadalupian Series (an average of 75 
m/m.y.), whereas distant areas received 
only a fraction of those thicknesses. Al-
though the basin and adjacent shelves ac-
cumulated nearly equal sediment thick-
nesses, appreciable slopes existed at the 
basin margins throughout mid-Permian 
time. Thus, the basin waters are estimated 
to have been more than 100 m deep in 
Leonardian time and as much as 600 m in 
late Guadalupian time. Simultaneously, 
bordering banks were very shallow or even 
emergent, and they progradeo basinward 
several kilometers. 

The basin margin is spectacularly re-
vealed by a transverse fault in the 
Guadalupe Mountains. Here '.he relations 
of basin, slope, and shelf beds can be clearly 
seen. 

The quartzose siltstone and sandstone of 
the Brushy Canyon Formation (the lower 
one-third of the Guadalupian Series), where 
they wedge out at the basin m argin, are the 
topic of this study. These beds have been 
variously interpreted as shallow marine or 

deep turbidity current deposits. In my esti-
mation, they are neither. Rather, they have 
unusual features that suggest deposition in 
relatively deep water by saline and cold 
density currents. Surrounding shelves pro-
vided these dense water masses. 

Numerous basinward-trending channels 
are one product of these density currents. 
The channels are commonly 20 to 30 m 
deep, a kilometer or more wide, and extend 
far into the basin. Channel floors are flat, 
and the sides commonly slope 20° to 30°. 
The channels are filled in a special, though 
unordered, way. Finely laminated coarse-
or medium-grained siltstone beds mantle 
channel floors, walls, and interchannel 
areas. Fine-grained, locally conglomeratic 
sandstone beds are confined to channel 
floors and abut the walls. Chaotic debris 
beds locally fill channels near the steepest 
basin slopes. 

The basin waters were apparently density 
stratified. Dense shelf water , spilling 
through channels in surrounding banks, 
flowed down marginal slopes and along the 
basin floor. These denser flows cut channels 
or deposited sandstone beds confined to 
channels. At other times, less dense shelf 
water spread over more dense, stagnant 
basin layers, raining suspended silt over the 
irregular basin floor. 

Characteristics that distinguish these 
density current deposits from the more 
common turbidity current deposits include 
(1) less evident proximal-distal changes 
(the same rock types and channel relations 

exist near the basin center as in outcrops 50 
km away), (2) coarser porous sandstones 
confined entirely to channels (some chan-
nels have much sand and others little), (3) 
no levees or overbank deposits that would 
serve as channel proximity indicators, and 
(4) mostly ungraded sandstone beds that 
contain little finer matrix. 

Similar density current deposits have not 
yet been recognized in other areas or 
geologic systems. However, they may be 
anticipated wherever basin waters were re-
stricted sufficiently to become density 
stratified and where broad evaporitic 
shelves or lagoons bordered such basins. 
Key words: stratigraphie geology, sedimen-
tation, sedimentary structures, Permian, 
turbidity currents. 

SUMMARY OF PROBLEMS 
AND INTERPRETATIONS 

Permian strata exposed in the Guadalupe 
Mountains of Texas provide a basin-
margin facies model that is widely known 
to sedimentologists. The relations between 
shelf, marginal, and basin sediments were 
first comprehensively clarified by King 
(1942, 1948). Newell and others (1953) 
added data to interpret the environmental 
conditions under which the celebrated reefs 
and associated deposits were formed. Al-
though these studies are outstanding exam-
ples of regional facies interpretations and 
studies in adjacent areas (Boyd, 1958; 
Hayes, 1964; King, 1965) have substan-
tiated most major conclusions, some 

Geological Society of America Bulletin, v. 85, p. 1763-1784, 15 figs., November 1974 
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Figure 1. Cross section of west face of Guadalupe Mo; 
Figure 3. 

t roub lesome problems remain. T h e deposi-
t ional env i ronments of some units are no t 
thoroughly unde r s tood ; the influence of 
tectonic ad jus tmen t s or sea-level changes 
on sedimenta t ion has been interpreted in 
various ways; and correlat ions between 
shelf, marginal , and basin facies have re-
mained controvers ia l for some parts of the 
section. 

This paper summarizes studies of the 
Brushy C a n y o n Fo rma t ion a long the west 
face of the G u a d a l u p e M o u n t a i n s , where 
this siltstone and sands tone uni t thins f r o m 
300 m a n d disappears in a dis tance of 
scarcely 3.5 k m by on lap against a s loping 
sur face of o lder bas in a n d marg ina l 
c a rbona t e rocks (Fig. 1). T h e Brushy Can-
yon F o r m a t i o n in this area a l lows s tudy of 
some of the remain ing impor t an t p rob lems 
referred to above. For example , a l though 
Brushy C a n y o n rocks occupy a basin posi-
t ion, they had been interpreted as mar ine 
deposits laid d o w n in shoal water by King 
(1948) and Newell and o thers (1953) . In 
contrast , Hayes (1964 , p. 52) and Jacka 
and others (1968) suggested a turbidi ty cur-
rent origin on deep-sea fans. Because the 
Brushy C a n y o n Fo rma t ion is enclosed be-
tween deeper basin sediments be low and 
above, a sha l low-water in te rpre ta t ion sug-
gests an in ter rupt ion of the evolut ion of the 
Delaware basin in early G u a d a l u p i a n t ime 
(King, 1967, p. 44). Crus ta l movement s o r 
sea-level changes of at least local, and pos-
sibly regional, significance are implied. 
Nei ther an in ter rupt ion of subsidence n o r a 
greatly lowered sea level would be required 
if basin waters r ema ined deep in early 

•tains (adapted from King, 1948, and unpub. data of Pray 

G u a d a l u p i a n time. T h e Brushy C a n y o n 
Format ion c a n n o t be traced on o u t c r o p t o 
shelf equivalents , and correlat ion has been 
controversial . If water in the basin were 
shal low and su r round ing shelves were 
widely emergent , this t ime interval would 
be represented by an unconformi ty of re-
gional extent . However , equivalent shelf 
deposits wou ld likely exist if the basin 
waters were deep and shelves were par t ly 
or whol ly inunda ted . 

These p rob lems c a n n o t be entirely re-
solved a t this t ime because the Brushy Can -
yon Format ion is no t closely comparab l e t o 
either agi tated shal low mar ine deposi ts or 
deep-water turbidi ty current deposi ts as 
they are n o w unders tood . There is no com-
pelling evidence t ha t Brushy C a n y o n beds 
were deposi ted in shoal wa te r or tha t the 
sloping sur face against which these beds 
abut w a s ever subaerial ly exposed. But 
nei ther d o mos t beds reseirble turbidi te 
units , and many characterist ics suggest that 
sedimenta t ion did n o t result f r o m currents 
propel led by suspended fine material . 

T h e ou t s tand ing features of the Brushy 
C a n y o n wedge exposed on the wes t face of 
the G u a d a l u p e M o u n t a i n s are numerous 
erosional channels of substant ia l dimen-
sions. Typical characterist ics of these chan-
nels and their filling sediments are sum-
marized in Figure 2, a long wi th inferred 
processes. Channe l margins can commonly 
be traced cut t ing th rough 30 rr. or m o r e of 
slightly older s t ra ta , in some places a t an-
gles exceeding 30°, and channel widths 
mus t exceed a ki lometer in many cases. 
Channe l t rends, de termined f r o m strikes of 

id McDaniel). Location of topographic features shown in 

channel marg ins and dips of cross-strata 
wi th in channel-confined sandstones , point 
sou theas tward t o w a r d the center of the 
De laware basin. S t rong currents apparent ly 
flowed bas inward approx imate ly perpen-
dicular to the local margin . 

These channels are filled in an unusual 
w a y . T a b u l a r beds of very fine t o 
fine-grained quar tzose sandstone , com-
monly conta in ing pebbles and cobbles of 
Leonard ian l imestone or dolomite , can be 
traced extensively within channels , bu t they 
t ape r abrupt ly at s loping channel margins . 
Bedding surfaces are spaced at several cen-
t imeters to 2 m, mos t beds are ungraded , 
and strat if icat ion is hor izonta l or, less 
c o m m o n y, inclined. Interspersed between 
g roups of these tabular sands tone beds are 
finely l amina ted medium- or coarse-grained 
sil tstone beds tha t mant le channel floors, 
slopes, and in terchannel areas wi thou t 
m a r k e d lateral thickness changes. These 
beds range in thickness f r o m a few cen-
t imeters to many meters; their contacts 
wi th s ancs tone beds are sharp . There ap-
pears to be n o preferred abundance of 
sands tone or sil tstone within channels . 
Some are nearly entirely filled by sands tone 
and some by siltstone. Nei ther does there 
appear to be a systematic o rder to the fill; 
silt w a s deposi ted first in some channels , 
sand first in others. 

T h e large vo lume of sediment removed 
suggests t ha t channels were cut by power-
fully erosive currents flowing bas inward . 
T h e y were filled par t ly by currents t ha t 
t r anspor ted sand and coarser debris frac-
t ionally in thin layers confined to channel 
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floors and part ly by other currents tha t 
flowed some substant ia l distance above 
basin floor irregularities and d ropped sus-
pended silt uni formly over existing boi:tom 
features (Fig. 2). Density currents , either 
hugging the bo t tom or moving over denser 
s tagnant basin water , appear to have been 
the erosive and t ranspor t agent. These den-
sity currents are thought to be unl ike mos t 
turbidity currents because graded beds are 
rare, sands tone and siltstone beds are 
sharply separated at their contacts , orderly 
ve r t i ca l r e p e t i t i o n s of l i tho logies o r 
sedimentary structures are absent , and fine 
silt and clay fo rm a negligible par t of the 
basin-filling sediment. I believe that the 
h igher densi ty m o v i n g these cu r ren t s 
bas inward may have been gained largely by 
increased salinity or seasonally lowered 
tempera ture of shelf waters (Harms , 1968). 
If this analysis is correct , these currents may 
have flowed rather steadily and been less 
ca tas t rophic or episodic t han turbidity cur-
rents. 

Density currents may have domina ted 
sedimentary processes in the Delaware 
basin dur ing all of Guada lup ian and par t of 
Leonard ian time. Channels similar to those 
of the Brushy Canyon Format ion are found 
scattered t h r o u g h o u t the overlying Bell 
Canyon and Cherry Canyon Format ions in 
ou tc rop areas near the Guada lupe M o u n -
ta ins , a l though the channels are less 
numerous and contain only very fine 
grained sandstone. Similar channels , some 
conta ining oil, can be inferred in the sub-
surface in the upper par t of the Delaware 
M o u n t a i n G r o u p th roughou t much of the 
Delaware basin, based on studies of cores 
and mechanical logs. These sedimentary 
layers are k n o w n to have been deposi ted in 
water depths ranging f rom 300 to 600 m 
because of relat ions t o reef-talus tongues 
(King, 1948; Newell and others , 1953). A 
turbidi ty current origin for these channels 
was suggested by No t t i ngham (1960) and 
Meissner (1972, Figs. 12 and 13), but 
M o t t s (1972) invoked bas inward-f lowing 

(4) Unordered repetition of 
relationships Q , ( g ) , and (3) 

(3) Ftat-topped beds of sandstone 
confined to channels 

® Mont/ing beds of siltstone 

© Channeled surfaces 

TYPICAL FIELD RELATIONS INFERRED EVENT OR PROCESS 
Figure 2. Typical bedding relations in Brushy Canyon Formation and their interpretations. 

brines dur ing later G u a d a l u p i a n time f rom 
studies of the nor thern shelf. 

The striking angular discordances noted 
in the Bone Spring Limestone and the 
Cutof f Shale a round Bone Canyon (King, 
1948; Newel l and others , 1953) — vari-
ously interpreted as unconformi t ies or 
slides — also resemble in mos t impor t an t 
respects the Brushy Canyon channels. They 
differ because they occur in ca rbona te -
domina ted sequences and have fills tha t are 
largely thin, mant l ing beds of lime mud 
(Fig. 6F). However , 1 believe tha t they 
reflect a density current process like tha t of 
the Delaware M o u n t a i n Group . 

T h e Brushy Canyon Format ion was 
p robab ly deposi ted while relatively deep 
water covered the Delaware basin. Because 
no shoal-water facies have been positively 
indentified over a 300-m interval where the 
fo rmat ion abuts against older Leonard ian 
rocks and because similar sedimentary fea-
tures occur in younger Delaware M o u n t a i n 
G r o u p rocks deposited in depths of several 
hundred meters, I believe tha t m a x i m u m 
wate r dep th mus t have exceeded 300 m in 
early Guada lup i an time. Perhaps some local 
areas within the Guada lupe M o u n t a i n s and 
the Sierra Diablo were emergent f rom time 
to time, but I c anno t po in t to positive evi-
dence. Therefore , wa te r depth in the basin 
exceeded 300 m by an u n k n o w n amoun t . If 
water depths were great, then there was no 
in ter rupt ion in the evolution of the Dela-
ware basin. Basinal envi ronments persisted 
f rom Leonardian , th rough Guada lup ian , 
and into O c h o a n time. TTie shelf areas to 
the west and nor thwes t were at least part ly 
inunda ted in early Guada lup ian time and 
were sites where dense (saline or cold) 
water masses developed before flowing 
bas inward . The spawning g round of these 
water masses would likely be represented 
by sediments ranging f rom the middle San 
Andres Limestone to the lower Artesia 
G r o u p interval, but somewha t limited ex-
posures, in t ra format iona l unconformit ies , 
and rather general paleontologic age de-
te rminat ions make positive identification of 
s t r a t a e q u i v a l e n t t o Brushy C a n y o n 
difficult. 

S U M M A R Y OF PERMIAN HISTORY 

Geologic events in west Texas and south-
eastern N e w Mexico have been studied ex-
tensively by many workers . T h e history of 
the Guada lupe M o u n t a i n s area has been 
summar ized by King (1942, 1948), Adams 
and Frenzel (1950), Newell and others 
(1953), Boyd (1958), and Hayes (1964). 
Permian tectonic history and sedimentat ion 
in su r round ing areas were reviewed by 
Oriel and others (1967), and regional corre-
lations, lithofacies maps , cross sections and 
interpretive m a p s of sources, barr iers , and 
basins for each of the Permian series were 

Drpotifioa of pn t>/ hoi m fri—dia* 
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Figure 3. Regional structural setting (after Oriel and others, 1967) and topographic map of Guadalupe Mountains area. 
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presented by McKee and Oriel (1967). 
Meissner (1972) presented regional correla-
t ions and facies relat ions for the Middle 
Permian for a large area within the Western 
Interior. 

M a j o r tectonic elements, shown in F gure 
3, were defined in Pennsylvanian time and 
persisted as relatively positive or negative 
features th rough all of Permian t ime (Oriel 
and others , 1967). The negative features, 
such as the Delaware basin, received basin-
al deposits th rough mos t of Permian time, 
whereas positive features received shelf 
facies. C a r b o n a t e reefs or banks developed 
in marginal zones between basins and 
shelves or p la t forms in the Leonard ian and 
Guada lup ian Series, when they accentuated 
and perpe tua ted tectonic boundar ies (King, 
1967). 

Events in Leonardian , Guada lup ian , and 
O c h o a n t ime in the Guada lupe M o u n tains 
of Texas are summar ized in Figure 1. 
Within the Delaware basin, the Leonard ian 
Series is a mass nearly 1,000 m thick of 
black, th in-bedded l imestone with some ar-
gillaceous or siliceous beds, the Bone Spring 
Limestone. The dark lime mud li thology 
apparent ly fo rmed in a s tagnant basin wi th 
deep water . T h e upper pa r t of the Leonard-
ian Series changes she l fward to the Victorio 
Peak Limestone , which is calcific or 
dolomitic , light gray, thickly bedded, and 
fossiliferous. The Victorio Peak is inter-
preted as a bank deposit because f rame-
building organisms are sparse (King, 1948, 
p. 27). T h e bank margin migrated basin-
w a r d a distance of nearly 5 km dur ing later 
Leonardian t ime and abou t 450 m of Vic-
tor io Peak l imestone layers were deposited. 
Wate r depths in the Delaware basin near 
the margin were est imated as more than 
100 m by Newell and others (1953, p. 190) 
and McDanie l and Pray (1967) and as 300 
m by King (1948). Shel fward, the Victorio 
Peak interval changes to thin-bedded lime-
stone and dolomi te wi th fewer fossils and 
evapori te beds compos ing the Yeso Forma-
t ion and the lowest par t of the San Andres 
Limestone (Boyd, 1958, PI. 6E; Hayes , 
1964, p . 24). 

Rocks older than the Leonard ian Series 
are no t exposed in the Guada lupe M o u n -
tains, bu t in the nearby Sierra Diablo, per-
sistent flexing at the basin marg in late in 
Pennsylvanian and in Wol fcampian t ime is 
evident (King, 1965). This flexing, and a 
resulting unconfo rmi ty between the Wolf-
campian and Leonard ian Series tha t proba-
bly fades ou t in the basin, fo rmed the site 
u p o n which Victorio Peak and Bone Spring 
facies changes were superposed. T h e pre-
Leonardian substrate in the Guada lupe 
M o u n t a i n s is p robab ly similar to tha t of the 
Sierra Diablo. Recurrent flexing occurred 
th rough Leonardian t ime along the Bone 
Spring flexure in King's (1948) op in ion be-

cause s trat igraphic complexit ies and folds 
are evident in Bone Spring l imestone along 
the west side of the Guada lupe Moun ta in s . 

T h e sea deepened near the end of 
Leonard ian time, and dark-gray siltstones 
and th in-bedded limestones abou t 7 0 m 
thick (Cutoff Shale) were deposited over 
V i c t o r i o P e a k b a n k f ac i e s . C u t o f f 
lithologies have distinctly basinal charac-
teristics tha t can be traced abou t 20 km 
nor thwes t f rom the earlier Leonard ian 
basin margin, where these fine-grained, 
dark-colored rocks interfinger wi th typical 
shelf facies of the lower par t of the San 
Andres (Boyd, 1958, PI. 6E). Deeper basin-
al equivalents to the Cutof f Shale are un-
doubted ly present in the Delaware basin, 
but ass ignment of correlative strata has 
been varied (as reviewed by King, 1965, p. 
78). 

Cutoff beds cannot be t raced cont inu-
ously across the confusing rocks of the 
Bone Spring flexure. Pray (1971) suggested 
tha t the Cutof f in that area is b o u n d e d by 
t w o unconformi t ies tha t locally intersect. 
The lower unconformi ty t runcates more 
than 200 m of Victorio Peak beds and may 
extend she l fward as a d isconformity , ac-
count ing for the lack of interfingering be-
tween the Victorio Peak Limestone and the 
Cutof f Shale observed by Boyd (1958). T h e 
upper of these two unconformi t ies fo rms 
the base of the Brushy Canyon Format ion 
and extends shel fward as a d isconformity 
between the Cutoff Shale and the sands tone 
tongue of the Cherry C a n y o n Format ion 
(Fig. 1). T h e confused relations in the 
Cutof f interval across the Bone Spring 
flexure p robab ly reflect the influence of 
steep slopes inherited f r o m the Victorio 
Peak bank and perhaps s t ructural flexing 
dur ing latest Leonard ian time. N u m e r o u s 
angular relations and bodies of coarse de-
bris indicate tha t erosion and mass trans-
por t occurred repeatedly in this area dur ing 
deposi t ion of the Cutoff shale. C a r b o n a t e 
masses interpreted by Newell and others 
(1953, p. 97) as patch reefs have been rein-
terpreted as a l lochthonous blocks by Pray 
and Stehli (1962). These blocks are though t 
to occur between unconformi t ies of Cutof f 
age (Pray, 1971). 

Dur ing the first pa r t of Guada lup i an 
t ime, the basin area received the quar tzose 
siltstones and very fine to fine-grained sand-
stone of the Brushy C a n y o n Format ion de-
scribed in the first par t of this paper . The 
Brushy Canyon Format ion canno t be t raced 
in ou tc rop to shelf equivalents (King, 1948; 
Newell and others, 1953). Because the 
Brushy C a n y o n Format ion rests in places 
on beds mapped as Cutof f and contains 
pebbles and cobbles lithologically like the 
Cutof f , it appears to be entirely younger 
than Cutof f Shale. The t ime span of Brushy 
C a n y o n deposi t ion is represented by a dis-

conformi ty between the sands tone tongue 
of the Cherry Canyon Format ion and the 
Cutof f Shale over a shelf barr ier including 
much of the Guada lupe M o u n t a i n s and the 
Sierra Diablo. In o ther par t s of the shelf, the 
middle pa r t of the San Andres Limestone 
may have been deposi ted a t the same t ime 
as the Brushy Canyon Format ion (Hayes, 
1964, p. 28). Corre la t ions by Boyd (1958, 
PL 6E) suppor t this possibility. T h e Brushy 
Canyon Format ion was correlated with the 
lower or middle par t of the San Andres 
Limestone by Vertrees and others (1964) 
and Silver and T o d d (1969, Fig. 12) f r o m 
subsurface da ta in the nor thern par t of the 
Delaware basin, where basin, marginal , and 
shelf facies may be cont inuous . However , 
correlat ions based on paleontologic and 
s t ra t igraphic evidence remain controver-
sial; Meissner (1972, Fig. 2) correlated the 
Brushy C a n y o n Format ion with only the 
uppe rmos t San Andres , as well as the lower 
pa r t of the Artesia Group . 

In mid-Guada lup ian time, siltstone and 
sands tone of the Cherry C a n y o n Format ion 
extended abou t 15 km shel fward f r o m the 
margin of the Victorio Peak bank (Boyd, 
1958, PI. 6E). There the sands tone tongue 
of the Cherry C a n y o n Format ion passes 
into patch reefs and detrital l imestone 
banks of the San Andres Limestone (Boyd, 
1958, p. 2 4 - 2 7 ; Hayes, 1964, Fig. 14). 

The least certain por t ion of Leonard ian 
and Guada lup i an history is recorded in the 
Brushy Canyon Format ion and the discon-
formi ty between the Cutoff Shale and the 
sands tone tongue of the Cherry Canyon 
Format ion . If the Brushy C a n y o n Forma-
tion was deposi ted in shal low water and 
b road par ts of the shelf to the no r thwes t 
were emergent , then there was certainly a 
pause in subsidence and the evolution of the 
De laware basin (King, 1967, p. 44). If, on 
the o ther hand, the Brushy C a n y o n Forma-
tion was deposi ted in deep water , as I be-
lieve, and the Cutof f unconformi t ies de-
veloped in deep water (Pray, 1971), then 
the Cutoff Shale and the sands tone tongue 
of the Cherry Canyon Format ion , bo th ba-
sinal in aspect, record the m a x i m u m incur-
sion of basin envi ronments across the shelf. 

Deve lopment of the spectacular G o a t 
Seep and Capi tan l imestone reefs or banks 
fo l lowed the Cherry Canyon sands tone 
tongue. The G o a t Seep reef grew f rom a 
founda t ion approximate ly above the older 
Victorio Peak bank, and it built mainly up-
w a r d , b u t t h e C a p i t a n reef b u i l t 
significantly bas inward (for a review of 
these bas in-margin deposits , see D u n h a m , 
1972). By the end of G u a d a l u p i a n time, the 
reef f ron t had advanced nearly 5 km basin-
w a r d (Fig. 1). The reefs interfinger d ramat i -
cally with the siltstone and sands tone of the 
Cherry Canyon and Bell Canyon Forma-
tions in the Delaware basin. Tongues of reef 
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talus can be traced d o w n steep slopes and in 
some cases extend many ki lometers into the 
Delaware basin as flat-lying ca rbona te tur-
bidites; they provide valuable marke r beds 
in the o therwise m o n o t o n o u s basin se-
quence (King, 1948; Newell and others, 
1953). All of the ca rbona te rocks were de-
rived f r o m the reef or reef slopes, a l though 
the lowest of the uni ts (lower Getaway) was 
in terpreted as conta ining patch reefs by 
Newel l and o thers (1953 , Fig. 50) . These 
masses are re interpreted as . i l lochthonous 
blocks derived f r o m the Goat: Seep reef. 

Shel fward , the Goa t Seep and Cap i t an 
l imestones interfinger wi th deposi ts k n o w n 
collectively as the Artesia G r o u p . Facies 
b o u n d a r i e s s t r i ke n o r t h e a s t - s o u t h w e s t 
(Hayes, 1964, Fig. 9). T h e li thologies in-
clude dolomite , dolomit ic l imestone, sand-
stone, gypsum, and red sil tstone and are in-
terpreted as restricted lagoonal deposi ts 
(Newell and others , 1953; Boyd, 1958) or , 
in par t , as dominan t ly supra t ida l flats o r 
s abkha deposi ts (Kerr and T h o m s o n , 1963; 
Meissner , 1972). T h e Artesia G r o u p of the 
shelf has been correlated wi th the De laware 
M o u n t a i n G r o u p of the basin by invoking 
cyclic changes in sea level (Meissner, 1969, 
1972; Silver and T o d d , 1969). Their 
hypothesis states t ha t dur ing per iods of 
raised sea level, ca rbona te was deposi ted 
over bo th shelf and basin, whereas dur ing 
lowered sea level, terr igeneous clastics were 
spread across the shelf and into the basin. 
Frequent exposure of margina l facies by 
sea-level changes of a few meters or a few 
tens of meters is suppor ted by the occur-
rence of vadose solut ion breccia and piso-
lite beds ( D u n h a m , 1965, 1969, 1972; 
T h o m a s , 1968). Howeve r , large var ia t ions 
in sea level like those implied by Silver and 
T o d d (1969, Fig. 6) have no t been proven 
as numerous . Silt-filled cracks ex tending 
d o w n w a r d a t least 150 m into marginal 
talus beds have been repor ted by D u n h a m 
(1972) and in terpre ted as evidence of some 
low sea-level s tands . But correlat ive shal-
low-wate r deposi ts of later G u a d a l u p i a n 
age have no t been recognized in the Dela-
w a r e basin as yet. 

G r o w t h of reefs a long the De laware 
basin was apparen t ly t e rmina ted at abou t 
the beginning of O c h o a n time. Evapor i te 
deposi t ion beginning in early O c h o a n t ime 
was confined mainly to the De laware basin 
(McKee and Oriel, 1967, PI. 6B). M o s t evi-
dence indicates tha t these varved evapori te 
uni ts fo rmed in fairly deep, unagi ta ted 
water (Anderson and others , 1972) . Al-
though the changes causing "his radical 
shift in style of sedimenta t ion are largely 
speculative, it seems likely tha t an effective 
barr ier to free circulat ion developed a t the 
sou thern o c e a n w a r d end of the basin (King, 
1967, p. 44). 

Figure 4. Oblique aerial view of west face of Guadalupe Mountains near southern foot of El Capitan. Area 
covered indicated on Figure 1. Solid and dotted lines mark positions or inferred positions of prominent erosion 
surfaces. 

FEATURES OF BRUSHY C A N Y O N 
F O R M A T I O N A N D INTERPRETATION 

Erosion Surfaces and Channel Fills 

T h e Brushy Canyon wedge thins f r o m 
3 0 0 m and disappears in a dis tance of 3 .5 
k m along the west face of the Guada lupe 
M o u n t a i n s , shown diagrammat ica l ly in 
Figure 1 and by oblique aerial p h o t o g r a p h s 
in Figures 4 and 5. Wi th in this wedge of 
sil tstone and sandstone, erosion surfaces 
are c o m m o n and exert an i m p o r t a n t con-
trol o n local dis t r ibut ion and a t t i tude of 
beds. These surfaces form flat-floored, 
s t e e p - w a l l e d c h a n n e l s ; v e r y fine t o 
fine-grained, conglomerat ic sands tone beds 
are restricted to channel floors and abu t 
agains t the steep channel walls, whereas 
laminated siltstone beds extend across 
channel floors, slopes, and interchannel 
a r e a s w i t h o u t a p p r e c i a b l e t h i c k n e s s 
changes. 

Typical characteristics of the channeled 
surfaces and under lying and overlying beds 
are sketched in Figure 2 and i l lustrated wi th 
p h o t o g r a p h s in Figure 6. The channels 
fo rmed by these erosion surfaces appear to 
have fairly flat floors and steep walls dip-
ping commonly between 10° and 30°. Lo-
cally na r rower channels are cut in to the 
b roader flat floors (Fig. 6D). N o coarser lag 
deposi t or eros ional steps are consistently 

fo rmed at these erosion surfaces, so tha t the 
exact posi t ion of such diastems are difficult 
to identify a long channel f loors or in inter-
channel areas where overlying and underly-
ing seds are nearly parallel. T h e posi t ion of 
the erosion surfaces is easy to see a t channel 
marg ins where sands tone beds taper ab-
rupt ly or si l tstone beds diverge dramat ica l ly 
f rom underlying bed at t i tudes (Fig. 6). 

T i e scale of channels observed in the 
Delaware G r o u p ranges f r o m large t o 
small. T h e largest a m o u n t of local scour 
observed wi thin Brushy C a n y o n beds w a s 
30 m of erosional relief a long the west f r o n t 
of the G u a d a l u p e M o u n t a i n s , bu t 20- to 
30 -m deep channels are qui te c o m m o n . 
Evidence of channel ing on a small scale has 
been repor ted broadly t h r o u g h o u t the Del-
a w a r e G r o u p (King, 1948, p. 29 ; Newel l 
and others , 1953, Fig. 47) . Channels of 
large size are mos t easily identified a long 
the m o u n t a i n f ron t where topograph ic re-
lief is large, whereas smaller channels can 
be recognized in even the poore r ou tc rops 
in the roll ing hills east of the m o u n t a i n 
f ron t . 

T h e channels t rend generally southeast -
ward , and channel margins slope as steeply 
as 35°. T h e at t i tudes of channel marg ins are 
summar ized as poles plot ted on an equal-
area project ion in Figure 7, indicat ing 
t rends range f r o m east to south. These 

 on May 9, 2012gsabulletin.gsapubs.orgDownloaded from 

81

http://gsabulletin.gsapubs.org/


BRUSHY CANYON FORMATION, TEXAS: A DEEP-WATER DENSITY CURRENT DEPOSIT 1765 

Figure 5. Oblique aerial view of west face of Guadalupe Mountains between Guadalupe and Shumard Peaks. 
Area covered indicated on Figure 1. Solid lines mark positions of prominent erosion surfaces. 

orienta t ion data were derived f r o m nearly 
equally spaced s t ra t igraphic sections a long 
the west face of the Guada lupe M o u n t a i n s 
and are t hough t to be quite representat ive 
for tha t area. Cur ren t s causing erosion and 
t ranspor t appear to have flowed bas inward , 
based on the dip of cross-strata observed in 
channel-filling sands tone or the asymmetry 
of rare flute marks observed on the ero-
sional surfaces. 

The sequence of lithologies filling these 
channels is no t orderly. T h e fill begins wi th 
siltstone in some cases and sands tone in 
others . Nei ther is the p ropor t ion of these 
t w o lithologies un i fo rm a m o n g channels; 
some are filled mainly by siltstone and some 
by sandstone. I do no t agree wi th the con-
tent ion of Hull (1957, p. 301) tha t the 
Brushy Canyon Format ion is cyclic and or-
derly. 

Major Lithologies 

T h e c o m m o n lithologies in the Brushy 
C a n y o n wedge along the west face of the 
Guada lupe M o u n t a i n s are finely laminated 
siltstone, coarsely laminated to massive 
sandstone, and massive boulder or cobble 
conglomerate . In the area f r o m the pinch-
ou t of the Brushy C a n y o n Format ion to a 
distance 7 km sou thward (Fig. 1), lami-
nated siltstone composes abou t 65 percent 
of the section, sands tone abou t 35 percent , 
and coarse conglomera te less than 1 per-
cent. 

Mineralogy. Brushy Canyon sedimen-
tary rocks are composed of quar tz , feldspar, 
and ca rbona te clasts (Fig. 8). Hull (1957) 
presented a summary of petrologic data . 
Q u a r t z is commonly the mos t a b u n d a n t 
const i tuent . M o s t grains are single crystals 
showing undu la to ry ext inct ion; m a x i m u m 
diameters range u p to 0.5 m m . Feldspar is 
also c o m m o n in the coarse silt to very fine 
sand size range. Potassium feldspar is some-
w h a t more a b u n d a n t than sod ium plagio-
clase. C a r b o n a t e is a c o m m o n const i tuent 
of mos t Brushy Canyon beds and occurs as 
bo th cement and clasts. Laminated siltstone 
beds (Fig. 8A, B) have the lowest average 
total ca rbona te content ; ca rbona te deter-
mined by acid leaching averages 15 percent 
by weight and is rarely less than 5 percent 
or more than 25 percent. Sandstone sam-
ples (Fig. 8C, D, E, F) have a 25 percent 
average ca rbona te content , bu t the range is 
large; some individual samples contain only 
a few percent carbonate , whereas o ther thin 
beds would be classified as quar tzose cal-
carenite (Fig. 8F). 

C a r b o n a t e clasts are of four types. Very 
finely crystalline dolomite grains of silt-to-
sand size are common t h r o u g h o u t the 
Brushy C a n y o n sedimentary rocks. These 
dolomi te grains have approximate ly the 
same size range as the quar tz grains tha t 
they accompany ; they were apparent ly de-
rived f rom lithified dolomite beds to the 
west or no r th , and their abundance suggests 

significant erosion in the shelf area dur ing 
Brushy C a n y o n deposi t ion. O the r dolomi te 
grains are euhedra l or subhedral single 
crystals (Fig. 8C). This second type of 
dolomi te grain is restricted to very fine sand 
or silt-size sediments; a l though an au-
thigenic origin could be argued for some 
grains of this type, mos t of the rhombs are 
approximate ly the same size as the quar tz 
grains with which they are associated, are 
much larger than open pore spaces, and ap-
pear f rom pet rographic details to have a 
clastic ra ther than a diagenetic (replace-
ment) origin. Fossil f ragments are a b u n d a n t 
in some sands tone beds; entire or slightly 
w o r n fusilinids are the mos t a b u n d a n t fossil 
cons t i tuent (Fig. 8D), bu t f r agmented 
brachiopods , bryozoans , and crinoids are 
also fairly c o m m o n (Fig. 8E, F). C a r b o n a t e 
clasts of pebble, cobble, or boulder size are 
observed either as pebbles scattered in 
sands tone beds t h roughou t the Brushy 
Canyon interval or within massive con-
glomerate beds concent ra ted near the base 
of the fo rmat ion . A wide variety of carbon-
ate lithologies is represented in these larger 
clasts, bu t all varieties are similar to those 
observed in the Victorio Peak Limestone 
and the Cutoff Shale near the p inchou t of 
the Brushy Canyon Format ion . 

Clay minerals and mica fo rm a very small 
f ract ion of the total volume of the Brushy 
Canyon sediments. In even the finest 
grained' beds, wi th median diameters of 10 
to 15 /Am, quar tz and feldspar form the 
bulk of the detrital const i tuents (Fig. 8B). 
Organ ic detri tus composes mos t of the fine 
material tha t marks laminat ion in these silt-
stones. 

Diagenetic al terat ions of Brushy C a n y o n 
sediment are commonly extensive and 
complex, but this aspect of lithology was 
n o t studied in detail. Qua r t z overgrowths 
on grains are quite c o m m o n in most sand-
stone; evidence of ca rbona te replacement of 
quar tz grains is also c o m m o n , suggesting 
tha t the redistr ibution of silica may be 
rather local. Calcite is an a b u n d a n t cement 
in sands tone and in coarser laminae of silt-
s tone (Fig. 8A, F). Calcite cement is less 
a b u n d a n t in the upper pa r t of the Brushy 
C a n y o n interval in sections south of Bone 
Canyon . Calcite stains show subtle tonal 
variat ions tha t suggest variable iron content 
on a small scale and in complex pat terns . 
Dolomi te common ly cements or replaces 
grains in bo th sands tone and siltstone (Fig. 
8E). Dolomi te of certain authigenic origin 
occurs as r hombs a few microns in size; 
b ther larger rhorpbs may be either au-
thigenic or t ranspor ted . Iron content of the 
dolomi te varies f rom crystal to crystal in 
the same sample, based on differences in 
color when stained. Pyrite is a c o m m o n au-
thigenic const i tuent in organic-r ich layers. 
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Figure 6. Channel margins and bedding relations. A. Mantling beds of dark-gray siltstone diverge about abutting beds of sandstone. Erosion surface controlling slope of 
mantling beds lies just below level of foreground. B. Medium-grained siltstone mantling an erosion surface (staff is 1.5 ml. C. Flat-topped beds of sandstone abutting against 
steep channel wall. D. Local scour witjiin channel-fill complex. E. T w o intersecting erosion surfaces and their mantling siltstone beds. F. T w o intersecting erosion surfaces and 
their tnantling lime silt beds (Bohe Spring Limestone, Bone Canyon). 

Small phospha t i c nodules occur in some of 
the finest sil tstone beds wi th a b u n d a n t or-
ganic material . 

Dickite, a clay of the kaol in g roup , and 
hemat i te occur in small a m o u n t s as au-

t o g e n i c fillings of fossil chambers or vugs 
in ca rbona te clasts. I have noticed these 
minerals only in conglomera te and sand-
stone of the lower pa r t of the Brushy Can-
yon Fo rma t ion in the vicinity of Bone Can-

yon. The dickite, identified by x-ray diffrac-
t ion using powder m o u n t s by J. B. Hayes 
(1970, personal commun. ) , f o rms plates as 
b road as 10 /u,m ar ranged in ve rmi fo rm 
stacks. C o m m o n l y though t of as an au-
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thigenic mineral tha t indicates s o m e w h a t 
elevated tempera tures , dickite in the Brushy 
C a n y o n Format ion is puzzling because 
other evidence of deep burial or hy-
dro thermal activity is lacking. Hemat i t e oc-
curs as infill of angular vugs; individual 
crystals range in size up to 1 m m and 
radiate f rom vug margins. 

Laminated Siltstone. Lamina ted silt-
s tone is the mos t c o m m o n lithology in the 
Brushy Canyon Format ion along the wes t 
face of the Guada lupe M o u n t a i n s , compris-
ing abou t 65 percent of the exposed beds. 
M e d i a n diameters of these siltstone bodies 
range f r o m 5 0 ¡xm to 10 /am. T h e p repon-
deran t sedimentary s t ructure is even, paral-
lel laminae a f ract ion of a millimeter to 2 
m m thick, marked by contras t ing hue (Fig. 
9A, C). Relatively coarser silt laminae are 
light gray, and finer laminae are da rk gray; 
the darker laminae conta in more a b u n d a n t 
carbonaceous debris but no t much mica, 
clay minerals , or clay-sized carbona te . 
Laminae are no t conspicuously graded (Fig. 
8A, B). Color is a reliable indicator of the 
grain size of bulk samples. Light-gray beds 
have median diameters in the coarse silt 
range. 

Laminae and beds are remarkably paral-
lel to the surface u p o n which they rest (Figs. 
6B, 9D). Laminae tha t rest on erosional sur-
faces wi th slight relief o r on ripples mant le 
these small irregularities and change in 
thickness only very slightly. Small ir-
regularities such as ripples wi th a height of 
only 1 cm are reflected u p w a r d as curved 
laminae for several centimeters (Fig. 9C). 
Features wi th greater relief are reflected 
propor t iona te ly far ther above the irregular-
ity. Siltstone beds resting on steep channel 
margins with several meters of relief change 
ve ry l i t t l e in t h i c k n e s s u p s l o p e o r 
downs lope (Fig. 6A). These relations sug-
gest tha t laminae fo rmed as grains d ropped 
to the sea floor a long nearly vertical pa ths 
unaffected by currents . The average grain 

o/V 

poles on equal-area plot (lower hemisphere). 

size ranged f r o m coarse silt to fine silt 
over millimeter-thick increments. I believe 
t ha t the silt was t ranspor ted into a den-
s i ty-s t ra t i f ied basin by f lows of in ter-
mediate density water (Fig. 2). I dismiss an 
alternative hypothesis tha t the silt is wind 
t ranspor ted , because the very fine sand 
grains common ly present in small p ropor -
t ions could no t be t ranspor ted very far in 
suspension by winds of reasonable ve-
locities (Bagnold, 1941), and a tmospher ic 
dus t samples taken near the modern Sahara 
coast conta in few particles as coarse as 32 
/xm (Chester and Johnson , 1971). 

Ripples are the second c o m m o n pr imary 
sedimentary s t ructure in siltstone (Fig. 9B, 
C). M o s t ripples occur wi th in layers tha t 
are only one ripple thick and t ha t parallel 
underlying laminat ions. The ripples are 
asymmetr ic , have rounded profiles, average 
spacing of 8 to 10 cm, heights of less than 1 
cm, and long, s traight to slightly sinuous 
crests. Average t ranspor t direction is to the 
southeas t (basinward) , as indicated by 
asymmetry and internal laminat ion. Trans-
por t directions for individual zones can 
range between eas tward and sou thward , 
but no ripples have been observed tha t 
show nor thwes tward t ranspor t . The rip-
pled zones are composed of well-sorted 
quar tz silt tha t generally resembles the 
coarser f ract ion of underlying laminated 
units. These relat ions suggest tha t ripples 
fo rmed by reworking and winnowing of 
u n c o n s o l i d a t e d l a m i n a t e d s i l t by 
bas inward-f lowing currents . These currents 
likely flowed with velocities greater than 2 0 
to 30 cm/sec near the bed, based on flume 
e x p e r i m e n t s by S o u t h a r d and H a r m s 
(1972). 

Laminated beds have sharp lower or 
upper contacts where episodes of erosion 
caused a hia tus in deposi t ion. Within lami-
nated sequences unin ter rupted by erosional 
events, contacts between beds of finer, 
darker sil tstone and lighter, coarser silt-
s tone are commonly gradat ional (Fig. 9A, 
B). T h e thickness of such beds is measured 
in decimeters or meters. Apparent ly the av-
erage caliber of material reaching an area 
persisted th rough significant increments of 
deposi t ion and changed only gradually. 
Rippled zones interspersed with laminated 
uni ts are spaced only a few centimeters 
apa r t in some places bu t are many meters 
apar t in o ther areas. I have discerned no 
order in the f requency of r ippled zones rela-
tive to o ther features such as larger scale 
erosion surfaces, s t ra t igraphic posi t ion, or 
geographic posit ion. 

Evidence of organic activity is sparse in 
laminated siltstone sequences. In some thin 
intervals, laminae are dis turbed, causing a 
finely textured, flecked appearance . T h e 
small scale of the d is turbance suggests tiny 
organisms. Some bedding surfaces bear 
trails, but these are rare. However , large 

bedding surfaces in sil tstone lithologies are 
seldom exposed. T h e b u r r o w s and trails 
tha t have been observed are common ly 
closely associated with rippled layers, as 
t hough the currents tha t t ract ionally trans-
por ted sediments improved b o t t o m condi-
t ions for life. Remains of shelled organisms 
mus t be rare in siltstone, because I have no t 
o b s e r v e d a n y she l l s even in s e v e r a l 
t housand meters of section. Rare occur-
rences of impressions of plants or soft-
bodied animals have been seen (Fig. 13F). 

D e f o r m a t i o n s t r u c t u r e s d e v e l o p e d 
short ly af ter deposi t ion are qui te rare , even 
in laminated siltstone beds t ha t had large 
initial dips. For example , channel margins 
wi th slopes as steep as 30° are commonly 
mant led by siltstone beds wi th parallel pla-
nar laminae. Deposi ted on slopes es t imated 
to be initially steeper than 35°, laminated 
si l ts tone apparen t ly failed and moved 
downs lope as small ro ta ted blocks on 
curved slip surfaces. These observat ions in-
dicate tha t laminated silt was mechanical ly 
stable on slopes of a t least 30°. T h e implied 
coherence and high shear s trength may re-
sult f r om good sort ing, angular grains, and 
lack of lubricat ing clay minerals. Some beds 
of sil tstone are cast into folds wi th am-
pli tudes of decimeters or meters (Fig. 9E, 
F). These folds were of early origin because 
they are t runca ted by erosion surfaces and 
overlain by unde fo rmed beds. Such beds 
have textures similar to unde fo rmed silt-
s tone and rest on beds wi th low dips, so 
tha t neither lithology nor slope appear to 
control the de fo rmat ion . Elevated fluid 
pressure in pores may allow de fo rma t ion 
on low slopes of sediments tha t otherwise 
have high shear s t rength, but in this case, 
no cause for such pressure has been deter-
mined. 

Sandstone. Sands tone composes abou t 
3 5 percent of the Brushy C a n y o n Forma-
t ion a long the west face of the Guada lupe 
M o u n t a i n s . Individual sands tone beds are 
confined t o channels cut in to slightly older 
Brushy C a n y o n sediment or into under lying 
Leonard ian carbona te . T h e percentage of 
sands tone is high in sections measured 
a long the floors of Shumard and Shirttail 
Canyons (Fig. 5), giving the impression t ha t 
this wedge of sediment is sandier where it 
thins. However , these sandstone-r ich sec-
t ions lie wi th in a large channel cut in to the 
Victorio Peak Limestone, as i l lustrated by 
King (1948, PI. 9). I believe tha t sands tone 
abundance is mainly control led by channel 
posi t ions and is much less dependen t on 
prox imi ty to the basin margin . T h e follow-
ing are a rguments suppor t ing this belief: (1) 
sections on the channel shoulder nor th of 
Shirttail C a n y o n conta in a fairly low pro-
por t ion of sands tone; (2) the Brushy Can-
yon interval t ransected by Bone C a n y o n 
(Fig. 1) is nearly entirely laminated siltstone 
in the upper 200 m; and (3) sections o n 
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slopes below El Cap i t an and sou thward 
along the De laware M o u n t a i n f ron t conta in 
significant percentages of sands tone scat-
tered at various posi t ions in the interval 
(Fig. 4). 

The sands tone bodies are common ly 
thickly bedded to massive and wea ther to 
shades of tan. M a n y beds conta in scattered 
pebbles or cobbles of l imestone or dolo-
mite. Acid-insoluble f rac t ions have med ian 
diameters in the very fine to fine sand range 
(0 .062 to 0 .25 mm) . Samples wi th coarser 
median diameters are common ly better 
sorted than finer samples. 

C rude hor izonta l l amina t ion is the m o s t 
c o m m o n p r imary sedimentary s t ructure in 
sands tone beds. W h e r e such beds conta in 
ca rbona te cobbles or fusilinid tests, the long 
axes of the clasts lie parallel to bedding sur-
faces (Fig. 10A, B). Al ignment of long axes 
viewed on bedding surfaces is locally excel-
lent, especially a m o n g fusilinic tests, bu t 
average or ienta t ion can change dramat i -
cally f r o m pa tch to pa tch on the same bed-
ding surface or f r o m bed to bed. 

T r o u g h - s h a p e d c ross -s t ra t i f i ca t ion is 
c o m m o n bu t no t nearly so a b u n d a n t as 
hor izon ta l s t ra t i f icat ion. Sets range in 
thickness f rom a few centimeters to one 
meter . M a n y of the t roughs are open in 
fo rm and conta in cross- laminae tha t dip at 
angles of a few degrees to 15° (Fig. 10C); 
o ther t roughs are relatively deep compared 
to their p lan-view size, have very steep 
nor thwes te rn margins , and imply scour of 
small pockets t ha t mus t have been a lmost 
instantly filled wi th sed iment (Fig. 10D). 
The asymmet ry of these pockets and the in-
clination of cross- laminae indicate south-
east (basinward) t ranspor t . Sets of cross-
s t ra ta conta in numerous fusilinid tests o r 
scattered ca rbona te pebbles smaller than 3 
cm in d iameter in some places. 

Ripples and small-scale crcss-stratifi-
cat ion are c o m m o n in some sands tone beds 
in some areas, as po in ted ou t by King 
(1948). These ripples are asymmetr ic (indi-
cat ing southeas t t r anspor t in general), are 
spaced at 12 to 15 cm, are 1 to 2 cm high, 
and have either fairly long s inuous crest 
lines or are strongly curved lunate or lin-
guoid fo rms (Fig. 11A, B). They resemble 
cur ren t ripples fo rmed on fine sand by uni-
direct ional f low except tha t the profiles at 
the crest lines are consistently rounded 
ra ther than angular (Fig. 11D, E). These 
fo rms suggest tha t the ripples developed 
under cu r ren t -domina ted processes, bu t the 
flow also conta ined an oscil latory compo-
nen t (Harms , 1969, Figs. 7, 14). Paper- thin 
l aminae of dark-gray , fine or medium silt lie 
on the steep d o w n c u r r e n t slopes of many 
ripples, which also suggests tha t f low 
slowed sufficiently for suspended load to 
settle on the bed (Fig. 11D, E). 

T h e strat if icat ion observed in Brushy 
C a n y o n sands tone indicates tha t f lows 

ranged f r o m upper reg me (horizontal 
s t r a t i f i c a t i o n in c o b b l e - b e a r i n g c o n -
glomerat ic sandstone) t ransi t ionally to the 
upper pa r t of the lower flow regime (sets of 
t rough cross-strata with low- to high-angle 
cross-laminae), and to the lowest pa r t of the 
lower flow regime (cur ren t -dominated rip-
ples) , as i nd i ca t ed by s tud ies re la t ing 
strat if icat ion, bed forms, and flow regime 
(Simons and others , 1965; H a r m s and 
Fahnes tock , 1965). These currents consis-
tently t r anspor ted sand has n w a r d — based 
on the inclination of cross-strata, the t rend 
of small scours (Fig. 11F), and the ra re oc-
currences of grooves on beds or flute casts 
on channel margins (Fig. 10E, 13B). T h e 
p o w e r f u l currents moving sand, pebbles, 

C 5 tru* 

and cobbles were apparen t ly in ter rupted 
f r o m time to t ime by condi t ions of much 
lower energy, because finely laminated silt-
s tone beds common ly separa te hor izonta l ly 
s t rat i f ied, cong lomera t i c s ands tone ; in 
o ther places, r ippled beds of appreciable 
thickness are interspersed with hor izonta l ly 
stratif ied sands tone (Fig. 11C). These 
fluctuations in cur ren t intensity may have 
been of ra ther long dura t ion in cases where 
the laminated siltstone beds are thick. Vari-
a t ions n flow — of short dura t ion — are 
suggested by ripple forms. The rounded 
profiles imply current reversals, as stated 
above, bu t these reversals mus t have been 
for shor t t imes and relatively weak , because 
nor thwes t -d ipp ing cross- laminae are never 

F 1 os™. 

Figure 8. Photomicrographs of Brushy Canyon sediments. A. Coarse-grained siltstone laminations marked by 
variations in carbonaceous content. B. Laminated medium-grained siltstone. C. Very fine grained sandstone with 
subhedral dolomite clasts indicated by arrows. D. Fine-grained sandstone with fusilinid test. E. Fine-grained sand-
stone with brachiopod fragments a id dolomite cement. F. Fine-grain :d sandy, oolitic calcarenite with calcite cement. 
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Figure 9. Features ill siltstones. A. Appearance of bedding on weathered slopes (staff is 1.5 m). B. Light-gray coarse-grained siltstone, dark-gray medium-grained siltstone, 
and white, well-sorted coarse-graincd silt ripples (scale is 15 cm). Horizontal lamination above rippled layer is obscured by plumose markings of joint surface. C. Laminations 
and ripples in typical coarse-grained siltstone. D. Low relief on scoured surface mantled by laminated siltstone (ruler is 15 cm). E. Small-scale chevron folding in laminated 
siltstone. F. Folds in laminated siltstone truncated by erosion surface and cappcd by undeformed layers. 

observed. I envision weak currents f lowing 
shel fward for per iods of minutes or at mos t 
a few hours , generated by mechan isms such 
as internal waves or tides. 

T h e strat if ication types described above 

do no t occur in well-ordered or cyclic se-
quences. A bed containing any of these 
stratif ication types may rest u p o n or be 
overlain by sediments of any lithology in 
the section, including laminated siltstone 

and massive conglomerate . The bedding 
contacts of sands tone are sharp, either pla-
nar or irregular and erosional . The lateral 
te rminat ion of sands tone beds is a lmost in-
variably best interpreted as a deposi t ional 
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Figure 10. Features in sandstones. A. Horizontally stratified, fine-grained sandstone with scattered cobbles (scale is 30 cm). II. Horizontally stratified fine-grained sandstone 
with scattered carbonate pebbles and cobb es aligned in bedding (scale is 15 cm). C. Broad, shallow-trough cross-strata viewed in upcurrent direction. D. Small, deep scours 
associated with horizontal stratification, northwest to left (hammer is 30 cm). E. Exhumed flute casts on channel margin showini; flow to southeast (hammer is 30 cm). F. Dikes 
and sills (arrows) of sandstone along channel margin (ruler is 15 cm). 

contac t against a sloping surface (Fig. 6A, 
C, D). Beds are flat topped where they taper 
against channel margins ; no levees or tex-
tura l var ia t ions have been observed at these 
margins . However , the lateral t e rmina t ion 

of some sands tone beds is complicated 
(notably in some U.S. H ighway 6 2 road-
cuts, Fig. 3) and can be interpreted in vari-
ous ways. For mos t such examples, 1 be-
lieve t ha t intrusive sands tone dikes or sills 

are responsible fo r the complex relat ions 
(Fig. 10F). 

Tex t j ra l g rad ing within individual sand-
stone beds is rare and occurs in less than 1 
percent of the units. These graded sand-
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Figure 11. Ripples. A. Cuspate ripples in very fine grained sandstone. B. Long-crested ripples in very fine grained sandstone (ruler is 15 cm). C. Beds of rippled, very fine 
grained sandstone alternating with beds of horitontally stratified sandstone. D. Rounded asymmetric ripples of coarse silt with intervening lenses of dark siltstone, transport 
from right to left. E. Rounded asymmetric ripples of very fine grained sand with siltstone lenses, transport from left to right (ruler is 15 cm). F. Small scour surface in very fine 
grained rippled sandstone (hammer is 30 cm). 

stones are mostly 10 to 30 cm thick (Fig. 
12A, B, C). Median grain size in the lower 
part of such beds is very fine sand and 
grades upward to coarse or medium silt; 
larger clasts are uncommon in these beds, 

but some examples contain laminated silt-
stone pebbles or, very rarely, carbonate 
pebbles in their lower part . These graded 
beds appear massive or, toward their tops, 
horizontally stratified, and they therefore 

contain only the " a " and " b " intervals 
defined by Bouma (1962). Groove or flute 
casts are present on the undersurfaces of 
only a few beds. 

G r a d e d beds o r s e q u e n c e s of 
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stratif ication types t ha t m igh : be a t t r ibuted 
to turbidi ty current processes are very rare 
in the Brushy C a n y o n Format ion or in the 
remainder of the De laware G r o u p (as de-
termined by o u t c r o p reconnaissance and 
examina t ion of oil well cores). Al though 
turb id i ty currents have been invoked as an 
i m p o r t a n t mechan ism for t r anspor t ing sed-
imen t in to the De laware basin, the textures , 
s t ructures, and organiza t ion of beds differ 
greatly f r o m the characterist ics of m o d e r n 
and ancient turbidi tes so well documen ted 
by studies spanning the last t w o decades. 
Based on these differences, tlie p ropo r t i on 
of sediments t r anspor ted into the De laware 
basin by tu rb id flows mus t be considered 
small. 

Prelithification de fo rma t ion s t ructures 
are relatively rare in sands tone beds. T h e 
mos t d rama t i c examples of de fo rma t ion are 
f o u n d where massive conglomera te rests o n 
sandstone , as t hough quick loading de-
f o r m e d recently deposi ted sands wi th high 
water con ten t (Fig. 15B). However , in mos t 
areas conglomera tes did no t de fo rm under-
lying sandstones . Dikes and sills fo rmed by 
inject ion of sand into ad jacent beds have 
been observed in a few areas (Fig. 10F). 
These features are small, and dike or sill 
w id ths rarely exceed a few centimeters. In 
t w o examples , tiny dikes of sandstone ex-
tend for as much as 1 m d o w n w a r d in to 
Leonard ian ca rbona t e rocks (Fig. 15F). 

Structures f o r m e d by organisms are ex-
tremely ra re in sands tone . The mos t com-
m o n and distinct organic mark ings are 
S-shaped depressions 10 to 15 cm long on 
sands tone beds (Fig. 13A, B). These marks 
resemble the impressions left by the tails of 
start led hagfish observed in some deep-sea 
pho tog raphs . T h e mark ings on the Brushy 
C a n y o n beds may have been made in a simi-
lar fashion by an appendage of some 
swimming organ ism. Cylindrical bu r rows , 
ranging f r o m 2 to 5 m m in d iameter , cut-
t ing or parallel to bedding are locally abun-
d a n t in some sands tone beds (Fig. 13B, C, 
D). These bu r rows have so little detail and 
are of such a general type t ha t in terpreta-
tion is difficult. Apparent ly the condi t ions 
under which m o s t sands tone was deposi ted 
were no t favorable for organisms, either 
because of s t rong currents ar o ther en-
v i ronmenta l factors . However , bu r rowing 
f aunas did develop locally f r o m time to 
time, or the b o t t o m was occasionally 
m a r k e d by swimming organisms. 

Mass ive Cong lomera te . Mass ive con-
g lomera te fo rms a small f rac t ion (less than 
1 percent) of the Brushy C a n y o n Fo rma-
t ion. These massive conglomerat ic beds are 
dist inguished f r o m conglomerat ic sand-
stone by lack of internal s trat if icat ion 
wi thin beds, ex t reme heterogeneity of clast 
size, occurrence of scattered large boulders 
ranging f r o m 1 to 30 m in m a x i m u m di-
mensions , and r a n d o m fabric . T h e massive 

conglomera te beds are also l imited in their 
s t ra t igraphic and geographic dis t r ibut ion; 
they are mos t c o m m o n within 50 m of the 
base of the fo rmat ion and in ou tc rops be-
tween Bone C a n y o n and the south side of El 
Cap i tan . 

Beds of massive conglomera te are tabular 
and range in thickness f rom 1 to 10 m. 
These beds, like the Brushy C a n y o n sand-
stone, occupy erosional depressions and 
te rmina te laterally by on lap against sloping 
boundar ies (Fig. 12D). N o levees or zones 
of textural var ia t ion are evident at lateral 
margins . This relat ion is part icular ly clear 
in Bone Canyon , where conglomera te oc-
cupies a scour cut in Cutoff rocks, and indi-
vidual beds can be t raced to where they 
wedge ou t against the western marg in of 
this channel . Debris lenses wi thin the 
Cutof f interval in this same area (Pray and 
Stehli, 1962) are much less tabular in fo rm 
and occupy n a r r o w and relatively deeper 
channels . 

Where several beds of massive conglom-
erate occur one above the o ther , they are 
common ly separa ted by beds of gray lami-
na ted siltstone a few centimeters thick or by 
beds of hor izontal ly stratified, fine-grained 
sands tone several centimeters to a few me-
ters thick (Fig. 14A, B). These separat ing 
beds are discont inuous in many places, as 
t hough they were eroded by events tha t 
preceded or accompanied the emplacement 
of the overlying conglomera te bed. When 
traced laterally, apparent ly single, thick 
conglomera te beds are seen to be a compos-
ite of th inner units separa ted by other 
lithologies. Sands tone beds beneath con-
glomerates are contor ted in some places, 
suggesting tha t emplacement exerted con-
siderable shear (Fig. 15B). Howeve r , in 
mos t areas the stratif ication in under ly ing 
sands tone is undefo rmed . Relatively gentle 
emplacement of conglomera te beds is sug-
gested by ano the r in teres t ing fea tu re . 
Larger boulders in some beds rise above the 
general level of the upper surface, and in 
some cases, this surface is man t l ed by a thin 
layer of laminated siltstone. Where this silt-
s tone layer is overlain by a conglomera te 
uni t , the layer is cont inuous and intact even 
over the p r o t r u d i n g boulder , which pre-
sumably migh t act as a but t ress and experi-
ence high shear (Fig. 14B). 

Lithologies of pebble-sized or larger 
clasts are similar to carbonates found in the 
Victor io Peak and Cutoff intervals a few 
ki lometers to the nor th . Cobble- and 
boulder-sized clasts are mos t c o m m o n l y 
l ight-gray to gray dolomit ic gra ins tone or 
packs tone similar to the Victor io Peak 
Limestone; pebble-sized clasts are com-
monly dark-gray calcific micrite, resem-
bling the ca rbona t e beds of the Cutof f Shale 
(Fig. 14B, C, D). Near ly all of these ca rbon-
ate clasts are rounded . Mos t are also quite 
spherical, a l though the largest boulders are 

common ly slabs wi th length-to-thickness 
rat ios exceeding 3, and some beds conta in 
numerous flat clasts (Fig. 12E). Plastic de-
fo rma t ion of clasts by compac t ion or the 
anvil effect of ad jacent cobbles or boulders 
has no t been observed, bu t a few have been 
split and in t ruded by ad jacen t finer mat r ix 
(Fig. 14D). These shape characterist ics, 
a long wi th disoriented geopetal infill of fos-
sil voids (Fig. 14F), indicate tha t Leonard-
iar: rocks of the shelf were thorough ly 
lithified before erosion and t r anspor t to the 
bas in and t h a t t r a n s p o r t mechan i sms 
caused significant rounding . 

T h e size composi t ion of the massive con-
g lomera te beds covers a b road spect rum. 
Scattered boulders wi th longest d imensions 
on the order of 30 m are the largest part i -
cles (Fig. 15A), and silt- or sand-sized 
quar tz or ca rbona te grains are the smallest. 
The p ropor t i ons of various size f ract ions 
resemble those of a well-designed concrete 
mix ; the a m o u n t of finer material is 
sufficient to fill all interstices between larger 
particles, so t ha t no void space or large 
patches of sparry cement exist, and larger 
particles are so a b u n d a n t tha t they are no t 
separa ted appreciably by significantly finer 
ma t r ix (Fig. 14D, E). 

The fabr ic is jumbled. Elongate clasts lie 
in all or ienta t ions relative to bedding, and 
even 3- to 4 -m boulders tha t stick u p above 
the general level of a bed may have their 
long axes or iented at large angles to bed-
ding (Fig. 12E, F; Fig. 14B, C). N o bed has 
been observed tha t has good grading of 
clast size t h r o u g h o u t its thickness, bu t a few 
bee s are capped by graded layers of coarse 
to very fine sand a few centimeters thick 
(Fig. 15C), suggesting tha t conglomera te 
emplacement was sometimes fo l lowed by 
t u r j i d i t y currents . 

T h e bulk density of conglomera te masses 
dur ing final movemen t can be est imated 
f r o m compac t ion effects a r o u n d large 
boulders enclosed in single beds. Bulk den-
sity appears to have ranged between 1.8 
and 1.9. This estimate is based on a present 
bulk density of abou t 2 .15 and compac t ion 
to approximate ly 0 .85 of the original bed 
thickness. Large boulders like t ha t shown in 
Figure 14C were well lithified and p resum-
ably nearly uncompac tab le at the t ime of 
e m p l a c e m e n t , based u p o n the i r well-
rounded shapes, the lack of squeezing at 
contacts wi th o ther clasts, and evidence of 
cementa t ion preceding t r anspor t (geopetal 
fabrics). Cons iderable s trength in the mov-
ing conglomera te slurry is also implied by 
s i m i l a r l a r g e d e n s e b l o c k s r i s i n g 
significantly above the tops of the beds wi th 
which they moved. 

T h e mechanism(s) by which these mas-
sive; conglomera tes were t r anspor ted and 
deposi ted is conjectural . Three possible 
mechanisms could be invoked: (1) flow by 
dispersive pressures generated by grain col-
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Figure 12. Graded beds and chaotic conglomerates. A. Sharp-based beds grading from very fine sand to coarse silt (ruler is 15 cm). B. Slightly thicker graded beds than in A. 
C. Graded beds with small load structures at their bases (ruler is 15 cm). D. Conglomerate beds at base of Brushy Canyon Formation abutting against erosion surface on Cutoff 
Limestone (staff is 1.5 m). E. Conglomerate bed containing many slabs in various orientations; erosion surface on undeformed sandstone toward lower right (ruler is 15 cm). F. 
Chaotic fabric in conglomerate with boulder rising above top of unit (arrow near bush) onlapped by horizontally stratified fine-grained sandstone (ruler is 30 cm). 

lisons (Bagnold, 1954), (2) f low of a viscous 
slurry, and (3) sl ippage of a rigid plug over 
a shear ing subs t ra te ( Johnson, 1970) . 
However , none of these satisfactorily ac-
counts for all the features in the Brushy 
C a n y o n conglomera te beds. 

A dispersive pressure mechanism should 
cause a c o n c e n t r a t i o n of la rger clasts 
t o w a r d the tops of beds, but it should not 
c a u s e l a rge b o u l d e r s t o p r o t r u d e 
significantly above the bed tops. If disper-
sion is fairly large and concent ra t ion of 

clasts is low, d rape of beds should be obvi-
ous at rigid channel margins. The lack of 
grading, boulders r iding well above the 
beds, and lack of drape are all evidence tha t 
Brushy C a n y o n conglomera te did not move 
in a dispersed state. 
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Figure 13. Trace fossils. A. S-shaped markings on upper surface of sandstone bed. B. Lower surfaces of sandstone t ed with S-shaped markings and grooves (hammer is 30 

cm). C. Cylindrical, low-angle buirows cutting ripples (ruler is 15 cm). D. Slender, vertical burrows in very fine grained sandstone, possibly occurring as pairs. E. Poorly 
preserved trails on bedding surface; of calcarenite showing transverse internal markings. F. Segmented carbonaceous impressions on siltstone bedding surface, Cherry Canyon 
Formation (ruler is 15 cm). 

If t r anspor t was accomplished by truly 
viscous flow, the fabr ic of cong lomera te 
should be well or iented but ungraded . Beds 
should be flat-topped w'nere they meet 
channel margins . Clasts should a r range 

themselves by density, and only clasts 
lighter t han the moving slurry would float 
and rise above the bed top. The lack of a 
well-aligned fabric and large, dense boul-
ders perched on the conglomera te beds sug-

gest t ha t these slurries did no t behave vis-
cously. 

Plastic flow of a fairly rigid sheet o r plug 
over a zone of shear suggests dual behavior 
of the moving mass. In the upper rigid sheet 
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or plug, a plastic strength exists and large 
clasts can be held above the bed top , re-
stricted internal m o v e m e n t inhibits a well-
developed fabr ic or grading, and lateral and 
terminal margins should be steep. In the 

lower por t ion undergoing laminar shear, a 
subhor izonta l aligned fabric should de-
velop. Brushy Canyon conglomera te beds 
lack steep marginal slopes and aligned fab-
rics near the basal contact . 

N o single theory seems to explain all of 
the features of these conglomera te beds. 
Slopes ranging f r o m a few degrees to 
perhaps 15° appear to be a requisite be-
cause massive conglomera te beds occur 

Figure 14. Features in massive conglomerate beds. A. Conglomerate with large boulders near base of Brushy Canyon Formation showing discontinuous preservation of 
separating siltstone beds. B. Large boulder shown in A with preserved mantling siltstone bed (ruler is 30 cm). C. Compaction effect around large boulder standing on end 
(outlined for clarity). D. Broken, small boulder viewed from above. E. Closely packed fabric in a cobble conglomerate. F. Geopetal fabric (arrow) in a small boulder viewed from 
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mainly on, or a few ki lometeis bas inward 
of, the steepest slope at the base of the 
Brushy C a n y o n F o r m a t i o n . H o w e v e r , 
much steeper slopes existed on the G o a t 
Seep and Capi tan forereef talus, yet similar 
massive conglomera te beds at the foo t of 
these slopes are ra ther u n c o m m o n . En-
v i r o n m e n t a l c o n d i t i o n s or l i t h o l o g i c 
characterist ics of Cutof f and Victorio Peak 
rocks m u s t s o m e h o w have been di f ferent 
and cont r ibu ted to the deve lopment of mas-
sive conglomera te layers. Howeve r , the 
exact na ture of these condi t ions or charac-
teristics remains uncertain. 

Formation Contacts 

T h e Brushy C a n y o n w e d g ; a long the 
wes t face of the G u a d a l u p e M o u n t a i n s rests 
on Leonard ian rocks a long a surface of 
complex origin. T o w a r d the ':hin edge of 
this wedge, the contac t is certainly ero-
sional, the Cutof f Shale is t runca ted , and 
the Victorio Peak Limestone is deeply en-
trenched (Figs. 1, 5). Where the wedge 
thickens f r o m 150 m to more than 300 m 
between Shumard C a n y o n and Bone Can -
yon, the Brushy Canyon Fo rma t ion rests 
u n c o n f o r m a b l y u p o n Victorio Peak and 
lenses of Cu to f f , intersecting an older sur-
face of unconfo rmi ty (Pray, 1971). South of 
Bone Canyon , the Brushy C a n y o n overlies 
beds wi th lithologies very similar to those 
of the Cu to f f , a l though s t ra t igraphic as-
s ignment is disputed. There, direct evidence 
of uncon fo rmab le relations, such as chan-
neling or d ispara te dips, is _acking. The 
contac t is conformable , but a hia tus is im-
plied by mos t investigators. 

T h e f i r s t -depos i t ed Brushy C a n y o n 
sedimentary rocks are variable in character 
and include all of the types of l i thologies 
represented wi thin the fo rma t ion . In some 
places, finely laminated si l ts tane rests on 
the basal contact , bu t in o ther places, sand-
stone or massive conglomera te are the low-
est beds. I see no geographic t rend in the 
li thologic character of beds rest ing on the 
contact . The re are no sands tone or con-
g lomera te beds wi th beach characterist ics, 
such as might be ant ic ipated if a sha l low sea 
t ransgressed the sloping Leonard ian sur-
face. T h e contac t wi th Leonard ian rocks is 
everywhere sha rp and smooth . Where the 
wedge thins dramat ica l ly n o r t h w a r d f rom 
Bone Canyon , the contact is undu la t ing and 
channeled on a b road scale. Locally, I have 
no t observed small irregular-ties such as 
benches or terraces, solut ion depressions, 
o r a n i m a l b o r i n g s , b u t s o m e sma l l 
sand-filled dikes exist (Fig. 15F). 

The li thologic cont ras t be tween the car-
bona te rocks of the Leonardian Series and 
the detri tal rocks in the basinal sequence of 
the G u a d a l u p i a n Series has c o m m o n l y been 
emphasized. T h e cont ras t exists to be sure, 
but pe rhaps its abrup tness he.s been over-
emphasized. Al though consist ing p redom-
inantly of ca rbona te , some beds within the 

Victorio Peak Limestone conta in quar tz 
sand, and some beds in the Bone Spring 
Limestone conta in a b u n d a n t quar tz silt. 
Terr igenous detri tus composes a significant 
p ropor t ion of the Cutoff Shale. Al though 
the bulk of the Brushy Canyon Format ion is 
detri tal , some carbonate-r ich beds occur in 
the lower par t . Viewed in this way, the 
change in d o m i n a n t lithology across this 
s t ra t igraphic boundary is s o m e w h a t less 
a b r u p t than previously expected. 

The subaerial origin of the Leonard ian-
G u a d a l u p i a n unconfo rmi ty , implied in 
mos t in terpre ta t ions of Permian history in 
this area , is no t required by any compell ing 
evidence. Indeed, the lack of solution fea-
tures, wea thered zones, s t ream debris, 
wave-cut cliffs, beaches, or transgressive lag 
deposits points t o a different, pe rhaps sub-
marine, origin for this surface. 

The top of the Brushy C a n y o n Fo rma t ion 
was defined by King (1948) as a p r o m i n e n t 
b r o w n weather ing sands tone ledge a b o u t 
3 0 0 m above the base of the fo rma t ion in 
the De laware M o u n t a i n s and o n the slopes 
be low El Cap i t an (Figs. 4, 5, 6A, C). This 
sands tone is conglomerat ic and conta ins 
quar tz grains ranging in size up to 0 .5 m m . 
It occupies erosional channels and is absent 
in some o u t c r o p localities, bu t it does pro-
vide the best fo rmat ion bounda ry available 
in the ou tc rop area because it is nearly con-
t inuous and textural ly distinct f r o m the 
coarse siltstone or very fine grained sand-
stone of the conformably overlying Cherry 
Canyon . Al though the base of this upper-
m o s t Brushy Canyon sands tone is ero-
sional, these channels are t hough t to be no 
more significant t han the numerous chan-
nels recognized both higher and lower 
s t r a t ig raph ica l ly . M e d i u m - s i z e d q u a r t z 
grains did no t reach the basin in significant 
quanti t ies dur ing Cherry C a n y o n or Bell 
C a n y o n deposi t ion, but this textura l differ-
ence is t hough t to reflect processes and 
t r anspor t on the northv/estern shelf, ra ther 
than a hia tus or al terat ion of process in the 
basin. 

The wedge of Brushy C a n y o n sediment 
d isappears in ou tc rop aoou t 1 ,200 m nor th 
of Shirttail C a n y o n . Beyond this poin t , 
finely laminated siltstone of the sands tone 
tongue of the Cherry C a n y o n Format ion 
rests o n the Cutof f Shale. T h e d isconform-
ity represented by this contact is equiva-
lent to the t ime required for 300 m of 
sedimentat ion in the basin. This relat ion, 
typical of the ou tc rop area south of the 
T e x a s - N e w Mex ico border , is in te r rupted 
in one place between Bush M o u n t a i n and 
Bartlet t Peak. A previously unrecognized 
channel , which was first pointed ou t to me 
by Pray (1967, personal commun. ) , cuts 
th rough 70 m of the Cutof f Shale and an 
addi t ional 30 m into the Victorio Peak 
Limestone (Figs. 1, 15D, E). This channel 
is nearly 700 m wide in the Cutof f interval 
but na r rows to abou t 175 m at the top of 

the Victorio Peak. It is filled largely wi th 
l a m i n a t e d s i l t s t o n e , b u t it c o n t a i n s 
fine-grained sands tone beds and massive 
conglomera te wi th large ca rbona te blocks 
in the lower part . T h e age of the channel ing 
and fill is uncer ta in , but the posi t ion be low 
the general level of the Cherry Canyon 
tongue and the coarseness of p a r t of the fill 
suggest tha t the feature may be correlative 
with the Brushy Canyon Format ion . This 
channel may be the sole ou tc rop representa-
tive of the type of condu i t t ha t fed sediment 
in to the basin in early Guada lup i an time. 

REVIEW OF INTERPRETATION 

T h e Brushy C a n y o n Format ion is an ex-
t raord inary assemblage of detri tal beds, 
unusua l in its associat ion of textures, 
sedimentary structures, and large-scale ero-
sion and fill features. N o similar example 
has been repor ted in the l i terature to my 
knowledge , a l though some aspects resem-
ble other deep-water deposits. I believe tha t 
its unusua l characterist ics can best be at-
t r ibuted to n o n t u r b i d density currents tha t 
at t imes scoured the sea floor or flowed 
confined in channels cut by earlier currents . 
At other times these currents mus t have 
traveled into the basin above denser wa te r 
masses as in t ras t ra ta l flows losing sediment 
slowly into underlying s t agnan t water (Fig. 
2). I reached this conclusion because 
energetic processes and substant ial deposi-
tion are required in a basin conta in ing rela-
tively deep water , bu t in a style n o t compa t -
ible wi th our unders tand ing of turbidi ty 
currents . 

Evidence Suggesting Deep Water 
During Brushy Canyon Deposit ion 

The Brushy Canyon Format ion has been 
interpreted in the past as a shoal-water de-
posit . O n e vital step in in terpre ta t ion is t o 
eva uate this content ion and est imate the 
dep th of wa te r tha t prevailed dur ing depo-
sition. Several k inds of evidence are nega-
tive, in tha t they emphas ize features tha t are 
absent in the Brushy C a n y o n Format ion . 
However , I believe tha t the fol lowing ar-
guments n a r r o w the range of plausible 
hypotheses: 

1. There are no shorel ine deposits , sea 
cliffs, o r mar ine terraces fo rmed on the 
s loping unconfo rmi ty under la in by Leon-
ard .an rocks. The stratif ication sequences, 
textural gradients , and sedimentary struc-
tures tha t have become well k n o w n in re-
cent years f r o m both modern and ancient 
examples of shoreline and nearshore de-
posi ts have no t been recognized in any p a r t 
of the Brushy C a n y o n Format ion . If the 
wa te r had been shal low dur ing any f rac t ion 
of Brushy C a n y o n t ime, evidence of 
shorel ine processes should be f o u n d on the 
unconfo rmi ty where ::t rises 300 m in 3.5 
km, 

2. The re are no systematic facies changes 
in the Brushy Canyon wedge tha t would 
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Figure 15. Features in conglomerate beds and at basal Brushy Canyon Formation contact. A. Large carbonate slab 30 m long (above bracket) near base of Brushy Canyon 
Formation southwest of El Capitan. B. Deformed sandstone just beneath conglomerate zone shown in A and short distance to southeast (ruler is 30 cm). C. Graded 
granule-bearing sandstone capping massive conglomerate layer. D. South wall of channel cut in Victorio Peak Limestone near Bush Mountain. E. North wall of channel cut in 
Victorio Peak Limestone near Bush Mountain has slope of 35° at man's foot. F. Sandstone dikes (arrows) extending from base of Brushy Canyon sandstone into Victorio Peak 
Limestone in Shumard Canyon (ruler is 30 cm). 

suppor t an interpreta t ion of shal low to 
deep or shoreline to of fshore processes. O n 
the cont rary , the types of lithologies, their 
p ropor t ions , and the style of sedimenta t ion 
are generally similar regardless of geo-

graphic or s trat igraphie posi t ion. Only the 
massive conglomera te beds are concen-
t ra ted wi thin the lower 5 0 m of the forma-
tion where the pos t -Leonard ian uncon-
formity is steepest. However , these con-

glomerate beds do no t have characteristics 
tha t necessarily link them to a shallow-
water or shoreline origin. 

3. There is no certain evidence of a 
pos t -Leonard ian , p re -Guada lup ian emer-
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gence anywhere in the ou tc rop area, as 
wou ld be required if the lower p a r t of the 
Brushy C a n y o n Format ion was deposi ted in 
shal low wate r . Weathered zones, soils, so-
lution features, and s t ream debris are all ab-
sent along the Leona rd ian -Guada lup ian 
contac t . 

4. Fossils tha t indicate sha l low-water 
envi ronments , as do the fusilinids dur ing 
Cap i t an deposi t ion (Newell and others , 
1953 , Fig. 79), have been t ranspor ted ; their 
presence in Brushy C a n y o n channel fills 
implies s t rongly tha t suitable sha l low-water 
env i ronments existed somewhere to the 
west o r n o r t h w e s t dur ing par t s of early 
G u a d a l u p i a n time. There are few biogenic 
s t ructures in Brushy C a n y o n sediment ; in 
cont ras t , such spoors are c c m m o n in sandy 
or m u d d y shal low mar ine env i ronments of 
no rma l salinity. 

5. The Brushy Canyon siltstone and 
sands tone interval changes rransitionally to 
marginal c a r b o n a t e facies and shelf facies 
a long the nor the rn and eastern rim of the 
De laware basin, according to interpreta-
t ions of subsur face da ta . Al though correla-
t ions are imprecise, it is unlikely tha t the 
Brushy C a n y o n abuts against a slope of 
Leonard ian rocks in the subsurface as in the 
ou tc rop . Therefore , subsur face da ta imply 
tha t the Brushy Canyon was deposi ted in 
deeper basinal waters tha t were par t ly sur-
rounded by con temporaneous ly building 
shoals, a pa t te rn similar to tha t of later 
G u a d a l u p i a n time. 

6. M a n y of the lithologies a n d sedimen-
tary features of the Brushy C a n y o n Forma-
tion resemble those of the Cherry C a n y o n 
and Bell C a n y o n Format ions where these 
units in ter tongue with reef talus and were 
a lmos t certainly deposi ted :n wa te r depths 
ranging f rom 300 to 6 0 0 m. Al though the 
Brushy C a n y o n Fo rma t ion conta ins some 
beds tha t are coarser grained or con-
glomerat ic , the bulk of sediment th rough-
ou t the 1 ,000-m-th ick De laware G r o u p is 
r emarkab ly un i fo rm. 

Cons ider ing these six points , I believe 
tha t the Brushy C a n y o n sea m u s t have 
s tood at or above the level of the Cutof f and 
Victorio Peak Format ions in the o u t c r o p 
area (Fig. 1). This in terpre ta t ion requires 
wa te r depths greater t han 300 m a shor t 
dis tance bas inward early in G u a d a l u p i a n 
time. 

Evidence Suggesting Nonturbid 
Density Flows 

1. Incised channels and sands tone beds 
restricted to channel floors indicate tha t 
erosion and some deposi t ion were accom-
plished by bo t tom-hugg ing currents . Be-
cause the or ienta t ion of ths channels and 
direct ional features wi th in channels indi-
cate f low downs lope and perpendicular to 

the basin margin , gravitat ionally propel led 
density flows appear to be required. 

2. Tex tu ra l grading and well-organized 
strat if ication sequences tha t have been so 
widely recognized in turbidi te units, bo th 
m o d e r n and ancient, are lacking in all but a 
small f ract ion of Brushy C a n y o n sands tone 
beds. T h e absence of these well-established 
c h a r a c t e r i s t i c s s u g g e s t s t h a t t h e 
mechanisms of t r a r s p o r t and deposi t ion 
were substantial ly di f ferent f r o m turbidi ty 
cur ren t processes. 

3. Clay-sized material is rare in o u t c r o p 
or in subsurface material represent ing the 
De laware M o u n t a i n G r o u p t h r o u g h o u t the 
basin. Clay, either dispersed wi thin sand-
s tone or segregated as beds, is too sparse to 
have caused repeated, large turb id flows. 
Silt-sized mater ia l is extremely a b u n d a n t 
t h r o u g h o u t the Delaware basin bu t is 
common ly segregated f r o m sands tone beds. 
Turb id i ty currents , generated by suspended 
silt, could no t be the p r imary mechan ism 
tha t e roded and fi lee channels because silt-
s tone beds mant le the large-scale erosional 
features w i thou t regard to t o p o g r a p h y and 
do no t consistently overlie erosion surfaces. 
Cur ren t s propel led by suspended silt should 
relate to t o p o g r a p h c features and move 
th rough channels ; the small number of 
graded, sandy t o silty beds no ted in o u t c r o p 
studies p robab ly did or iginate as turbidi ty 
currents . 

4. Conf igura t ion of beds il lustrated in 
Figure 2 is no t similar to sediment f o u n d in 
and a long channels on modern deep-sea 
fans built by turbidi ty currents (for a sum-
mary of Holocene fan characterist ics, see 
H a n e r , 1971, Table 5). In the Brushy Can-
yon Format ion , sands tone beds are re-
stricted to channel floors; these beds taper 
a b r u p t l y a t c h a n n e l m a r g i n s , a r e 
flat-topped and do not extend u p the chan-
nel margin , s h o w no lateral fining in tex-
ture, and are no t bounded by levees. All of 
these characteristics indicate tha t sand w a s 
t ranspor ted by tract ion mechanisms close 
to the channel floors. If the sand had been 
t ranspor ted as par t of a tu rb id flow, the 
finer pa r t of the dispe-sed sediment might in 
some places extend u p the channel margins 
for a dis tance equivalent to the m a x i m u m 
thickness of the passing turbid water mass, 
o r it might build levees as the channels 
filled. The middle and lower parts of mod-
ern deep-sea fans fo rmed by turbidi ty cur-
rents have substant ial levees separa t ing 
channel and interchannel areas. Systematic 
textura l gradients related to levee posi t ion 
have been observed or implied in several 
studies of modern fans. Siltstone beds of the 
Brushy C a n y o n mant le channel floors, 
margins , and interchannel areas w i thou t 
appreciable changes in thickness or texture. 
If the silt was moved as bo t tom-hugging 

tu rb id flows, a greater thickness of silt pre-
sumably would be deposited on channel 
floors because the co lumn of turb id wa te r 
wou ld be thicker over such areas. Because 
this is no t the case, silts mus t have been 
t ranspor ted by currents tha t were unaf -
fected by b o t t o m topography . Sullwold 
(1961, Fig. 2) presented a d iagram of tur-
bidites similar in some respects to Figure 2 
of this paper . Howeve r , i m p o r t a n t differ-
ences are evident; in his d iagram, sands tone 
beds are graded, some na tura l levees de-
velop, and mant l ing layers are lutite ra ther 
lhan coarser silt. 

5. N o p rox ima l and distal facies rela-
t ions have been established for the Dela-
ware G r o u p on a local or regional scale. 
Studies of m o d e r n and ancient turbidi ty 
cur ren t deposi ts suggest tha t gradients in 
texture , bed thickness, and strat if ication se-
quence common ly exist (Walker , 1967; 
H a n e r , 1971, Fig, 15). Brushy C a n y o n 
sedimentary rocks exposed along the west 
face of the Guada lupe M o u n t a i n s show no 
recognizable gradients of these kinds. Core 
samples of the Bell C a n y o n and Cherry 
C a n y o n Format ions taken in the De laware 
basin 50 to 80 km f rom the basin marg in 
closely resemble ou tc ropp ing sediments in 
texture , bed thickness, and type of sedimen-
tary s t ructures . The currents carrying sedi-
men t in to the De laware basin did no t 
change in t r anspor t capacity or regime over 
large distances. 

Cons ider ing these five points , I believe 
tha t density currents f lowed into the Del-
a w a r e basin pri marily because of higher sa-
1: nity or lower t empera ture , and no t be-
cause of suspended fine sediment. These 
e v a p o r a t i o n - c o n c e n t r a t e d or seasonal ly 
chilled wa te r masses mus t have developed 
on the nor thwes te rn shelf while the middle 
and upper par t s of the San Andres Lime-
stone and the Artesia G r o u p were being de-
posi ted. Once set in mot ion , en t ra ined sed-
iment wou ld add to the effective density of 
the wate r . I picture the bo t tom-hugging 

TABLE 1 . DENSITY AND VISCOSITY OF NaCl SOLUTIONS FOR 
VARIOUS CONCENTRATIONS AND TEMPERATURES (INTERPOLATED 

FROM INTERNATIONAL CRITICAL TABLES) 

S a l i n i t y 
n t t NaCl 

0°C 1()°C 20°C 30°C 40°C 

0 p* 1 . 0 0 0 0 . 9 9 9 0 . 9 9 8 0 . 9 9 6 0 . 9 9 2 
P+ 1 . 7 9 1 . 3 1 1.00 0 . 8 0 0 . 6 6 

1 . 5 p 1.011 1 . 0 1 0 1 . 0 0 9 1 . 0 0 6 1 . 0 0 3 
V 1 . 8 1 1 . 3 3 1 . 0 2 0 . 8 2 0 . 6 8 

3 p 1 . 0 2 2 1 . 0 2 1 1 . 0 1 9 1 . 0 1 6 1 . 0 1 3 
w 1 . 8 3 1 . 3 5 1 . 0 4 0 . 8 4 0 . 7 0 

6 p 1 . 0 6 1 1 . 3 5 9 1 . 0 5 6 1 . 0 5 2 1 . 0 4 8 
11 1 . 8 7 1 . 4 0 1 . 0 8 0 . 8 8 0 . 7 3 

10 p 1 . 0 7 7 1 . D 7 4 1 . 0 7 1 1 . 0 6 7 1 . 0 6 2 
u 2 . 0 5 1 . 5 4 1 . 1 9 0 . 9 7 0 . 8 1 

15 p 1 . 1 1 6 1 . 1 1 3 1 . 1 0 8 1 . 1 0 4 1 . 0 9 9 
u 2 . 2 9 1 . 7 2 1 . 3 3 1 . 0 8 0 . 9 0 

22 p 1 . 1 7 3 1 . 1 6 9 1 . 1 6 4 1 . 1 5 9 1 . 1 5 4 
V 2 . 9 7 2 . 2 2 1 . 7 0 1 . 3 7 1 . 1 3 

* p = density in g/cm3. 
t y = viscosity in centipoise. 
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currents moving like a river, flowing f r o m 
the shelf in to the basin, cut t ing channels , 
and filling them wi th sand. These currents 
flowed under an " a t m o s p h e r e " of basin 
waters , whereas the silt-depositing intra-
stratal flows moved over the basin like a 
high-alt i tude dust s torm. 

Is it plausible to suggest tha t saline, cold 
currents could move into a basin wi th 
sufficient velocity to erode or t r anspor t 
s a n d - s i z e s e d i m e n t , e s p e c i a l l y w h e n 
strat if ication indicates tha t upper flow re-
gime was commonly at tained? I believe the 
suggestion is plausible, bu t our lack of 
knowledge of many i m p o r t a n t variables 
prevents an uncondi t ional aff i rmat ion. T h e 
density a n d viscosity of sodium chloride 
solutions over a range of salinities and 
tempera tures are listed in Table 1. Temper-
a ture influences the density of these solu-
t ions slightly between 0° and 40°C, but vis-
cosity varies by a factor of abou t 2.5. Salin-
ity changes density to a greater degree than 
tempera ture over a range of likely concen-
tra t ions and has a lesser effect on viscosity. 
Based on the summary by Midd le ton 
(1966a, 1966b) of his exper iments wi th 
saline density currents , a m o n g others , it 
appears tha t the head of a density current 
can move faster than 0.5 m/sec w h e n den-
sity cont ras t is 0 .05 g/cm3 and the head is 
more than 1 m thick (Middle ton , 1966a, 
Fig. 17). The velocity of un i fo rm flow be-
hind the head, a more impor t an t fac tor in 
evaluat ing my interpre ta t ion of the Dela-
ware M o u n t a i n G r o u p sediment, is more 
difficult to est imate because of the uncer-
tainty a b o u t slope, hydraul ic radius, density 
contrast , and resistance coefficient (Middle-
ton, 1966b, Eq. 4). However , velocities of 
un i fo rm flows would commonly equal or 
exceed the velocities a t ta ined by head 
surges (Middle ton, 1966a , Fig. 15). There-
fore, it seems possible tha t thin density 
flows could move at velocities exceeding 
0.5 m/sec or more if density contras ts 
reached a few hundred ths of a g ram per 
cubic centimeter. Combina t ions of salinity 
and tempera ture in Table 1 can be selected 
to obta in density contras ts of this mag-
ni tude tha t still remain wi thin envi ronmen-
tally reasonable limits. Larger viscosities, 
caused by lower tempera tures and higher 
salinities, can addi t ional ly shift t r anspor t to 
upper flow regime mechanisms (Harms and 
Fahnestock, 1965, p. 87). 
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LITHOFACIES OF THE BONE SPRING FORMATION 
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DEPOSITIONAL ENVIRONMENTS OF THE BONE SPRING FORMATION   
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ABSTRACT

New exploration in the Permian (Leonardian)
Bone Spring formation has indicated regional
potential in several sandstone sections across por-
tions of the northern Delaware basin. Significant
production has been established in the first, sec-
ond, and third Bone Spring sandstones, as well as in
a new reservoir interval, the Avalon sandstone,
above the first Bone Spring sandstone. These sand-
stones were deposited as submarine-fan systems
within the northern Delaware basin during periods
of lowered sea level. The Bone Spring as a whole
consists of alternating carbonate and siliciclastic
intervals representing the downdip equivalents to
thick Abo-Yeso/Wichita-Clear Fork carbonate
buildups along the Leonardian shelf margin.
Hydrocarbon exploration in the Bone Spring has
traditionally focused on debris-f low carbonate
deposits restricted to the paleoslope. Submarine-
fan systems, in contrast, extend a considerable dis-
tance basinward of these deposits and have been
recently proven productive as much as 40–48 km
south of the carbonate trend.

INTRODUCTION

Recent exploration in the Delaware basin of
southeastern New Mexico and west Texas has signif-
icantly expanded oil and gas production from the
Permian Bone Spring formation (Figure 1). The Bone
Spring is a heterolithic sequence up to 1060 m thick
comprising slope-to-basin carbonate and siliciclastic
sedimentary rocks of Leonardian age (Gawloski,
1987; Mazzullo and Reid, 1987; Saller et al., 1989;
Mazzullo, 1991). The formation represents the
downdip equivalent to thick shelf and shelf-margin
carbonates that rimmed the Delaware basin during
deposition of Leonardian strata (Saller et al., 1989;
Mazzullo, 1991) (Figure 2). The Bone Spring is 
overlain by the Cutoff formation (uppermost
Leonardian?), which in turn underlies the thick
Delaware Mountain Group (Brushy Canyon, Cherry
Canyon, and Bell Canyon formations). The Bone
Spring conformably overlies limestones dated by
fusulinids as lower Leonardian (Mazzullo and Reid,
1987). Internal divisions of the Bone Spring include
three alternating carbonate and sandstone intervals,
labeled, respectively, first, second, and third with
increasing depth (Figures 2, 3). Recent drilling and
field reevaluation have identified a fourth significant
sandstone interval above the first Bone Spring sand-
stone. This fourth sandstone is restricted to certain
portions of the slope and northern basin and is infor-
mally named the Avalon sandstone.

These rocks can be broadly divided into slope and
basin assemblages, with significant overlap between
the two. Slope deposits consist mainly of highstand
basinal carbonates and lowstand detrital carbonates
and submarine-fan siliciclastics (Gawloski, 1987;
Mazzullo and Reid, 1987; Saller et al., 1989). In the
basin assemblage, detrital carbonates are rare, and the
Bone Spring formation is comprised of alternating 
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spiculitic limestone, pelagic shales, and submarine-fan
deposits.

Reservoirs in slope assemblage rocks occur 
in three lithologies: (1) dolomitized carbonate
megabreccias, (2) dolomitized bioclastic and
peloidal packstones, and (3) very fine to fine grained

turbiditic sandstones. Basin assemblage reservoirs
are exclusively in the last reservoir type, correspond-
ing to submarine-fan sandstones. Allochthonous car-
bonates were deposited as submarine debris flows,
with material derived mainly from the shelf and
deposited along the lower portions of the slope.

1240 E&P Notes

Figure 1—Regional map 
and Permian stratigraphic
column, Delaware basin.
Map shows location of Bone
Spring production relative
to major tectonic elements.
Cross section line refers to
Figure 2.
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These deposits thus have a restricted occurrence;
however, reservoir sandstones, representing mainly
submarine channel and levee deposits, extend into
the basin proper and thus define more regional
exploratory targets. This more regional distribution
has been recently confirmed by discoveries in south-
ern Lea County (New Mexico), including Red Hills
field, located approximately 64 km south of the
main slope productive trend (Figure 1). Equally sig-
nificant are Bone Spring sandstone discoveries in
western Ward County (Texas) along the margin of
the Central Basin platform (CBP). Drilled in late
1996 and early 1997, these Texas discoveries effec-
tively open up large new areas for Bone Spring
exploration both in the deeper basin and along the
CBP margin.

To date, drilling on the slope has established
production in the second and third carbonate
intervals, as well as in the Avalon, first Bone
Spring, and second Bone Spring sandstones. Not
all these reservoirs produce in any single location.
South of the main slope trend in Lea County (New
Mexico), between T20S and T24S, the Avalon, first
Bone Spring, and second Bone Spring sandstones
have proven productive. Still farther south, in
T25S, R33-34E (Red Hills field), and along the
western margin of the CBP in Ward County
(Texas), the third Bone Spring sandstone forms
the dominant reservoir zone.

Early exploration in the Bone Spring formation
focused on sandstone intervals because these 

represent regional equivalents to the highly produc-
tive Dean and lower Spraberry intervals of the
Midland basin. In addition, early scattered production
in the eastern part of the basin, near the margin of the
CBP, was established in what were called upper
Wolfcampian sandstone reservoirs, now known to
compose the third Bone Spring sandstone. During the
1970s and 1980s, interest shifted to oil potential in
the second Bone Spring and third Bone Spring car-
bonate intervals (Gawloski, 1987). This resulted in a
number of significant fields, such as Mescalero
Escarpe, Scharb, Airstrip, Young North, and Buckeye
(see Figure 1). Moderate-to-good reservoir quality and
high production rates in these carbonates contrasted
with low-permeability, and often low-productivity,
Bone Spring sandstones. Subsequent activity during
the early 1990s focused new interest on these sand-
stones in light of serendipitous and targeted discovery
in fields such as Old Millman Ranch and Young North.
Success in these areas in the first and second Bone
Spring sandstones encouraged reevaluation of the
third Bone Spring sandstone interval to the south,
resulting in discovery at Red Hills field in 1995 and at
War-wink West in 1996.

Recent drilling has had several important conse-
quences, including (1) extending the existing Bone
Spring sandstone productive trend as much as 48
km to the southwest, (2) locating reserves in new
portions of the basin, (3) discovering a new produc-
tive reservoir zone (Avalon sandstone), and (4) delin-
eating areas and patterns of productivity for different

Montgomery 1241

Figure 2—Schematic 
north-south regional 
cross section, northern
Delaware basin, illustrating
general shelf-to-basin 
relationships in Leonard
deposits and productive
Bone Spring zones for 
various fields. Modified
from Gawloski (1987),
Saller et al. (1989), and 
Mazzullo (1991).
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sandstone intervals in the Bone Spring. The overall
result is that there now exist three overlapping sand-
stone play areas for Bone Spring drilling in the
Delaware basin. These areas consist of two basin
margin plays—the first along the northern slope and
the second along the margin of the CBP to the
east—and a downdip basinal play concentrated in
the northern one-half of the basin. A fourth potential
play, not discussed here, exists in detrital carbonates
along the CBP margin.

This paper is divided into two parts, both focus-
ing on sandstone reservoirs. Part one provides
regional background and specific data on first and
second Bone Spring sandstone production along
the northern slope. Part two examines downdip
areas, concentrating on the Red Hills field area.
Previous work on the petroleum geology and
potential of the Bone Spring formation can be
found in Silver and Todd (1969), Wiggins and
Harris (1985), Gawloski (1987), Mazzullo and Reid
(1987), Saller et al. (1989), Mazzullo (1991), Hayes
(1995), and Hart (1997). In addition, in this paper, I
summarize and update such work, presenting new
data from Old Millman Ranch, Young North, Red
Tank, and Red Hills fields.

REGIONAL SETTING

The Delaware basin represents the westernmost
portion of the Permian basin geologic province and
is bounded on three sides by major basement uplift
features (see Figure 1): the Marathon fold belt to
the south, the Diablo platform to the west, and the
CBP on the east. The northern boundary of the
Delaware basin is the Northwest shelf. Between
this boundary and the CBP, a narrow passage
known as the San Simon channel connected the
Delaware basin with the Midland basin during
Leonardian deposition.

The Delaware basin as a whole is divided into
southern and northern portions by the east-
west–trending Mid-Basin fault, a major strike-slip
fault zone that continues eastward into the CBP
and is related to late Paleozoic structural evolution
of this uplift (Shumaker, 1992). North of this fault
zone, structures include local reverse faulting and
graben development along the border of the CBP,
and minor anticlinal features along the Leonardian
slope in southeastern New Mexico. Published seis-
mic and structural data for the western margin of
the CBP reveal large-scale faulting with consider-
able diversity in structural style and up to 666 m or
more of offset at the base of the Wolfcampian
(Hills, 1984; Frenzel et al., 1988; Kosters et al.,
1989; Shumaker, 1992; Yang and Dorobek, 1995)
(Figure 3). Proprietary isopach and structure data
suggest that movement continued locally through

deposition of the lowermost Leonardian and third
Bone Spring sandstone. An apparent southeastern
regional tilt was imposed during the Late
Cretaceous–early Tertiary as a result of Laramide
transpression in the Trans-Pecos region to the west
(Dickerson, 1985).

BONE SPRING LITHOFACIES

The Bone Spring formation consists of three
main carbonate intervals and three or four sand-
stone zones (Figure 4). Six major lithofacies have
been identified.

Spiculitic Limestone Facies

The spiculitic limestone facies consists of dark,
dense, carbonaceous wackestone and mudstone
containing varying amounts of sponge spicules.
Such basinal material composes the major portion
of the first (or upper) Bone Spring carbonate and
the downdip, basinal portions of the second and
third Bone Spring carbonate intervals. This lithofa-
cies may constitute an important source rock with-
in the basin proper.

Pelagic Shales and Siltstone Facies

The pelagic shales and siltstone basinal facies
consist of dark, thinly bedded, calcareous shales
and siltstones that occur within Bone Spring sand-
stone intervals, both along the slope and in the
basin. Pelagic facies rocks act as important seals to
productive submarine-fan sandstones.

Laminated Mudstone Facies

Black, laminated dolomitic mudstone exists
mainly along the slope, grading downdip into spi-
culitic limestones. The laminated mudstones con-
sist of 75–90% microcrystalline dolomite and con-
tain up to 4.3 wt. % total organic carbon. These
facies have been identified geochemically as proba-
ble source rocks for oil in Bone Spring reservoirs
along the slope (Saller et al., 1989). In places, the
mudstones are intercalated with thin beds of bio-
clastic chert (e.g., at Scharb field) (see Bradshaw,
1989).

Dolomitized Breccia Facies

Coarse, angular detritus in a packstone-wackestone
matrix comprises the dolomitized breccia facies.

1242 E&P Notes
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Individual clasts display a range of compositions,
including laminated siltstone, cross-bedded peloidal
packstones and grainstones, bryozoan-algal bound-
stones, and coral-bearing skeletal debris (Wiggins and
Harris, 1985; Gawloski, 1987; Saller et al., 1989).
Such variety is interpreted to indicate derivation from
the shelf and upper slope. Deposition is inferred to
have taken place by submarine debris flows, possibly
during periods of sea level lowstand (Wiggins and
Harris, 1985; Mazzullo and Reid, 1987). This facies
comprises an important reservoir within the second
and third Bone Spring carbonates of the slope pro-
ductive trend.

Dolomitized Bioclast Packstone Facies

The dolomitized bioclast packstone facies is
associated with the dolomitized megabreccia facies
and consists of bioclast-pelloid packstones with

lesser amounts of wackestone and grainstone.
Grains are mainly skeletal debris derived from
crinoids, bivalves, sponges, and other genera.
Fractures are abundant in certain portions of this
facies, producing in-situ breccias and greatly
enhancing reservoir quality. At Mescalero Escarpe
field, bioclast-peloid dolomites comprise the lower,
thicker portion of the second Bone Spring carbon-
ate. Elsewhere, this facies has been proposed for
parts of the first and third carbonate intervals as
well (Mazzullo, 1991).

Fine-Grained Sandstone Facies

The fine-grained sandstone facies is generalized
to include all four sandstone intervals in the Bone
Spring formation (Avalon, first, second, third Bone
Spring sandstones). (Individual sandstone facies
types will be discussed in following sections.)
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These strata consist of very fine to fine grained
quartzose sandstones and siltstones with 6–12%
clay (by volume) and significant authigenic
dolomite cement (up to 30%). Sand grains consist of
angular to subangular quartz (45–75%) and lesser
feldspar (4–22%), with textures ranging from well
sorted to very poorly sorted. The sandstones are
commonly interlaminated with dark organic-rich
layers. Sedimentary structures include horizontal
and inclined lamination, ripple cross-lamination,
trace fossils, convoluted bedding, flame structures,
and bioturbation. The high clay content of these

sandstones generally produces a low-resistivity, high
gamma-ray log signature.

Slope assemblage strata include all six lithofacies
types. Basin assemblage rocks consist of spiculitic
limestones, pelagic shales and siltstones, and sand-
stone lithofacies. Depending upon the location,
individual Bone Spring sandstone zones consist of
varying proportions of channel, levee/overbank,
and fan-lobe subfacies with occasional interbeds of
basinal limestone and pelagic shale. Clay content
and dolomite cement are lowest (both <10%) and
reservoir quality is highest in channel sandstones.

1244 E&P Notes

Figure 4—Type log, Bone
Spring formation, Young
North field, Lea County,
New Mexico. Courtesy 
Harvey E. Yates Company.
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SANDSTONE DISTRIBUTION

The specific distribution of sandstone development
in the Bone Spring is an important consideration in
recent Bone Spring exploration. Regional isopach
data indicate the basin had a north-northwest
axis, with sediment delivered to the slope by
means of local submarine canyons and channels,
as well as slump and debris f lows. In the north-
ern one-half of the Delaware basin, sediment
source areas included both the Northwestern
shelf (first and second Bone Spring sandstones)
and CBP (third Bone Spring sandstone).
Comparison of isopach maps for individual sand-
stone intervals suggests that sediment supply
was somewhat localized along the slope, produc-
ing complex lateral relationships between indi-
vidual submarine-fan systems with sheet-type
sands downdip. Sea level drop caused fan sys-
tems to prograde into the basin proper, produc-
ing coarsening-upward vertical successions in
some areas.

The first and second Bone Spring sandstones are
widespread throughout the northern Delaware
basin (New Mexico portion), but display maximum
development along the northern slope. Along the
margin of the CBP, they are silty and clay rich and
thus appear to represent distal deposits. On the
slope, the first Bone Spring sandstone is slightly
coarser grained on average than the second Bone
Spring sandstone, suggesting more proximal sedi-
ment input. The Avalon sandstone exists only
along the central portion of the slope and in areas
immediately downdip, with maximum develop-
ment south of the slope productive trend (for
example, in southeastern Eddy County, New
Mexico). The Avalon, first Bone Spring sandstone,
and second Bone Spring sandstone were derived
from the north, as indicated by dipmeter data,
isopach patterns, fan morphology, and channel
orientation.

In contrast, the third Bone Spring sandstone is
thin to absent along much of the northern slope,
instead displaying maximum development in the

Montgomery 1245

Figure 5—Block diagram illustrating depositional environments inferred for the Spraberry and Dean sandstones of
the Midland basin. Similar environments may have existed for the equivalent Bone Spring sandstones of the
Delaware basin. From Handford (1981).
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northeastern basin and along the margin of the
CBP. Regional cross sections between western
Ward County (Texas) and southernmost Lea
County (New Mexico) show the third Bone Spring
sandstone to be consistently 90 m or more thick. In
contrast, it is less than 33 m thick at Young North
field and absent in Mescalero Escarpe field.

Dipmeter data from wells at Red Hills field suggest
a source area to the northeast (L. Brooks, 1997, per-
sonal communication). Published isopach, struc-
tural, and facies distribution data at Scharb field,
Lea County (New Mexico), located 19 km south of
the Abo-Yeso shelf edge, indicate a similar north-
eastern source for multiple carbonate debris-flow
units (Mazzullo and Reid, 1987). This source has
been explained as the result of local channeling;
however, proximity to the CBP margin (8 km) may
argue for more detailed study.

DEPOSITIONAL HISTORY

The Bone Spring formation was deposited as the
slope and basinal equivalent to thick carbonate
sequences that rimmed the Delaware basin (Saller
et al., 1989). These carbonate sequences are vari-
ously referred to as the Abo and Yeso intervals
along the Northwest shelf and the Clear Fork and
Wichita intervals along the Central Basin platform
(see Figures 2, 3). The thick, laterally confined shelf
margin buildups in these sequences indicate a dom-
inance of vertical growth during this time, with
only slight basinward progradation. Sedimentation
was controlled by a combination of basinal subsi-
dence and cyclic sea level fluctuations (Saller et al.,
1989). Subsidence appears to have been fairly
rapid, because up to 365–455 m of depositional
relief exists between the northern shelf margin and
toe of the slope (Wiggins and Harris, 1985;
Gawloski, 1987; Saller et al., 1989), with even
greater relief along the CBP (Hills, 1984).

Interpretations of Bone Spring depositional his-
tory have proposed cyclic sedimentation, with
major lithofacies tracts associated with sea level
changes (Saller et al., 1989; Mazzullo, 1991).
During periods of rapid sea level rise, carbonate
production and vertical growth along the shelf mar-
gin were presumably at a maximum, with resedi-
mented carbonates dominant on the slope and in
the basin. At maximum highstand, the shelf margin
built to near sea level, and a combination of physi-
cal (e.g., wave related) and biological erosion pro-
duced significant amounts of accumulating detritus
that periodically collapsed into debris flows that
reached the slope and slightly beyond. Deposition
was fairly localized and produced numerous indi-
vidual lenses of megabreccia with complex lateral
relationships. Saller et al. (1989) indicated that
paleoslope angles of at least 10–15° may have been
required for breccia deposition. In central and
southwestern Eddy County (New Mexico), paleo-
slope angles averaged about 6° and progradation of
the shelf margin took place. Strong currents within
the San Simon Channel dispersed most or all
debris-flow material that may have been produced.
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An important question concerns the possibility of
Leonardian carbonate debris-flow deposits along
the western margin of the CBP. Similar deposits, tra-
ditionally assigned to the Wolfcampian but possibly
Leonardian in part, are well known at Coyanosa

field (northern Pecos County, Texas), along the
southern margin of the CBP.

Episodes of sea level fall and lowstand allowed
sand to be carried across the shelf and to bypass
the shelf margin. On the basis of paleoclimatic
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interpretations, some workers have proposed that
much sand was supplied to the shelf margin by
eolian processes (Saller et al., 1989). From there, it
was conveyed to the slope and basin floor mainly
by means of gravity flow processes, such as subma-
rine slump, debris flow, and canyon-incised valley
transport, similar to those processes proposed for
the correlative Spraberry and Dean submarine-fan

systems of the Midland basin (Figure 5) (see, for
example, Handford, 1981). Specific patterns of sub-
marine-fan development were influenced by slope
morphology, including bathymetric changes intro-
duced by underlying carbonate debris-flow deposits.
Fan systems that developed relatively early during
periods of sea level fall were prone to subsequent
basinward progradation, producing downlapping
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Figure 10—Core photographs from the Young Deep 25 well (Sec. 10, T18S, R32E) showing three major facies types
associated with the productive C zone, Young North field. (A) Ripple cross-bedded channel facies; (B) levee/over-
bank facies; (C) pelagic facies. Data courtesy Harvey E. Yates Company.
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Figure 10—Continued.
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Figure 10—Continued.
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relationships between channel-levee facies and
underlying distal fan-lobe facies. Lobe abandonment
and lower energy regimes associated with sea level
rise resulted in deposition of pelagic facies.

BONE SPRING SANDSTONE RESERVOIRS: 
THE SLOPE

New drilling in the Bone Spring formation along
the northern slope has targeted three intervals in par-
ticular: the first Bone Spring, the second Bone
Spring, and the Avalon sandstones. Of these, the first
and second Bone Spring sandstone intervals dis-
played better reservoir quality and higher per-well
reserves. Core and log analyses have related reservoir
properties to specific subfacies of each submarine-
fan system. Lateral pinch-out of reservoir sandstones
and low-relief closures comprise the major traps. The
Avalon zone appears to show maximum productivity
downdip from the slope; for example, in Red Tank
field (T23S, R32E).

Old Millman Ranch: First Bone Spring
Sandstone

Old Millman Ranch field is located in central Eddy
County (T20S, R28E), approximately 32 km west-
southwest of the main slope productive trend (see
Figure 1). The field is associated with a structural
nose and produces from multiple zones, including
the Pennsylvanian Strawn and Morrow and Permian
“Wolfcamp” and Delaware Mountain Group (Hayes,
1995). Initial production from the first Bone Spring
sandstone was established in 1991; by 1995, over 20
producers had been drilled, with cumulative pro-
duction of 383,571 bbl oil and 10.5 Gcf gas.

A hydrocarbon column of at least 182 m is pres-
ent in the field, with net pay in the first Bone Spring
sandstone ranging up to 56 m. Reservoir sandstones
are described as very fine grained, with porosities of
10–16.5%, permeabilities of 0.1–6.3 md, and an
average water saturation of 60% (high due to clay-
bound water). The first Bone Spring sandstone pro-
duces sweet, 40° API oil and high-BTU gas (1180
BTU/kcf). A type log through the entire reservoir
interval is given in Figure 6. The first Bone Spring
sandstone is 55–61 m thick, with up to 90% of this
comprising the net pay section.

Figure 7 provides structure and net pay isopach
data for the field and shows the presence of a south-
east-trending anticlinal feature and a submarine-fan
system fed from the northeast. The data suggest
structurally controlled ponding of sediment, with
maximum pay thickness in channel sandstones
along the northeastern flank of the anticline. Log

data indicate southwestward progradation of the rel-
evant fan system due to spillage of sediment across
the structure.

Young North: Second Bone Spring Sandstone

Young North field (T18S, R32E) is located in west-
ern Lea County (New Mexico), approximately 35 km
northeast from Old Millman Ranch. Among the more
western pools within the Bone Spring detrital carbon-
ate trend, the field also produces from Pennsylvanian
(Morrow, Strawn) and Permian (Bone Spring,
Delaware Mountain) reservoirs. The second Bone
Spring sandstone was developed as an oil reservoir in
the field during the early 1990s. As of mid-1996, a
total of 25 wells had been completed in the second
sandstone, with cumulative production of approxi-
mately 575,000 bbl. Volumetric calculations indicate
22 million bbl of original oil in place, of which 14%
(2.5 million bbl) are considered recoverable.

The regional structural position of the field is
indicated on the three-dimensional seismic profile
of Figure 8. Young North lies near the base of the
slope, where major sandstone intervals, both with-
in the Bone Spring and the overlying Delaware
Mountain Group, undergo rapid updip thinning
with accompanying pinch-out of individual sand-
stone zones. Three units are identified in the sec-
ond Bone Spring sandstone at Young North field,
informally designated the A, B, and C zones, with
nearly all production from the C zone. Figure 9
shows structure (top of the C zone) and isopach
data for the C reservoir, suggesting the presence of
several fan systems developed over a gentle slope
dipping 4° south-southeast. No structures are
apparent at this location.

Detailed core study of the C zone has identified
three main facies: (1) ripple cross-bedded channel
facies, (2) levee/overbank facies, and (3) pelagic
facies (Figures 10, 11). An underlying silty shale and
shaly sandstone section is interpreted to represent
lowstand basin floor deposits subsequently down-
lapped by higher energy submarine-fan material of
the C zone. Channel sandstone facies of the C zone
are up to 12 m thick and display good continuity in
the east-west direction, although with significant lat-
eral thinning (Figure 11). Channel sandstones com-
prise the major reservoir lithology and display
porosities of 8–17% and permeabilities of 0.10–5.75
md (Figure 11). Average pay thickness for the field as
a whole is 11 m, using a cutoff of 12–13% log cross-
plot porosity. Testing has indicated that intervals
with lower than 10% sandstone porosity will not be
economic even after fracture stimulation.

Laminated portions of the levee/overbank
facies are also productive, with somewhat lower
reservoir quality (maximum porosity of 13% and
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Figure 12—Net porosity-
thickness map (φ ≥ 10%)
for C zone, Young North
field, and interpreted
facies model showing 
location of channel 
and levee/overbank 
development. 
Photomicrographs 
illustrate sandstone 
texture development in
productive rippled cross-
bedded channel facies,
Young Deep 25 well,
Young North field. Data
courtesy Harvey E. Yates
Company.
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permeability of 1 md). Pelagic facies rocks act as
top and lateral seals. Thin sections of samples
from channel sandstones reveal an abundance of
angular quartz grains, moderate to well-sorted
texture, and a well-developed pore system with
only minor dolomite cement present (Figure 12).
Low permeability results from a combination of
restricted pore throats and lack of interconnec-
tivity.

Net porosity-thickness (φ-h) data for the C zone
reservoir at Young North delineate several maxima
that, when combined with mapped facies distribu-
tions, suggest the depositional model depicted in
Figure 12. This model shows four separate, overlap-
ping fan systems. Note that the highest porosity-
thickness maxima, located in the vicinity of the
Young Deep 26 well, is associated with two thin
channel sandstones and a thickened levee/over-
bank facies (see Figure 10).

PRODUCTION

Well productivity and reserves are different for
the first and second Bone Spring sandstone reser-
voirs. The first Bone Spring sandstone typically pro-
duces by pressure depletion at rates of 50–100 bbl
oil and 0.75-2.5 Mcf gas per day and has per-well esti-
mated ultimate recoveries of 100,000–175,000 bbl
oil and 1–3 Gcf gas. The reservoir in Old Millman
Ranch field has a significant gas cap. Good wells in
the field have yielded 60,000–100,000 bbl oil and
1.5–2.0 Gcf gas within a 5-yr period. Limited entry,
two-stage stimulation techniques have resulted in
wells able to flow oil and gas for up to 12 months
before being put on pump. Estimates of original oil
in place are in the range of 15–20 million bbl, with
10–15% of this amount recoverable.

At Young North, wells in the second Bone Spring
sandstone commonly produce in the range of
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50–200 bbl per day and have estimated ultimate
reserves of 150,000–200,000 bbl oil and 0.3–0.5 Gcf
gas. Production data for Young North field are
shown in Figure 13. As indicated, per-well produc-
tivity is higher in channel sandstone facies
(150–200 bbl/day on completion) compared to
levee/overbank facies (50–150 bbl/day). Both
facies display similar patterns of linear decline
(25–35% per year). A good second Bone Spring
sandstone well in Young North is the Young Deep
26, which yielded 118,537 bbl oil and 209.7 Mcf
gas over a 5-yr period, with an average 25% annual
decline. Due to the purely stratigraphic nature of
the accumulation, established correlations
between porosity and permeability (see Figure
11), and the presence of a solution gas drive in the
reservoir, perforations are selected on the basis of
porosity maxima alone. Estimated total oil in place
is 22 million bbl, of which 14% (2.5 million bbl) is
considered recoverable.

OUTLOOK

Exploration in first and second Bone Spring
sandstones will continue to expand significantly.
Reasons for future activity include (1) proven
reserves of up to 200,000 bbl oil and 0.5-3.0 Gcf
gas per well, (2) improved understanding of sand-
stone facies and their relationship to productivity,
(3) adequate well control to support first-order
predictions of sandstone fairways along the slope
and, possibly, the northern basin as well, and (4)
recent confirmation of first and second Bone
Spring sandstone productivity in downdip areas.
Success in the first and second Bone Spring sand-
stones at Old Millman Ranch and Young North
fields suggests that, at the least, these intervals
might be reevaluated in other existing fields along
the slope and within the basin proper.
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6)	Victorio	Peak	Formation	
Meredith	Bush	and	Mariya	Levina	

	
	



VICTORIO	
  PEAK	
  FORMATION	
  
Compiled By Mariya Levina and Meredith Bush 

• uppermost Leonardian (early Permian)—
280Ma-270.6Ma 

• thickness: 800 – 1600 ft  
• underlies major sequence boundary 

between Leonardian Bonespring, Victorio 
Peak, Yeso, etc and Guadalupian Brushy 
Canyon, Cherry Canyon, Bell Canyon, etc. 

• light gray, calcic to dolomitic, fossiliferous 
limestone 

• deeper water equivalent of Yeso 
Formation, a near-shore patch reef 
deposit that grades into the carbonate 
bank deposits of the Victorio Peak 

From USGS Professional Paper 446: Geology of the 
Guadalupe Mountains, New Mexico 

The Bone Spring Limestone of the 
Delaware basin grades laterally 
northwestward into the Victorio Peak 
Limestone which was originally named 
the Victorio Peak Massive Member of 
the Bone Spring Limestone by P. B. 
King and R. E. King (1929, p. 921) for 
exposures in the Sierra Diablo. Because 
it is a distinct mappable unit, the Victorio 
Peak is now classified as a separate formation (King, P. B., 1964). Relations 
between the Victorio Peak and Bone Spring of the Delaware basin cannot be 
observed in the report area, but exposures in the Texas part of the Guadalupe 
Mountains were described by P. B. King (1948, p. 26-27), who wrote: 

During the last half of Leonard [Bone Spring] time, the gray 
Victorio Peak was spread out on the shelf area, extending as far 
southeastward as the edge of the Delaware Basin, where it 
apparently intergraded with black limestone. During the first half 
of Leonard time, black limestones extended for several miles 
farther northwestward toward the shelf, underneath the gray 
Victorio Peak beds. In the Guadalupe Mountains, exposures of the 
black limestone do not extend deeply enough to indicate their 
relations to the shelf area. 

Figure	
  1:	
  Geological	
  map	
  of	
  the	
  western	
  
Guadalupe	
  Mountains.	
  From	
  Harris	
  1989. 
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Subsurface data indicate that the black limestone beds of the Bone Spring do 
not extend as far northwest as the Union White 1 well (sec. 17, T. 24 S., R. 22 
E.). Instead, they apparently grade northwestward into the light-gray dolomite 
beds of the basal part of the Victorio Peak Limestone and, possibly, into the 
uppermost part of the Hueco Limestone, assuming the upper part of the Hueco 
of the Hueco Mountains is Leonard in age, as has been suggested (King, P. B., 
King, R. E., and Knight, J. B., 1945; Bachman and Hayes, 1958, fig. 5). 

P. B. King (1948, p. 17-18, 164) recognized three informal divisions of the 
Victorio Peak in its exposures on the west side of Cutoff Mountain south of the 
New Mexico-Texas State line. The incompletely exposed lower division 
consists of gray fine-grained somewhat dolomitic limestone in 1- to 6-foot 
beds. It contains rare small chert concretions. The middle division, 117 feet 
thick, consists (p. 18) "of slope-making, thin-bedded, light-gray or white 
limestone, with much buff, fine-grained, calcareous sandstone interbedded." 
The upper division consists of gray fine-grained limestone in beds as much as 7 
feet thick in its basal 217 feet and of thin-bedded limestone in the top 25 feet. 

The lower and middle divisions of the Victorio Peak Limestone presumably 
grade northwestward into the Yeso Formation, whereas the upper division of 
the Victorio Peak probably grades into the basal part of the San Andres 
Limestone (pl. 3). The southeasternmost occurrence of gypsum in the Yeso 
Formation is arbitrarily used as the dividing line between shelf and basin-
margin terminology. 

 

Figure	
  2:	
  Permian	
  Stratigraphy	
  of	
  the	
  Delaware	
  Basin.	
  From	
  Barnaby	
  et	
  al.	
  2007.	
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Figure	
  3:	
  Cross	
  section	
  of	
  Guadalupe	
  Mountains	
  Cutoff	
  shelf-­‐to-­‐basin	
  transition.	
  From	
  Harris	
  1989.	
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7)	Lidar	1:	Williams	Ranch	
Sheila	Wilkins	and	Anine	Pedersen	

Class	Presentation	
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8)	Lidar	2	
Emily	Finkelman	and	David	Brown	
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McKittrick Canyon and Salt Bench Field Sites 

156



Lidar curtesey of Charlie Kerans et al. 

North Western Wall of McKittrick Canyon 
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Lidar curtesey of Charlie Kerans et al. 
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Lidar curtesey of Charlie Kerans et al. 
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3. Salt Flat Bench 

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

 

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 
scars. 

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 

are believed to represent 

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

turbidity currents 

2. Dark grey organic rich siltstones which contain organic content derived from marine algae. These 
hemipelagic sedimentation, characteristic of condensed intervals.  These are excellent marker horizons. 
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Chapter 19
◆

Submarine Channel Architecture Along a
Slope to Basin Profile, Brushy Canyon

Formation, West Texas
Michael H. Gardner

James M. Borer
Department of Geology and Geological Engineering, Colorado School of Mines

Golden, Colorado, U.S.A.

◆

ABSTRACT

Slope and basin-floor channel sand bodies in the Permian Brushy Canyon
Formation comprise a depositional profile, along which changes in the facies
architecture of a fourfold channelform hierarchy are compared. Channel com-
plexes form sand bodies with serrated margins consisting of stacked channels
that increase in offset basinward. Channels and complexes record “cut,”
“fill,” and “spill” phases of bypass and deposition, with channel and over-
bank deposition offset in time. 

Upper slope siltstones encase the largest channelform sand bodies confined
to intraslope depressions. Sediment bypass gives way to deposition down-
profile, producing multistory, multilateral, and eventually distributary chan-
nel patterns. As complexes widen, “build” phase deposits that precede
channelization, and spill-phase overbank deposits, thicken downprofile to
equilibrate sandstone volumes inside and outside channels.

INTRODUCTION

Submarine channels are the principal sediment
pathway linking the shelf to the basin. Their sedi-
ment-fill and bounding surfaces provide insight into
fan growth and gravity-flow processes that produce
channel form sediment bodies. Despite their promi-
nent role in submarine fan depositional processes,
the architecture of submarine channels is poorly
understood. Important issues include the (1) controls
on channel size and shape, (2) scalar hierarchy of
channel sand bodies (Figures 1, 2), and (3) sedimen-
tological criteria that distinguish depositional
processes and predict position along a slope to basin
profile.

Build-Cut-Fill-Spill Model 

The “cut-fill-and-spill” model relates facies pat-
terns in submarine channel and overbank deposits to
their position on a slope to basin profile (Gardner et
al., 1998). An important premise is that submarine
channels generally backfill. Therefore, a fixed point
on the depositional profile will record a transition
from erosion and bypass, to confined aggradation, to
focused, unconfined deposition. These cut, fill, and
spill stages of deposition occur at multiple temporal
and spatial scales. 

The “build-cut-fill-spill” model incorporates the
important phase of deposition that may precede
channelization. In the upper slope, the “build

Gardener, M. H. and J. M. Borer, 2000, Submarine
channel architecture along a slope to basin profile,
Brushy Canyon Formation, west Texas, in A. H.
Bouma and C. G. Stone, eds., Fine-grained turbidite
systems, AAPG Memoir 72/SEPM Special
Publication 68, p. 195–214.
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196 Gardner and Borer

phase” is recorded as an erosional surface of sedi-
ment bypass. Erosion and sediment bypass transi-
tion to pure bypass and ultimately deposition
basinward. As channels extend farther basinward,
the physical and temporal separation between the
channel fill and the underlying strata decreases. 

The preservation of build-cut-fill-spill phases of
deposition varies according to position on the depo-
sitional profile and/or position in a depositional
cycle that records migration of the profile. The per-
centage of build and spill phase deposits increase
downprofile to increase the sandstone percentage
within basin-floor successions. Slope and upper-
basin floor settings have steep gradients that pro-
mote sediment bypass. This produces cut-fill-spill
motifs with little or no build-phase deposits. Sand-
stone percentage is low overall, but locally is high in
intraslope depressions confining composite chan-
nelform sand bodies. Spill-phase deposits are poorly
developed because the topographic depressions are
large and difficult to completely backfill. The tem-
poral phases of channel deposition change basin-
ward along the basin-floor profile from complex
build-cut-fill-spill, to build-fill-spill, to simple build-
spill patterns. 

The build-cut-fill-spill model for submarine chan-
nel development has important implications for sand
bypass and facies prediction. Each depositional phase
records different sedimentologic processes and energy
trends that directly control the type, distribution, and
correlation length of architectural elements and facies.

This paper uses four detailed outcrop architecture
studies to document proximal-to-distal changes in
submarine channel architecture related to variable
preservation of the build-cut-fill-spill phases of depo-
sition. Four important attributes of submarine chan-
nels are examined: (1) the effect topographic
confinement has on channel architecture, (2) the hier-
archy of channelform sand bodies, (3) the mechanisms
promoting flow confinement, and (4) the timing of
channel and overbank deposition.

GEOLOGIC SETTING

Outcrops of the Brushy Canyon Formation in the
Guadalupe and Delaware mountains are exposed by
Tertiary displacement along basin-and-range faults
that define the uplifted western margin of the
Delaware Basin, the western subbasin of the Permian
basin (King, 1948; Goetz, 1985; Hill, 1995; Figure 3).
During middle Permian time, west Texas was the
site of a bowl-shaped, epicontinental sea with a
restricted southern opening to the ocean through a
relict foredeep (the Hovey Channel) (King, 1942;
Ross, 1986; Yang and Dorobek, 1995; Hill, 1995; Fig-
ure 3). Permian carbonate platforms nucleated on
basement highs rim the basin margin and further
built shelf-to-basin relief.

The distally steepened carbonate ramp (600 m
relief and up to 10° dip) underlying the Brushy
Canyon Formation formed a physiographic break
that controlled subsequent clastic slope and basin
depositional patterns (King, 1948; Pray, 1988; Rossen
and Sarg, 1988; Kerans et al. ,  1992; Kerans and
Fitchen, 1994; Zelt and Rossen, 1995). Along the
western Delaware Basin margin, this southwest-to-
northeast–trending ramp formed an embayment
encircling the Brushy Canyon outcrop belt. This
ramp margin provides a common reference point for
positioning channel complexes located from 7 to 32
km basinward of its terminus. The “outcrop fan com-
plex” is one of three fan complexes that form a
bajada-like submarine apron around the northern
Delaware Basin (Figure 3).

The Brushy Canyon outcrop is oriented obliquely to
Permian sediment transport, with paleoflow indica-
tors shifting from 120° to 85° southward across the
outcrop belt (345° trend). Consequently, proximal-to-
distal channel morphologies are a composite recon-
struction from eight submarine conduits that
obliquely intersect the outcrop belt. Change in channel
complex architecture is assumed to primarily record
depositional processes related to position on a slope
and basin depositional profile (Figure 4). 

STRATIGRAPHIC FRAMEWORK

The Brushy Canyon Formation in outcrop is part
of a submarine fan complex that corresponds with
one third-order composite sequence of about 2 m.y.

D
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m
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Brushy Canyon data

subsurface data

ancient data
modern data

Previously collected data

single-story channel
channel complex
fan conduit
conduit complex

n= 70
n= 32
n= 13
n= 8

Figure 1—Aspect ratios (width:depth) of Brushy
Canyon Formation channelform sand bodies com-
pared with modern and other ancient submarine
channels. Note that the larger channels are primarily
from modern data reflecting a resolution bias, with
outcrops of ancient channels typically not large
enough to resolve channelform features remotely
imaged using modern data. Modified from Clark and
Pickering (1997). The Brushy Canyon channelform
hierarchy is shown as patterned dots. 
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duration (Vail et al., 1977; Kerans et al., 1992; Figure 5).
This fan complex includes the lower part of the
Cherry Canyon Formation and is exposed as a 400-
m-thick succession bracketed by correlatable silt-
stone intervals. Each of the eight siltstone-bounded
slope and basin cycles up to 90 m thick contain
deposits that can be correlated across conduits and
show systematic facies changes that correspond to
slope and basin positions along a fan profile. Fans
are offset across the siltstone intervals that form
fourth-order cycle boundaries. These fourth-order

cycles in turn contain up to four fifth-order cycles,
which can occur as shingled clinoform packages (20
km long and 60 m thick).  The thickest part,  or
clinothem, of a fifth-order cycle is the depocenter
along that segment of the fan profile. 

This stratigraphic framework permits a compari-
son of architectural changes in upper and lower
slope, base of slope, and basin-floor channel com-
plexes. Architectural element analysis establishes a
hierarchy of sediment bodies and bounding surfaces
comprising these channelform sand bodies (Figure 2).

geobody

Submarine Fan Conduit Complex

Channel Complex

Submarine Fan Conduit

Single-Story Channel

5th-order
cycle

Spill phase

Channelform Hierarchy

300 m thick • 2-3 km wide

depositional sequence

7 m • 200 m

architectural element

25 m • 800 m

architectural element set

60 m thick • 1-2 km wide

fan geomorphology

Scalar Term

Explanation
Organic Rich Siltstone
Interbedded Sandstone and Siltstone
Interbedded Sandstone and siltstone
with beds thinning from channel margin
Heterolithic channel fillwith rip-up clasts
Structureless Sandstone with horizontal
laminated cap
Erosional surface

Figure 2—Hierarchy of submarine channelform sediment bodies recognized in the Brushy Canyon Forma-
tion in outcrop. In order of decreasing scale: (A) conduit complexes represent fan conduits that remained
active through deposition of the fan complex; (B) fan conduits contain more than one channel complex and
form kilometer-wide sandstone fairways hundreds of meters thick within a fan; (C) channel complexes are
up to 1-km-wide and 40-m-thick multistory and multilateral sandstone bodies with serrated margins; (D)
discrete channel fills are up to 7 m thick and hundreds of meters wide and may contain multiple erosive-
based sediment bodies.
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A fourfold hierarchy in order of increasing size
includes (1) single-story channel fills forming archi-
tectural elements, (2) multistory and multilateral
channel complexes consisting of two to 26 channels,
(3) fan conduits consisting of more than one channel
complex, and (4) conduit complexes representing
sediment pathways active during fan complex depo-
sition (Figure 2). We have documented a sedimento-
logical hierarchy of structures, sediment bodies, and
cross-cutting relationships among bounding surfaces

from the four channel complexes, discussed below in
a proximal-to-distal order.

UPPER SLOPE CHANNEL COMPLEX,
SOUTHERN GUADALUPE MOUNTAINS

A prominent sandstone mesa known as the Salt Flat
Bench (SFB) caps the Brushy Canyon Formation at the
southern end of the Guadalupe Mountains (Figure 4).
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Figure 3—(A) Regional paleogeography of Delaware Basin area (after King, 1948, and Oriel et al., 1967),
showing Abo and terminal Capitan shelf-margin trends. Late Leonardian shelf-margin trends (pre-Brushy)
probably show similar, although muted, tectonic influence as Abo trend. Mega-embayments in Leonardian
carbonate margins are believed to control sand input points, feeding three submarine fan complexes. Small
arrows outline Brushy Canyon fan conduits that trend S60°E-trending along Guadalupe Mountains but
shift eastward across the outcrop belt. (B) Paleogeographic reconstructions of Brushy Canyon slope and
basin facies tracts. Fans 1–3 represent older basin-floor dominated sediment thicks, Fans 4 and 5 represent
channelized basin-floor fans, and Fans 6 and 7 occur above the 40-ft siltstone marker and record slope
expansion, producing a slope-centered thickness pattern in outcrop. Dark pattern is outcrop belt in
Delaware and Guadalupe mountains, with arrows showing position of fan conduits. 
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Figure 4—Topographic map
of Brushy Canyon Formation
outcrop belt in Guadalupe
and Delaware mountains
showing locality of the four
deepwater channel complexes
studied. Shaded areas show
the position, limits, and ori-
entation of inferred fan
conduit complexes (averaged
for all fans) that record along-
strike variations in sediment
supply along the oblique
depositional dip outcrop belt;
black lines show channel
complexes. 
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The SFB occurs in the most basinward of three regu-
larly spaced fan conduits that trend S60°E along the
Western Escarpment of the Guadalupe Mountains.
Fans 6 and 7 form the majority of the fan complex in
this area (Figure 6). The SFB was deposited during the
initial transgression of Fan 7. Siltstones below the SFB
are organic-poor, contain numerous stratal discor-
dances, and correlate down-profile to large sand-filled
channel complexes. Siltstones above the SFB are laterally
continuous and progressively increase in organic rich-
ness to the “genetic-top” siltstone marker (Sageman et
al., 1998). The siltstone-dominated interval above the
SFB correlates upprofile to shelfward-stepping, deep-
water sandstones that record the final abandonment of
the Brushy Canyon fan complex.

The upper slope setting is characterized by large iso-
lated sandstone bodies encased in thick siltstone-rich
successions, such as the 40-m-thick and kilometer-scale
SFB sand body (Figure 7; Batzle and Gardner, this
volume). The SFB is interpreted as an intraslope sand
body positioned on the margin of a fan conduit and
ponded within an isolated spoon-shaped depression.
The SFB outcrop is U-shaped in plan view and repre-
sents only about one-half of the depositional sand
body geometry. Its outcrops can be divided into
proximal and distal strike and dip walls (Gardner
and Sonnenfeld, 1996). No single facies is laterally
continuous along the entire 2.7-km outcrop length.
Wavy-lenticular silty sandstone is the most common
facies vertically separating the sandstone beds. It is
also the only facies that shows a correlation between
bed length and thickness (Johnson, 1998). The sand
body contains seven truncated architectural element
sets consisting of 26 smaller channelform, wedge-
shaped overbank, lobeform, and tabular siltstone
architectural elements.

Sandstone content across the outcrop is about 89%
(Johnson, 1998; Table 1) but dramatically decreases later-
ally along strike, where finer-grained turbidite overbank
deposits dominate. The high proportions of turbidites in
the proximal (western) strike outcrop (610 m long) pro-
duce a bimodal sandstone bed thickness distribution,
reflecting channelform and overbank elements. Tur-
bidite bed lengths are 28% longer and sandstone con-
glomerate proportions are the highest (29% vs. 2%)
along the distal (eastern) strike outcrop (>1 km long), yet
their overall abundance decreases. There is no observed
correlation between bed length and facies.

The basal surface of the SFB sand body consists of a
series of erosional discordances that form a master sur-
face interpreted to represent coalesced slump scars (Fig-
ure 6). In the shallowest part of the depression, this
surface is concordant and draped by organic-rich silt-
stone. Intraslope depressions restrict channel migration,
promoting multiple cut-and-fills and confined deposi-
tional patterns. The proximal strike outcrop illustrates
confined deposition by the channel and overbank
deposits that terminate against the basal surface (Figure
7). The distal strike wall illustrates how multiple
episodes of erosion and deposition, within a confine-
ment, controls facies architecture (Figure 7). Younger
sandstones that thicken toward the depression axis

truncate older clast-rich sandstones forming the sand-
body base along the eastern distal outcrop. These strati-
graphically higher, but older, “perched” deposits are
preserved remnants eroded by multiple cut-and-fills in
the depression axis. These cut-and-fill surfaces represent
an additional surface type that only occurs in association
with stratigraphic confinements (Gardner et al., 1995). 

Architectural elements that are younger in the proxi-
mal strike outcrop than in the distal strike outcrop sug-
gest depositional backfilling of the depression.
Additionally, a systematic upward increase in sand-
stone bed length reflects increased preservation of
younger architectural elements within the broader
upper part of the (master) confinement. Bed patterns in
overbank deposits are also consistent with depositional
backfilling of the depression. Turbidite bed lengths are
greater in the distal strike outcrop, but their proportion
is higher in the proximal outcrop. These observations
suggest that deposits recording unconfined flow at dis-
tal sites correlate with deposits showing increased
aggradation at proximal sites. 

LOWER SLOPE CHANNEL COMPLEX,
NORTHERN DELAWARE MOUNTAINS

Lower slope deposits in the lower and middle
Brushy Canyon Formation record a significant
increase in sandstone percentage at Brushy Mesa
(BM) relative to more proximal outcrops. Fan 4 dom-
inates BM outcrops, which are fed by a different con-
duit than the SFB. This conduit’s intersection is 13 km
basinward from its coeval ramp margin. This setting
is basinward relative to the SFB. At BM, Fan 4 forms a
40-m-thick succession, exposing two sand bodies that
represent southeast-trending multistory channel
complexes (Figure 8). In contrast to the confined
architecture at SFB, these isolated siltstone-encased
channel complexes show steep serrated margins (Fig-
ure 9). One 30-m-thick and 200-m-wide sand body
margin shows siltstone interfingering with seven ver-
tically stacked channel sandstone margins that step
up and shift laterally along the sand body base. Silt-
stones are compactionally deformed with bedding
rotated at the channel margins and dipping into the
channel axis. In these discrete sandstone channels
(1–3 m thick), bed length and thickness progressively
increase upward as discrete beds amalgamate to
form thicker bed sets (Figure 9). Discrete meter-thick
sandstone bed sets in the lower half record the amal-
gamation of multiple high-density gravity flows.
Sandstone bed sets show evidence of amalgamation
as well as fluidized tractive structures and soft-sedi-
ment deformation. Some channel axis deposits have
coarse-grained sandstone bases containing centime-
ter-size siltstone ripup clasts and horizontal lamina-
tions with siltstone interbeds (Table 1). Sediment
bypass is interpreted from these “left-behind”
deposits because they indicate a condensed chronol-
ogy of many depositional events. 

Fine-grained deposits flanking the channelform sand
body appear to record active deposition within a lower
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Figure 6—Reconstruction of faulted upper Brushy Canyon Formation stratigraphy showing the (A) southern outcrop (along depositional dip) of the Salt Flat Bench (SFB) sand body below El Capitan, Guadalupe
Mountains, and (B) the west face of Guadalupe Canyon in the northern Delaware Mountains. Together these photos illustrate the scale of a Brushy Canyon fan conduit. The siltstone-rich Fan 7 succession below the
SFB is dissected by numerous stratal discordances interpreted to represent slump scars and slump deposits. This contrasts with the laterally continuous siltstone beds that form the thick siltstone succession over-
lying the SFB to the “genetic top” siltstone marker. Forming the eastern boundary of the graben that offsets the SFB to the west, Guadalupe Canyon exposes the eastern margin of the SFB sand body and deposits
in the conduit axis. Note the numerous stratal discordances and sandstone channel fills that correlate with the interval below the SFB on the conduit margin.
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Table 1.  Summary of Aspect Ratios for Four Brushy Canyon Formation Channel Complexes.

Net-to-Gross 
Sand Body Channel Complex Channel Stories Sandstone Ratio

Locality Aspect Ratio (W/D Aspect Ratio (W/D Aspect Ratio (W/D Outside channel
(Facies Tract) measured in meters) measured in meters) measured in meters) Inside channel

Salt Flat Bench 2000 m × 40 m 50 7.5 ††1100 × 69 13 7.6.0 1970 × 9.8 201 89% 
(Upper Slope) 7.4 900 × 44.8 38 7.5.5 980 × 13 75 (slump

7.4 1970 × 52.4 20 7.5.4 980 × 16 61 confined 
7.2 2200 × 168 16 7.5.3 1100 × 13 85 facies)

7.5.2 1000 × 20 50
7.5.1 1000 × 7 143
7.4.3 900 × 22 41
7.4.2 900 × 9.8 95
7.4.1 900 × 13 69
7.3.2 1970 × 16.4 120
7.3.1 1970 × 36 55
7.2.6 780 × 30 26
7.2.5 980 × 30 33
7.2.4 1400 × 30 47
7.2.3 2200 × 26 85
7.2.2 2200 × 22 100
7.2.1 1570 × 30 52
7.1.3 1470 × 16.4 90
7.1.2 1200 × 13.2 91
7.1.1 656 × 9.8 67
7.0.5 1244 × 2.13 584

Brushy Mesa 4.3? 168 × 22 8 4.3.8 †400 × 7.4 54 43%
(Lower Slope) 4.3.7 †168 × 5 34 83%

4.3.6 †152 × 4.5 34
4.3.5 †146 × 4.1 36
4.3.4 †150 × 2.5 60
4.3.3 †114 × 4.8 24
4.3.2 †100 × 4.2 24
4.3.1 †30 × 2.4 13

Popo Fault Block 600 m × 35 m = 17 4.4 430 × 11.8 30 4.4.2 360 × 8 45 61%
(Base of Slope) 4.3 388 × 22.5 17 4.4.1 380 × 5.7 67 90%

4.2 375 × 12.4 36 4.3.7 143 × 5.8 25
4.3.6 120 × 6.5 18
4.3.5 55 × 6.8 8
4.3.4 84 × 5.8 14
4.3.3 160 × 6.8 8
4.3.2 287 × 10.2 28
4.3.1 320 × 6 53
4.2.2 130 × 7.3 18
4.2.1 200 × 2.7 74

Codorniz Canyon 2.2 137 × 20 7 2.2.4 †16 × 2 8 88%
(Basin Floor) 2.1 134 × 13 10 2.2.3 †40 × 3 13 99%

2.2.2 †22 × 2.5 9
2.2.1 †29 × 4.5 3
2.1.5 †85 × 5 16
2.1.4 †10 × 1 10
2.1.3 †110 × 7 16
2.1.2 †75 × 2 38
2.1.1 †40 × 3 13

† Half measurement of channel dimension extrapolated for aspect measurement.
†† At Salt Flat Bench channel complex = architectural element set.
††† At Salt Flat Bench channel stories = architectural elements.
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Figure 7—(A) Fence diagram showing facies of upper Brushy Canyon Formation at the Salt Flat Bench. The
base of each diagram is the master bounding surface forming a topographic confinement. Note the irregular
nature of the basal surface interpreted to represent coalesced slump scars. The panels show the facies 
architecture along proximal (western) and distal (eastern) strike walls, and the southern dip wall of the 
sandstone body. No sandstone bed extends across the sandstone body, with the bed length controlled by 
position within architectural elements shown in B. (B) Fence diagram showing architectural elements and
architectural element sets representing truncated channel complexes. Note the truncated deposits forming the
sandstone body base along the eastern strike wall. These deposits provide evidence of multiple episodes of
cut-and-fill within this topographic depression. The base map shows progressively younger architectural 
elements toward the north-reflecting depositional backfilling within the topographic confinement.
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slope fan conduit. Interlaminated siltstone and sandstone
with rippled sandstone interbeds are common Brushy
Canyon slope facies, regardless of proximity to channels.
The rippled sandstone interbeds, however, extend from
the top and record spillover of discrete channel fills form-
ing the complex (Figure 9). The serrated sand-body mar-
gin and coeval ripples in flanking deposits demonstrate
the absence of a master surface. In the absence of a master
confining surface, a high degree of lateral offset might be
expected from one channel to the next. The BM (Brushy
Mesa) complex is multistory, not multilateral; therefore,
the limited channel offsets must reflect the focusing of
sediment from an upper slope confinement. This uppro-
file confinement repeatedly directed high-density grav-
ity flows that created small channels. The sand-poor
overbanks helped confine the subsequent channel fills,
which ultimately stacked to form this multistory body. 

The sandstone beds capping this channelform sand
body show a larger-scale version of this cut-fill-spill

depositional pattern. These wedge-shaped bodies consist
of amalgamated to nonamalgamated, lenticular and
sheetlike sandstones that extend laterally away from the
sand body axis to give the complex an overall funnel-
shaped geometry. These medium-bedded sandstones
thin laterally to interbedded, 1- to 2-m-thick, upward bed-
thinning packages of climbing ripple cosets and formsets
that decrease upward in frequency and thickness. 

BASE-OF-SLOPE CHANNEL COMPLEX,
CENTRAL DELAWARE MOUNTAINS

The Popo fault block occurs in yet another fan
conduit, 1.5 km wide, intersecting a more basinal
position than BM. It lies 5.2 km south of BM, and 25 km
from its coeval ramp margin (Figure 10). The base-of-
slope to proximal basin-floor deposits of Fan 4 (50 m
thick) show an increased sandstone volume (avg. 76%
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Figure 9—Facies cross section of a Fan 4 channel complex at upper Brushy Mesa (middle Brushy Canyon). Note
the high degree of lateral facies change within the channel complex, which is typical of Fan 4 channel fills. Facies
correlation length increases and facies diversity decreases upsection through the cut, fill, and spill phases. The
channel is multistoried, with a highly serrated margin consisting of many identifiable 1- to 3-m cuts.
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sandstone) relative to BM and the SFB. Progradation
internal to Fan 4 is inferred from four offlapping fifth-
order cycles. The lower three cycles contain multistory
and multilateral channel complexes. These complexes
stack vertically, but are also offset 300 m laterally.
They collectively form a 35-m-thick and 600-m-wide
sand body encased by thin- to medium-bedded sand-
stone and siltstone. Sand content is 90% within and
61% outside the sand body. The offset stacking of the
three channel complexes forms a serrated or stepped
sand body margin that erodes siltstone intervals of
fifth-order cycle boundaries (Figure 10).

Each channel complex changes upward from
highly truncated multistory fills, to heterolithic multi-
lateral fills, to vertically offset multistory sand bodies

that show serrated margins. Channel fills comprising
complexes shift in both directions across the conduit
but generally stack to form only one well-defined
margin. The basal multistory and multilateral fills
contain frequent erosional surfaces alternating with
interbedded siltstone, sandstone with horizontal to
inclined laminations and centimeter-thick fusulinid
bands, and lag deposits with siltstone ripup clasts.
The vertically stacked parts of each complex are the
most sandstone-rich. These fills change upward from
amalgamated sandstone with Helmholtz waves and
aggradational “plow-and-fill” stratification to dewa-
tered structureless sandstone (Figure 8). Where not
dewatered this succession is capped by horizontal
stratification.

Figure 10—Strike-oriented photomosaic (A) and line-sketch interpretation (B) of Fan 4 submarine channels
exposed along the Popo fault block. Outcrop scintillometer profiles shown next to measured sections (see Figure 8
for facies explanation). The outcrop is 25 km basinward of the inferred physiographic margin and exhibits
nested offset channel architecture at the base-of-slope to proximal basin floor. The middle Brushy Canyon is
the most channelized interval in outcrop. The Popo–Plane Crash area was major sediment conduit where
channels repeatedly reinitiated after fan abandonment to form a conduit complex. Inset (C) shows evidence
for continued channelization and sediment bypass across the fifth-order abandonment phase. During Fan 4
deposition, the conduit contained two main areas of nested channel complexes, the 600-m-wide Popo sand
body and a smaller (lower Chinaman Hat) sand body north of the photo. The Popo area has four fifth-order
cycles, three nested channel complexes, and at least 12 single-story channels that stack to form a distinct serrated
or stepped southern margin and a less distinct northern margin (D). There is an upward trend from amalgamated
high-frequency cuts with abundant sediment-bypass indicators (4.2 and early 4.3), to vertically-stacked
(multi-story) cuts (late 4.3), to large offset-stacked, but still highly interconnected, multi-lateral channel stories
(4.4). A well-developed, fourth-order spill-phase occurs at the top of cycle 4.4 and bridges the Chinamans Hat
and lower Popo complexes. Base map (E) shows Popo area dataset and location of B-B’.
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Channel-flanking deposits consist of interbedded
sandstone and siltstone organized as upward-thicken-
ing sandstones capped by more continuous siltstone
intervals of fifth-order cycles. The sandstones are later-
ally continuous and locally amalgamated, but generally
are interbedded with thin, organic-poor siltstones.
Internally, they are structureless, show cryptic stratifi-
cation, or form thin 300-m-long beds composed of
climbing ripples. The sandstone-rich intervals in chan-
nel-flanking successions occur near the top of adjacent
channel complexes. These intervals contain rippled
beds that thin laterally away from the channel and
show sediment transport both parallel and transverse
to the channel. These spill-phase deposits are eroded
by channel rejuvenation during the next fifth-order
cycle. Like BM, the multiple episodes of channeliza-
tion reflect flows persistently directed to this conduit
from a confined site upprofile that remained active
through deposition of the fan complex. 

BASIN-FLOOR CHANNEL COMPLEXES,
SOUTHERN DELAWARE MOUNTAINS

Codorniz Canyon provides three-dimensional
exposures of channel complexes positioned about 32
km basinward of the ramp margin in the most
southerly fan conduit (Figure 4). Although Brushy
Canyon sediment transport indicators show a more
easterly trend (84°), this area is interpreted to occupy
the position farthest from the sediment source along
the outcrop belt. Depositional patterns that indicate
distal basin-floor position include (1) the thickness and
high sand content (65%) of Fan 1 deposits (43 m),
reflecting the culmination of a basinward-thickening
depositional pattern that is best developed here; (2)
the thin Fan 3 interval is a continuation of a basin-
ward-thinning depositional pattern; (3) low conglom-
erate proportion is consistent with textural sorting
trends; and (4) relative to Fan 2 deposits at Colleen
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Figure 11—Strike-oriented photomosaic (A) and line-sketch interpretation (B) of Fan 2 submarine channels
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deformed sandstone forming bi-convex sandbodies that stacked to form a topographic high flanked by
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the sandstone proportion inside and outside channels.
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Figure 13—Diagram summarizing changes in Brushy Canyon submarine channel architecture along a composite
slope to basin profile. Along this composite reconstruction, there is a 68% increase in sandstone deposited outside
and an 18% increase inside channelform bodies. This increase in sandstone volume outside channel complexes
corresponds with a downprofile decrease in channel size. Channel complexes and fan conduits, however, widen
downprofile, reflecting increasing offset of both channels and channel complexes, until bed topography from
older build-phase deposits begin to control channel pattern and channel complex size decreases. 

Figure 12—Summary of architecture of four Brushy Canyon Formation channel complexes. 
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Canyon, the channel complexes are smaller but show
thicker sandstone bedding and slightly increased sand
content, demonstrating that the smaller complex size

at Codorniz Canyon is not related to decreased sedi-
ment supply (Carr and Gardner, this volume). Siltstone
intervals that bound fans are laterally continuous

Fill
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slumps produce
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basin
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Channel Complex Section Wheeler Diagram

deposits "left-behind"
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Figure 14—Facies architecture and companion Wheeler diagram summarizing temporal and spatial build-cut-fill-
spill phases of submarine channel development along a slope to basin profile. (A) Upper slope channel complex
showing the significant time gap between formation of a master bounding surface and depositional filling of the
topographic confinement. (B) Lower slope channel architecture and companion Wheeler diagram emphasizes the
multiple cut-fill-spill events that stack to form a channel complex. (C) Basin-floor channel architecture showing
the high proportion of build-phase deposits that encase small compensating channel complexes. 
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across the area, but siltstones that bound fifth-order
cycles internal to fans may be eroded.

The lower three fans of the Brushy Canyon fan
complex form a 95-m-thick succession with an average
sand content of 80% across the 1.7 km2 area (Figure 11).
Fan 2 deposits are the thickest (47 m) and have the
highest sand content (94%). Fan 2 consists of four
fifth-order cycles containing thick-bedded tabular
sandstone bedsets encasing channelform sand bodies
(Table 1). Sandstone content is 99% inside and 88% out-
side channel complexes. Each sand body contains two
to 10 channel stories that stack vertically, collectively
forming nested complexes 20 m thick and 200 m wide
(Figure 11). These multistory complexes are charac-
terized by: (1) close spacing, (2) a high proportion of
bi-convex channelform sand bodies, (3) little facies
variation in channel fills, and (4) amalgamated bed
sets in channel axes that become nonamalgamated
beds at interfingering channel margins. The dominant
facies include ungraded, structureless sandstone
with floating siltstone clasts and local soft-sediment
deformation and dewatering features. Channel bases
show only minor erosion and in many cases appear
to drape underlying bed topography. Load amalga-
mation is more common than amalgamation due to
erosive truncation.

Fan 2 channel complexes at Codorniz Canyon are
encased by laterally continuous, thick-bedded sand-
stones interbedded with thin siltstones that form
tabular bedsets (Figure 11). The geometry of a nona-
malgamated sandstone bed is lobate or lobeform.
These lobeform bodies are interpreted to record
compensating deposition by low-gradient, uncon-
fined, high-density gravity flows deposited on the
basin floor. Significantly, bed topography of preced-
ing lobeform deposits created preferred gravity-flow
pathways that controlled sites of channelization and
produced a closely spaced distributary pattern.
These comparatively small channel complexes are
equivalent in size to base-of-slope channel fills,
hence “build” phase deposits contribute signifi-
cantly to the observed distal increase in Fan 2 sand-
stone volume. Build-phase bed topography exerts a
strong control on channel complex size and shape.
Channel-flanking successions in between bracketing
“build” and “spill” phase deposits are thicker bed-
ded, contain frequent yet small-scale erosional cuts,
complex soft-sediment deformation features, and
rippled sandstones (Figure 12). 

DISCUSSION

Recognizing the sediment body hierarchy for sub-
marine channelform sand bodies provides insight
into architectural changes that occur along a slope
and basin profile. The wide scatter in compiled sub-
marine channel aspect-ratios highlights the limited
utility of quantitative measurements, unless they are
collected within a stratigraphic framework that
reflects a hierarchy of architectural elements. For
example, a prevailing view holds that the aspect ratio

of channelform bodies increases down a fan (Barnes
and Normark, 1983/84; Clark and Pickering, 1997;
Figure 1). Brushy Canyon data also show a downpro-
file decrease in channel width, but channel com-
plexes and fan conduits increase in size to the point
where channel complexes become distributary and
then decrease in size. (Figure 12; Figure 13). These
channelforms get bigger for several reasons, despite
the decreased size of individual channels. First, the
restriction of stratigraphic confinements to upper
slope settings produces a systematic downprofile
increase in the offset of channel bodies forming chan-
nel complexes and channel complexes in fan con-
duits. Second, upprofile confinement focuses gravity
flows to the same site to generate build-cut-fill-spill
patterns that construct the hierarchy of channels and
channel complexes. These cluster to create fan conduits
of enhanced sandstone volume. Third, there is a down-
profile increase in sandstone content (build-and-spill
phase) of overbank deposits, which promotes lateral
offset and widening of the erosional channel com-
plex. Fourth, the lithology contrast between deposits
inside and outside channel complexes decreases
down the profile. This reflects the increased proportions
of build and spill-phase deposits flanking and encas-
ing channel complexes. This depositional pattern
reduces the ability to resolve smaller-scale channel
bodies, making larger-scale fan conduits the only
resolvable channelform sand body.

Master bounding surfaces that cluster, amalga-
mate, and confine channel fills to construct large
channelform bodies most likely occur in proximal
slope and canyon settings. Here, a long history of
slope adjustment, combined with sediment bypass
and erosion, helps develop compound erosional sur-
faces. Recognizing master bounding surfaces in
slope systems is aided by applying stratigraphic cri-
teria also used to distinguish nonmarine valley fills
from their fluvial counterparts. Although not analo-
gous in process to the formation of nonmarine val-
leys, intraslope depressions share a common
stratigraphy, reflecting the significant period of time
required to develop a master bounding surface and
the resulting confined deposition. In the Brushy
Canyon, slope confinements are produced by lateral
coalesced slump scars (Gardner and Sonnenfeld,
1996). Master bounding surfaces define topographic
depressions and “containers” that also direct and
focus gravity flows basinward. Furthermore, preex-
isting degradational topography affects subsequent
gravity flows by conserving energy that would oth-
erwise be lost through erosion, but is instead trans-
lated downslope to support and maintain
basinward-directed flows. This upprofile focusing
mechanism has a direct impact on the pattern of
channel and flanking overbank deposition. 

Submarine channel deposits show a complex internal
stratigraphy expressed by repeated episodes of erosion
and deposition (Piper, 1970; Walker, 1975; Mutti and
Normark, 1987; Clark and Pickering, 1997). This pattern
is expressed in Brushy Canyon channel-overbank
deposits as an organized record of build-cut-fill-spill
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deposition that occurs at multiple scales and stacks to
form a hierarchy of channelform bodies (Figure 14). In
general, a build-cut-fill-spill cycle is initiated by focus-
ing gravity flows through a topographic low. The pro-
portion of deposits that precede channelization
increases down the profile to form bed topography
during the “build” phase of deposition, which has an
increasing influence on channelization basinward.
Maintenance and/or erosional expansion of the chan-
nel in the “cut” phase occurs during bypass and lim-
ited deposition of remnant deposits. The amount of
time separating cut-and-fill phases systematically
decreases downprofile. Temporal discontinuities are
greatest in upprofile positions where master bounding
surfaces separate wholly younger strata above from
older strata below. Amalgamated vertical sandstone
bed successions record depositional backfilling and
lateral offset of beds in the “fill” phase of channel
deposition. 

Deposits that record aggradation and passive
backfilling dominate Brushy Canyon channel fills.
This contrasts with both the “classic” upward-fining
profile of an active channel fill and with the fine-
grained passive fill of channels abandoned through
updip avulsion. Continued deposition of unconfined
gravity flows at the filled channel site produces a
“spill” phase of deposition and is a precursor to
shifting subsequent flows to a new site. These build-
cut-fill-spill phases represent spatial and temporal
domains in submarine channel development. They
do not represent a particular sediment body type,
although skewing of sediment body and facies pro-
portions occurs within these temporal phases. They
occur at multiple scales and explain depositional
patterns in a hierarchy of channels, complexes, and
fan conduits. The stacking of multiple cut-fill-spill
channels yields thick successions of channel-over-
bank successions, but channel and overbank deposition
are offset in time. 

Although unique and site-specific depositional
processes help define the position of a submarine
channel on a slope-to-basin profile, the preservation
is controlled by stratigraphic position. For example, a
proximal slope position for the SFB sand body is indi-
cated by the high proportion of siltstone, conglomer-
ate and slump deposits, slide blocks, and slump
scars. This facies architecture occurs only on the
upper slope segment of the Brushy Canyon profile,
where slope confinements restrict lateral movement
of channels. Although older fans contain slope
deposits, the fact that these confined slope sand bod-
ies are best developed in younger slope deposits of
Fan 7 reflects changing from net bypass to net deposi-
tion during the stratigraphic evolution of the fan
complex. The repeated rejuvenation of channeliza-
tion along the basin-floor profile to maintain a fan
conduit emphasizes the important control of upper
slope and canyon confinements on directing gravity
flows basinward. This requires that these proximal
confinements remain underfilled until the latest
stages of fan complex evolution.

CONCLUSIONS 

Sediment gravity flows produce a hierarchy of sub-
marine channel deposits. If data on channel shape and
size are going to be used to predict trends and patterns
in submarine channel development, and/or for quanti-
tative reservoir modeling, then the hierarchy of bodies
that compose a channelform body must be resolved.
Architectural element analysis of the Brushy Canyon
Formation reveals a fourfold hierarchy of channelform
sand bodies. Brushy Canyon channel complexes
change downprofile. Large upper slope channelform
sand bodies have multiple cut-and-fills, where both
channel and overbank deposits are contained within a
stratigraphic confinement. Channel complexes widen
downprofile because of increasing offset of component
channel bodies, and they are encased within higher
proportions of overbank deposits that contribute to
channel offset and increase the fan sandstone volume.

Stratigraphic changes in facies architecture reflect
the “build,” “cut,” “fill,” “spill,” spatial, and temporal
domains of submarine channel development. Facies
and lithology proportion, sediment-body type, and the
connectivity and clustering of sediment bodies change
within these spatial domains based on the channel
complex position along the slope-to-basin profile. 
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Erin Miller 
 
Map (location) 
Topography 
Ages 
Stratigraphy 
 
 
‐Capitan reef separates shallow water deposits NW from deepwater to the SE (pg 2) 
 
‐Permian (upper Guadalupian), [270.6 ± 0.7 ‐ 260.4 ± 0.7 Mya 
 
‐topography approximates that of the Capitan Reef along the edge of the Deleware 
Basin (pg 1), erosional profile, shelf to basin(tinker) 
 
‐CARBONATE FACIES 
 
‐controversial depositional environments assigned to some of the facies 
 
Capitan Formation" to refer to all massive carbonates separating 
Artesia Group shelf deposits from sandstones of the Bell Canyon 
Formation (fig. 4). 
 
Lamar Limestone Member of the Bell Canyon Formation exposed 
on the lower third of the trail (fig. 7). 
 
High-frequency cycles (referred herein as cycles; Fig. 4) are the fundamental 
stratigraphic building blocks in this study, and refer to the smallest 
set of genetically related lithofacies (facies) deposited during a single baselevel 
cycle (James 1979; Grotzinger 1986; Koerschner and Read 1989; 
Goldhammer et al. 1990; Borer and Harris 1991; Crevello 1991). 
 
Seven Rivers HFS and Yates HFS 
 
Therefore, it is useful to group facies into facies tracts. A facies 
tract is a genetically linked association of facies and facies successions that 
records a discrete energy–water depth–sediment supply setting 
 
c‐shelf crest and outer shelf  
 
 
Notes for Field Stratigraphy 
 
Bone Spring Formation 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‐carbonate, siliciclastic sequence 
‐6 lithofacies 
1)source rock in the basin 
2)pelagic shale siltstone, basin seal 
3)laminated mudstone facies, source rock, dolomitized, bioclastic chert interbedded. 
TOC 4.3 
4)dolomitized Breccia, light‐shelf,dark‐slope, reservoir in 2nd and 3rd carbonates 
5) dolomitize bioclast packstone, skeletal grains, 1st and 3rd carbonates 
6)fine grained ss, illlite, dolomite cement, interlayered organics, lots of sed 
structures 
 
depositional environment 
1)reciprocal and cyclic sedimentation‐controlled by sl 
2)depositional style influence by topography 
3)Aeolian bypass ??? 
4)ss deposit lowstand, highstand carbonates, 
 
‐margin fails by steepness, boundstone forming in place, 
 
pelagic‐sed. Settling through the water columnsome beds tremendous organic 
content, slow accumulation, no dilution 
 
swaley cut offs‐impressive 
 
‐Bone Springs world class carbonate turbidites, unconventional reservoirs popping 
up in W TX 
 
 
Victorio Peak 
 
Carb bank 
Laterally grades into Bone Springs and Brushy canyon 
Progradation followed by transgression (worldwide major transgression) 
 
 
Brushy Canyon Formation 
 
Depositional Setting‐deepwater slope, silt and ss, located between two platfroms, 
early guad, 400‐600m water, SE directed paleocurrent 
 
Sequence Strat‐3rd order sequence‐lower middle upper separated by thin 
siltstones—basin has less silt than slope,  
Upper‐large incised channels 
Middle‐laterally extensive, channels, 
Lower‐sheet like tabular 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Cm thick volcanic ash 
 
90% turbidites, bedload, suspension, sandy turb, silty turb 
 
5% Debrites‐gravels with ss fill in pore space, rip ups 
 
5% Hemipelagites Mudstones, High TOC 
 
Reservoir Quality‐analog for deepwater reservoirs 
 
Sand provenance‐upper Paleozoic unconf of central W US…details of provenance not 
well resolved, argue for White Horse Group‐aeolian sands….longshore drift as a 
source for the sand 
 
LIDAR 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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.   
 

 
Figure 1:  Regional location of McKittrick Canyon during the Permian. (Tinker, 1998) 
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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.   
 

 
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.   
 

 
Figure 5:  Diagram showing the facies present in the toe of slope and the path the 
Permian Reef Trail takes through it.  (Bebout et al., 1993) 
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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 10-70o.  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.   
 

 
Figure 6:  Diagram 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.    
 

       
Figure 8:  Pictures of fenestellid bryozoans, Tubiphytes, and phylloid 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) 
 

 
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) 
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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.   
 

 
Figure 11:  Diagram showing the transition from reef to shelf crest.  (Bebout 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).   
 

 
Figure 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.   
 

 
. 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) 
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SHELF-TO-BASIN FACIES DISTRIBUTIONS AND SEQUENCE STRATIGRAPHY OF A STEEP-RIMMED
CARBONATE MARGIN: CAPITAN DEPOSITIONAL SYSTEM, MCKITTRICK CANYON,

NEW MEXICO AND TEXAS
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ABSTRACT: Shelf-to-basin outcrop studies in steep-rimmed, shelf-margin
settings are uncommon because continuous shelf-to-basin transects are
rarely exposed in a single outcrop. Discontinuous or absent strati-
graphic marker beds across the shelf margin further complicate out-
crop studies in the shelf-margin setting. This paper discusses the results
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
were 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) a facies progression from the shelf crest to the shelf
margin interpreted to represent a shallow-to-deeper-water succession;
(2) proportional expansion of beds in 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 slope, and facies-tract 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

systems tracts. This symmetric outer-shelf to upper-slope 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 al. 1993; Montañez 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 al. 1989; Legarreta
1991; Garcı´a-Mondéjar and Fernández-Mendiola 1993; Pomar 1993; Son-
nenfeld and Cross 1993; Fitchen et al. 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 along 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) a critical 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
variability 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 along
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 Guadalupian)
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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1147MCKITTRICK CANYON SEQUENCE STRATIGRAPHY

FIG. 1.—Simplified map of late Guadalupian facies in the Permian basin, west
Texas and southeast New Mexico (modified from Ward et al. 1986). Note location
of McKittrick Canyon, Slaughter Canyon, and the Gulf PDB-04 well.

FIG. 2.—Oblique 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
left).

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
strata in the Delaware and Midland basins are some of the most prolific

hydrocarbon-producing reservoirs in the United States (Ward et al. 1986).
King (1948), Newell et al. (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 al. (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 al. 1992; Kerans et al. 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 al. 1990; Borer and Harris 1991; Crevello 1991). Cycles
are analogous to the siliciclastic parasequence (Van Wagoner et al. 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 scale 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 al. 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 overall se-
quence-stratigraphic hierarchy.

Cycles and cycle sets make up high-frequency sequences (HFSs; Fig. 4).
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FIG. 3.—Simplified cross section of McKittrick
Canyon. Heavy lines are CS boundaries. SR1
through SR4 make up the Seven Rivers CS. Y1
through Y4 make up the Yates CS. Y5 and Y6
are part of the genetic CS following the Yates
CS. Thin lines are high-frequency sequence
(HFS) boundaries. Formations included in this
study are the Seven Rivers and Yates on the
shelf, the lower and middle Capitan at the shelf
margin, and the Bell Canyon in the basin. Time
estimates are from Ross and Ross (1987).

FIG. 4.—Hierarchy of cyclicity. Each stratigraphic element is a component of the subsequent lower-order element. Specific interpretations from McKitt rick Canyon were
used to construct the figures, as noted.
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HFSs are intermediate-order cycles bounded locally 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 analogous in scale to fourth-order cycles (Goldhammer et al. 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 depositional sequences (Mitchum et al. 1977; Vail et al. 1977;
Vail 1987; Van Wagoner et al. 1988) and third-order cycles (Goldhammer
et al. 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 Guadalupian 20 through 26 of
Kerans et al. (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 al. 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

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
SASy (Statistical Analysis Systems) dataset (1.52 million cells) on a
SGIy (Silicon Graphics) workstation for analysis and output.

Nearly 500 hand samples were slabbed 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 analysis,
and field estimates vary less than 10% from petrographic data (Tinker
1996b).

In addition to petrographic work, stable isotopes (d18O and d13C) 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 analyzed by the Uni-
versity of Michigan Stable Isotope Laboratory with a reported precision
(standard deviation) of , 0.05‰.

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 several iterations were
made over a period of five years and four field seasons.

The remaining sections of this paper are presented in the general 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; Yurewicz 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
initial 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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FIG. 5.—Topographic base map of McKittrick Canyon showing the location of measured sections (A, B) and lateral transects (thin horizontal lines) made in the field
(B). Short-dashed lines (4, 6, 8, 11, 13) represent sections measured by Hurley (1978). Variable dashed lines are wells. See text for explanation of the variable vertical
scale.
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FIG. 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, individual facies are not always laterally
continuous. Therefore, it is useful to group facies into facies tracts. A facies
tract is a 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-
sinal. 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). This facies tract is a shoreline
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 principally of foram, Mizzia, 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 also Kirkland et al. 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 also Can-
delaria 1982), and are more naturally 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 al. (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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FIG. 9.—A) Generalized 2-D cycle showing vertical and lateral position and width ranges of major facies tracts related to paleobathymetric profile. B) Expanded shelf
part of the cycle with photographs of key facies showing a general decrease in interpreted depositional energy downdip. Scale bar is 1 cm for all photographs. Numbers
correspond to facies-tract legend.

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 Yates Formation, Gardner (1992)
for the Bell Canyon Formation, Brown and Loucks (1993) for the Tansill-
equivalent toe-of-slope, 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 associations were
all 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 depositional history
of a typical HFS. Unless otherwise cited, the interpretations that follow are
based on this work (see also Tinker 1996b).

Lowstand Systems Tract

Siltstones were transported tens to hundreds of kilometers across the
shelf into the basin by eolian (Mazzullo et al. 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. Individual 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 shallow (; 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 at 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 facies in close proximity to the shelf margin. Fusulinid tests in these
grainstones are commonly oriented parallel to depositional 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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FIG. 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 Yates 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/m2) on stable sand and coral rubble slopes in water
depths from 12 to 30 m. Alveolinids are most abundant between 25 and
35 m in the Gulf of Aqaba 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 HFSs in McKittrick Canyon,
and is also observed at the CS scale (Figs. 8, 10).

Whereas shelf-derived slope 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-
slope and basinal 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 al. 1993; Goldhammer et al. 1993; Mon-
tañez and Osleger 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 al. 1997). However, the challenge
weakens considerably when 2-D data are considered, because facies pro-
portions, cycle thickness, and stratal geometries commonly vary along 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,
analysis 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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TABLE 2.—Sequential Facies Data

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 a facies is followed by itself, it is dropped from the calculation (vertical striped shading).
Two ‘‘ideal’’ cycles are represented by the vertical successions of lithofacies, the Outer Shelf (OS0-OS9) and the Shelf Crest (SC1-SC8). 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 SC8 (italics) represents the uppermost facies in the SC cycle, and is most commonly followed by SC1 and SC2 to begin a new cycle.

Several analytical 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 chemical 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 data in 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, OS8 commonly follows OS7; OS7 commonly follows OS6, and
so 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 time it is preceded by OS6. Using
this kind of analysis, all 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, OS4); (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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FIG. 13.—Stacking patterns as determined from lithology, porosity, radioactivity, and texture averages of the complete measured section database. Fa cies 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 variations in facies, lithology, porosity, and
thickness of component cycles. Whereas individual cycles may not be lat-
erally 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 facies in
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) typically 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 at the base of the
subsequent cycle set.

Cycle sets in the Yates CS (Fig. 15) are considerably more amalgamated,
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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1160 S.W. TINKER

FIG. 14.—Stacking patterns illustrated using outcrop photograph and measured sections in the Seven Rivers CS. Location of measured sections 2, 3, and 4 o n 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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FIG. 15.—Stacking patterns in the Yates CS. Window at the bottom of figure represents 650 m from left to right. Measured sections 34, 37, and 38 are projected onto
a single vertical section.
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FIG. 16.—Geochemical stratigraphy. Vertical
distribution of d18O (diamonds) and d13C
(squares) in two reef transects, with dominant
lithology and facies illustrated for each. Some
hand samples were analyzed twice (indicated by
arrows to left of each plot), using powder from
two different areas of the sample. Vertical short-
dashed lines indicate the approximate mean
oxygen values (base line), and vertical long-
dashed lines indicate the approximate mean
carbon values (base line) for limestone and
dolomite. Note the sharp boundary near the top
of the limestone reef (33 feet; 10.1 m) in SR4 as
compared to a more gradual transition (32 to 50
feet; 9.8–15.2 m) in Y1.

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 overall thick-
ening- and deepening-upward (subtidal dominated) succession of compo-
nent HFSs (SR1 to SR2; Y1 to 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 alone, 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 another 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 area) 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 d18O
relative to an average base line near the top of the limestone reef, followed
by an abrupt positive shift (; 10‰) associated with passage into the do-
lomitized back-reef facies (Fig. 16). These d18O shifts relative to a base
line exceed those reasonably expected from simple limestone-to-dolomite
lithologic change (3–6‰; 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 d18O (;
7‰), 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 d13C 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,
is critical 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 spatial 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, individual siltstones thin upward, the vertical distance
between siltstones generally increases upward, and the downdip limit of
siltstone preservation steps landward. Within the HST of the Seven Rivers
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1164 S.W. TINKER

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 increase in
percentage of siltstone, thickness of individual siltstone bodies, and max-
imum basinward position of siltstone deposits (Fig. 17). In the Yates CS,
siltstones are strongly aggradational 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 el-
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 overall 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 at 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 a HFS 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 slightly landward
systematically 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 alveolines, it is reasonable to infer that the peloid–fusulinid WS/PS in
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 depositional in origin.

In addition, by analogy with the modern alveolinid morphology, the
stratigraphic change from the large Polydiexodina (greater length-to-thick-
ness ratios) in the Seven Rivers and Yates Formations to the smaller Ya-

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 Mizzia, 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 al. 1993; Wood et al. 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 also Kerans and Tinker 1998).

The shelf-margin facies tract was used in conjunction with other shelf
data to 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 (sea level), shelf-margin (shelf/
slope break), and outer-slope facies tracts were used as bathymetric ‘‘tie
points’’ (sensu Pomar 1993; Franseen et al. 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 depositional 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 al. 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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FIG. 20.—The dashed (TST) and solid (HST) lines from Figure 19 have been consecutively stacked to illustrate the cumulative TST and HST components for eac h 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), several other systematic variations warrant mention.

(1) Low-energy facies dominate the HFS TST, whereas higher-energy
facies dominate the HFS HST. This is 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 alternations. 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 fall (Table 3; Fig.
19). This stratigraphic signature can be indicative of extremely limited ac-
commodation caused by relative sea-level fall (see also 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 fall, or as the first HFS of the Yates
CS, deposited during the initial Yates 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. Geochemical stratigraphy (Fig. 16) sup-
ports the second interpretation.

(8) Although mud- and silt-dominated rocks (OS1-OS3) represent only
a minimal 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 al. 1953; Hayes 1957, 1964; Boyd 1958). Dunham (1972) argued for
a marginal-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 this revision. Hunt et al. (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
a marginal mound and the outer-shelf basinward dips are primary, then the
facies and stratigraphic architecture of the outer shelf should indicate a
progressive deepening 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, Saller 1996), then the opposite relationships should be
found.

Data from McKittrick Canyon indicate that the Capitan paleobathymetric
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 overall 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 cycles in
the shelf crest to lower-energy, subtidal-capped, fusulinid-rich cycles in 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
analogy 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
original 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 total 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).

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 al.
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 Yates HFSs represent from 250 to 375 ky. Accu-
mulation rates, uncorrected for compaction or missing rock, were calculated
in McKittrick Canyon along a vector perpendicular to growth direction in
all locations (Fig. 23). To be conservative, values were calculated using a
400 ky duration for each HFS.

Results indicate 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
especially 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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FIG. 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.

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. al. 1989).

The systematic evolution documented in McKittrick Canyon is hierar-
chical (repeated at several scales). Within a high-frequency sequence

(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, all of the data, including facies associations,
cyclicity, stratal geometry, and paleoecology, support a marginal-mound
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FIG. 23.—Accumulation rates, uncorrected for compaction or missing rock, calculated along a vector perpendicular to interpreted growth direction. Va lues are based on
an estimated 400 ky HFS duration, and reported in Bubnoffs (mm/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 initial increase and then
decrease in water depth at the shelf margin within each composite se-
quence, and an overall decrease in water depth from Seven Rivers through
Tansill 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 a rel-
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). Finally, 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 paleobathymetric pro-
file.
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