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Friday, May 9 
Meet at 5:00 beer/field trip planning—Crown and Anchor. If it is really crowded, we can 
go to Posse East which is right around corner. 
 
  
Monday, May 12 
10:00 am Get field vehicles (I need 3 volunteers to go with me.) 
Make sure that each vehicle has an operational spare tire and the equipment to change it.   
10:30 am Take vehicles to Wal Mart—buy supplies (anything we don’t have), pack 

coolers and vehicles 
 
Pack these items: 
Critical Group Items 

1) White Board 
2) 6 coolers 
3) Jacobs staffs for all 
4) Role of large scale plotting paper 
5) Duct tape 
6) Magic markers 
7) Stoves! (how many stoves do we have?) 

 
Critical Personal Items 

1. Hand lens 
2. grain size card 
3. mineral oil 
4. 10% hcl 
5. rock hammer 
6. tent, sleeping bag, sleeping pad 
7. suntan lotion, hat, day pack 
8. field guide and field book 
9. very solid field shoes and sandals 
10. appropriate clothing for rain, wind, and sun, rain gear 
11. flashlight/headlamp 
12. medications, first aid kit, towel, bath supplies 
13. camera, batteries, cell phone, charger 
14. cup, fork, knife, spoon, water bottles 

 
 



Field Schedule: 
Tuesday, May 13 
07:00am —Depart Austin to Salt Flats  (~8 hr drive) 
 
16:00 (MTN Time)—Arrive Salt Flats to south of Guads—Overview (PSU  arrives El 
Paso 11:20 am) 
Task: Sketch major stratigraphic elements of western escarpment. 
 
May 13, 19:00 (MTN Time)—Arrive Washington Ranch 
 
Camp Washington Ranch 

• 18 Rattlesnake Springs Road, Carlsbad, NM 88220 
• 22 tent sites reserved, 13th through 20th  
• Sites are next to a building where you can store food/equipment, use 

bathroom/shower 
• Group dinner arranged for each night 
• $10/tent/night, $7.50/person for dinner 
• Contact: Charles – 505-785-2228 

 
Wednesday, May 14 
 
07:00 Depart Washington Ranch to Salt Flat Bench  (turb. systems) 
Task: Construct Integrated Channel Cross Section 
Task: Evaluate connection between channel-filling and overbank deposits 
 
Thursday, May 15 
 
07:00 Depart Wash. Ranch to Guadalupe Canyon (turb. systems) 
Task: Slope Channel Systems: Sketch Cross Section 
Task: Evaluate models for channel cutting and filling based on preserved stratigraphy. 
 
Friday, May 16 
 
07:00 Depart Wash. Ranch to Williams Ranch (Bone Canyon to Schumard Canyon) 
Task: Study Canyon Fill Stratigraphy and Facies 
Task: Sketch Large Scale Onlap 
Task: Evaluate two stages of erosion (syn- or pre-cutoff) 
 
Saturday, May 17 
 
07:00 Depart Wash. Ranch to McKittrick Canyon – Shelf to Basin 
Task: Develop model for carbonate Shelf depositional systems 
Task: Measure carbonate Section 
 



Sunday, May 18 
 
07:00 Depart Wash. Ranch to Shattuck Valley Escarpment 
Correlation Exercise 
Task: Use measured section, cycle stratigraphy and sequence stratigraphy to correlate in 
mixed carbonate-clastic shelf system 
 
Monday, May 19 
 
AM   Group Correlation Project 
Task: Complete Correlation Exercise 
PM   Carlsbad Caverns 
Task: Tour Cavern 
 
Tuesday, May 20 
 
All day   McKittrick Canyon 
Task: Walk reef, look at slope facies, examine geobiology 
 
Wednesday, May 21 
All Day  Mystery Outcrop 
 
Thursday, May 22 
All Day  —Return to Austin – 8 hours 



Contact Information: 
Peter Flemings (512) 750-8411 
Rob Skarbek (484) 354-2758 
Jon Schueth (814) 933-9118 
Matt Reilly (814) 359-6356 
Joe Valenti (585) 217-6025 
Charles Bohn (814) 404-3424 
Melissa Pardi (860) 305-4217 
Leah Schneider (814) 280-2854 
Dan Jones (651) 245-2775 
Mark Patzkowsky (814) 574-3452 
Heather Nelson (814) 865-9794 (O) 
Heather Nelson (814) 777-1746 (C) 
Heather Nelson (814) 867-6058 (H) 
 
 
  
 
 



Overview 
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Paleogeography Overview 
 

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

Basin in southeast New Mexico and northwest Texas. The Permian Basin can be 

subdivided into smaller basins (Midland Basin, Delaware Basin, and Marfa Basin) 

and platforms (Central Basin Platform, Diablo Platform). It was formed during the 

Permian Period in the Late Paleozoic. 

 

Plate tectonics 
The Permian period is between 299 and 251 Ma ago. By the Early Permian 

continents were merged into one huge landmass called “Pangea”. The ocean to 

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

 

Panthalassic 
Ocean 

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

Paleo-Tethys 
Ocean PPAANNGGAAEEAA  

 

Paleogeography of North America 
About 260 Ma ago, North America was located at lower latitude than today. New 

Mexico and Texas were very close to the continent margin. Aeolian and fluvial 

redbed sediments were deposited across the western interior of North America 

during the Late Permian. In the basins, including the Permian Basin, thick 

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

Permian Basin (New Mexico, Colorado) were a source of siliciclastic sediments. 
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Magnetic polarity changed more often and for longer periods towards the end of 

the Permian. There were several minor and major Permian – Devonian 

transgression – regression cycles with an overall regressive trend until the end of 

the Permian stage when relative sea level was at its lowstand (about 200 meters 

below present sea level). 

 

 
http://www.tscreator.com/download.php 
  

Two-pulse Permian mass extinction 
The end of the Permian Period coincides with a severe mass extinction. The 

mass extinction actually happened in two pulses: at the end of Guadalupian and 

Tatarian (5 Ma later). About 71% of marine species (e.g. brachiopods, 

ammonoidea, bryozoans, fusulinacea, gastropods, bivalves) were eliminated 

during the first brief pulse of extinction at the end of Guadalupian. The second 

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

ends of Triassic and Cretaceous. 

 

Speculated causes: 

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

Permian: 

1) Volcanism: 
The Siberian Traps (large igneous province) are evidence for eruption of ash and 

gases as a result of a mantle plume. The Siberian Traps cover ~2 Mio. km2 

(larger than Europe) and the volume is approximately between 1 – 4 Mio. km3. 

SO2 and CO2 were erupted into the atmosphere causing a short-term cooling and 

long-term warming, respectively. 

2) Meteorite impact: 
A potential meteorite crater might have been found in Australia. An iridium 

anomaly as well as shocked quartz, both typical evidence for meteorite impacts, 

have been documented there as well. 

3) Climate change: 
There is evidence for both, an increasing and decreasing trend in temperature. 

Due to the dry, hot supercontinent with great seasonal fluctuations and an 

increase in CO2 emissions from volcanic activity, the area of coal swamps might 

have been reduced and the metabolism of creatures might have been slowed 

down. At the same time, SO2 emissions from volcanic activity caused cooling, 

documented by glacial deposits in polar zones and thick dune sands. The 

presence of carbonate limestones was reduced. Both trends combined might 

have caused a rapid repeated heating and cooling that did not leave creatures 

enough time to adapt to one or the other. It might have also caused changes in 

ocean circulation and salinity. 

4) Formation of supercontinent: 
Due to one huge landmass (Pangea), the interior was hot and dry and at low 

elevation. The coastline was reduced, therefore, less habitats were available. 

Parts of Pangea were located over a pole causing glaciations. 
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5) Glaciation: 
Glacial deposits were found in Australia, Siberia, and the North Sea. Milancovitch 

cycles can only account for fluctuations in size of ice sheets, but not for actual ice 

sheet formation. But combined with the fact, that parts of Pangea were located 

over poles, Milancovitch cycles may have contributed to a global drop in 

temperature and sea level causing a Late Permian glaciation.  

 

High diversity of Late Permian 
From Middle to Late Permian the diversity increased tremendously. Compared to 

brachiopods, gastropods and bivalves became relatively more abundant, 

particularly in offshore carbonate environments. Potential causes for the high 

diversity could be an increase in productivity, fluctuations in environmental 

stresses, or an onset of anoxia in the deep ocean. Bivalves and gastropods, as 

opposed to brachiopods, have a better ability to adapt to increased 

environmental stresses. Therefore, there might have been an increased habitat 

space for them causing a relative increase in abundance. 
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Salt Flat Bench 



Guadalupe Canyon 
 

Guadalupe Canyon is located in West Texas S-S-W of El Capitan (fig. 1 and 2). 
 

 
Fig 1.  Google Earth aerial view of Guadalupe Canyon and El Capitan 



 
Fig. 2.  Regional overview of the location of the Brushy canyon outcrops.  Beaubouef et 

al., 1999. 
 

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



units divide the Brushy Canyon Fm. into three separate, sand prone units (the Upper, 
Middle, and Lower Brushy Canyon Members). 
 
 



  
Fig. 3.  Schematic diagram of the deposition of the Brushy Canyon Fm.  Note the 

lowstand wedge slope siltstones dividing the Brushy into 3 members.  Beaubouef et al., 
1999. 



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



 
Fig. 4.  Diagram showing the larger sequence stratigraphic context of the Brushy Canyon 

Fm.  Beaubouef et al., 1999. 



Figures 5 and 6 show the relative location of the outcrops on the slope. 
 

 
Fig. 5.  We will be looking at the mid- to lower-slope channel deposits of the Brushy 

Canyon, indicated by the Day 2 marker.  Beaubouef et al., 1999. 



 
Fig. 6.  Map view of the depositional model constructed for the Brushy Canyon Fm.  We 

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



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



 
Fig. 7.  Illustration of the process by which turbidites create then fill the channels seen in 

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



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



 
Fig. 8.  Mapped channels and fills of the Upper Brushy Canyon Mbr.  Red lines are major 

erosion surfaces, thick black are minor erosion surfaces, thin black lines are correlation 
surfaces, and blue lines are abandonment surfaces.  White box is the blowup for figure 8.  

Beaubouef et al., 1999. 



 
Fig. 9.  Blowup of the previous white box.  Several areas of interest are pointed out for 

the next several figures.  Beaubouef et al., 1999. 

Figure 12 

Figure 11 

Figure 10 



 
Fig. 10.  Stacked erosion surfaces and remnants of small-scale sandstone channel fills.  

This indicates a complex history of erosion and minor backfilling before later 
aggradational backfilling by laterally-extensive onlapping sandstones.  Beaubouef et al., 

1999. 
 
 

 
Fig. 11.  In this channel axis we see medium- to thick-bedded, internally massive 

sandstone units which thin towards the channel margin.  These are interbedded with 
siltstones and form composite drapes along the channel margins.  Beaubouef et al., 1999. 

 
 



 
Fig. 12.  This close-up shows the lateral thinning of sandstone beds into zones of inclined 

sand- and siltstones form the channel margin drape.  The master erosion surface is 
present below the picture.  Beaubouef et al., 1999. 

 
Things to look for in outcrop include: 

•   Channel Geometries: 
o   Sand filled 

o   Low aspect ratio 

o   Up to 45m deep 

o   Incised into slope siltstones 

o   Confined by master erosion surfaces 

•   Bypass Indicators: 
o   Siltstone draped erosion surfaces and coarse grained lags 

o   Thin intervals containing erosion surfaces, very thin lenticular 
sandstones, and starved ripples at the base of some channel 
complexes 

•   Channel Fills: 
o   Siltstones 

   Thin-bedded sand- and siltstones overlie ersion surfaces 

•   May fill entire channel or form initial fill 

o   Sandstones 

   Variable fill styles 

•   Dominantly non-amalgamated, medium- to thick-
bedded massive sandstones 

o   Laterally extensive from channel axis to 
channel margin, thinning toward margin 



•   Stacking Patterns 
o   Vertical to slightly

te focusing of flow by nearby upper slope 

and 

 
Summary 

 Guadalupe Canyon, veral stacking turbidite channels within the Upper 
ber.  Lower chann dier, but over time, channels are filled 

 and 

 offset patterns of stacking 

   Indica
canyons 

   Slump-related topography may control locations 
stacking 

In
Brushy Canyon Mem

 we see se
els are mud

with more sand.  The channels have been cut into the siltstones that create the slope
become less amalgamated as you move up section into blockier sands.  The channels 
have an overall coarsening upward succession. 
 



 
Fig. 13.  Summary of the deposition and stacking of the channel fills within the Upper 
Brushy Canyon Mbr. with a schematic log going upsection.  Beaubouef et al., 1999. 



 Brushy Canyon Formation: Salt Flat Bench 

1. Location:  

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

 

 

 

 

 

 

 



 

El Capitan 

Stop 1 

Salt Flat Bench 

1km 

N

Guadalupe Canyon 

A map (left) showing the location of Salt Flat Bench in relation to El Capitan and Guadalupe Canyon. 

A digital google earth aerial view (right) of Salt Flat Bench and El Capitan. 

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



 2. Age and Stratigraphic Context:  

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

The Brushy Canyon Formation has been divided into Lower, Middle and Upper Brushy Canyon, based on laterally persistant siltstones 
believed to represent a 4th order late low stand wedge development concomitant with sand starvation in the Basin. Thinner siltstone deposits have 
also been interpreted as 5th order abandonment surfaces by Gardner & Borer (2000), on the basis of which the Brushy Canyon Formation was 
resolved into 7 Fans.  

 

 

 

  

 

 

 

 

 

 

 

 

 

 



 These deep water siliciclastic deposits are about 360m/1500ft thick. They onlap against a relict carbonate slope, which consists of eroded 
shelf and slope carbonate deposits and is laterally correlatable to a karstification/ subaerial exposure surface farther back on the shelf. The 
steepness of the relict slope suggests that, initially, the slope was mainly a site of sediment bypass.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



1. Siliciclastic Sediment Source 

 

 

 

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

 

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

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

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

 

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

 

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

  

 

 

 

 

 



2. Down-dip variation in sand-body architecture 

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

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



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. 



















































































Bone Canyon 



Shumard and Bone Canyon Traverse

Williams Ranch

Shumard Canyon Bone Canyon

Guadalupe Peak
El Capitan



1000 m

Williams Ranch

Shumard Canyon Bone CanyonFirst Bench

Brushy Canyon/Cherry Canyon Contact?



Vertical of Formations (notice how Victorio Peak pinches out between 
the two canyons).  Source: SEPM Field Guide (1988)



Map view of formations.  Circled are Shumard and Bone Canyons. (AAPG
field guide, 1999).  Note arrows indicating paleo flow/dip direction.



Depositional Model:

Bone Springs Formation 
deposited in
slope-to-basin setting; 
Victorio Peak Formation
deposited in a shelf margin 
setting (1).  Sea level
fall, and development of 
erosional karst surface
into Victorio Peak 
formation (2). Sea level rise,
and deposition of Cutoff 
“wedge”: lower Cutoff 
Formation; (3) and (4).

Source: C. Kearns



Depositional 
Model (continued)

Progradation of San 
Andreas
Formation (land basin), 
and synchronous
deposition of Cutoff 
Formation (5).
Upper Cutoff Formation 
caps the units (6),
and Brushy Canyon 
deposition ensues,
scouring into 
underlying Cutoff and 
Victorio
Peak Formations (7)

Source: C. Kearns



Hierarchy of Stratigraphy

Source: C. Kearns



Larger Depositional Context

Our Study Area

Source: C. Kearns



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

Source: C. Kearns



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

Brushy Canyon

Cutoff Mega Breccia

Victorio Peak

SEPM (1988)



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

Source: AAPG/Exxon field guide, 1999



Bone Canyon Overview: Looking at the south face from the north ridge
source: SEPM (1988)



Bone Canyon: Variability of canyon fill is interpreted to reflect variable 
flow types during late-stage canyon filling
UNIT 1: Carbonate clast conglomerates ( 1-7.5 m diameter; sourced 
from underlying strata
Via debris flows) 
UNIT 2: Medium to thick beded, sandy peloidal-skeletal grainstones that 
exhibiting Bouma turbidite subdivisions.  Basinward transport of 
carbonate material derived from shallow marine environments existing 
at the canyon heads
UNIT 3: Channelized massive sandstones (channel axis facies). 

Bone Canyon: Brushy Canyon Formation (clastic turbidite channel outcrop)

Source: AAPG/Exxon field guide, 1999



Jeffrey Nittrouer           May 2008 
Guadalupe Field Stratigraphy Course   
 
 

Bone Canyon and Shumard Canyon Traverse 

 

Introduction: 

Directions: HWY 62 west until Williams Ranch Road turnoff (~ 8 miles west from the 

National Park visitor center turnoff).  Right onto Butterfield Trail Road, which begins 

east, and turns north to Williams Ranch (distance: ~8 miles from HWY 62 turnoff).  

We will begin at Williams Ranch (elev. 5000 ft), along the western escarpment of the 

Guadulupe Mountains.  The ranch is situated between the outlet of Shumard Canyon 

(north) and Bone Canyon (south).  As mentioned in class, our hike will likely begin up 

Bone Canyon in order to take advantage of the well-packed trail present in Shumard 

Canyon for our descent (National Park trail).  Our hike will ascend upsection, starting 

with the Bone Spring Limestone, and work through the Victorio Peak Formation, 

Upper Cutoff Formation, and the Brushy Canyon Formation.  The top of the first 

bench (situated on the ridge between the two canyons) is the contact between the Cutoff 

Formation and the Brushy Canyon Formation (elev. 5700 ft).  In general, our 

north-to-south perspective of the western escarpment provides a near-dip view of the 

platform-to-basin depositional setting (paleo current indicators suggest a south to 

south-east transport trend).  The base formations (Bone Springs and Victorio Peak) are 

limestone; the Cutoff Formation follows as a transitional unit, and the Brushy Canyon 

Formation consists of a mixture of clastic and carbonate sediments, derived from 

turbidites and debris flows. 

 

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



published in 1988 by SEPM (“Geologic guide to the Western Escarpment, Guadalupe 

Mountains, Texas”), and the second is an AAPG/Exxon guide published in 1999 

(“Deep-water Sanstones, Brushy Canyon Formation, West Texas”).  Charlie Kearns 

provided additional figures.  I have no personal experience working in this area, so my 

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

 

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

outcrops found in Bone and Shumard Canyons. 

 

 

Rock Units and Depositional Setting: 

 

Bone Springs Limestone: The base formation from which we will begin.  This unit is 

characterized by dark gray color, cherty and thin bedded internally laminated lime 

mudstone.  It is organic rich, and perhaps sparsely to non-fossiliferous (from the 

SEPM guide; Charlie disputes the idea of a lack of fossils).  Depositional setting is 

considered transitional, from the slope to the basin. 

 

Victoria Peak Formation: This rock unit is a carbonate bank margin facies, having 

been deposited near the break between the platform top and the deeper slope setting.  

The formation is only present in Shumard Canyon, as it pinches out before Bone 

Canyon.  The rock is characterized by medium/light gray color, thick bedding, 

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

 

 

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



spatial exposure.  The two predominant lithologies found in Shumard and Bone 

Canyons are lime mudstones and massive carbonate breccia, which are expressed as 

recessive and resistant units, respectively.  Interpretation of the depositional 

environment is varied; sea level lowering post Victorio Peak deposition is believed to 

have exposed the carbonate platform and bank subaerially, promoting karst 

development.  Ensuing sea level rise flooded the margin, and the topographically 

variable karst surface is speculated to have provided conduits for sediment transport 

(gravity-driven) to the slope and basin.  Continued sea level rise eventually flooded the 

entire platform surface, leading to the time-synchronous development of the San 

Andres formation on the platform.  The upper Cutoff Formation caps both the 

landward San Andres Formation and the matching lower Cutoff formation at the shelf 

break and slope. 

 

Brushy Canyon Formation: Clastic turbidite packages consisting of sandy, 

amalgamated channel fills amongst fine-grained, recessive siltstone (likely drape 

deposits).  There are erosional surfaces cut into the underlying carbonate formations 

(Cutoff and Victorio Peak).  The AAPG/Exxon field guide describes a Brushy Canyon 

submarine channel fill deposits from Bone Canyon as consisting of three distinct units: 

(1): Carbonate clast conglomerates (1-7 m diameter, and sourced from the eroded 

underlying strata; debris flow?); (2): Medium to thick bedded, sandy peloidal-skeletal 

grainstones exhibiting Bouma turbidite subdivisions.  Basinward transport of 

carbonate material derived from shallow marine environments existing at the canyon 

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













































McKittrick Canyon 



Katherine Goepfert 
April 30, 2008 

 
 

McKittrick Canyon (Permian Reef Trail) 
 

Overview/ Introduction: 
McKittrick Canyon is located on the eastern side of the Guadalupe Mountains near El 
Capitan.  The mouth of McKittrick Canyon shows great exposures of the shelf crest, 
outer shelf, reef, slope, and toe of slope leading out onto the Delaware basin.   
 

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



 
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) 



 
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) 
 



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)  
 



 
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) 



 

 
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) 



 
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) 



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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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; Garcı́a-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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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 McKittrick 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. Facies are arranged
in terms of the most common vertical succession of facies (Table 2). Solid and dashed horizontal lines separate the facies into facies tracts. Lithology, porosity, radioactivity,
and texture trends were used to help derive the accommodation interpretation.

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

Cycle Sets

Cycle sets are defined by 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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FIG. 14.—Stacking patterns illustrated using outcrop photograph and measured sections in the Seven Rivers CS. Location of measured sections 2, 3, and 4 on the
sequence-stratigraphic interpretation (Fig. 8) is shown in the window at the bottom of figure, which represents 600 m from left to right. True vertical thickness (TVT, in
meters) illustrates the outcrop distortion from bottom to top.
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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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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 each CS.
Note the simultaneous retrogradation/aggradation of the shelf crest and progradation/aggradation of the shelf margin during marine transgression (TST). Systematic changes
are noted to the right of figure.

In addition to the variations highlighted by the depositional parameters
(Figs. 19–21), 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. Values 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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SEQUENCE ARCHITECTURE AND SEA-LEVEL DYNAMICS OF UPPER PERMIAN SHELFAL FACIES,
GUADALUPE MOUNTAINS, SOUTHERN NEW MEXICO

DAVID A. OSLEGER
Department of Geology, University of California, Davis, California 95616, U.S.A.

ABSTRACT: A 3.2 km profile of mixed carbonates and clastics is superbly
exposed in Slaughter Canyon in the Guadalupe Mountains of southern
New Mexico and provides a seismic-scale panorama of stratal architecture
and cyclic facies relationships across the Upper Permian shelf margin of
the Delaware basin. The upper Seven Rivers and Yates Formations ex-
posed in the mapped profile behind the Capitan reef margin are charac-
terized by extreme seaward thickening and strongly progradational ar-
chitecture. Meter-scale cycles exhibit systematic lithofacies changes in a
seaward direction, spanning pisolitic shelf-crest to skeletal outer-shelf fa-
cies tracts. Retrogradational, aggradational, and progradational stacking
patterns of meter-scale cycles in the Yates define four complete high-fre-
quency sequences (Y1–Y4) and the lower half of a fifth (Y5) that continues
into the overlying Tansill Formation. Individual Yates high-frequency se-
quences are fundamentally macroscale versions of Yates meter-scale cycles,
on the basis of comparable internal arrangements of lithofacies and their
seaward-thickening geometry.

The evolution of the Yates–Capitan shelf margin from Y1 through
Y4 is expressed by systematic trends in downdip thickness changes,
lateral extent of facies tracts relative to the Capitan reef margin, aspect
ratios of facies tracts, progradation:aggradation ratios and derived of-
flap angles, and progradation rates. These trends reflect the position
of individual high-frequency sequences in the larger scale Yates–Tan-
sill composite sequence. Long-term changes in aspect ratios record the
progressive seaward migration and lateral expansion of the shelf-crest
facies tract from Y1 through Y4 and the reciprocal seaward-stepping
architecture and lateral contraction of the outer-shelf facies tract. The
four Yates high-frequency sequences in Slaughter Canyon are char-
acterized by an average offlap angle of 3.68, whereas the corresponding
average growth angle for the time-equivalent Capitan reef is 5.28. The
higher reef growth angle reflects the greater amount of accommodation
available near the outer shelf-to-reef transition as well as limitations
to seaward growth imposed by the steepness of the reef front. The
Yates shelf prograded at an average rate of 2.1 m/k.y., whereas the
time-equivalent Capitan reef prograded at a rate of 1.7 m/k.y. The
strongly progradational architecture of the Yates shelf resulted in a
progressive decrease in the depth of the Capitan reef through time
from a maximum of ; 65 m during early Yates time to near sea level
during the latest stages of the Yates platform.

The abrupt seaward expansion within each Yates high-frequency
sequence occurs directly above the terminal reef margin of the preced-
ing high-frequency sequence. The underlying reef likely acted as a
foundation to localize the basinward shift in deposition associated with
sea-level fall along high-frequency sequence boundaries, contributing
to the seaward thickening and progradational ‘‘step-out’’ of the outer
shelf. Architectural changes controlled by the interaction between rel-
ative sea level and antecedent depositional topography may be a fun-
damental characteristic of many progradational shelf margins.

INTRODUCTION

Several recent studies of ancient carbonate platforms have based their
sequence stratigraphic interpretations on the detailed ‘‘mapping’’ of well-
exposed, two-dimensional profiles (e.g., Sonnenfeld and Cross 1993; Fran-
seen et al. 1993; Pomar 1993; Kerans and Fitchen 1995; Tinker 1996).
These high-resolution studies provide critical field documentation, at the

sub-seismic scale, of published conceptual models of how carbonate plat-
forms are geometrically constructed. They also reveal a level of detail be-
yond other outcrop-based sequence stratigraphic studies that are forced to
rely solely on the subjective correlation of vertical stacking patterns of
cyclic successions between isolated sections. The current emphasis on the
detailed mapping of seismic-scale profiles to determine stratal architecture
is a natural outgrowth of older stratigraphic field studies that recognized
the insight provided by two- and three-dimensional models of deposition
(e.g., McKee 1945; Hickox in Newell et al. 1953).

This study documents the stratal architecture, cyclic facies relationships, and
sea-level dynamics of seismic-scale, laterally continuous exposures of Upper
Permian mixed carbonates and clastics superbly exposed in Slaughter Canyon
in the Guadalupe Mountains of southern New Mexico (Fig. 1A). These strata
(upper Seven Rivers and Yates Formations) were deposited during middle to
late Guadalupian time on the Northwest Shelf behind the coeval Capitan reef
complex that rimmed the Delaware basin (Fig. 1B). The primary goals of this
paper are to (1) document the detailed stratal architecture of high-frequency
sequences, (2) improve the genetic, and thus chronostratigraphic, resolution,
and (3) quantify depositional variables such as aspect ratios, progradation:ag-
gradation ratios, offlap angles, and platform progradation rates which reflect
the sea-level dynamics controlling sequence deposition. This study contributes
toward improved visualization of the two-dimensional architecture of mixed
carbonate–siliciclastic deposits on highly progradational rimmed shelf margins,
and provides an outcrop analog for lateral and vertical facies heterogeneity
within subsurface reservoirs.

Previous Work

Previous sedimentologic work on the Seven Rivers–Yates interval in the
Guadalupe Mountains has documented the overall facies distribution and has
identified multiple forms of stratigraphic cyclicity (e.g., Hayes and Koogle
1958; Hayes 1964; Silver and Todd 1969; Kendall 1969; Dunham 1972; Meis-
sner 1972; Smith 1974; Esteban and Pray 1977; Neese and Schwartz 1977;
Sarg 1981; Hurley 1989; Candelaria 1989; Borer and Harris 1991; Mutti and
Simo 1993). Recent sequence stratigraphic approaches to the Seven Rivers–
Yates succession, primarily based on the spectacular exposures in McKittrick
Canyon, have been taken by Kerans et al. (1992), Kerans and Harris (1993),
and Tinker (1996).

In Slaughter Canyon, Achauer (1969) constructed a generalized dip section
of shelfal facies relations behind the Capitan reef, providing significantly greater
detail than the Slaughter Canyon cross section constructed by Newell et al.
(1953). Other work in Slaughter Canyon consists of Babcock (1977) and Yu-
rewicz (1977), who investigated the Capitan reef massif, and Melim and Schol-
le (1995), who focused on the Capitan foreslope. Rankey and Lehrmann (1996)
interpreted toplap geometries in the ‘‘upper Seven Rivers’’ in a 100 m 3 700
m window in Slaughter Canyon. The architectural and genetic relations de-
scribed in this paper provide critical detail about the shelf crest and outer shelf
of the Yates platform, complementing the work of Borer and Harris (1991),
who used isolated outcrops from the Guadalupe Mountains and borehole data
from the Northwest Shelf and Central Basin Platform to construct cross-plat-
form profiles of the Yates Formation.

Study Area and Methods

Slaughter Canyon trends south-to-southeast, normal to the Capitan Es-
carpment of the Guadalupe Mountains, providing a seismic-scale dip sec-
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FIG. 1.—A) Location map of the study area
(shaded) in Slaughter Canyon, Guadalupe
Mountains, southern New Mexico. B) Facies
distribution of the Queen, Seven Rivers, and
Yates Formations around the perimeter of the
deep-water Delaware basin (after Ward et al.
1986). Oil and gas fields producing from these
formations are shown in black.

tion of the upper Seven Rivers and Yates bedded shelf strata behind the
massive Capitan reef and foreslope (Fig. 2). Formation boundaries were
mapped in the canyon by Hayes and Koogle (1958) and Hayes (1964) (Fig.
3). For this study, eleven sections, spaced 100–400 m apart, were measured
and logged in detail along a 3.2 km transect on the northeast wall (Fig. 4).

On the outcrop, measured section data were transcribed to color copies of
panoramic photographs. Several critical surfaces and most siliciclastic beds
were physically traced between adjacent sections, essentially correlating on
the outcrop with the aid of the panoramic photographs and tying loops
between sections. Selected individual cycles were traced updip and down-
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FIG. 2.—Panoramic photo of northeast wall of Slaughter Canyon illustrating the seismic scale of the outcrop. Photo spans ; 2.5 km extending from the mouth of the
canyon (right) back toward the northwest (left). Superimposed form lines show the transition between shelfal strata and the Capitan reef and foreslope, and boundaries of
high-frequency sequences through the Yates study interval. The majority of the lower walls in both canyons are composed of Capitan reef and foreslope facies, with the
upper part composed of backreef shelfal strata of the Seven Rivers and Yates Formations. Y1–Y5 are high-frequency sequences.

FIG. 3.—Geologic map of the Guadalupe
Mountains near Slaughter Canyon (after Hayes
and Koogle 1958).

dip to document lateral facies transitions from the seaward contact with the
Capitan reef to the most landward settings in the lee of the shelf crest.
Three sets of photographs were used that provided differing perspectives
and levels of resolution: (1) wide-angle pans taken from several vantage
points on the opposite canyon wall, (2) blow-ups of Hasselblad pans, and
(3) low-angle oblique photos taken from a helicopter. Petrographic analysis
of . 150 thin sections of shelfal lithologies enhanced field descriptions of
lithofacies and permitted the recognition of rock fabrics, porosity types,
and cementation history.

STRATIGRAPHIC AND TECTONIC SETTING

During the Late Permian, the Guadalupe Mountains of southeastern New
Mexico and west Texas were located approximately 108 north of the equa-
tor and were part of the extensive western collisional margin of Pangea
that faced the Panthalassan ocean (Scotese 1994; Golonka et al. 1994). The

regional climate was one of extreme aridity, indicated by the development
of broad coastal siliciclastic sabkhas and associated evaporative environ-
ments (Ward et al. 1986; Andreason 1992). Global climate models of Pan-
gean continental configurations indirectly support widespread aridity across
Pangea but also suggest strong seasonality with significant winter cooling
(Crowley et al. 1989) and monsoonal circulation (Kutzbach and Gallimore
1989). The Late Permian in general was a transitional phase between peak
icehouse conditions during the Pennsylvanian through early Permian and
peak greenhouse conditions during the Jurassic and Cretaceous.

Upper Permian facies of the study interval in the Guadalupe Mountains
were deposited on the Northwest shelf of the Delaware basin during the
late Guadalupian (Fig. 1B). The Capitan reef formed a marginal rim around
the basin, creating semi-restricted conditions in the deep-water interior. The
upper Seven Rivers and Yates Formations shelfal strata are equivalent to
massive reefal and forereef carbonates of the Capitan Formation and to
basinal siliciclastics of the middle Bell Canyon Formation (Fig. 5). The
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FIG. 4.—Topographic base map of Slaughter Canyon showing locations of mea-
sured sections along the east-northeast wall. Adapted from the Serpentine Bends and
Grapevine Draw U.S.G.S. quadrangles.

FIG. 5.—Shelf-to-basin correlations for the
Upper Permian of the Northwest shelf, modified
from Garber et al. (1989). T1, T2, and T3
represent time lines. Shaded area denotes the
backreef facies of the uppermost Seven Rivers
and Yates Formations, which are the focus of
this study.

sole index fossil for establishing shelf-to-basin correlations in the late
Guadalupian is the fusulinid Polydiexodina. The study interval comprises
part of the Capitanian substage of the Guadalupian stage, a time interval
estimated to span about 2.5 m.y. (Ross and Ross 1987; Harland et al. 1989).
Using maximum thicknesses for the study interval proportioned to these
time spans, the upper Seven Rivers and Yates Formations are estimated to
collectively range from 0.7 to 1 m.y. in duration. Of course, the time scale
for these estimates is based on stratigraphic inference; the nearest radio-
metric dates that can be tied to biostratigraphic zonation are at the Penn-
sylvanian–Permian boundary (295 6 6 Ma) and the Permo-Triassic bound-
ary (251 6 3 Ma) (Ross et al. 1994).

FACIES DISTRIBUTION

Physical tracing of shelf-to-reef time slices in this study corroborates the
marginal mound model of Dunham (1972). This paleobathymetric model
defines a lateral succession of depositional environments extending seaward
from an interior evaporitic lagoon, across a shelf-crest pisolite shoal com-
plex, then down a dipping outer shelf that grades into the submergent
Capitan reef (Fig. 6). The mapped profile in Slaughter Canyon is dominated
by lithofacies comprising the shelf-crest and outer-shelf facies tracts. (‘‘Fa-
cies tract’’ is used in this paper as a genetically linked association of facies
that records a discrete energy/water depth/sediment supply setting, sensu
Kerans and Fitchen 1995). Carbonate lithofacies of the shelf-crest and out-
er-shelf facies tracts have been exhaustively reviewed in the literature; ob-
servations from Slaughter Canyon are compiled in Figure 6.

Fine quartzose sandstones to coarse siltstones are commonly interbedded
with carbonates of the Yates Formation and are important reservoir facies
in the Permian basin (Borer and Harris 1991; Andreason 1992). In Slaugh-
ter Canyon, siliciclastic facies are composed of very well-sorted, subangular
to subrounded quartz grains cemented by dolomite or anhydrite. Individual
beds typically are featureless and massive but have sharp bases that gra-
dationally become more dolomitic upward, eventually dissipating into pure
carbonate facies. Laterally, siliciclastic beds tend to be amalgamated into
a single bed updip, but commonly bifurcate into two to three distinct beds
downdip before feathering out near the immediate backreef. Depositional
interpretations of these siliciclastics range from shallow subaqueous to eo-
lian (e.g., Silver and Todd 1969; Kendall 1969; Smith 1974; Fischer and
Sarnthein 1988; Candelaria 1989).

Capitan-age shelfal strata tend to increase in dip and thicken considerably
as they approach the Capitan reef, a geometry that is readily apparent on
canyon walls throughout the Guadalupes (Fig. 2). King (1948) and Newell
et al. (1953) recognized this ‘‘basinward tilting of backreef deposits’’, and
Pray has informally designated these inclined outer-shelf units ‘‘fall-in’’
beds (Pray and Esteban 1977). Hurley (1989) demonstrated that the tilt is
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FIG. 6.—Outcrop and petrographic
characteristics of carbonate lithofacies exposed
along the shelf-crest to outer-shelf profile in
Slaughter Canyon.

mainly depositional in origin, with only a minor component of tectonic or
compactional overprint. In contrast, Saller (1996) recognized up to 108 of
postdepositional tilt, which he attributed to differential compaction of slope
and basinal carbonate muds. In Slaughter Canyon, measured depositional
dips of the outer shelf vary from ; 1–28 updip to ; 6–108 downdip
(corrected for the 5–68 structural tilt imparted by the underlying flexure of
the Huapache Monocline).

SEQUENCE STRATIGRAPHY

The sequence stratigraphic terminology of Mitchum and Van Wagoner
(1991) is followed in this paper: large-scale ‘‘composite sequences’’ are
internally composed of ‘‘high-frequency sequences’’ (HFSs), which in turn
are composed of meter-scale cycles. This paper does not use the terminol-
ogy of ‘‘orders’’ (i.e., third, fourth, fifth) because of the arbitrary time
boundaries separating the various scales of cyclicity and the relatively poor
time control in the studied rocks.

A generalized cross section of the upper Seven Rivers and Yates exposed
along the outer 3.2 km of the northeastern wall of Slaughter Canyon (Fig.
7) provides an overall stratigraphic framework for the following documen-
tation of sequence stratigraphy. The Yates Formation consists of four com-
plete high-frequency sequences (Y1–Y4) and the lower half of a fifth (Y5)
that continues into the overlying Tansill Formation. The contact between
the Yates and Seven Rivers is interpreted to be a major composite sequence

boundary (Kerans et al. 1992; Tinker 1996). Only the outer-shelf parts of
the uppermost high-frequency sequences in the Seven Rivers are exposed
in the studied profile and are not discussed in detail in this paper. The
vertical and lateral stacking patterns of meter-scale cycles are key criteria
for defining high-frequency sequences in the upper Seven River and Yates
and thus are discussed first.

Meter-Scale Cycle Architecture and Stacking Patterns

Cross-Platform Characteristics.—Meter-scale cycles are the funda-
mental chronostratigraphic unit in the upper Seven Rivers and Yates For-
mations and have been described by several previous workers, usually in
the context of vertical measured sections. In the two-dimensional profile
exposed in Slaughter Canyon, cycles vary systematically across the plat-
form and also with position within high-frequency sequences (Fig. 8). The
architecture of individual cycles in Figure 8 is generalized to reflect the
fundamental depositional profile across the platform, regardless of position
within the larger-scale accommodation signal.

Lithofacies within cycles are typically arranged as asymmetric regressive
hemicycles, with minor skewed symmetric patterns also evident in downdip
positions. Siliciclastics commonly form the basal component to individual
cycles, but may or may not always be present, depending on shelfal location
and position within high-frequency sequences. For instance, basal silici-
clastic facies are uncommon toward outer shelf locations and also within
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FIG. 7.—Facies tracts and high-frequency sequence architecture across 3.2 km of the transition from shelf crest to outer shelf of the upper Seven Rivers and Yates
Formations exposed in Slaughter Canyon. Two datums were used in the cross section: from Sections 11 to 4, the Y3–Y4 HFS boundary was used; from Sections 4 to 9,
an approximation of the actual dip along the Y4–Y5 HFS boundary was used. The contact between shelfal facies and the Capitan reef tends to be transitional over 10 m
or so and is characterized in vertical sections by alternating thick beds of fusulinid–skeletal grainstone-to-wackestone and massive, muddy reefal facies showing evidence
of framework such as sponges, Archaeolithoporella, and botryoidal marine cements. The actual contact is seldom sharp, but rather an intertonguing, gradational transition.
The vertical, downward-tapering objects are five sandstone-filled dikes, approximately to vertical scale, that have been documented on outcrop.

FIG. 8.—Schematic diagram of cycle
architecture across the upper Seven Rivers and
Yates shelf. Vertical scale for each cycle is
strictly relative (0.5 to ; 10 m). Major facies
tracts are composed of several distinct subfacies,
which have been generalized for the figure. A
similar schematic is presented in Smith (1974,
his fig. 22).

the upper highstand parts of high-frequency sequences. Basal siliciclastics
are common, however, across the entire shelf crest to outer shelf within
the transgressive and lower highstand parts of high-frequency sequences.
If siliciclastic lithofacies are present, they typically exhibit an abrupt, ero-
sional contact with carbonates of the underlying cycle and a gradational

upper contact with overlying dolomitic lithofacies. Evidence for erosional
lower contacts is equivocal in outer-shelf locations where siliciclastics are
interbedded with coarse, skeletal–peloidal grainstones and packstones.

In updip positions 2.5–3 km from the Capitan reef (Fig. 8), cycles consist
of a lower siltstone overlain by peloidal, fenestral laminites or mudstones.
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These cycles are best expressed in Sections 10 and 11 in Slaughter Canyon
(Fig. 7), which are located along the seaward margin of the ‘‘middle shelf’’,
the site of the most productive reservoir facies in the Yates Formation
(Ward et al. 1986; Borer and Harris 1991; Andreason 1992). Siliciclastics
within individual cycles in this updip platform position tend to be the
thickest across the platform and are commonly amalgamated composites
of two or three distinct siliciclastic units of seaward equivalents (Fig. 7).

Near the shelf crest, meter-scale cycles may exhibit either siliciclastics
or fenestral laminites as the basal lithofacies (Fig. 8), depending upon po-
sition within high-frequency sequences. These lithofacies grade upward
into oolitic, peloidal, and pisolitic packstones that coarsen upward into
pisolite grainstones exhibiting erosionally truncated teepees, intraclast brec-
cias, and micritic crusts. Shelf-crest, pisolitic cycles in Slaughter Canyon
are inconsistently organized, exhibit considerable vertical and lateral vari-
ability, and are difficult to physically trace along the outcrop.

Near the transition from shelf crest to outer shelf (Fig. 8), basal silici-
clastics grade upward into thin, dolomitic tidal-flat facies before giving way
vertically to outer-shelf packstones or grainstones composed of ooids, coat-
ed grains, fusulinids, dascyclad algae, bioclastic debris, peloids, and intra-
clasts. Cycles developed within this zone may be capped by either pisolitic
shoal facies or, slightly more downdip, oolitic or tidal-flat facies.

In outer-shelf and immediate backreef environments, massively bedded
packstones and grainstones of the ‘‘fall-in’’ beds may exhibit a cryptic
cyclicity where subtle coarsening-upward patterns can be discerned in some
downdip sections. Outer-shelf cycles within the upper Yates have been
documented by Kerans and Harris (1993) in McKittrick Canyon, where
distinct weathering differences make the alternating lithofacies relatively
easy to recognize. In Slaughter Canyon, coarsening-upward outer-shelf cy-
cles are difficult to define in the lower parts of high-frequency sequences,
where these facies typically form massive resistant cliffs. Outer-shelf cy-
clicity is more evident in upper parts of high-frequency sequences, where
they typically weather as a stairstep topography of ledges (grainstones) and
slopes (packstones).

Interpretation of Cycle Development.—Meter-scale cycles developed
across the platform within individual chronostratigraphic increments (Fig.
8) are interpreted to record a single high-frequency (105 yr scale) change
in relative sea level. This model is hardly new; it has been promulgated
for Upper Permian strata of the Northwest Shelf for several decades, per-
haps most emphatically by authors in the forward-thinking book ‘‘Cyclic
Sedimentation in the Permian Basin’’ (Elam and Chuber 1967). During
lowstands, siliciclastics were transported across the subaerially exposed
shelf by eolian and perhaps fluvial processes, and were deposited in the
adjoining deep-water basin. Siliciclastics that remained on the platform
during the subsequent transgression were reworked in shallow marine en-
vironments and preserved in the stratigraphic record. Cycles without basal
siliciclastics may reflect either complete bypass or lack of siliciclastic trans-
port to outer-shelf localities; both options are likely a function of position
within high-frequency sequences. Complete bypass is suggested for cycles
that dominate the upper highstand parts of high-frequency sequences. Cap-
ping carbonate lithofacies within these upper highstand cycles exhibit dis-
seminated quartz sand and silt, perhaps reflecting migration of siliciclastic
environments across the exposed surface until sediment supply was ex-
hausted. The second option, insufficient distance of transport to outer-shelf
localities, is suggested for cycles developed within the transgressive and
lower highstand parts of high-frequency sequences when siliciclastic
sources were forced back to their most landward position.

Complete flooding and the ‘‘catch-up’’ phase of sedimentation is re-
corded in each cycle by skeletal–peloidal packstones and grainstones of the
outer-shelf facies tract. The steepness of the depositional slope on the outer
shelf (up to 8–108) likely precluded extensive encroachment of outer-shelf
lithofacies onto the platform. Consequently, cycles that developed on top
and in the lee of the shelf-crest barrier shoal typically lack outer-shelf
components (Fig. 8).

Progradation and the ‘‘keep-up’’ phase of sedimentation is recorded
within outer-shelf facies by subtle upward-coarsening trends that suggest
migration of high-energy, shallow subtidal environments over slightly
deeper-water, open-shelf environments. Repetitive development of this
trend upward within individual high-frequency sequences resulted in a pro-
gressive decrease in depositional slope of the outer shelf. Tidal-flat lam-
inites and oolites capping outer-shelf grainstones reflect the seaward mi-
gration of the tidal zone fronting the pisolitic shelf crest, complete infilling
of available accommodation at that platform locality, and thus the position
of sea level at the end of a single depositional cycle. Pisolite grainstone
caps of cycles record the seaward progradation of the shelf-crest barrier
shoal, which ultimately culminated in subaerial exposure of the shelf and
the renewed influx of siliciclastics.

Vertical Cycle Stacking Patterns.—Measured section #1 illustrates the
vertical arrangement of cycles and component lithofacies within high-fre-
quency sequences in a relatively updip setting (Fig. 9). It also is located at
a position on the platform comparable to the Gulf PDB-04 well drilled 65
km to the north (Garber et al. 1989), enabling an evaluation of the degree
of lateral correlatability of siliciclastics along strike. Well-defined repetition
of lithofacies marks the Y1 and Y2 HFSs in section #1, primarily due to
shelfal position near intertonguing outer-shelf and shelf-crest facies tracts.
Similar cyclic patterns are difficult to define in the massive pisolite shoal
facies that dominate Y3 and Y4 near Section #1, primarily because of a
lack of intertonguing outer-shelf facies, but also partially related to cycle
amalgamation. (As a side note, pisolite shoal facies are tightly cemented,
forming steep and generally inaccessible cliffs along the Slaughter Canyon
walls, making physical tracing of cycle boundaries within this facies lo-
gistically difficult.) More complete cycle development can be recognized
in Y3 and Y4 in downdip positions near the transition from shelf crest to
outer shelf.

Vertical cycle stacking patterns have limited utility for defining HFSs
overall because of pervasive cycle amalgamation and the extreme lateral
variability of cycle development. In general, in any one HFS cycles tend
to be highly amalgamated and poorly defined updip in massive pisolite
shoal facies, well-defined in the transition zone between shelf-crest and
outer-shelf facies tracts, and highly amalgamated and poorly defined down-
dip in massive, outer-shelf skeletal packstones and grainstones. Vertical
stacking patterns do have some predictive value, however, when used in
conjunction with a knowledge of relative position on the platform and a
depositional model that evolves with position in the overall high-frequency
sequence (Kerans and Tinker 1997; Osleger and Tinker, in press).

High-Frequency Sequence Architecture

The spatial distribution of facies tracts and high-frequency sequences in
the upper Seven Rivers and Yates is illustrated in the sets of interpreted
low-angle oblique photo pans shown in Figure 10A–H. Several figures
integrated into the discussion below were generated from these mapped
panoramic photos. The generalized cross section shown in Figure 7 and
the three cross sections showing the spatial distribution of facies tracts
within HFSs (Fig. 11) are intended to convey the overall seaward-stepping,
progradational architecture of the Yates shelf margin. The cross section of
selected time lines (Fig. 12) and the reconstructed HFSs (Fig. 13) illustrate
stratal geometries and platform architecture for individual HFSs near the
time of deposition. The following section describes general characteristics
of Yates HFSs and criteria that define them as discrete chronostratigraphic
units, providing a broad introduction to the detailed descriptions of HFS
Y1 through Y4 below.

General Characteristics.—The five sequence boundaries separating the
four complete Yates high-frequency sequences were identified as significant
exposure surfaces that mark relatively abrupt basinward shifts in facies as
well as large-scale changes in lateral stacking patterns. Below individual
HFS boundaries, cycle stacking patterns exhibit their greatest extent of
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FIG. 9.—Photointerpretation of Hasselblad pan
spanning measured Section #1 paired with gamma
ray log of Gulf PDB-04, located 65 km to the
northeast, for comparison. Section #1 and PDB-04
occupy comparable positions 21 km behind the
terminal Yates reef margin. Thicknesses of
carbonate units on the gamma ray log have been
rescaled slightly to conform to thicknesses on the
measured section; the actual Yates thickness in
PDB-04 is 190 m whereas the measured thickness
at Section #1 is ; 200 m. Siliciclastic units
recorded in the gamma ray log are stippled.
Arched arrows illustrate meter-scale cycles in the
Y1 and Y2 HFSs. Several distinctive subfacies are
grouped into four major lithofacies assemblages
for simplicity of illustration. ‘‘Triplet’’,
‘‘Hairpin’’, ‘‘Corral’’, and ‘‘Primitive Road’’ are
useful informal lithostratigraphic names defined by
Pray et al. (1977). Vertical scale changes upward
in the photointerpretation. Lateral distance along
outcrop about 50 m.

→

FIG. 10.—Paired photographs of uninterpreted pans of the west-facing wall of Slaughter Canyon with their mapped interpretations. See section locations on the topographic
base (Fig. 4) to relate photo pan to position within canyon. Relief along the mapped part of the canyon wall is approximately 250 m, providing an estimate of vertical
scale. Inverted triangles note positions of overlap between photos. Key to facies tracts is shown in Figure 10G. Updip sections 10 and 11 are not shown. It should be noted
that these photointerpretations incorporate the topography of the canyon wall and thus some geometries are apparent, especially in the reef-to-backreef transition zone. A,
B) Mapped area spans Sections 1 and 2. C, D) Sections 3 through 5. E, F) Sections 6 through 8. G, H) Sections 8 and 9, with the massive Capitan reef and foreslope
facies dominating the mouth of the canyon.

seaward progradation, with the shelf-crest facies tract reaching to within
half a kilometer or less of the Capitan reef margin. Stratal geometries below
HFS boundaries suggest toplapping arrangements (Fig. 12), although direct
evidence on the outcrop is commonly equivocal or cryptic. Thick silici-
clastic units overlie all five HFS boundaries, reflecting the seaward shift of
continental environments across the exposed carbonate platform. These
lowstand siliciclastics are typically succeeded by mildly landward-stepping
or aggradational cycles.

Individual high-frequency sequences within the Yates are fundamentally
macroscale versions of meter-scale cycles, on the basis of comparable in-
ternal arrangements of lithofacies and their seaward-thickening geometry
(Fig. 13). Similarly to meter-scale cycles, the lower parts of HFSs are
characterized by higher volumes of siliciclastics whereas upper parts tend
to be more carbonate-dominated. In a lateral sense, and also similarly to
meter-scale cycles, updip parts of HFSs contain thick siliciclastic units
whereas downdip parts exhibit dominantly carbonate lithofacies.

Systems tracts are identified within each HFS on the basis of retrogra-
dational, aggradational, and progradational cycle stacking patterns. Maxi-
mum flooding surfaces are defined within each HFS on the basis of the

most landward-reaching tongue of outer-shelf lithofacies onto the platform,
commonly lying within the lower part of each HFS and imparting a distinct
asymmetry between transgressive and highstand systems tracts (Figs. 7,
13). The transgressive systems tract (TST) in each HFS includes basal
‘‘lowstand’’ siliciclastics and overlying, landward-migrating outer-shelf
carbonates. These siliciclastics are termed ‘‘lowstand’’ on the basis of their
derivation during the initial phase of negative accommodation above se-
quence-bounding unconformities, but they are included within the TST
because of their reworking and preservation during initial flooding that
trapped unbypassed siliciclastic sediment on the platform top. The high-
stand systems tract (HST) in each HFS is dominated by mildly to strongly
seaward-stepping cycle sets characterized by progressively increasing vol-
umes of pisolitic shelf-crest lithofacies. It is inferred, but not directly ob-
served in most cases, that prograding clinoforms in individual HFSs evolve
from sigmoidal to shingled, low-angle oblique geometries, on the basis of
the distribution of time lines through each HFS (Fig. 12) and the extreme
seaward increases in thickness.

High-Frequency Sequence Y1.—The basal Y1 sequence boundary like-
ly coincides with the Seven Rivers–Yates contact on the basis of Hayes’
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FIG. 10.—Continued.
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FIG. 10.—Continued.
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FIG. 10.—Continued.
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FIG. 11.—Spatial distribution of three primary facies tracts across the shelf margin exposed in Slaughter Canyon, relative to position within HFSs. A) Siliciclastics tend
to dominate the lower parts and the updip positions of high-frequency sequences Y2–Y4. B) Outer-shelf facies exhibit progressively less landward extent onto the platform
top with each successive HFS. C) Pisolite shelf-crest facies tend to dominate the upper parts of individual HFSs and step progressively seaward with each successive HFS.

(1964) definition of the contact in Slaughter Canyon as lying at the first
significant siliciclastic bed above the dominantly carbonate outer-shelf fa-
cies of the underlying Seven Rivers. The sandstone overlying this discon-
formable surface marks an abrupt basinward offset of facies above fusu-

linid-rich outer-shelf facies of the underlying Seven Rivers. This sandstone
can be traced downdip to a surface that is cut by a sandstone-filled dike
(near Section #2) that extends downward approximately 40 m into under-
lying Seven Rivers outer-shelf facies and continues for about 10 m into
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FIG. 12.—Selected time lines across individual HFSs within the Yates. Time lines shown on the plot are those that are the most obvious cycle boundaries that are
relatively easy to physically trace across the outcrop. Obscure or equivocal cycle breaks are not plotted, specifically those comprising the massive pisolite shoal facies
complex and massive outer-shelf facies in the immediate backreef. Time lines often correspond with the bases of fine sandstone or siltstone beds because they commonly
define cycle breaks. In zones without siliciclastics, time lines are commonly defined by significant transgressive tongues of outer-shelf facies. The measured lower part of
the Seven Rivers in Sections 10 and 11 are not well constrained and have been excluded from this figure. Likewise, the uppermost ‘‘Triplet’’ in the Yates and the lower
Tansill have also been left off the plot.

the underlying Capitan reef (Figs. 7, 10A). A similar sandstone-filled dike
is recognized along the basal Y1 sequence boundary updip near Section
#1 but extends only ; 2–4 m into underlying outer shelf grainstones of
the upper Seven Rivers.

The TST in Y1 is characterized by a set of sigmoidal, backstepping
cycles overlain by a tongue of outer-shelf facies that extends 1.4 km land-
ward from the time-equivalent reef margin (Figs. 7, 13). This tongue is
interpreted to represent maximum flooding of the Y1 HFS. The HST of
Y1 is marked by a seaward-stepping cycle set that culminates with the
seaward edge of the shelf crest positioned approximately half a kilometer
from the reef margin. The shelf crest is a narrow belt (; 0.9 km) in Y1
and is characterized by small, irregular pisolites and incipient teepees of
low relief.

A fundamental difference in interpretation exists for stratal geometries
in the interval spanning the Seven Rivers–Yates contact. Rankey and Lehr-
mann (1996) interpreted a toplap geometry within the ‘‘upper Seven Riv-
ers’’ whereas this study documents sigmoidal clinoforms that show land-
ward-thinning, and even backstepping, relationships within the same out-
crop window (lower Yates of this study). Individual sandstone beds can be
matched one-for-one between the two studies, but the basic difference is
the lateral continuity and geometric relationships of these units. Rankey
and Lehrmann interpreted four of the sandstones to ‘‘amalgamate’’ against
a master sandstone bed that marks an interpreted sequence boundary. Phys-
ical walking out of each of these sandstone beds in this study reveals that
each can be traced out updip as discrete beds with no evidence for termi-
nation against a single master surface. Each sandstone bed maintains its
integrity for over a kilometer, but dramatic landward thinning occurs in the
carbonate beds between sandstones. It is acknowledged, however, that the
relatively low quality of exposure in this interval may result in equivocal
interpretations that require further study to reconcile.

High-Frequency Sequence Y2.—The basal sequence boundary of Y2
is placed at a facies offset where continentally derived siltstones extend
over outer-shelf grainstones to within 100 m of the reef margin (Figs. 10C,

11A). Overlying cycles with basal siliciclastics backstep up to a maximum
flooding surface defined by an outer-shelf tongue that extends approxi-
mately 900 m landward from the reef margin. The TST of Y2 thickens
seaward from ; 10 m updip to ; 20 m downdip, and four individual
sandstone-based cycles can be traced for 1.4–1.8 km. The lack of direct
evidence of onlap, the broad lateral extent of component cycles, and the
minimal thickening suggests that the TST of Y2 was deposited as a series
of draping blankets above the Y1 HFS rather than as an onlapping wedge.

Aggradational cycle stacking patterns overlying the maximum flooding
surface define the lower HST in Y2 (Figs. 10C, 12, 13). A laterally exten-
sive sandstone in the upper Y2 can be traced updip beyond the shelf crest
(Section #11), where it thickens to 9 m, and downdip to a surface within
outer-shelf facies just behind the reef margin (Section #4). This sandstone
records a paleoslope on the outer shelf of approximately 108 over a 300 m
distance.

Above this steeply dipping surface, the locus of sediment accumulation
lies in an outer-shelf wedge bounded above by the top Y2 sequence bound-
ary (Fig. 13). The exact mode of infilling of the outer shelf is difficult to
see along the canyon wall (Fig. 10C, D), but the extreme thickening within
the wedge dictates that accumulation took place without much accommo-
dation available updip on the platform. Evidence for toplapping relations
in this uppermost wedge can be seen updip between Sections #1 and #10
(upcanyon in Goat Cave Wash), where bedded shelf-crest facies wedge out
at a low angle beneath the overlying HFS boundary. The pisolitic shelf
crest within the upper HST of Y2 spans ; 1 km in width (versus 0.5 km
for the Y1 shelf crest) and extends to within 0.5 km of the time-equivalent
reef margin.

High-Frequency Sequence Y3.—The basal Y3 HFS boundary is over-
lain by a seaward-thinning wedge of fine sandstone that extends to within
100 m of the reef, accompanied by an overlying wedge of pisolite shoal
facies (Figs. 10C, 11A, 13). Physical tracing of this sandstone between
Sections #3 and #4 reveals a narrow (; 2 m) channel incised 1.5 m into
underlying Y2 tidal-flat facies. The significant basinward shift of the pi-
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FIG. 13.—Individual Yates HFSs qualitatively reconstructed to (1) estimate original depositional topography near the time of upper sequence boundary formation and
(2) remove the rotational effects of syndepositional and postdepositional compaction and Cenozoic structural tilting. Depositional slope break (upper triangles) is arbitrarily
estimated from position of underlying tongues of outer-shelf facies.

solitic shelf crest above the basal sandstone is also recognized in McKittrick
Canyon (Osleger and Tinker, in press), and is interpreted to reflect reduced
accommodation and a subdued topographic profile of the platform. Flood-
ing onto this flattened shelf resulted in tongues of outer-shelf facies ex-
tending ; 1 km landward from the time-equivalent reef edge in Slaughter
Canyon.

The Y3 HST is characterized by extreme progradation, exhibited on the
canyon wall by the Y3 pisolitic shelf crest extending 0.7–1 km beyond the
seaward edge of the underlying Y2 shelf crest. Time lines within the HST
of Y3 (Fig. 12) illustrate the seaward progradation of the shelf-crest facies
tract above the maximum flooding surface. Toward the end of Y3 depo-
sition, the most seaward tongue of pisolite shoal facies reaches to within
200 m of the reef edge, reducing the outer shelf to a narrow belt. Chron-
ostratigraphically significant surfaces recognized near the transition from
shelf crest to outer shelf cannot be traced landward through the steep,
massively bedded pisolitic facies that dominate the Y3 platform top, pre-
cluding direct identification of updip stratal geometries. The overall Y3
HFS thickens by 230% over 2.4 km, however, and when combined with
the geometry of available time lines, suggests that toplapping geometries
may exist updip.

High-Frequency Sequence Y4.—The thick succession of reworked ter-
rigenous siliciclastics overlying the basal Y4 HFS boundary marks a sig-
nificant base-level fall and consequent basinward shift in facies tracts above

the underlying Y3 shelf crest (Fig. 11A, 13). These siliciclastics consist of
five discrete sandstone tongues that amalgamate into two thick units ap-
proximately 2.5 km updip. The basal three sandstones extend very nearly
to the reef margin (Fig. 10E), but the remaining two sandstones extend
only to within ; 1 km. Interbedded shelf-crest facies also pinch out pro-
gressively farther landward, indicative of overall retrogradation within the
TST of Y4. The uppermost sandstone is overlain by a tongue of outer-shelf
facies (near Section #5) that extends 0.9 km from the reef margin and marks
maximum flooding during Y4 time.

The HST of Y4 exhibits strong progradational geometries overall in a
stepwise fashion, with thick seaward-directed tongues of shelf-crest facies
alternating with thick landward-directed tongues of outer-shelf facies (Fig.
13). The most seaward tongues of pisolite shoal facies immediately below
the upper HFS boundary extend to within 100 m of the reef edge, but the
steepness of exposures in this area preclude a detailed examination (Fig.
10G, H). This same stratigraphic location was investigated in McKittrick
Canyon by Kerans and Harris (1993), who documented 9–12 m of relief
from the terminal shelf crest to the reef top. They also recognized an abrupt
facies offset near the top Y4 surface that juxtaposed peritidal facies and
exposure breccias above outer shelf and reefal facies, suggesting a sea-
level fall of ; 12 m and near-sea-level conditions at this phase of late
Capitan reef development. Mutti and Simo (1993) also evaluated this upper
Y4 HFS boundary in Walnut Canyon and interpreted brecciation, fractur-
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TABLE 1.—Depositional variables per Yates HFS

HFS

Downdip
Thickness

Increase (%)
Shelf-Crest

Aspect Ratio
Outer-Shelf

Aspect Ratio

Distance from
Shelf-Crest
to Reef (m)

Landward Extent
of Maximum
Flooding (m)

Y4
Y3
Y2
Y1

380
330
430
240

0.017
0.017
0.031
0.041

0.065
0.051
0.078
0.045

;100
250
500
550

900
1200

900
1400

Avg. 345 0.027 0.06 350 1100

HFS
Shelf

P : A Ratio
Shelf

Offlap Angle

Shelf Crest
Progradation
Rate (m/ky)

Reef
P : A Ratio

Reef
Offlap Angle

Depth to
Reef
(m)

Y4
Y3
Y2
Y1

11
170
15
11

5.18
0.3
3.9
5.2

2.7
2.1
2.2
1.3

7
23
10
13

8.28
2.5
5.5
4.5

;10
25
35
65

Avg. 52 3.68 2.1 13 5.28 34

FIG. 14.—Skeleton plot of Yates profile from
Slaughter Canyon illustrating the tie points for
determining several of the depositional variables
within each HFS (plotted in Figure 15). Circles
mark the seaward edge of the shelf-crest facies
tract just prior to exposure and formation of
HFS boundary (assumed to represent a paleo-
shoreline and thus sea level). Squares mark the
position of the reef margin at HFS boundaries.
The distance from the shelf crest to reef, the
maximum extent of flooding, and the depth of
the reef along upper HFS boundaries were
determined from simple measurements made
relative to the time-equivalent reef margin.

ing, moldic porosity formation, and dolomitization at this contact as a result
of subaerial exposure and subsequent marine reworking. The thick over-
lying sandstones of the uppermost Yates (‘‘Triplet’’) represent the seaward
shift in facies tracts that accompanied the base-level fall along the top Y4
HFS boundary.

SEA-LEVEL DYNAMICS AND SHELF-MARGIN EVOLUTION

The long-term dynamics of sea-level change and the overall evolution
of the Yates–Capitan shelf margin from Y1 through Y4 can be quantified
by systematic trends in downdip thickness changes, lateral extent of facies
tracts relative to the Capitan reef margin, aspect ratios of facies tracts,
progradation:aggradation ratios and derived offlap angles, and progradation
rates (Table 1; Figs. 14, 15). These long-term trends in select depositional
variables through the Y1–Y4 HFSs reveal the larger-scale evolution of the
Yates–Tansill composite sequence, defined by Kerans et al. (1992) from
exposures in McKittrick Canyon. The basal Y1 sequence boundary is likely
the lower sequence boundary of the Yates–Tansill composite sequence,
making Y1 the basal HFS in the composite sequence.

All of the following calculations assume that the dominantly east-south-
east depositional dips measured on the southwest-facing wall of Slaughter
Canyon represent the dominant progradation direction. Outcrops on the
opposite northeast-facing wall in Slaughter and to the southwest in Middle
Slaughter Canyon (Fig. 3) appear to have a northeast-dipping component,
which raises the probability of changing primary depositional dip orienta-
tions through time on the Yates outer shelf. Along-strike variations in sed-
iment supply and progradation direction have been proposed for the Ver-
cors (Everts et al. 1995) and Maiella (Mutti et al. 1996) platform margins,

which are skeletal-sand-rich margins with characteristics comparable to the
Yates platform.

Seaward Thickening and Progradation Distance

Two of the most fundamental characteristics of Yates HFSs are their
extreme seaward thickening and progradational architecture. These two at-
tributes are expressed in the mapped profile by the episodic but progressive
seaward ‘‘step-out’’ of the shelf margin between adjacent HFSs (Figs. 7,
13). These architectural characteristics can also be illustrated in plots of
downdip thickness increases per HFS and lateral extent of facies tracts
relative to the reef margin (Figs. 15A, B). Downdip increases in thickness
vary with position in the overall Yates–Tansill composite sequence. The
mildly retrogradational Y1 HFS represents the transgressive phase of the
composite sequence and shows the least amount of seaward thickening, a
characteristic interpreted to reflect initial flooding of the underlying Seven
Rivers platform and moderate accommodation potential. The dramatic sea-
ward thickening of HFS Y2 and its generally aggradational architecture
records the early highstand phase of the composite sequence and the highest
overall accommodation potential. HFS Y3 and Y4 exhibit substantially less
seaward thickening than Y2 and strongly progradational geometries, char-
acteristic of low accommodation during the middle to late highstand.

The overall seaward progradation from Y1 to Y4 is also reflected in the
general decrease in distance from the most downdip extent of shelf-crest
facies immediately underlying the HFS boundary to the reef (Fig. 15B).
The terminal extent of the Y1 and Y2 shelf crests reach to within a half
kilometer of the reef, but by the end of Y4 time, the shelf crest reaches to
within ; 100 m of the reef. The lateral extent of outer-shelf tongues onto
the platform reach their greatest distance during Y1 time, extending 1.4
km landward relative to the reef edge (Fig. 15B). This tongue is interpreted
to represent maximum flooding, not only of the Y1 HFS but also of the
entire Yates–Tansill composite sequence. The interpreted position of the
maximum flooding event within Y1 imparts a highly asymmetric, strongly
progradational pattern to the composite sequence, an architecture well ex-
pressed in the mapped profile (Figs. 7, 11).

Aspect Ratios

The progressive seaward migration and lateral expansion of the shelf-
crest facies tract from Y1 through Y4 is matched by a reciprocal seaward-
stepping architecture and lateral contraction of the outer-shelf facies tract
through Yates time (Fig. 11). These apparent changes in volume and spatial
distribution can be directly compared using aspect ratios, a measure of the
maximum thickness of a facies tract versus its dip width within individual
HFSs (Kerans and Fitchen 1995). Consistent points of reference must be
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FIG. 15.—Trends in selected depositional variables through Yates time, plotted
stratigraphically. Data are compiled in Table 1. Actual measurements were deter-
mined from an expanded-scale cross section calibrated against photointerpretations.
A) Downdip thickness increases determined from most updip section versus maxi-
mum thickness of each HFS. B) Aspect ratios can be visualized qualitatively in
Figure 11. C) Distances measured from expanded version of Figure 7 and panoramic
photographs. D) Offlap angle equals the arctangent of the aggradation:progradation
ratio. E) Reef depth at the end of deposition for each HFS estimated from the vertical
distance between the terminus of the shelf crest below the HFS boundary and the
equivalent reef edge. Error in the depth estimates is ; 10 m.

used to make this depositional variable useful. The width of the shelf crest
is defined on the updip side by the presence of dominantly fenestral tidal-
flat facies flanking the pisolite shoal and on the downdip side by the most
seaward extent of shelf-crest facies near the top of each HFS. The width
of the outer shelf is determined by the distance from the most landward
extent of maximum flooding facies to the terminal reef edge near the top
of each HFS.

Aspect ratios of the shelf-crest facies tract decrease from Y1 to Y4 (Table
1; Fig. 15C), primarily because of progressive lateral expansion through
time rather than an increase in maximum thickness. The width of the shelf
crest grows from ; 0.9 km in Y1 to 2.9 km in Y4, whereas the maximum
thickness for all four shelf crests varies only between 36–50 m. There is
noticeable expansion in shelf-crest width between aggradational Y2 (1.4
km) and progradational Y3 (2.1 km), reflecting reduced accommodation
during the transition from early to middle highstand. Concomitant with

progressive expansion of the shelf crest, the outer shelf exhibits a reciprocal
decrease in width from 1.5 km in Y1 to 0.9 km in Y4. Outer-shelf aspect
ratios are higher than those for the shelf crest because outer-shelf succes-
sions show overall greater thicknesses and relatively more equidimensional
geometry per HFS (Fig. 15C). Maximum thicknesses of outer-shelf facies
tracts reflect their position within the overall composite sequence and thus
their accommodation potential, ranging from 68 m within transgressive Y1,
to 94 m within aggradational Y2, to ; 55 m in progradational Y3 and Y4.

The thick accumulations of outer-shelf facies accentuate the seaward
step-out that occurs between adjacent HFSs (Fig. 13). This basinward shift
in the locus of sedimentation is interpreted to be a response to base-level
fall along HFS boundaries (cf. Borer and Harris 1995). Steep antecedent
topography along the front of the underlying outer shelf and reef may
enhance the space available for accumulation of thick piles of poorly sorted,
massively bedded outer-shelf packstones and grainstones. The abrupt ex-
pansion within each Yates HFS appears to occur directly above the terminal
reef margin of the preceding HFS (Fig. 13). The underlying reef margin
likely acts as a foundation to localize the basinward shift, contributing to
the seaward expansion and step-out of the outer shelf. Syndepositional
differential compaction has been proposed as an accommodation-generating
process on actively prograding shelf margins (cf. Hunt et al 1995; Saller
1996), and may have contributed an indeterminate amount to the seaward
step-out of each Yates HFS. Differential compaction is not a viable mech-
anism for all seaward thickening in Yates HFSs, however, because of the
documented retrogradational to aggradational to progradational geometries
in each HFS. These stacking patterns would require systematic, high-fre-
quency changes in the rate of differential compaction, a tenuous proposi-
tion.

Offlap Angles and Progradation Rates

Calculation of progradation:aggradation (P:A) ratios, offlap angles, and
progradation rates per HFS requires a unique bathymetric tie point within
each HFS. Along any one time line on the Yates platform, the contact
between the downdip limit of shelf-crest flanking facies (fenestral tidal-flat
facies) and the updip, littoral limit of outer-shelf facies (oolites, coated
grains, or skeletal grainstones) provides a reasonable approximation of the
location of sea level. The position of this tie point systematically varies
within each HFS, however, and thus should be measured at a consistent
phase of HFS development. Therefore, thicknesses and widths involved in
the calculation of P:A ratios and progradation rates were determined from
the terminal seaward edge of the shelf crest in each Yates HFS (Fig. 14).
The time control necessary to estimate progradation rates per Yates HFS
is also a significant problem (cf. Borer and Harris 1991). In this study,
each Yates HFS is estimated to span ; 250 k.y. (6 50%), assuming a 1
m.y. total duration for Yates time (based on Ross and Ross 1987 and
Harland et al. 1989). Results are shown in Table 1 and Figure 15D along
with P:A ratios and offlap angles for time-equivalent portions of the Cap-
itan reef.

Offlap angles for each HFS and equivalent phases in Capitan reef de-
velopment tend to track each other, with higher angles of the reef likely
reflecting the steep reef front that inhibited seaward growth (Fig. 15D). Y1
and the time-equivalent Capitan reef exhibit comparable offlap angles of
5.28 and 4.58, respectively, interpreted to record moderate accommodation
conditions associated with the initial flooding of the Yates platform sub-
sequent to exposure along the underlying composite sequence boundary.
The relatively slow progradation rate of 1.3 m/k.y. during Y1 time also
reflects the dominance of retrogradation and aggradation over progradation
at this early transgressive phase of the Yates–Tansill composite sequence.
During Y2 time, shelfal offlap angles decreased while reef angles increased,
a trend that may reflect an aggradational flattening of the Yates shelf co-
incident with aggradational upbuilding of the Capitan reef in response to
high accommodation conditions. The increase in Y2 shelf-crest prograda-
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tion rate beyond the Y1 rate also may record more rapid migration across
a flattened shelf profile.

P:A ratios increase dramatically for strongly progradational Y3, with the
corresponding low offlap angle of 0.38 matched by a generally low reef
growth angle of 2.58. Progradation rates during Y3 time kept pace with
those of Y2 during this phase of greatly reduced shelfal accommodation,
which forced the locus of sedimentation seaward. Offlap angles of both the
shelf and time-equivalent reef steepen considerably during Y4 (Fig. 15D),
reflected in the dominantly aggradational stratal patterns of the Y4 shelf.
This is a phase of extreme upbuilding by the Capitan reef, with growth
angles approaching 8.28. These high offlap angles may partly record a
renewed increase in accommodation during the late highstand of the Yates–
Tansill composite sequence, but more likely they are a product of the steep
front of the Capitan reef, which limited the foundation for greater seaward
progradation of both the shelf and reef. The resultant flattened depositional
topography permitted shelf-crest progradation to very near the reef edge
by the end of Y4 time (cf. Kerans and Harris 1993). Thick siliciclastics
(‘‘Triplet’’) accumulated on top of the flat Y4 shelf prior to strong seaward
migration of shelf-crest facies of the Tansill Formation.

Overall, the Y1–Y4 HFSs in Slaughter Canyon are characterized by an
average P:A ratio of 52 and an average offlap angle of 3.68, values cor-
roborating the dominantly progradational architecture evident in outcrop.
Corresponding averages for the time-equivalent Capitan reef are a P:A ratio
of 13 and a 5.28 angle of growth, values that reflect the high amount of
accommodation available near the transition from outer shelf to reef, as
well as limitations to seaward growth imposed by the steepness of the reef
front. The Yates shelf prograded at an average rate of 2.1 m/k.y. This
shelfal progradation rate is similar to rates calculated from seismic sequenc-
es of comparable temporal and spatial scale comprising the Bahamas plat-
form (; 2.8 m/k.y.; Eberli and Ginsburg 1989). The Yates-equivalent Cap-
itan reef prograded ; 1.7 km in ; 1 m.y. (1.7 m/k.y.), a rate within the
range estimated by Garber et al. (1989) for the entire Yates–Tansill phase
of reef growth (1.1–2.6 m/k.y.).

Depth of Capitan Reef

The strongly progradational character of the Yates shelf resulted in a
progressive decrease in the depth of the Capitan reef from a maximum of
; 65 m during early Yates time to near sea level during the latest stages
of the Yates platform (Fig. 15E). The actual depth of the reef likely varied
episodically through Yates time, though, because of shorter-term depth
changes superimposed in response to cycle-scale and HFS-scale relative
sea-level changes. Within any one HFS, the greatest depths were attained
during maximum flooding and the shallowest during subaerial exposure
along HFS boundaries. The estimates of reef depth were measured from
the same reference point in each HFS (Fig. 14) but are hardly absolute
owing to the limited knowledge of original depositional topography and
postdepositional tilting, but the overall trend of decreasing depth through
time is clear. This long-term pattern emphasizes the point that previous
published estimates of the depth of the Capitan reef represent single epi-
sodes in time within the overall progressive decrease in reef depth.

MAGNITUDES OF RELATIVE SEA-LEVEL CHANGE

The magnitudes of sea-level oscillations that produced meter-scale cycles
within the upper Seven Rivers and Yates interval have been estimated by
several workers to have been in the range of 2–20 m (Smith 1974; Borer
and Harris 1991, 1995; Kerans and Harris 1993; Rankey and Lehrmann
1996). In Slaughter Canyon, certain cycles were traced along paleoslope to
determine the vertical distances between the updip position of tidal-flat
facies, the downdip extent of unequivocal subaerial exposure features along
the same cycle top, and the updip position of immediately overlying trans-
gressive facies. These vertical distances provide minimum values of relative

sea-level changes associated with exposure along cycle and sequence
boundaries (‘‘pinning point method’’ of Franseen et al. 1993). Estimates
of cycle-scale sea-level changes from the mapped transect in Slaughter
Canyon are highly variable, ranging from 4 to 27 m in the Y1 HFS, 5 to
20 m in Y2, 4 to 15 m in Y3, and ; 10 to 30 m in Y4. A general trend
that can be discerned is an overall decrease in estimated magnitudes upward
within individual HFSs; several exceptions to this trend are recognized,
however, suggesting that the magnitudes of high-frequency sea-level pulses
evolved erratically rather than systematically through Yates time.

Estimates of the magnitude of both relative and eustatic sea-level fluc-
tuations governing larger-scale HFSs and composite sequences are invari-
ably based upon assumptions about compaction history, isostatic and tec-
tonic subsidence history, flexural rigidity of underlying lithosphere, and
original depositional topography. Beyond the inherent ambiguity of esti-
mating these variables, the actual composite sea-level history is likely a
complex set of interfering waves comprising a spectrum of frequencies and
amplitudes, complicating the task of deconvolving the higher-frequency,
cycle-scale fluctuations from the lower-frequency, HFS-scale fluctuations.
Yates HFSs do not merely reflect the cumulative effects of the higher-
frequency fluctuations, however, because the mildly retrogradational, to
aggradational, to strongly progradational stacking patterns intrinsic to each
Yates HFS dictate that a longer-term driver must have been present.

Perhaps the least equivocal estimates of Yates HFS-scale sea-level mag-
nitudes result from forward modeling experiments. Borer and Harris (1995)
performed sensitivity tests to determine a ‘‘best-fit’’ simulation to Yates
stacking patterns and arrived at magnitudes on the order of 30–40 m per
Yates HFS. In another approach, Ye et al. (1996) used extensive outcrop
observations in the Guadalupe and Delaware Mountains to document mul-
tiple shoreline positions through 38 HFSs spanning 30 m.y. of Permian
deposition. The history of relative sea level derived from topographic
changes in paleoshoreline position was subjected to two-dimensional back-
stripping techniques that separated the steadily changing subsidence rate
from the highly oscillatory eustatic signal. The HFS-scale eustatic magni-
tudes during Yates time determined by Ye et al. ranged from ; 40 m to
; 50 m, a total that reflects the combined high- and low-frequency oscil-
lations.

Glacio-eustasy is commonly identified as the primary control on relative
sea-level fluctuations during deposition of Capitan-age cyclic strata (e.g.,
Silver and Todd 1969; Meissner 1972; Borer and Harris 1991; Rankey and
Lehrmann 1996). The chronology of continental glaciation through the late
Paleozoic compiled by Veevers and Powell (1987), however, indicates that
major continental glaciers were gone from Gondwana by the late Leonar-
dian. Thus the Guadalupian was a transitional phase between earlier ice-
house climates and subsequent Mesozoic greenhouse climates. Considering
the low- to moderate-amplitude sea-level fluctuations inferred from the
stratigraphic cyclicity, this transitional timing suggests that reservoirs for
storage and release of global water other than continental glaciers must
have existed during the Guadalupian. Thus the assumption that glacio-
eustasy was the primary control may need to be reassessed until other
mechanisms that affect the volume of seawater in the oceans can be iden-
tified.

CONCLUSIONS

(1) Individual Yates high-frequency sequences are fundamentally mac-
roscale versions of Yates meter-scale cycles, on the basis of comparable
internal arrangements of lithofacies and their seaward-thickening geometry.
This scale-independent architecture of chronostratigraphic units has been
recognized by many workers and may reflect the scale-independent nature
of the controlling process, interpreted to be composite eustasy in this Late
Permian example.

(2) Stratigraphic trends in quantified depositional variables such as as-
pect ratios, progradation:aggradation ratios, offlap angles, and platform pro-
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gradation rates reflect the long-term accommodation history that controlled
the evolution of the Yates–Capitan shelf margin. Stratal geometries and
cycle stacking patterns represented by the quantified variables change in a
complex, yet systematic, manner upward through HFSs constituting a com-
posite sequence. Similar long-term trends in quantified depositional vari-
ables may enable the recognition of larger-scale evolutionary patterns in
other shelf-margin settings.

(3) Architectural changes evident in successive Yates HFSs reveal the
interaction between changes in relative sea level and depositional topog-
raphy, which drives seaward progradation. Sea-level fall along exposed
HFS boundaries forces the locus of sedimentation onto the steep antecedent
topography of the outer shelf and reef of the underlying HFS. With con-
sequent sea-level rise, this steep gradient provides a foundation for the
accumulation of a thick pile of open-shelf skeletal carbonate, which even-
tually flattens the depositional topography of the shelf, enhancing the sea-
ward migration of peritidal environments. In the case of the Yates–Capitan
shelf margin, the steepness of the reef front and foreslope ultimately limits
the extent of progradation and thus controls the large-scale architecture of
Yates HFSs.

(4) Seismic-scale, two-dimensional profiles such as this Upper Permian
example provide visual analogs for subsurface reservoirs, potentially im-
proving fluid-flow simulations and reservoir engineering (e.g., Kerans et al.
1994). Field-documented stratal geometries and density estimates can also
be used to generate synthetic seismic models to evaluate reflection contact
relationships on actual seismic sections (e.g., Stafleu and Sonnenfeld 1994).
Moreover, mapped profiles serve as the ‘‘ground truth’’ for computer sim-
ulations that attempt to quantify potential accommodation histories and the
likely controlling variables of deposition.
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fluctuations, following collapse of the Permo‐
Carboniferous ice‐sheets.

• High frequency sequences (HFS) – stack into lowstand, 
transgressive, and highstand sequence sets.

– During lowstand, all but the most seaward 
portions were covered with siliciclastic eolian ergs

• The Grayburg Formation is made up of 3 HFS

• The Queen Formation is made up of 2 HFS

• Goat Seep is the shelf margin facies that is coeval with 
the Queen Formation

• Goat Seep Formation is Queen‐equivalent shelf 
margin facies
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Example of 
Eustatic Cycles

The combined effect of climate, 
subsidence , and sea level 
changes allow sedimentation of 
different facies.  The vertical 
stacking of these facies follow the 
signal of eustic sea level 
(bottom).

Within individual system tracts 
there is a tendency for deposition 
of particular lithologies. Where 
shale is mainly related with the 
TST and porous rocks can be 
either related with HST or LST.
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Figure 15: Sequence Stratigraphy of the Paradox Fm. showing the pre‐dominant 
facies within individual system tracts



Depositional Facies

• Grayburg and Queen Formations

• Similar enough that a single set of 
depositional facies and 
depositional models is discussed

• 4 HFS deposited over 2 million 
years

• Changes in basin subsidence 
rates, sediment supply, comate, 
eustacy influenced stratigraphic
and sedimentologic attributes



Facies for 
Grayburg 
and Queen

Description

Massive quartzose
siltstone‐
sandstone

1‐30 feet thick
Gray, tan/red,mature, well sorted coarse 
siltstone to fine sandstone
Minor bioturbation and haloturbation
Define cycle bases

Cross Laminated 
Siltstone‐
sandstone

Texturally similar to the massive quartzose
Transition zone ‐ sandstone grades upward 
into carbonate
Intervals of cross‐laminated sandstone ~< 10 
feet thick
Increasing peloids and cement toward 
carbonate

Fusulinid‐peloid
packstone

Gray massive dolostone intervals with few 
pellets
1‐30 feet thick
Dominates more seaward portions
Laterally continuous, tapering landward
Large vertical burrows

Fusulinid‐peloid
wackestone

Similar to Fusulinid‐peloid packstone
Matrix is dense and micritic
Less permeable and porous
Fusulinids preserved as molds



Facies for 
Grayburg and
Queen cont.

 
Description

Mollusc‐Algal‐
Crinoid Packstone

.5‐2 feet thick
Dolomudstone with some pelleted fabric
Fine grained, gray and structureless
Recessive weathering
Rare fusulinid and pelmatozoan debris
At or near the base of a cycle

Peloid Packstone 1‐3 feet thick, except in most seaward 
locations
Grain‐dominated
Peloids, bioclasts, ooids or pisoids
Structuresless, except for a few cross‐
bedded intervals

Ooid‐Peloid
Grainstone

~<20 feet thick in lower half of Grayburg and 
Queen, but not abundant otherwise
Ooids and quartz sand
Small to medium trough and planar tabular 
cross stratification with some hummocky 
cross stratification

Fenestral/Non‐
Fenestral‐Pisolitic
Laminite

Useful for correlation
Smooth to crinkly non‐fenestral and 
fenestral cryptalgal laminites
Define caps of upward shallowing cycles
Weather to resistant ledges 
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ABSTRACT: The Grayburg Formation (Late Permian, Guadalupian) is a shallow-marine succession flanking the Delaware and
Midland basins of Texas and New Mexico, U.S.A. The Grayburg exemplifies the facies heterogeneity imparted by cyclic
interbedding of siliciclastic and carbonate rocks from lithologically diverse, inner-ramp to outer-ramp facies assemblages.
High-resolution correlation and mapping of laterally continuous Grayburg strata exposed in the Brokeoff Mountains, New
Mexico, allow the stratigraphic architecture, facies distribution, and lateral variability to be characterized in detail. This study
provides an outcrop analog for stratigraphically equivalent subsurface reservoirs and comparable carbonate-ramp reservoirs
that accumulated during periods of low-amplitude sea-level fluctuations.

Vertical and lateral facies successions in the Grayburg record four hierarchical scales of cyclicity. The entire Grayburg is
a composite sequence that initiated with transgression of the San Andres platform and culminated with subaerial exposure,
followed by a major basinward shift in deposition. This third-order cycle contains four high-frequency sequences defined by
transgressive outer-ramp facies overlain by aggradational ramp-crest to inner-ramp facies capped by an unconformity. Each
high-frequency sequence contains several composite cycles, intermediate-scale cyclic successions. The high-frequency (fifth-
order) cycles constitute the smallest-scale upward-shoaling facies successions that can be recognized and mapped, comprising
the basic correlation entity to delineate lithofacies bodies.

Lateral heterogeneity in the Grayburg reflects both systematic facies transitions and interwell-scale (meters to hundreds of
meters) variability due to geologic complexity. Larger-scale systematic facies changes that reflect primary environmental and/
or depositional controls (e.g., water depth, platform position, accommodation trends) can be characterized using well and/or
seismic data abetted by appropriate depositional models. Interwell heterogeneity due to geologic complexity, however, is
difficult to recognize from subsurface datasets. Appropriate outcrop analogs provide information on lateral facies dimensions
and heterogeneity architecture that is essential for constructing more realistic three-dimensional reservoir models, rather than
oversimplified models based on lithofacies correlations forced between wells by linear interpolation. An understanding of
geologic heterogeneity exhibited in outcrop analogs is crucial for geoscientists involved with characterizing and modeling
subsurface heterogeneity.

INTRODUCTION

The need to understand, characterize, and model reservoir heteroge-
neity at all scales has been the impetus for detailed outcrop studies
directed towards development of reservoir analogs. In the Permian Basin,
outcrop investigations of the San Andres Formation, one of the most
productive units (Fig. 1), demonstrate the application of sequence
stratigraphic principles for high-resolution correlation and facies map-
ping (Sonnenfeld 1991; Kerans et al. 1994; Kerans and Fitchen 1995).
Such outcrop studies illustrate the hierarchy of different stratal surfaces
and the landward and seaward facies shifts that define the sequence
stratigraphic framework. These studies also document the utility of
stratigraphic analysis for characterization of geologic heterogeneity in
subsurface reservoirs.

Reservoirs in the Grayburg Formation display considerable heteroge-
neity due to cyclic interbedding of diverse assemblages of shallow-water,
mixed carbonate, and siliciclastic facies. Because depositional fabrics are

well preserved in these dolomitized carbonates and quartz sandstones,
porosity and permeability are a function of the original depositional
fabric (e.g., Lucia 1995). Consequently, characterization of petrophysical
heterogeneity requires detailed stratigraphic analysis, correlation, and
facies mapping.

The data and interpretations presented here are based on description,
analysis, and mapping of laterally continuous exposures of Grayburg
strata on Plowman Ridge and West Dog Canyon in the Brokeoff
Mountains (Figs. 2–5). Closely spaced measured sections, photomosaics,
and physical tracing of stratal surfaces and facies established detailed
chronostratigraphic correlations for high-frequency cycles and compo-
nent lithofacies for up to 6.5 km along depositional dip. Three-
dimensional outcrop views exposed in West Dog Canyon by incised
meanders and opposite canyon walls, and correlations with strata on
Plowman Ridge, 1.0 km across depositional strike, allow the three-
dimensional facies heterogeneity to be characterized in detail.
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A major contribution of this study is delineating lateral facies
variability within the context of a reliable, high-resolution chronostrati-
graphic framework. Lateral heterogeneity reflects both larger-scale
systematic facies changes (e.g., due to water depth, platform position,
accommodation trends) and interwell-scale (meters to hundreds of
meters) heterogeneity arising from geologic complexity. Interwell-scale
heterogeneity is difficult to recognize with subsurface data, although
simulations based on outcrop-derived petrophysical data demonstrate
that such variability strongly influences flow behavior in carbonate
reservoirs (Grant et al. 1994; Jennings et al. 2000). Outcrop analogs thus
constitute an essential knowledge base for constructing realistic three-
dimensional reservoir models from one-dimensional well data and

stratigraphic interpretations. Consequently, outcrop analogs such as the
Grayburg provide an important tool for reservoir geologists tasked with
characterizing and modeling subsurface heterogeneity.

GEOLOGIC SETTING

The Guadalupian (Late Permian) Grayburg Formation is a shallow-
marine, mixed carbonate–siliciclastic succession on the periphery of the
Delaware and Midland basins (Fig. 2). In the Guadalupe Mountains
area, the Grayburg ranges in thickness from 80 meters in the most
landward exposure on top of the San Andres platform to more than
365 meters along the Western Escarpment (Fekete et al. 1986; Franseen et

FIG. 1.— Stratigraphic nomenclature of uppermost Leonardian through Guadalupian strata of the Permian Basin showing relative importance as a hydrocarbon-
producing unit. The Grayburg Formation has yielded 2.5 billion barrels of oil from West Texas.

FIG. 2.— Setting of Delaware and Midland
basins during Grayburg deposition (modified
from Ward et al. 1986). The numbered areas are
the 21 major Grayburg fields (more than
10 million barrels production) that occur along
the Central Basin Platform, the northern shelf of
the Delaware Basin, and the Ozona Arch. The
outcrop study area is on the northwestern shelf
of the Delaware Basin.
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al. 1989; Kerans and Nance 1991; Kerans et al. 1992; Kerans et al. 1993).
This study focused on flat-lying Grayburg strata that accumulated
landward of the shelf margin (Figs. 3, 4). This is a depositional setting
similar to that of major Grayburg fields (Fig. 2). The Grayburg
Formation grades basinward into fine sandstones and siltstones of the
Cherry Canyon Formation and passes northward, towards the craton,
into evaporites, eolianites, and terrigenous red beds (Silver and Todd
1969; Meissner 1972; Nance 1988).

The Permian is a period of transitional sea-level cyclicity between the
high-amplitude (60 to 100 m) glacial-eustatic icehouse fluctuations of the
Pennsylvanian (e.g., Crowley and Baum 1991; Soreghan and Giles 1999)
and the low-amplitude (less than 10 m) eustatic greenhouse fluctuations
of the Triassic (Goldhammer et al. 1990). The Permian Basin is a foreland
that developed during the Pennsylvanian–Early Permian collision
between Laurentia and Gondwana (Horak 1985; Yang and Dorobek
1992). The Grayburg was deposited during the passive margin phase of
tectonic quiescence.

Paleogeographic reconstructions for the Middle to Late Permian place
the Permian Basin on the Pangea supercontinent at 0u to 5u N latitude
(Scotese and McKerrow 1990; Lottes and Rowley 1990; Coffin et al.
1992), north of the equatorial-aligned tectonic highlands of the Hercynian
orogenic belt (Coffin et al. 1992). Despite the equatorial setting, arid
conditions in western North America are indicated by widespread
Guadalupian-age dolomites, evaporites, eolianites, and terrigenous red
beds (Silver and Todd 1969; Meissner 1972). Assembly of the Pangea
supercontinent and orogenic uplift disrupted the wet equatorial easterlies
bearing moisture from Tethys, creating a rain shadow in central Pangea
(Scotese and McKerrow 1990). Paleoclimate modeling (Parrish and
Peterson 1988; Parrish 1993, 1995) suggests that a monsoonal atmo-
spheric circulation system developed. During the Northern Hemisphere
winter, a high-pressure cell developed over the cold northern landmass,
resulting in northeasterly winds (Parrish and Peterson 1988; Parrish 1993,
1995). Measured foresets for Permian eolianites of the Colorado Plateau
(Peterson 1988) and Anadarko Basin (Kocurek and Kirkland 1998)

FIG. 3.—Physiographic map of the Guadalupe and Brokeoff mountains region, modified from Fitchen (1993). The outcrop study area (shaded rectangle) is landward
of the underlying San Andres margin and is approximately 10 km landward of the Grayburg terminal margin. Line A–A9 delineates general location of the cross section
of Kerans et al. (1992) and Kerans et al. (1993) shown in Figure 4.
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coincide with a dominant northeasterly paleowind direction. Karst
associated with sequence boundaries in the San Andres Formation
(e.g., Kerans and Fitchen 1995) and the Grayburg Formation (this study)
attest to episodic development of coastal meteoric aquifer systems during
sea-level lowstands.

DEFINITIONS

The high-frequency cycle is the basic stratigraphic unit in this study and
refers to the smallest-scale upward-shallowing facies succession that can
be correlated across different facies tracts. High-frequency cycles record
a single episode of rise and fall in relative sea level (e.g., Grotzinger 1986;
Read et al. 1986; Koerschner and Read 1989; Kerans and Tinker 1997)
equivalent to the fifth-order cycles of Goldhammer et al. (1990). The
high-frequency cycle is analogous to the parasequence (Van Wagoner et
al. 1987; Van Wagoner et al. 1990). Grayburg high-frequency cycles range
from 0.5 to 10 meters in thickness.

Composite cycles contain several high-frequency cycles arranged into
a larger-scale transgressive–regressive succession bound by marine
flooding surfaces that may coincide with sequence boundaries. Composite
cycles differ from cycle sets (Kerans and Tinker 1997, 1999; Tinker 1998)
or parasequence sets (Van Wagoner et al. 1987; Van Wagoner et al. 1990)
in that composite cycles define an intermediate-scale transgressive–
regressive cycle, whereas cycle sets and parasequence sets display
a consistent progradational, retrogradational, or aggradational stacking
trend. Grayburg composite cycles are 4 to 12 meters thick.

A high-frequency sequence is a larger-scale cycle composed of
genetically related, high-frequency cycles and composite cycles and
bounded by unconformities or correlative unconformities (e.g., Mitchum
1977; Mitchum and Van Wagoner 1991). High-frequency sequences
contain lowstand and transgressive systems tracts separated by a maxi-
mum flooding surface from the highstand systems tract. Composite cycles

and high-frequency sequences lie within the range of fourth-order cycles
(Goldhammer et al. 1990). Grayburg high-frequency sequences are 30 to
45 meters thick.

The composite sequence (e.g., Mitchum and Van Wagoner 1991) is the
lowest order cyclicity considered by this study and is comparable to
a depositional sequence (e.g., Mitchum et al. 1977; Vail et al. 1977; Vail
1987; Van Wagoner et al 1988). Composite sequences contain several
unconformity-bounded high-frequency sequences arranged into a larger-
scale succession with well-defined lowstand, transgressive, and highstand
components. A composite sequence is equivalent to a third-order cycle
(Goldhammer et al. 1990).

METHODS

The Grayburg Formation data and interpretations presented in this
paper are based on more than 4100 meters of vertical section described at
Plowman Ridge, West Dog Canyon, and Cork Draw in the Brokeoff
Mountains in southeastern Otero County, New Mexico (Fig. 5).
Although precursor limestones are replaced by dolomite, well-preserved
original rock fabrics can be identified readily in the field. Facies were
described from outcrop in conjunction with standard petrographic thin
sections of rock samples. We utilize Dunham’s (1962) carbonate rock
classification system with Lucia’s (1995) modification that subdivides
packstones into mud-dominated and grain-dominated fabrics.

Initial stratigraphic analysis of the Grayburg Formation was based on
exposures from Plowman Ridge, a 6.5-km-long, north-trending ridge that
parallels depositional dip (Fig. 5). Vertical sections through the Grayburg
were measured and described (e.g., Fig. 6); interpreted high-frequency
cycles, cycle sets, and high-frequency sequences were physically correlated
by walking out bedding surfaces and by tracing the strata on oblique
photographs. The Plowman Ridge stratigraphic cross section (Fig. 7) is
based on high-quality exposures with excellent lateral continuity.

FIG. 4.—Stratigraphic framework of the Leonardian through Guadalupian carbonate platform succession in the Guadalupe and Brokeoff mountains region, compiled
by Kerans et. al. (1992) and Kerans et al. (1993), updated by more recent work (Kerans et al. 1994; Kerans and Fitchen 1995). The Grayburg study area is landward of the
San Andres and Grayburg platform margins.
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Measured sections of the Grayburg from West Dog Canyon and Cork
Draw, 1.0 km and 3 km west of Plowman Ridge across depositional
strike, extend the Grayburg stratigraphy throughout the study area.

Detailed stratigraphic analysis and facies mapping within the high-
frequency cycle-scale chronostratigraphic framework focused on Gray-
burg HFS 2 (30 to 35 meters thick) on Plowman Ridge and West Dog
Canyon (Figs. 8, 9), two dip-oriented outcrops with laterally continuous
exposures. Within these two windows, closely spaced (30 to 125 meters)
vertical sections were described and measured. As in mapping formation
tops, some cycle tops were mapped in the field before facies were
described in detail. In most cases, both high-frequency cycle tops and
facies were mapped at the same time. High-frequency cycle tops and
lithofacies were physically correlated between adjacent measured sections
by walking out high-frequency cycle tops, bedding surfaces, and facies
contacts, and by recording the stratal relationships on large-scale (1:100
to 1:200) oblique photographs. Every correlation line and facies contact
in the detailed window cross sections was examined and recorded in the
field. In areas outside the detailed window along Plowman Ridge, some

correlations were made by tracing strata on large-scale oblique
photographs; gaps in the outcrop exposure from cover required some
correlations to be made between these sections based on stratigraphic
interpretations.

PREVIOUS WORK AND SEQUENCE STRATIGRAPHIC FRAMEWORK

Boyd (1958) conducted the first comprehensive geologic mapping of
Permian strata in the Brokeoff Mountains. Boyd recognized the platform-
to-basin stratigraphic relationships in the upper San Andres Formation
and picked the San Andres–Grayburg formational contact using a poorly
defined color change. From exposures in Last Chance Canyon, Hayes
(1964) subsequently picked the top of the San Andres Formation at an
angular unconformity between carbonate clinoforms of the upper San
Andres and flat-lying, siliciclastic Grayburg strata. Sarg and Lehmann
(1986) interpreted this formational contact as a sequence boundary.

Based on the Last Chance Canyon exposures, Sonnenfeld (1991, 1993)
documented 15 meters of stratigraphic relief between the top of the San

FIG. 5.— Topographic map of study area
showing locations of 22 sections (indicated as
lines) of the entire Grayburg interval that were
described at Plowman Ridge, West Dog Canyon,
and Cork Draw. Forty-eight shorter sections of
HFS 2 (indicated as dots) were described at
Plowman Ridge and West Dog Canyon.
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Andres sequence boundary and onlapping Grayburg strata, indicating at
least 15 meters of sea-level fall following San Andres deposition. On
Algerita and Shattuck escarpments, these stratal relationships indicate
a sea-level fall of more than 30 meters (Kerans and Nance 1991). A
similar magnitude of sea-level fall is documented in the Brokeoff
Mountains, where paleokarst dolines extend 30 meters below the San
Andres–Grayburg sequence boundary (Fitchen 1993).

Boyd (1958) mapped the Grayburg and Queen formations as an
undifferentiated succession. Hayes (1964) placed the top of the Grayburg
below a ‘‘locally conspicuous sandstone’’ assigned to the Queen

Formation. Sarg and Lehmann (1986) interpreted the top of the Grayburg
to represent a sequence boundary. Because subaerial exposure features are
only locally expressed along this surface, however, this contact is probably
inconsistently mapped throughout the area, particularly in areas with poor
outcrops (Kerans and Nance 1991). Limited exposure of the uppermost
Grayburg on Plowman Ridge and in West Dog Canyon made it difficult
for us to unequivocally locate the Grayburg–Queen sequence boundary.
Near the top of Plowman Ridge, tepee–pisolite–fenestral and algal-
laminated facies (uppermost Grayburg?) with grikes filled with dolomitic
quartz siltstone and sandstone are unconformably overlain by recessively

FIG. 6.— Measured section of section PR-2 (with interpretations) of entire Grayburg interval from South Plowman Ridge, location indicated on Figure 5.
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weathered, yellow-brown to pink, thin-bedded sandstones that we interpret
to be the lowermost Queen Formation.

Sarg and Lehmann (1986) interpreted the Grayburg Formation to be
a third-order depositional sequence. Kerans and Nance (1991) subdivided
this sequence into lowstand/transgressive and highstand systems tracts.
Kerans et al. (1992) and Kerans et al. (1993) reinterpreted the Grayburg to
be a composite sequence composed of two high-frequency sequences
(Guadalupian HFS 14 and 15) and placed the maximum flooding surface of
Kerans and Nance (1991) at the transgressive base of Guadalupian HFS 15.

In the study area, the Grayburg Formation thins to 115 meters in the
most landward exposures, thickening seaward to 180 meters at the
southern terminus of Plowman Ridge. On the Western Escarpment,

10 km basinward of the study area (Fig. 3), the Grayburg Formation
attains a thickness of more than 365 meters (Fekete et al. 1986; Franseen
et al. 1989). On the Western Escarpment, the lowermost 85 meters of the
Grayburg is composed of progradational clinoforms overlain by more
than 275 meters of flat-lying strata that record a shift from prograda-
tional to aggradational deposition (Fekete et al. 1986; Franseen et al.
1989). Erosional truncation of the Grayburg margin along the Western
Escarpment makes it impossible to determine the precise location of the
original depositional margin and whether the margin exhibited a ramp or
a rimmed shelf morphology (sensu Read 1985). Relief on the Grayburg
margin is estimated to be at least 200 to 300 meters (Fekete et al. 1986;
Franseen et al. 1989).

FIG. 6.— Continued.

40 R.J. BARNABY AND W.B. WARD J S R



MAJOR LITHOFACIES

Mixed carbonate and siliciclastic rocks of the Grayburg Formation
were grouped into seven major end-member lithofacies: (1) fusulinid–
peloid mud-dominated packstone–wackestone; (2) mudstone and skel–
peloid wackestone; (3) skel–peloid and pel–ooid mud-dominated pack-
stone; (4) pel–ooid grain-dominated packstone; (5) ooid grainstone;
(6) tepee–pisolite–fenestral and algal-laminated facies; and (7) quartz
sandstone and quartz sand-rich occurrences of the above carbonate
lithofacies. Major lithofacies (Figs. 10, 11, 12) are described in Table 1.

Fusulinid–Peloid Mud-Dominated Packstone–Wackestone

Fusulinid–peloid mud-dominated packstone–wackestone facies (Ta-
ble 1, Fig. 10A) are relatively uncommon in the platform interior
Grayburg strata of the study area (Fig. 4). Fusulinid-rich facies are
abundant in locales seaward of the San Andres platform margin; e.g., the

Western Escarpment (Fekete et al. 1986; Franseen et al. 1989) and the
downdip southern end of Shattuck Escarpment (Kerans and Nance
1991). Similarly, in the subsurface Grayburg of the Central Basin
Platform, fusulinid facies dominate outer-ramp strata of the lower
Grayburg (e.g., Ruppel and Bebout 2001).

The basinward distribution, along with the abundant carbonate mud,
open marine fauna, lack of current-generated sedimentary structures, and
intense bioturbation, indicate a low-energy, outer-ramp depositional
environment. In the lower San Andres Formation, fusulinid-rich facies
are confined to the middle and lower portions of progradational ramp-
margin clinoforms; reconstructed depositional profiles from the basin-
ward-dipping stratal surfaces indicate water depths of 10 to 120 meters
for this facies (Kerans and Fitchen 1995). This facies is thus interpreted to
record maximum transgressive water depths on the shallow-water
Grayburg platform. Consequently, fusulinid–peloid mud-dominated
packstone–wackestone facies are stratigraphically significant for inter-
preting longer-term accommodation trends.

FIG. 7.— Grayburg stratigraphic framework from dip-parallel exposures on Plowman Ridge, location indicated in Figure 5. Vertical black lines delineate measured
sections; vertical white bands indicate missing section due to cover. Approximate datum is top HFS-2. Detail window shown in Figure 8.
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Mudstone and Skel–Peloid Wackestone

Carbonate mudstone and skel–peloid wackestone facies (Table 1)
occur locally. True mud-supported fabrics are uncommon in the
Grayburg and a relict peloid-supported fabric is usually evident. Mud-
supported fabrics record low-energy settings but otherwise provide little
direct evidence of depositional environment; consequently, this facies
probably records more than one depositional setting. Admixed skeletal
material, including crinoids and fusulinids, in outer-platform skel–peloid
wackestones suggest proximity to open marine conditions. In platform
interior locations, carbonate mudstone is associated with tepee–pisolite–
fenestral and algal-laminated facies, implying a restricted shallow subtidal
to peritidal environment.

Skel–Peloid and Pel–Ooid Mud-Dominated Packstone

Skel–peloid and pel–ooid mud-dominated packstone (Table 1,
Fig. 10B) is the most abundant carbonate facies in the study area
(Fig. 7). Carbonate mud and compacted pseudomatrix completely
occlude interparticle pore space. Because of bioturbation, compaction,
and dolomitization, peloids can be difficult to distinguish from mud
matrix.

The interparticle carbonate mud, admixed crinoids and fusulinids, and
the extensive biotic reworking indicate a low-energy subtidal environ-
ment. This facies records dominantly quiet-water deposition below fair-
weather wave base on the middle ramp, and/or a restricted setting
protected by seaward ramp-crest shoals.

Pel–Ooid Grain-Dominated Packstone

Pel–ooid grain-dominated packstones (Table 1) are grain-supported
rocks that contain minor amounts of carbonate mud; ooids (150 to
400 mm) and peloids (60 to 150 mm) are the dominant grain type
(Fig. 10D). Cross-stratification is poorly developed or absent. Carbonate
mud partially occludes interparticle pores. Grain-dominated packstone
lies stratigraphically above skel–peloid and pel–ooid mud-dominated
packstone facies and is overlain by ooid grainstone. Grain-dominated
packstone passes basinward into skel–peloid and pel–ooid mud-domi-
nated packstone facies and grades landward into ooid grainstone.

Pel–ooid grain-dominated packstone facies record shoaling into
a relatively higher energy environment. Grain-supported fabrics with
minor amounts of interparticle mud record a well-winnowed depositional
setting, the admixed carbonate mud may have been introduced by
bioturbation, which obscured or destroyed primary current stratification.
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FIG. 8.— Stratigraphic cross section C–C' of HFS 2 from Plowman Ridge, see Figures 5 and 7 for location. High-frequency sequence 2 is composed of 14 
high-frequency cycles organized into 4 composite cycles (2A, 2B, 2C, and 2D). Datum is top of cycle 8, maximum flooding event. 

 



Ooid Grainstone

Ooid grainstone (Table 1, Figs. 10C, E, B) facies are especially
abundant in HFS 2, both in outcrop (Fig. 7) and in the subsurface.
Well-sorted ooid grains are 150 to 400 mm in diameter (Fig. 10F). Ooid
grainstones are characterized by current stratification features, described
in Table 1. The lower contact of ooid grainstones is gradational with
underlying pel–ooid grain-dominated packstones, gradational to abrupt
with underlying skel–peloid and pel–ooid mud-dominated packstones and
quartz sandstones, and abrupt with underlying fusulinid–peloid mud-
dominated packstone–wackestone facies. The upper contact of ooid
grainstone facies is generally sharp, except where it grades upward into
overlying tepee–pisolite–fenestral and algal-laminated facies.

Ooid grainstones form sheet-like bodies or channel-form units. Sheet-
like bodies consist of stacked medium to thick beds that are amalgamated
into successions up to 4 meters thick. Cross strata predominantly dip
basinward whereas contacts between individual stacked beds dip land-
ward. These units are laterally continuous for up to 1 km or more. For
example, the grainstone body in Grayburg HFS 2 high-frequency cycle 12
(Fig. 13) is oriented parallel to depositional strike and is laterally
continuous for at least 1000 meters across strike and more than
1200 meters along dip. These amalgamated grainstone units locally are
interrupted by thin (less than 0.3 meters thick) intervals of bioturbated

pel–ooid grain-dominated packstone and skel–peloid and pel–ooid mud-
dominated packstone, some of which exhibit lateral continuity of a few
hundred meters (Fig. 8) forming potential internal reservoir baffles.

Grainstone channels are up to 4.5 meters thick, with sharp erosional
bases that downcut underlying strata (Fig. 11C). The channels are up to
several hundred meters wide, oriented parallel to depositional dip
(Fig. 14), and extend for at least thousands of meters in a dip direction.
Syndepositional relief is at a maximum in these high-energy channels and
bars; individual large-scale bedforms have up to 3 to 5 meters of relief
from topset to toeset.

Ooid grainstones are interpreted to record high-energy conditions
above fair-weather wave base. Ooid grainstones are stratigraphically
significant because they are a sensitive indicator of high-energy, shallow-
water deposition on the ramp crest and their distribution through
successive high-frequency cycles reflects longer-term accommodation
trends.

Tepee–Pisolite–Fenestral and Algal-Laminated Facies

Tepee–pisolite–fenestral and algal-laminated facies (Table 1,
Figs. 10G, H, 11A), described by Tye (1986) occur throughout the
Grayburg. Although they form successions up to 5.5 meters thick, they

FIG. 9.—Stratigraphic cross section D–D9 of HFS 2 from West Dog Canyon, 1 km across depositional strike from Plowman Ridge; location indicated on Figure 5.
Section is generally dip-oriented, however, outcrop exposures along the canyon meanders cause various segments of the cross section to differ in their orientation relative
to depositional dip. Datum is top of cycle 8, maximum flooding event.
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commonly exhibit poor lateral continuity (less than several hundred
meters). These facies grade landward into skel–peloid and pel–ooid mud-
dominated packstone and basinward into pel–ooid grain-dominated
packstone and ooid grainstone. Tepee–pisolite–fenestral and algal-
laminated facies are locally interbedded with skel–peloid and pel–ooid
mud-dominated packstone, pel–ooid grain-dominated packstone, ooid
grainstone, and quartz sandstone. The upper bounding surface of the
tepee–pisolite–fenestral and algal-laminated facies typically is sharp
(Fig. 11A) and displays local erosional truncation and small-scale karst
(Fig. 12G). This facies is abruptly overlain by fusulinid–peloid mud-
dominated packstone–wackestone, skel–peloid and pel–ooid mud-dom-
inated packstone, pel–ooid grain-dominated packstone, ooid grainstone,
or quartz sandstone.

Tepee structures, pisolites, fenestrae, desiccation cracks, and sheet
cracks are associated with subaerial exposure in an upper peritidal to
supratidal setting (Tye 1986). Botryoidal aragonite cements attest to an
evaporative marginal marine environment. Tepee–pisolite–fenestral and
algal-laminated structures overprint precursor sediments, including skel–
peloid and pel–ooid mud-dominated packstone, pel–ooid grain-dominat-
ed packstone, ooid grainstone, and quartzose carbonate. These structures
are best developed at the top of these units, grading downwards into more
diffuse, poorly defined structures.

Thick accumulations of tepee–pisolite–fenestral and algal-laminated
facies on the ramp crest represent grainstone and packstone shoals that
formed paleohighs that were subsequently overprinted by marine vadose
diagenesis. Interbedded grainstone and packstone beds attest to flanking
subtidal facies. Tepee–pisolite–fenestral and algal-laminated facies are
stratigraphically significant because they record platform aggradation to
intertidal and supratidal environments and thus are an indicator of
longer–term accommodation trends. Erosional truncation and small-scale
karst at the tops of these units record subaerial exposure. Where these
unconformable surfaces are abruptly overlain by transgressive outer-
ramp fusulinid–peloid mud-dominated packstone and wackestone facies,
this abrupt landward facies tract offset is interpreted to delineate the
transgressive portion of the ensuing cycle.

Quartz Sandstone and Mixed Siliciclastic–Carbonate Facies

Siliciclastics in the Grayburg (Table 1) are represented by quartz
sandstone, quartzose dolomite, and dolomitic sandstone. Quartz sand-
stones and mixed siliciclastic–carbonate facies contain coarse quartz silt
to very fine- to medium-grained quartz sand, minor feldspar grains, and
variable admixtures of dolomitized carbonate material (Fig. 12E, F).
Siliciclastic fines (fine silt to clay) are absent. A wide range of sediment-
ary structures is observed (Table 1), including trough cross-laminat-
ion (Fig. 12A), large-scale accretionary foresets (Fig. 12B), burrowing
and bioturbation, millimeter-scale wavy to crinkly algal lamination
(Fig. 12C), and polygonal desiccation cracks (Fig. 12D).

Siliciclastic–carbonate admixtures range from less than 10 percent to
more than 90 percent quartz sand. Quartz sandstones, as designated in

this study, contain more than 60 percent quartz sand; the carbonate
content and sedimentary structures were used to modify their description.
Mixed siliciclastic–carbonate rocks containing less than 30 to 40 percent
quartz sand were classified according to their carbonate depositional
texture and major carbonate grains.

Quartz sandstone units typically are laterally continuous for several
kilometers and form prominent marker beds that can be easily traced and
correlated throughout the study area. This lateral continuity is
comparable to analogous sandstone units in the Yates and Tansill
formations in the Guadalupe Mountains (Borer and Harris 1989;
Candelaria 1989). In the subsurface Grayburg (of South Cowden Field),
siltstone and sandstone beds can be correlated throughout most of the
15 km2 field area (Ruppel and Bebout 2001).

The very fine to medium sand size, the good sorting, the well-rounded
medium-size quartz sand grains, and the mineralogical maturity implies
that the siliciclastic fraction was transported by wind during sea level
lowstands (Fischer and Sarnthein 1988). Evidence for subaerial exposure
in subjacent facies includes tepee–pisolite–fenestral and algal-laminated
fabrics, karst (Fig. 12H), mantling regolith breccias, and quartz sand-
filled grikes. Shallow marine reworking of wind-transported quartz sands
is indicated by channels, trough cross-lamination (Fig. 12A), bioturba-
tion, and by admixed skeletal grains, ooids, peloids, and carbonate mud
(Fig. 12F). Quartz sandstones and mixed siliciclastic–carbonate facies are
stratigraphically significant because they record sea-level lowstands and
subsequent transgression and are useful to interpret longer-term
accommodation trends.

STRATIGRAPHIC HIERARCHY

The three levels of stratigraphic hierarchy (high-frequency cycles,
composite cycles, and high-frequency sequences) within the Grayburg
composite sequence are defined from a dip-oriented cross section by: (1)
transgressive–regressive facies relationships; (2) facies stacking patterns in
successive high-frequency cycles; (3) evidence of subaerial exposure (e.g.,
unconformities or paleokarst) at the tops of cyclic successions; and (4)
abrupt vertical facies tract offsets at the transgressive base of each high-
frequency sequence. This stratigraphic organization cannot be defined
adequately by using vertical facies successions or high-frequency cycle
thickness stacking patterns from an individual vertical section alone.
Moreover, the significance of many stratal surfaces cannot be determined
from a single vertical section, but rather it is the lateral continuity and
variable expression (e.g., local paleokarst development) of these stratal
surfaces across different facies tracts that define their relative importance.
After the stratigraphic relationships and hierarchy are defined for an area,
however, they can be readily recognized in additional sections, which can
then be correlated into the stratigraphic framework.

High-Frequency Cycles

Grayburg high-frequency cycles are 0.5 to 10 m thick, upward-shoaling
facies successions. A thin transgressive lag, composed of reworked
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FIG. 10.— A) Outcrop photograph of fusulinid–peloid mud-dominated packstone with abundant fusulinid molds. Knife is approximately 8 cm long. B)
Photomicrograph of peloid mud-dominated packstone. Scale bar 5 500 mm. Core plug helium porosity 5 1.0%, air permeability 5 0.01 md. C) Outcrop photograph
of high-frequency cycle 10 in Grayburg HFS 2. Cycle base is bioturbated ooid–peloid mud-dominated packstone (lower arrow). This grades upward into less intensely
bioturbated peloid–ooid grain-dominated packstone (middle arrow). Cycle is capped by cross-stratified ooid grainstone (upper arrow). D) Photomicrograph of pel–ooid
grain-dominated packstone. Scale bar 5 500 mm. Interparticle pore space is largely occluded by carbonate mud and cement. Core-plug helium porosity 5 1.9%, air
permeability 5 0.01 md. E) Outcrop photograph of high-frequency cycle 12 in Grayburg HFS 2. Bioturbated dolomitic sandstone at cycle base is abruptly overlain by
cross-stratified ooid grainstone, which caps cycle. F) Photomicrograph of ooid grainstone. Scale bar 5 500 mm. Primary interparticle pore space accounts for high
porosity and permeability. Core-plug helium porosity 5 12.0%, air permeability 5 25.6 md. G) Outcrop photograph of laminar fenestral dolomite near top of
Grayburg HFS 1. H) Photomicrograph of tepee–pisolite–fenestral facies. Scale bar 5 2 mm. Matrix consists of pisoids, pelleted (microbial?) mud, and mud with a clotted
fabric. Interparticle, fenestral, and early fracture pores are nearly completely occluded by fibrous to inclusion-rich, early marine cement. Core-plug helium
porosity 5 1.0%, air permeability 5 0.01 md.
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sediment and intraclasts from the underlying cycle, occurs at the base of
some high-frequency cycles. Grayburg high-frequency cycles typically are
asymmetric, consisting of basal low-energy, carbonate mud-rich, biotur-
bated facies succeeded by more proximal facies. Some high-frequency
cycle tops display in situ breccias, sand-filled grikes, paleokarst (Fig. 12G,
H), desiccation cracks (Fig. 12D), and erosional truncation. Cycle tops
typically are abruptly overlain by low-energy facies at the base of the
ensuing cycle.

Grayburg high-frequency cycles exhibit diverse facies, facies propor-
tions, sedimentary structures, and bounding stratal surfaces. Within
a single high-frequency cycle, the component lithofacies and facies
proportions may vary significantly at different locations along the
depositional profile. For example, in high-frequency cycles 4 and 5
(Figs. 8, 9) carbonate-dominated facies at one location pass laterally into
equivalent, mixed carbonate–siliciclastic facies, which, in turn, grade
laterally into siliciclastic-dominated facies.

In a low-accommodation, shallow-water setting landward of the
platform margin, high-frequency cycles typically are asymmetric, with
abrupt bases of low-energy, mud-rich, bioturbated facies that reflect
maximum flooding followed by successively more proximal facies due to
aggradation as sediment infilled accommodation. Fully aggraded high-
frequency cycles are capped by peritidal facies. High-frequency cycles are
capped by abrupt stratal surfaces that indicate a period of nondeposition,
erosion, and/or subaerial exposure prior to transgression by the ensuing
cycle.

The preservation potential of high-frequency cycles reflects long-term
accommodation, constituent lithology, and the depositional environment
of transgressive facies in the overlying cycle. High-frequency cycles
deposited during periods of low accommodation are less likely to be
preserved due to sediment reworking in an accommodation-limited
setting. High-frequency cycles composed of carbonate are more likely to
be preserved, because carbonates tend to be indurated by early
cementation during subaerial exposure. High-frequency cycles composed
of quartz sandstone are less likely to be preserved, because unconsoli-
dated quartz sand is readily reworked by burrowing organisms and
currents during the ensuing transgression. For example, anomalously
thick successions (up to 10 m) of massive quartz sandstone that display
no internal vertical facies successions may reflect amalgamation of several
vertically stacked cycles. High-energy tidal channel and shoal facies tracts
are more likely to rework underlying sediments of the subjacent high-
frequency cycle than overlying low-energy, distal facies.

Representative end-member high-frequency cycle types from a mea-
sured section on Plowman Ridge (PR-2) are illustrated in Figure 15.

Sandstone-Dominated High-Frequency Cycles.—The base of these cycles
is composed of bioturbated quartz sandstone, with admixed carbonate,
including mud, peloids, fusulinids, and other skeletal grains. In one
example (Fig. 15A), bioturbated sandstone passes upward into trough
cross-stratified sandstone, which is capped by wavy-laminated dolomitic
sandstone. Some sandstone-dominated high-frequency cycles are capped
by algal stromatolites (Fig. 12C). Erosional truncation, breccias, and
desiccation cracks (Fig. 12D) cap some high-frequency cycles.

Bioturbated quartz sandstones with admixed carbonate mud, grains,
and skeletal material record reworking of eolian quartz sands (e.g.,
Fischer and Sarnthein 1988) in a low-energy subtidal setting. Trough

cross-stratified sandstones indicate aggradation (or a fall in relative sea
level) into a high-energy shallow subtidal environment. Accommodation
infilling to a peritidal environment is evidenced by wavy to crinkly
laminated sandstones that reflect binding by algal mats and by local
fenestrae and pisoids. Desiccation cracks and breccias capping some high-
frequency cycles attest to subaerial exposure.

Some sandstone-dominated high-frequency cycles do not exhibit a well-
defined, upward-shoaling trend, for example, sandstone units composed
entirely of bioturbated massive sandstone. In such cases, the existence of
internal cyclicity must be inferred from the depositional model. For
example, a thick, laterally continuous bed of quartz sandstone above
a carbonate unit implies a fall in relative sea level and eolian transport of
quartz sand prior to subtidal reworking during the ensuing transgression.

Mixed Carbonate–Sandstone High-Frequency Cycles.—These cycles
typically contain basal quartz sandstones or dolomitic quartz sandstones
that grade upward into carbonate-dominated lithologies. In one example
(Fig. 15B), the cycle base consists of bioturbated quartz sandstone with
fusulinids. This is succeeded by dolomitic sandstone with increasingly
abundant admixed carbonate grains that grades upward into a quartzose
pel–ooid grain-dominated packstone. The top of this high-frequency cycle
is a quartzose cross-stratified ooid grainstone. Another example of
a mixed carbonate–sandstone high-frequency cycle (Fig. 10E) shows
bioturbated quartz sandstone abruptly overlain by an ooid grainstone.
Some mixed carbonate–sandstone high-frequency cycles are capped by
algal–pisolitic–fenestral quartzose facies with intraclasts and pisoids.
High-frequency cycle tops locally display small-scale karst, grikes, and
erosional truncation.

In mixed carbonate–sandstone high-frequency cycles, the carbonate
fraction typically becomes increasingly dominant upwards, interpreted to
reflect diminishing siliciclastic influx as sea level rose and in situ carbonate
production increased. High-frequency cycles capped by peritidal facies
fully aggraded to intertidal and supratidal depositional environments.
Small-scale karst and grikes record subaerial exposure.

Carbonate-Dominated High-Frequency Cycles.—These cycles typically
have skel–peloid and pel–ooid mud-dominated packstone facies with
intense bioturbation at the base. Skeletal grains are locally abundant.
These mud-rich facies pass upward into better sorted, grain-dominated
packstone and grainstone. Burrowing decreases upward as current
stratification becomes increasingly dominant. An example of this type
of high-frequency cycle (Figs. 10C, 15C) shows bioturbated mud-rich
facies succeeded by pel–ooid grain-dominated packstone which grades
upward into trough and accretionary cross-stratified ooid grainstone.
Fully aggraded carbonate-dominated high-frequency cycles are capped by
peritidal facies.

Skel–peloid and pel–ooid mud-dominated packstone facies at the cycle
base record a low-energy, subtidal setting during flooding. Fusulinids and
pelmatozoans attest to an open marine environment. Carbonate mud
content decreases upward, and the transition from pel–ooid grain-
dominated packstone to overlying grainstones with trough and accre-
tionary cross-stratification reflects increasingly higher energy deposition.
Fully aggraded tidal flat-capped high-frequency cycles record supratidal
environments; local subaerial exposure is evidenced by small-scale karst
and grikes.
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FIG. 11.—A) Outcrop photograph of HFS 2 sequence boundary on Plowman Ridge. Top of staff marks abrupt contact between underlying laminar fenestral facies and
overlying transgressive fusulinid–peloid mud-dominated packstone. Staff in 0.3048 meter increments. B) Outcrop photograph of HFS 2 sequence boundary 100 meters
basinward (south) of photograph shown in part A. At this outer-ramp crest location, a 4.5 meter-thick, cross-stratified ooid grainstone unit (brown, geologist sitting near
base) is erosionally truncated and is abruptly overlain by gray bioturbated fusulinid–peloid mud-dominated packstone. C) Outcrop photograph of intraclast–ooid
grainstone channel. Dashed line indicates erosional base; up to 3 meters of erosional downcutting occurs in underlying quartz sandstones.
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Composite Cycles

Composite cycles (4 to 12 meters thick) consist of two or more high-
frequency cycles arranged into intermediate-scale, transgressive–regres-
sive successions (Figs. 8, 9). At the base of each composite cycle, facies
typically consist of fusulinid–peloid or skel–peloid mud-dominated
packstone with admixed quartz sand or fossiliferous quartz sandstone.
High-frequency cycles in the upper portion of composite cycles contain
increasing proportions of more proximal facies, including ooid grainstone
and fenestral–pisolite and algal-laminated facies (Figs. 8, 9). Small-scale
karst locally caps the composite cycles.

Composite cycles subdivide the high-frequency sequences into in-
termediate-scale cyclic successions within the longer-term accommoda-
tion trend imposed by the high-frequency sequences. Transgressive facies
at the base of the composite cycles are succeeded by more proximal ooid
grainstone and fenestral–pisolite and algal-laminated facies, interpreted
to represent successive infilling of accommodation to shallow subtidal
and peritidal environments. Local karst records subaerial exposure
following deposition. For many composite cycles, however, the landward
facies tract offset at the transgressive base of the overlying composite
cycle is the defining aspect of the composite cycle top. This landward
facies-tract offset is greater in magnitude than that for high-frequency
cycles within the composite cycle.

In the subsurface with widely spaced well control, it can be difficult to
identify and correlate individual high-frequency cycles, whereas compos-
ite cycles can be more readily recognized. For example, the high-
frequency cycle tops within the composite cycle are less well developed
than the tops of the composite cycles. In the study area, high-frequency
cycles are best developed on the ramp crest. Off the crest, high-frequency
cycles may become less well developed so that the composite cycle may be
the smallest stratigraphic unit that can be recognized and correlated.
Composite cycles also are useful chronostratigraphic units where cycle
amalgamation has occurred. Amalgamation is restricted to high-
frequency cycles within a composite cycle, and cycle amalgamation does
not occur across composite cycle boundaries, retaining the integrity of
these chronostratigraphic surfaces.

High-Frequency Sequences

Grayburg high-frequency sequences recognized by this study follow the
definition of Mitchum (1977) and Mitchum and Van Wagoner (1991).
Because the Grayburg accumulated landward of the shelf margin (Fig. 4),
sequences consist of a transgressive systems tract separated by a maxi-
mum flooding surface from the highstand systems tract. Except for the
lowermost Grayburg, which onlaps the San Andres shelf margin, the
high-frequency sequences do not display diagnostic stratal terminations
(e.g., onlap, offlap, and toplap) due to limited accommodation in the
relatively flat-lying, shallow-water setting (Fig. 7). The Grayburg high-
frequency sequences are primarily recognized from facies stacking
patterns in successive high-frequency cycles. Each high-frequency
sequence contains at its base an unconformity, overlain by a retro-
gradational succession of high-frequency cycles, succeeded by an

aggradational to progradational succession of high-frequency sequences,
and capped by an unconformity.

Stratigraphically significant facies for interpreting the accommodation
trends of the high-frequency sequences include: (1) fusulinid–peloid mud-
dominated packstone–wackestone facies, which record transgression and
maximum water depths; (2) ooid grainstones, which indicate aggradation
to a shallow-water, high-energy setting; (3) tepee–pisolite–fenestral and
algal-laminated facies, which document platform aggradation to in-
tertidal and supratidal environments; and (4) quartz sandstones and
mixed siliciclastic–carbonate facies, which represent eolian transport
during sea-level lowstands and subsequent subtidal reworking during
transgression.

Unconformity-related subaerial exposure is directly indicated by
paleokarst and grikes and can be inferred from overlying lowstand-
transported quartz sands. An abrupt landward facies-tract offset over-
lying an unconformity is one of the more diagnostic features of the
sequence boundary. For example, at the base of HFS 2 (Fig. 8),
transgressive fusulinid–peloid mud-dominated packstone–wackestone
facies overlie karsted tidal flat facies of underlying HFS 1, defining the
lower sequence boundary.

We interpret four high-frequency sequences (HFS 1–4), each 30 to
45 meters thick, in the Grayburg Formation (Fig. 7). Correlation of our
stratigraphic framework with previous studies that subdivide the Gray-
burg into 2 sequences (Kerans et al. 1992; Kerans et al. 1993) indicates that
our Grayburg HFS 1 and 2 are equivalent to their Guadalupian HFS 14
and our Grayburg HFS 3 and 4 are correlative with their Guadalupian
HFS 15. Given that the Grayburg composite sequence is approximately
1 Myr in duration (Ross and Ross 1987), the four Grayburg high-
frequency sequences may correspond to fourth-order depositional cycles
(sensu Goldhammer et al. 1990). The four Grayburg sequences are thought
to be equivalent to the four sequences interpreted from the subsurface
Grayburg, for example, in Maljamar Field on the northern shelf of
the Delaware Basin (Modica 1997) and on the Central Basin Platform
in South Cowden Field (Ruppel and Bebout 2001), North Cowden
Field (Entzminger et al. 2000), and Foster Field (Kerans, personal
communication 1995). These regional correlations suggest that the
Grayburg high-frequency sequences represent intermediate-scale cyclicity
in relative sea level superimposed on the longer-term accommodation
trend recorded by the third-order Grayburg composite sequence (Fig. 6).

GRAYBURG STRATIGRAPHIC AND FACIES ARCHITECTURE

Grayburg HFS 1

Description.—The lowermost Grayburg onlaps the San Andres
Formation (Fig. 7) and consists of skeletal-rich quartz sandstones and
quartzose carbonates that are trough cross-stratified or bioturbated.
These subtidal facies cap high-frequency cycles, with local paleokarst and
grikes occurring at the cycle tops. At the top of HFS 1, laterally extensive
algal-laminated and fenestral–pisolite facies (Figs. 8, 9) are succeeded by
an erosional surface with local paleokarst (Fig. 12G). The isopach map
for this interval (Fig. 16) displays a basinward increase in thickness.
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FIG. 12.— A) Outcrop photograph of quartz sandstone with small-scale trough cross-stratification. B) Outcrop photograph of quartz sandstone with large-scale
accretionary foresets interpreted to be relict eolian dune. C) Outcrop photograph of wavy to stromatolitic algal laminae in dolomitic sandstone near top of high-frequency
cycle. Knife handle is approximately 8 cm long. D) Outcrop photograph of polygonal desiccation cracks in dolomitic sandstone filled with siliciclastic silt and carbonate
mud near top of high-frequency cycle. E) Photomicrograph of well-sorted quartz sandstone. Scale bar 5 500 mm. Sediments consist of fine- to medium-grained, rounded
to well-rounded, detrital quartz sand and minor peloids. Cements consist of dolomite, quartz overgrowths, and late calcite (stained pink). Porosity includes primary
interparticle moldic pores (probably leached feldspar grains). Core-plug helium porosity 5 6.1%, air permeability 5 1.93 md. F) Photomicrograph of quartzose ooid
grainstone with very fine- to fine-grained quartz sand. Scale bar 5 500 mm. G) Outcrop photograph of quartzose fenestral dolomite at top of Grayburg HFS 1 cut by
karst dissolution dolines infilled by fusulinid–peloid mud-dominated packstone that delineates onset of transgression for HFS 2. H) Outcrop photograph of karsted cross-
stratified ooid grainstone at top of Grayburg HFS 1 (white arrows). Up to 0.7 meters of relief exists; this surface is overlain by quartz sandstone at the base of HFS 2.
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Interpretation.—Grayburg onlap onto the San Andres Formation
represents a third-order sequence boundary (Sarg and Lehmann 1986).
Abundant quartz sand in the lower Grayburg reflects eolian siliciclastic
influx during subaerial exposure of the San Andres Formation. High-
frequency cycles capped by subtidal facies with subaerial exposure
features are interpreted to have been stranded by cyclic falls in relative sea
level (e.g., Rankey et al. 1999). The first widespread carbonate-dominated
unit is interpreted to represent maximum flooding. Algal-laminated and
fenestral–pisolite facies near the top of HFS 1 record aggradation to an
upper peritidal to supratidal setting. The erosional surface with local
paleokarst at the top of HFS 1 is a sequence boundary that was
subsequently transgressed by the base of HFS 2.

The onlapping geometries of lowermost Grayburg strata indicate that
the basinward-thickening trend reflects depositional relief on the
seaward-dipping top of the San Andres platform. Antecedent topography
was infilled by the end of HFS 1, as evidenced by well-developed peritidal
to supratidal facies at the top of HFS 1 and by the relatively uniform
thickness of overlying HFS 2 (Fig. 17).

Grayburg HFS 2

Detailed stratigraphic analysis focused on Grayburg HFS 2 because
this interval contains grain-dominated packstone and grainstone facies of
interest in reservoir characterization due to their high porosity and
permeability. The stratigraphic succession is similar for the Plowman
Ridge and West Dog Canyon locations, although they display differences
in facies and high-frequency cycle development (Figs. 8, 9). These
disparities reflect the slightly different platform location and depositional
variability along strike.

Transgressive Systems Tract: Description.—The base of HFS 2 (Figs. 8,
9) is a fusulinid–peloid mud-dominated packstone–wackestone to
fusulinid-bearing dolomitic sandstone. Quartz sand is abundant in the
lower TST. Incised channels are common; the largest occurs in West Dog
Canyon where algal-laminated and fenestral–pisolite facies are downcut
4.5 meters (Fig. 9). This channel (Fig. 11C) contains ooid–intraclast
grainstone with sigmoidal and herringbone cross-stratification and is
oriented parallel to depositional dip (Fig. 14).

Fusulinid–peloid mud-dominated packstone–wackestone facies in
successive high-frequency cycles display retrogradational relationships
and are ultimately succeeded by a widespread unit of this facies (Figs. 8,
9).

Transgressive Systems Tract: Interpretation.—Fusulinid-rich facies at
the base of HFS 2 represent an abrupt landward shift in deposition above
karsted peritidal facies in HFS 1. Abundant quartz sand reflects high
siliciclastic influx during sea-level lowstands; continued transgression
eventually restricted siliciclastic influx. The abundant incised channels
and well-developed sigmoidal and herringbone cross-stratification docu-
ment a tidal influence.

The ooid–intraclast grainstone-filled channel (Figs. 11C, 14) is
representative of grainstone facies architecture in the transgressive
systems tract. These grainstone bodies typically retain their initial
depositional morphologies and were not extensively reworked. De-
velopment of ooid bars and tidal channels is comparable to that observed
in Holocene carbonates in the Joulters Cay area of the Bahamas (Harris
et al. 1993). The transgressive systems tracts exhibit the greatest lateral
heterogeneity of grainstone bodies, many of which formed dip-elongate
channels and bars (Harris et al. 1993). This heterogeneity reflects the tidal
setting that dominated during initial transgression, in which ooids were
produced and accumulated along dip-oriented tidal channels and bars.
Rapid increase in accommodation associated with rising relative sea level
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resulted in high preservation potential for these dip-elongate grainstone
bodies.

Landward-stepping fusulinid–peloid mud-dominated packstone facies
in the late TST record continued transgression, which culminated in
deposition of a widespread unit of this facies during maximum flooding in
HFS 2 (Figs. 8, 9).

Highstand Systems Tract: Description.—High-frequency cycles in the
upper portion of HFS 2 are capped by ooid grainstone beds (Figs. 8, 9)
up to 4 meters in thickness. The ooid grainstones display dominantly
south-dipping accretionary foresets, whereas the contacts between
successive stacked beds dip towards the north. The grainstones contain
minor amounts of admixed quartz sand.

These grainstone bodies are oriented parallel to depositional strike.
For example, the ooid grainstone body in high-frequency cycle 12 attains
a maximum thickness of 4.3 meters and forms a strike-elongate shoal

(Fig. 13). The shoal has a dip width of more than 1200 meters and
extends for at least 1000 meters across strike.

Tepee–pisolite–fenestral and algal-laminated facies near at the top of
HFS 2 (Fig. 11A) are capped by an erosional surface with local
paleokarst. This surface is overlain by fusulinid–peloid mud-dominated
packstone–wackestone facies at the base of HFS 3 (Fig. 11A, B). The
isopach map for HFS 2 (Fig. 17) indicates minor (, 3 meters) variation
in thickness.

Highstand Systems Tract: Interpretation.—The ooid grainstones record
a high-energy, ramp-crest environment and are interpreted to represent
aggradation to shallow subtidal conditions. Strike-parallel ooid grain-
stones that are laterally continuous (hundreds of meters to 1 km) along
dip and across strike reflect reworking, coalescence, and amalgamation of
ooid grainstone bodies in a limited accommodation highstand setting.
South-dipping cross laminae and north-dipping contacts between

FIG. 13.—Isopach map of ooid grainstone
unit in HFS 2 high-frequency cycle 12 (HST) at
Plowman Ridge and West Dog Canyon. The
measured sections indicated by dots and the
continuous outcrop exposures between measured
sections were used to generate map. Township
and range lines from Figure 5.
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successive stacked beds indicate that the predominant transport direction
was to the south and that the shoals within a high-frequency cycle
amalgamated by migrating southward and climbing atop the preceding
shoal. This is consistent with a northeasterly dominant paleowind
direction (Parrish and Peterson 1988; Parrish 1993, 1995) and suggests
that ooid formation was on the restricted landward side of the ramp crest
where salinities were elevated by evaporation. Highstand ooid grainstones
typically contain little or no admixed quartz sand, suggesting that
communication with the siliciclastic-dominated inner platform was
inhibited by fringing grainstone shoals. This interpretation is consistent
with observations of Holocene carbonates in the Bahamas (Harris et al.
1993), where fringing barrier highstand ooid shoals restrict tidal
circulation with the platform interior.

Tepee–pisolite–fenestral and algal-laminated wackestone and pack-
stone facies near the top of HFS 2 reflect complete infilling of
accommodation. The subaerial exposure surface is interpreted to
represent the upper sequence boundary. This surface is transgressed by
outer-ramp fusulinid–peloid mud-dominated packstone–wackestone fa-
cies at the base of HFS 3.

The isopach map indicates that antecedent relief on the San Andres
platform was largely infilled by the end of HFS 1. Changes in thickness in
HFS 2 coincide with the thickness trends in the ooid grainstone bodies and
thus reflect syndepositional relief due to depositional processes such as
sediment production and accumulation on high-energy ramp-crest shoals.

Grayburg HFS 3

Description.—The base of Grayburg HFS 3 is a regionally correlative
interval of fusulinid–peloid mud-dominated packstone–wackestone facies
(Figs. 6, 7). This is the stratigraphically highest occurrence of this facies in
the study area. In more distal locations, such as Shattuck Valley, this
facies persists throughout HFS 3 (Kerans and Nance 1991).

The HFS 3 high-frequency cycles consist of cyclically interbedded
quartz sandstone and mixed siliciclastic–carbonate facies with skel–peloid
and pel–ooid mud-dominated packstone and minor ooid grainstone,
some cycles are capped by tepee–pisolite–fenestral and algal-laminated
facies. We pick the top of HFS 3 immediately above a unit of tepee–
pisolite–fenestral and algal-laminated facies (Figs. 6, 7). This surface is

FIG. 14.—Isopach map of ooid–intraclast
channel in HFS 2 high-frequency cycle 2 (TST)
in West Dog Canyon. The measured sections
indicated by dots and the continuous outcrop
exposures between measured sections were used
to generate map. Township and range lines
from Figure 5.
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abruptly overlain by skel–peloid and pel–ooid mud-dominated packstone
and ooid grainstone at the base of HFS 4.

Interpretation.—The regionally correlative fusulinid–peloid mud-dom-
inated packstone–wackestone unit at the base of HFS 3 records
maximum regional flooding in the Grayburg composite sequence (Kerans
and Nance 1991; Kerans et al. 1992; Kerans et al. 1993; this study); this
event is recognized throughout the Permian Basin in outcrop and
subsurface (e.g., Ruppel and Bebout 2001). The paucity of stratigraphi-
cally higher fusulinid–peloid mud-dominated packstone–wackestone
facies in the study area indicates infilling of long-term accommodation.
High-frequency cycles in HFS 3 are aggradational successions of inner-
ramp to middle-ramp facies. The upper sequence boundary of HFS 3 is
interpreted to be the top of the tepee–pisolite–fenestral and algal-
laminated facies. However, due to limited outcrop exposures of this
interval, this sequence boundary is poorly constrained. This surface is
transgressed by skel–peloid and pel–ooid mud-dominated packstones and
ooid grainstones assigned to the base of HFS 4.

Grayburg HFS 4

Description.—There is poor outcrop control for much of HFS 4 in the
study area (Fig. 6). The limited exposures are dominated by a suite of

relatively restricted, inner-ramp facies, including massive dolomitic quartz
sandstone, skel–peloidal and pel–ooid mud-dominated packstone, and
tepee–pisolite–fenestral and algal-laminated facies. Fusulinid–peloid
mud-dominated packstone–wackestone facies in HFS 4 are rare in
Grayburg strata that accumulated landward of the underlying San
Andres margin (this study; Ruppel and Bebout 2001). In more distal
locations basinward of the San Andres margin, outer-ramp fusulinid–
peloid packstone facies persist to the Grayburg–Queen sequence
boundary (Fekete et al. 1986; Franseen et al. 1989; Kerans and Nance
1991). On Plowman Ridge, the top of the Grayburg Formation is poorly
exposed and is assigned to the top of the uppermost unit of tepee–
pisolite–fenestral and algal-laminated facies that is overlain by recessively
weathered, yellow-brown to pink, thin-bedded sandstones assigned to the
lowermost Queen Formation.

Interpretation.—The suite of restricted, inner-ramp facies and the
paucity of fusulinid–peloid mud-dominated packstone–wackestone facies
are consistent with an interpretation that this interval consists of
dominantly aggradational high-frequency cycles that reflect decreasing
long-term accommodation in the Grayburg composite sequence. In more
basinward locations, outer ramp fusulinid–peloid packstone facies persist
to the Grayburg–Queen sequence boundary, reflecting greater accommo-
dation in more distal outer-ramp locations. Sandstones in the overlying
Queen Formation represent a major basinward shift in depositional facies.

FIG. 15.—Examples of end-member high-frequency cycle types (from measured section PR-2) in Grayburg Formation.
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DISCUSSION

A significant contribution of this study is the detailed facies
distribution with respect to the hierarchical stratigraphy of the high-
frequency sequences, composite cycles, and high-frequency cycles. Critical
facies for interpreting transgressive–progradational aspects of the
accommodation trends include: (1) outer-ramp fusulinid–peloid mud-
dominated packstone–wackestone facies, which record transgression; (2)
ramp-crest ooid grainstones, which represent aggradation and prograda-
tion to high-energy subtidal environments; (3) tepee–pisolite–fenestral
and algal-laminated facies, which indicate aggradation to sea level; and
(4) wind-transported quartz sands, which reflect emergence of the
platform during sea-level lowstands. There are no facies, however, that
are unique to the transgressive or highstand systems tracts. Instead, the
systems tracts and high-frequency sequences are defined by the landward
and seaward shifts in facies distribution, facies stacking relationships, and
bounding flooding surfaces and unconformities.

For example, in HFS 2, quartz sands are most abundant in the
transgressive systems tract (Figs. 8, 9), recording eolian influx of
siliciclastics during prolonged sea-level lowstands and subsequent
reworking during the ensuing transgression. Quartz sand is least

abundant in high-frequency cycles associated with maximum flooding,
because widespread transgression restricted siliciclastic influx. Fusulinid–
peloid mud-dominated packstone–wackestone facies occur at the base of
high-frequency cycles in both the transgressive and highstand systems
tracts. This facies displays a retrogradational distribution in the trans-
gressive systems tract, which culminated in deposition of a widespread
unit during maximum transgression. Ooid grainstones are present in both
transgressive and highstand strata; however, grainstones are best
developed in the highstand, where vertically stacked ooid grainstones in
successive high-frequency cycles exhibit progradational relationships.
Tepee–pisolite–fenestral and algal-laminated facies locally cap composite
cycles in both transgressive and highstand systems tracts. In the study
area, this facies is best developed where it occurs at the top of the high-
frequency sequences. For example, in HFS 2, tepee–pisolite–fenestral and
algal-laminated facies cap an overall progradational succession of ooid
grainstone-dominated high-frequency cycles, recording successive infilling
of accommodation, followed by an unconformity development during
sea-level lowstand.

The stratigraphic entities represented by the high-frequency cycle,
composite cycle, and high-frequency sequence are three-dimensional
bodies. Although the hierarchical stratigraphy may be initially interpreted

FIG. 16.—Isopach map of HFS 1. In addition
to the measured sections indicated by dots, the
continuous outcrop exposures between sections
were used to generate map.
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from a vertical section, at minimum, a dip-oriented cross-sectional view is
required to fully recognize the hierarchy of stratal surfaces and the
landward and seaward facies shifts that define high-frequency cycles and
the sequence stratigraphic framework. Evaluation of lateral variation
across depositional strike requires information on the shelf orientation
and antecedent topography.

The character of the high-frequency cycles and their component facies
reflects their platform location. Grayburg strata examined by this study
accumulated in shallow-water conditions (0 to 10 meters depth) in
a middle-ramp to ramp-crest setting, 10 km landward of the margin.
High-frequency cycles are less well developed in the more seaward
environments represented by the outer shelf, shelf margin, and foreslope
(Fekete et al. 1986; Franseen et al. 1989). Landward of the study area,
subaerial exposure was more continuous and the interval is dominated by
a suite of restricted inner-shelf facies, including quartz sandstone,
dolomitic sandstone, and tepee–pisolite–fenestral and algal-laminated
facies.

Antecedent topography profoundly influenced facies distribution
within the high-frequency sequences, composite cycles, and high-
frequency cycles. For example, the break in slope induced by the
underlying San Andres shelf margin influenced facies distribution in the
lower Grayburg (HFS 1 and 2). In the lower Grayburg, below the
maximum flooding event in HFS 2, outer-ramp fusulinid–peloid mud-

dominated packstone–wackestone and mudstone and skel–peloid wack-
estone facies are generally confined to locations seaward of the San
Andres margin. Widespread deposition of a fusulinid–peloid mud-
dominated packstone–wackestone unit during maximum flooding in
HFS 2 indicates that the antecedent topography in the study area was
largely infilled by this time, although more subtle topographic variation
continued to influence the location of outer-ramp-crest ooid grainstones
and inner-ramp-crest tepee–pisolite–fenestral and algal-laminated facies
in the HFS 2 highstand. Smaller-scale variation in antecedent topography
caused by depositional processes impacted facies distribution in the high-
frequency cycles and composite cycles. For example, in the transgressive
systems tract of HFS 2, dip-oriented topographic lows and highs created
by channel incision and shoals are maintained in successive high-
frequency cycles within a composite cycle. In the highstand systems tract
of HFS 2, depositional thicks created by ooid grainstone shoals on the
outer ramp crest influence facies distribution in the successive high-
frequency cycle.

Detailed characterization of the facies distribution from the Grayburg
outcrops demonstrates the application of sequence stratigraphic princi-
ples for high-resolution correlation of well-log and core data for
characterization of facies heterogeneity in subsurface reservoirs. The
high-frequency cycles offer the highest resolution correlation unit to
delineate the facies distribution. With widely spaced well data, however,

FIG. 17.—Isopach map of HFS 2 displays less
pronounced basinward thickening than HFS 1.
Local isopach thick in West Dog Canyon
represents depositional relief on a ramp-crest
ooid shoal that developed at this locale. In
addition to the measured sections, the continu-
ous outcrop exposures between sections were
used to generate map.
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recognition and correlation of individual high-frequency cycles becomes
more difficult, whereas the more significant facies tract offsets recorded
by the composite cycles and high-frequency sequences are readily
identified and confidently correlated. This stratigraphic framework then
provides a basis for further interpretation of the smaller-scale accommo-
dation trends and potential correlation of the high-frequency cycles.

Stratigraphic analysis indicates general relationships between strati-
graphic setting, depositional environment, and facies geometry and
lateral continuity. For example, subtidally reworked lowstand quartz
sands form laterally continuous units (more than several kilometers).
Transgressive low-energy carbonates display similar lateral continuity.
Ooid grainstones that accumulated in a transgressive setting formed dip-
elongate tidal channels and bars that are less than a few hundred meters
wide and more than one kilometer in length. Conversely, ooid grainstones
that accumulated under highstand conditions formed strike-elongate
shoals that are laterally continuous along dip and across strike for one
kilometer or more.

Prediction of facies distribution and lateral heterogeneity in areas with
sparse well data requires knowledge of the general trend of the platform
and the relative position within the cyclic hierarchy. Empirical relation-
ships such as those described above between stratigraphic setting, facies
orientation, and lateral continuity can be used to improve subsurface
correlations and better populate facies in 3-D geocellular models based on
limited well data.

SUMMARY

Mixed siliciclastic and carbonate rocks of the Grayburg Formation
accumulated on the shallow-water periphery of the Delaware and
Midland basins. Facies record depositional environments including
outer-ramp, high-energy ramp crest, restricted inner-ramp, and wind-
transported lowstand quartz sandstones. Facies successions display
vertical and lateral relationships that define four hierarchical scales of
sea-level cyclicity.

The entire Grayburg Formation is a composite sequence that records
a third-order cycle in eustatic sea level (Ross and Ross 1987). Grayburg
deposition began with onlap onto the San Andres platform and
culminated with subaerial exposure, followed by a major basinward shift
in facies during deposition of the Queen Formation. The Grayburg
composite sequence contains four high-frequency sequences. Each high-
frequency sequence corresponds to an intermediate-scale cycle in relative
sea level and comprises a retrogradational succession of transgressive
facies overlain by a progradational to aggradational succession of
highstand facies, capped by a sequence boundary. The high-frequency
sequences can be subdivided into composite cycles, intermediate-scale
transgressive–regressive successions that contain several high-frequency
cycles. High-frequency cycles are the smallest-scale, upward-shoaling
facies successions that can be traced laterally across different facies tracts
and are interpreted to represent fifth-order cycles in relative sea level.

Detailed characterization of the Grayburg outcrops demonstrates the
application of sequence stratigraphic principles for high-resolution
correlation and facies mapping, documenting the utility of stratigraphic
analysis to interpret and correlate well-log and core data for character-
ization of geologic heterogeneity in subsurface reservoirs. The high-
frequency cycles form the basic unit for high-resolution chronostrati-
graphic correlation and delineation of facies heterogeneity. High-
frequency cycles, however, may be difficult to confidently correlate using
well data at typical 10 to 40 acre well spacings, whereas the longer-term
accommodation trends and greater facies tract offsets recorded by the
composite cycles and high-frequency sequences allow more confident
chronostratigraphic correlations. These larger-scale correlations then
provide the framework for further interpretation of the smaller-scale

accommodation trends and potential correlation of the constituent high-
frequency cycles.

Because depositional fabrics are well preserved in the dolomitized
carbonates and quartz sandstones of the Grayburg, porosity and
permeability are a function of the original depositional fabric (Lucia
1995) and high-frequency cycles define the basic flow units.

Lateral heterogeneity reflects both larger-scale systematic facies
changes and interwell-scale heterogeneity due to geologic complexity.
Systematic facies changes that reflect primary environmental and/or
depositional controls (e.g., water depth, platform position, accommoda-
tion trends) can be characterized with subsurface data, abetted by
depositional models where data are sparse. Interwell heterogeneity due to
geologic complexity is more difficult to recognize with subsurface data.
Appropriate outcrop analogs provide invaluable information on lateral
facies dimensions and heterogeneity styles that can be utilized to
construct more realistic three-dimensional reservoir models than over-
simplified models based on lithofacies correlations forced between wells
by linear interpolation.
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Road to Carlsbad Cavern 



Carlsbad Caverns 
New Mexico



Base Map

Carlsbad Caverns National Park is located in the 
Delaware Basin in west Texas and southern New 
Mexico.



The road to Carlsbad…

Walnut Canyon drive is a seven-mile scenic drive to the 
park visitor center. 

Visitors arrive by way of U.S. Highway 62/180 from either 
Carlsbad, New Mexico (23 miles to the northeast) or El Paso, 
Texas (150 miles to the west). A scenic 7-mile (11.3 km) 
entrance road leads from the park gate at Whites City to the 
visitor center and cavern entrance. 

http://www.nps.gov/cave/planyourvisit/directions.htm



The drive into Carlsbad Caverns starts at the Reef (Capitan 
Formation) and continues up the shelf to the Tansill and 
Yates Formations.

Kerans and Kempter, 2000



Start from White City

At the entrance to Walnut Canyon, provides excellent exposures of 
the reef and near-back-reef facies of the upper Capitan Limestone 
and Tansill and Yates Formations. In this area, the fore-reef facies
and part of the reef have been buried beneath the thick Ochoan
(and some thin Tertiary-Quaternary) filling of the Delaware basin. 
The Castile Fm., although completely or partially removed in areas 
to the southwest, has been preserved in this area because of the
northeastward tilting of this region. Thus, only a small exposure of 
the reef-crest and its transition to the near-back-reef are exposed. 

http://geoinfo.nmt.edu/staff/scholle/permstops/pmstop1_3.html



Continuing on 7

Most of the drive to Carlsbad Caverns is through the Yates 
Formations.  In some locations, upper Yates and lower 
Tansill sediments compose the canyon walls. 



Carlsbad Caverns

Before you reach the caverns there is a thin 
sandstone-siltstone unit which marks the Tansill-Yates 
contact. The road ascends into Tansill Formation 
dolomites and to the caverns.

http://geoinfo.nmt.edu/staff/scholle/wc_roadlog.html



Carlsbad Caverns



Carlsbad Caverns

The cave is 
developed primarily 
in the fractured reef 
and forereef
Capitan Limestone, 
but the entrance 
and all of the upper 
level are in the 
back-reef dolomites 
of the Tansill and 
Yates Formations. 

http://geoinfo.nmt.edu/staff/scholle/permstops/pmstop1_3.html



The Natural Entrance route descends more than 
750 feet into the earth following steep and narrow 
trails.



Carlsbad Caverns

The greater part of Carlsbad Caverns was hollowed into 
the largely aggradational Yate-equivalent reef facies.  
Parts of the caverns also extend into the back-reef (Tansill
and Yates Formation) and fore-reef talus facies.

Harwood and Kendall, 1999



Tepee Structures in the 
parking lot

Tepee structure in 
Tansill Formation.

http://geoinfo.nmt.edu/staff/scholle/permstops/pmstop1_3.html



GUADALUPE MOUNTAINS:  
SEVEN RIVERS-YATES 

TRANSECT

Courtesy of USGS



Courtesy of summitpost.org



Simplified Map of Guadalupian 
Facies 



Hierarchy of Cyclicity

Cross section of Mckittrick Canyon 



Facies of Seven Rivers and Tansils Formation

Middle Shelf
•Pisoid RS

•Cryptalgal laminite BS

•Ooid coated grainstone 
GDP/GS

•Peloid, bioclast, intraclast 
PS/GS

•Peloid, bioclast MS/WS

•Silty Dolomite

•Dolomitic Silt

Outer Shelf/ Shelf Margin
Oncoid RS

Fusilinid GS

Peloid, bioclast, fusilinid 
GDP/GS

Peloid, bioclast, fusilinid WS/PS

Foram, Mizzia, bioclast PS/GS

Crinoid, Peloid, Foram WS/PS

Peloid bioclast MS/WS

Silty Dolomite

Dolomitic Silt- Vf SS

Sponge, Algal, ALP, cement 
FS/BS (reef)

Slope/Basin
Bioclast, intraclast 
RS/GS/BR/CG

Bioclast lithoclast 
RS/PS/WS/CG

Burrowed Peloid MS/WS

Silty Dolomite

Vf-medium sandstone/ 
dolomitic silt





System Tracts



Stacking Patterns



CONCLUSION

• Marginal mound depositional system
• High degree of stratigraphy
• Systematic distribution of facies
• Overall decrease in water depth form 

Seven Rivers to the Tansil
• Complete sedimentation and accumulation
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