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Abstract 

 

Stratigraphic Architecture, Depositional Systems, and Reservoir 

Characteristics of the Pearsall Shale-Gas System, Lower Cretaceous, 

South Texas 

 

David Christopher Hull, MSGeoSci 

The University of Texas at Austin, 2011 

 

Co-Supervisors: Robert G. Loucks and Kitty L. Milliken 

 

This study examines the regional stratigraphic architecture, depositional systems, 

and petrographic characteristics of the South Texas Pearsall shale-gas system currently 

developed in the Indio Tanks (Pearsall) and Pena Creek (Pearsall) fields. The Pearsall 

Formation was deposited as a mixed carbonate-siliciclastic system on a distally steepened 

ramp over a period of 11.75 million years. It was deposited between maximum floods of 

two second-order sequences and contains at least five third-order cycles. Up to three 

Oceanic Anoxic Events (OAE 1-A, Late Aptian Regional Event, and OAE 1-B) figure 

prominently in the deposition of the Pearsall sediments, and during these intervals, 

depending on the location within the Maverick Basin, sedimentation rates were between 

0.5 and 2 cm/ky. Facies in the Pearsall section arise from interactions between pre-

existing topography, oxygenation regime, eustatic sea-level fluctuation, and depositional 

processes.  



vi 
 

In the Pearsall Formation, OAEs affected depositional environments and resulting 

facies patterns during several time periods. The OAEs occurred in association with 

transgressions but not necessarily in concert with them. Outer ramp OAE facies are 

siliciclastic-dominated, TOC-rich, and little-bioturbated. Conversely the outer ramp 

facies deposited under normally oxygenated paleoenvironmental conditions tend to be 

carbonate-rich, TOC-poor, and are more prominently bioturbated. 
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Chapter 1: Introduction 

INTRODUCTION 

Since the 1970’s the Pearsall Formation (Figure 1.1) has been recognized as a 

potential producer of oil and gas in the Maverick Basin of South Texas (Loucks, 1976; 

Loucks, 1978). Few conventional reservoirs have been discovered in the Pearsall 

Formation, despite great efforts by exploration companies and widespread 

acknowledgement of potential. Developments in technology and the advent of 

unconventional shale-gas production throughout the United States have made the outer 

ramp calcareous terrigenous mudstone facies of the Pearsall Formation an active gas 

exploration target. Although there is growing interest in the Pearsall calcareous 

terrigenous mudstones, our understanding of this shale-gas system is still limited. Until 

now, deposition of the calcareous terrigenous mudrocks in the distal portion of the ramp 

has not been systemically studied. Production characteristics of terrigenous mudrocks are 

poorly understood, inhibiting the development of predictive models in gas exploration. 

The primary purpose of this thesis is to document the stratigraphic architecture, 

depositional systems, and reservoir characteristics of the Pearsall Formation. 

The Pearsall Formation was deposited primarily during Aptian time and is age- 

equivalent to a number of major oil and gas accumulations around the world (Loucks, 

1976; Goldhammer and Johnson, 2001; Phelps, 2011). The Pearsall Formation at the time 

of deposition featured proximal areas dominated by shoreface and shoal-water carbonate 

complexes, and distal shelf areas which were the loci of calcareous terrigenous mudstone 

deposition. Lithostratigraphically the Formation is divided into three members, two 

clastic members with a carbonate member in between. The Bexar Shale Member, the 
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upper clastic member, is further subdivided into three units. The Cow Creek Member is 

also divided into two units. 

This study characterizes the facies of the shale-gas interval in the outer ramp and 

places it in a sequence stratigraphic and temporal context. This study considers not only 

classical sequence stratigraphic events but also oceanic anoxic events (OAEs), which 

were important for organic carbon production and preservation. Figure 1.1 shows the 

approximate relationship between the OAE events, sequence stratigraphy, and 

lithostratigraphic terminology. The sequence stratigraphic events and the OAEs, whose 

relative timings are shown in Figure 1.1, interacted to produce the facies of the Pearsall 

shale-gas system. 
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1) Lithofacies in terms of lithology, mineralogy, sedimentology, and sequence 

stratigraphic position. 

2) The oxygenation state of the various depositional environments and associated 

lithofacies at the time of formation. 

3) Depositional systems affecting the development and extent of the shale-gas 

system given uncertainty and limited data. 

4) Controls on total organic carbon (TOC), vitrinite reflectance (Ro), porosity, 

permeability, and other critical reservoir parameters in the South Texas area during 

Pearsall time. 

STUDY AREA  

The study area extends across South Texas from the Mexican border to the San 

Marcos Arch (Figure 1.2; Figure 1.3). To the north, the study area is bounded by the 

Balcones Fault Zone, which developed after the deposition of Pearsall Formation and 

roughly coincides with the deeper buried Paleozoic Ouachita Thrust Front (Ewing, 2003). 

To the south it is bounded by the paleo-Sligo Shelf Margin. The study area encompasses 

the bulk of the Maverick Basin, including the Pearsall Arch, and other paleogeographic 

features shown in Figure 1.3.  

For this study the ramp is broken up into three areas, the inner ramp, the middle 

ramp and the outer ramp. The inner ramp is the foreshore area, within fair-weather wave 

base and the tidal range. The inner ramp includes the beach and supratidal environments 

The middle ramp is seaward of the inner ramp and largely within fair-weather wave base; 

it includes the offshore shoals and lagoonal environments below the foreshore. The outer 

ramp is below fair weather wavebase and mostly below storm weather wave base; it 
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includes all of the environments between the offshore shoals and the edge of the distally 

steepened ramp. 

The study area spans the inner and the outer ramp sections. The middle ramp is 

where the carbonate shoal-water complexes developed, and the outer ramp is the lower 

energy area distal and seaward to the middle ramp. The carbonates actively aggraded on 

the middle ramp but not on the outer ramp. The extent of the middle ramp can thus be 

seen in Figure 1.3 as it matches the area where the shoal-water carbonates developed.  

Paleotopography controlled the location of the middle and the outer ramp. This study 

focuses on the outer ramp but draws critical information from the middle ramp area. 



 

Figurre 1.2: Map oof study areaa.  
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METHODS, DATA, AND SAMPLING TECHNIQUES 

General Statement 

Data for this study include wireline logs and conventional core. The main 

methods of analysis were by binocular microscope observations of core and thin sections, 

as well as other laboratory and SEM analyses. Various stratigraphic tools were applied, 

and available seismic information from the literature was utilized. 

Stratigraphic Data 

This study is based on approximately 185 wireline logs and 44 cores (Figure 1.4). 

The wireline-log suite was very similar to that used by Loucks (1976) as not many new 

wells have been drilled through the Pearsall Formation in recent times (Ewing, 2010). 

Thus, the majority of the wireline logs are SP-Resistivity logs; most wells lack gamma-

ray and porosity wireline logs. 

Cross-sections were created through the study area using the data set and maps 

from Loucks (1976). Cross-sections connect the cores and determine timelines and 

potential sequence stratigraphic surfaces. The characters of the wireline logs are affected 

by the amount of clay in the strata. In the Pearsall, the contrast of clay in the lime 

grainstones and packstones versus the argillaceous wackestones and terrigenous 

mudrocks produced characteristic responses of the different wireline-log curves, 

especially the SP and resistivity curves. This aided in correlating the wireline logs 

because of the ease of correlating alternating layers of terrigenous- and calcareous-

dominated strata. Comparison of wireline logs and core descriptions reveals that facies in 

the middle ramp section can be delineated using core-calibrated log signatures (Loucks, 

1976); however, this technique breaks down somewhat in the outer ramp as the 
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distinctive character of the logs is altered by the dominance of fine-grained terrigenous 

material in the mudrocks. 
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Core Description 

Most of the 44 cores (Figure 1.4 and Table 1.1) are located in the middle ramp, 

and only 6 of those are positioned in the outer ramp. Descriptions of new cores from the 

downdip outer ramp are integrated with the previous core descriptions by Loucks (1976). 

In addition, several of the cores described by Loucks (1976) were redescribed. 

The majority of the cores listed in Table 1.1 are housed in the permanent 

collection of the Core Research Center of the Bureau of Economic Geology in Austin 

Texas, but the TXCO #34-1 Commanche Ranch core was provided by EnCana Oil and 

Gas (USA), Inc. 

Cores were described for information regarding: lithofacies, sedimentary 

structures, bulk mineralogy, and diagenetic features. The carbonate texture classification 

of Dunham (1962) is used to categorize the carbonated dominated facies, and the fine-

grained terrigenous rock classification of Folk (1980) categorized the terrigenous 

mudrocks. Thin sections were selected to help collect detailed data on facies, mineralogy, 

diagenesis, and pore networks. Cores from the outer ramp were not etched with HCl as 

the associated middle ramp carbonates were, because it was found that etching is 

detrimental to observing the siliciclastic dominated lithologies. A binocular microscope 

and hand lens were used during core description. 
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Table 1.1: Pearsall cores and locations. Map numbers refer to cores plotted in Figure 1.4. 

County Map 
number API number Latitude Longitude Well name 

            
Atascosa 1 42013023610000 28.865070 -98.742760 Humble 46 Pruitt 
Atascosa 2 42013030480000 29.118630 -98.603130 Tenneco 1 Rogers 

Atascosa 3 42013300060000 29.088390 -98.417170
Tenneco-Pennzoil 1 
Suggs 

Atascosa 4 42013300090000 29.069440 -98.667330
Tenneco-Pennzoil 1 
Finch 

Atascosa 5 42013030380000 29.204250 -98.766390
Tenneco 1 P. R. 
Smith 

Atascosa 6 42013031000000 29.135960 -98.684160
Tenneco-Pennzoil 1 
J.J Smith 

Atascosa 7 42013310040000 29.051603 -98.673224 Tenneco 1 Climer 
            

Bee 1 42025301480000 28.617450 -97.979050
Shell Oil 1-R 
Roessler 

            
Bexar  1 42029026910000 29.215510 -98.454110 Tenneco 1 Herrera 
            
Frio 1 42163016500000 28.991410 -99.156720 Tenneco 1 Stoker 
Frio 2 42163016600000 29.043600 -99.069690 Tenneco 1 Sirianni 

Frio 3 42163016660000 29.058580 -98.951300
Tenneco-Pennzoil 1 
H. E. Edgar 

Frio 4 42163016700000 28.859300 -99.288670
Tenneco-Pennzoil 1 
H. A. Halff 

Frio 5 42163200380000 28.957270 -99.334800
Tenneco-Pennzoil 1 
Mack  

Frio 6 42163300020000 29.040740 -99.262240
Tenneco-Pennzoil 1 
Goad 

Frio 7 42163300060000 29.033950 -99.395900
Tenneco-Pennzoil 1 
Machen 

Frio 8 42163300070000 29.006790 -99.250450
Tenneco-Pennzoil 2 
Goad 

Frio 9 42163300120000 28.999690 -99.316650
Tenneco-Pennzoil 1 
Roberts 

Frio 10 42163016620000 28.965662 -99.315880
W. A. Moncrief 1 Dan 
J. Rheiner 

Frio 11 42163016640000 28.984362 -99.307850
W. A. Moncrief 2 Dan 
J. Rheiner 

Frio 12 42163016690000 29.024893 -99.170037
Tenneco-Pennzoil 2 
W. M. Wilbeck 
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Table 1.1 continued. 
            

La Salle 1 42283006730000 28.360000 -98.900540
Skelly Oil Company 
1-A La Salle 

La Salle 2 42283000370000 28.610150 -98.911230
Auld-Shipman 1 
Wilson 

La Salle 3 42283000360000 28.604970 -98.916990

Tidewater Oil 
Company 2 Mabel 
Wilson 

            

Maverick 1 42323011260000 28.539870 -100.182350

Union Producing 
Company 29-1 E. 
Halsell 

Maverick 2 42323312580000 28.862770 -100.569344
Dilley Production 
Company 1 Ritchie 

Maverick 3 42323329990000 28.591740 -100.323294
TXCO 34-1 
Commanche Ranch 

Maverick 4 42323305720000 28.769132 -100.429698
Cities Services 2A 
Kincaid 

            

Medina 1 42325016540000 29.169220 -99.015340
Ralph A. Johnson 1A 
Howard 

Medina 2 42325017210000 29.214100 -99.374000
Tenneco 1 W. J. Ney 
Jr. Trustee 

Medina 3 42325017300000 29.150380 -99.164010
Tenneco 1 Roy 
Wilson 

Medina 4 42325017320000 29.165310 -98.825960 Tenneco 1 Powell 

Medina 5 42325017440000 29.174740 -98.861990
Hughes and Hughes 
1 Plachy 

Medina 6 42325017460000 29.166920 -98.810060
W. A. Moncrief 1 Joe. 
F. Collins 

Medina 7 42325300030000 29.106070 -99.328360
Tenneco-Pennzoil 1 
E. K. Hardie 

Medina 8 42325300080000 29.224220 -98.828650
Tenneco-Pennzoil 1 
John W. Carroll 

            

Uvalde 1 42463300010000 29.143890 -99.532230
Tenneco Pennzoil 1 
Kincaid 

            
Wilson 1 42493019410000 29.121700 -98.298430 Tenneco 1 McKenzie 
            
Zavala 1 42507002180000 28.945445 -99.704509 Tenneco 2 Kiefer 

Zavala 2 42507004060000 28.900750 -99.826740

Continental Oil 
Company 1 Ike T. 
Pryor Jr. 

Zavala 3 42507007360000 28.967810 -99.528060 Tenneco 1 Nixon 
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Table 1.1 continued. 
Zavala 4 42507007680000 29.026680 -99.468760 Rowe 1 Kincaid 

Zavala 5 42507007700000 28.979950 -99.433170
Zavala Property 1 
Murphy 

Zavala 6 42507300040000 29.015070 -99.961240
Tenneco-Pennzoil 1 
K. B. & M. 

Seismic Data 

Several previously published seismic lines and published line drawings based on 

unpublished seismic lines were utilized (Fritz et al., 2000; Foster, 2003; Scott, 2003; 

Phelps, 2011) as no other seismic data were available for this study. In these seismic lines 

the Pearsall Formation appears as between one and six wavelets. These reflections are 

typically high-amplitude because of the impedance contrast between the siliciclastics of 

the Pearsall Formation and the surrounding and interbedded carbonates of the underlying 

Sligo Formation and overlying Glen Rose Formation. The Pearsall Formation reflectors 

do not commonly appear to be offset by faults, but seismic resolution is low and 

structural details are difficult to determine.  

Thin-Section Analysis 

One-hundred and forty four samples were collected for thin section analysis. 

These samples came principally from the outer ramp. The thin sections were prepared by 

Spectrum Petrographic Inc. with a low-viscosity surface impregnation with blue epoxy. 

Sections were ground to a thickness of 25 µm and polished to maximize their utility in 

both optical and SEM-based microscopy. Observations were made using a conventional 

transmitted polarized light microscope equipped with a UV epifluorescence, and bright-

field polarized reflected light. Additional observations were made using a Technosyn 

cold cathode-luminescence microscope and a Philips 430 NovaNano field-emission SEM. 
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All instrumentation is housed at the Bureau of Economic Geology, in the Jackson School 

of Geosciences, The University of Texas at Austin. 

Pore-Network Analysis  

To analyze pore networks, ten samples from seven wells were prepared using an 

Ar-ion cross-section milling technique following a method established for the Barnett 

Shale (Loucks et al., 2009). The primary advantage of this method is that it eliminates 

differential hardness artifacts related to mechanical polishing. This method of sample 

preparation also minimizes artifacts related to heating and other beam damage (Rob 

Reed, The University of Texas at Austin, personal communication). Crushed-rock 

permeability and porosity data were also available for one core (well name is 

proprietary). 

Total Organic Carbon and Rock-Eval Pyrolysis® Analysis 

Total organic carbonate (TOC) analysis was done by GeoMark Geochemistry and 

by Dr. H. Rowe at The University of Texas at Arlington. Where the same intervals were 

analyzed by both laboratories, the results proved to be relatively consistent. 

GeoMark used Rock Eval Pyrolysis® to analyze the samples for TOC. These 

samples were selected from strata in the lower Bexar Shale Member and from regularly 

spaced intervals in the Pine Island Shale Member. Bulk-rock samples weighing 

approximately 10 grams were sent to GeoMark for total organic carbon, kerogen typing, 

and rock maturity information calculated through rock pyrolysis. For TOC analysis the 

samples were crushed and acidized to remove inorganic carbon. The samples were then 

combusted in an LECO apparatus and the resultant gases were measured. The TOC, 

vitrinite reflectance (Ro), and kerogen type can be calculated from the measurements of 
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these gases with the knowledge of the temperatures at which the gas was produced 

(Espitalie, 1977; Peters, 1986). During the process GeoMark repeatedly tested the 

standards to ensure the continued accuracy of results (Jarvie and Tobey, 1999).  

TOC profiles were produced by Krystin Robinson and Rolando Castillo at The 

University of Texas at Arlington. Samples were collected according to methods outlined 

in Hughes (2011). TOC was measured using a pyrolysis technique that does not test for 

Ro but does preserve the isotopic composition of the organic carbon isotopes, which can 

then be analyzed (Harry Rowe, University of Texas at Arlington, personal 

communication). Samples were pulverized, gently decarbonated, and analyzed using a 

Costech 4010 Elemental Analyzer interfaced with a Thermo Finnigan Conflo IV device 

and a Thermo Finnigan Delta V isotopic ratio mass spectrometer. For TOC the average 

standard deviation is 1.07% (Hughes, 2011).  

Isotopic Analysis of Organic and Inorganic Carbon 

Stable isotopes of both organic and inorganic carbon were analyzed. Oxygen 

isotopes were also determined for quality control purposes and more specifically, to 

evaluate diagenesis. Data were collected and compared to secular reference curves of the 

South Texas Cretaceous section constructed by Phelps (2011). The aim was to collect 

samples which reflected the original δ13C composition of seawater at the time of 

deposition (Phelps, 2011). Terrigenous mudstones were targeted because they are least 

likely to incorporate bias from a single dominant allochem and late diagenetic cements 

(Gao and Land, 1991). Where no terrigenous mudstone was available for sampling, 

density of sampling was reduced as grain-rich carbonates are more likely to have 

undergone diagenesis, thus altering the original seawater δ13C signature. Where evidence 

of diagenesis was noted in the core, such as discoloration and obvious grain replacement, 



17 
 

or where δ18O values indicated substantial diagenesis, samples were not taken or were 

discarded, as they probably do not reflect the composition of Aptian seawater. 

Isotopic curves for organic and inorganic carbon were provided by researchers at 

The University of Texas at Arlington. Samples were analyzed in conjunction with the 

TOC samples using the equipment and methods discussed in the previous section. These 

samples were also collected according to the methods outlined by Hughes (2011). Carbon 

isotope data are reported relative to the V-PDB standard, and the average standard 

deviation of δ13C is 0.10 % (Hughes, 2011). 

Samples were also sent to the Stable Isotope Laboratory at the University of 

Miami, where they were analyzed for δ13C and δ18O (Peter Swart, lab director). These 

samples were collected according to the methods outlined by Phelps (2011). Carbonate 

was separated using an acid bath of phosphoric acid at 90ºC, and isotopes were analyzed 

using a Finnigan-MAT 251 mass spectrometer. Results were reported relative to the V-

PDB standard used by Harry Rowe at The University of Texas at Arlington. The Stable 

Isotope Laboratory at the University of Miami has a long-term replicate analysis of 

standards of 0.08%. 

X-Ray Diffraction (XRD) and X-Ray Fluorescence (XRF) Analyses 

Foot-by-foot XRF data were collected by workers from The University of Texas 

at Arlington. These data were collected using a Bruker Tracer III-V handheld energy-

dispersive X-ray fluorescence instrument (ED-XRF). The methods for this process are 

detailed in Hughes (2011). Both major and minor elemental data were collected. These 

data are used to guide visual estimates of mineralogy in core descriptions. 
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XRD data were provided by Necip Guven of Clay Consultants. These data are 

calibrated with XRF data, but they are still semi-quantitative. The methods for this 

process are detailed in Harbor (2011). 

Biostratigraphic Analysis 

Ammonites and nannofossils were analyzed for biostratigraphic dating by Peter 

Rawson at the University of Hull at Scarborough and Jason Jeremiah (Shell Oil 

Company), respectively. Ammonites were found only in the downdip wells. Ammonites 

were typically crushed through compaction and were therefore difficult to identify. 

Thirteen ammonites were identified to some degree. The preservation of the nannofossils 

was also poor in many samples; however, samples were taken from 7 wells, and 95 

species were identified. 

PREVIOUS WORK 

The Pearsall Formation was defined by Imlay (1945) in South Texas on the basis 

of the wireline-log signatures in the Amarada #8 Halff-Oppenheimer well in Frio County 

(Figure 1.4). The Pearsall Formation (Figure 1.1) is above the Sligo Formation and below 

the Glen Rose Formation. It has three units; the lowest is the Pine Island Shale Member, 

which is clastic-dominated. This is topped by the Cow Creek Member, which is a 

limestone and commonly broken into two separate subunits, the lower and upper Cow 

Creek Members (Loucks, 1976). The Bexar Shale Member is a clastic-dominated 

member which is commonly broken into three separate submembers, the upper, middle, 

and lower Bexar Shale Members (Loucks, 1976). Forgotson (1957) separated the Bexar 

Shale Member as a member in South Texas as distinct from the Hensel sand, which is 

partially time equivalent and found in the updip, shallow subsurface and outcrop. 
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Numerous workers from the Shell Research Laboratory and other groups contributed to 

an understanding of the Pearsall section, primarily in outcrop studies (Lozo and Stricklin, 

1956; Stricklin et al., 1971; Amsbury, 1974). Loucks (1976,1977, 2002) focused mainly 

on the subsurface carbonate units. The Bexar Shale Member and the Cow Creek Member 

subdivisions primarily highlight the shoal-water carbonate complexes (Loucks, 1976, 

1977), but also the tops of the members correspond to important sequence stratigraphic 

surfaces (the sequence stratigraphy is discussed in a later section). 

Regional Perspective 

The Pearsall Formation extends around the Gulf of Mexico, where it is known by 

a variety of names (Figure 1.5). To the southwest of the study area, in northeastern 

Mexico the Pearsall Formation is known as the La Pena Formation (Loucks, 1976; 

Tinker, 1985; Goldhammer and Johnson, 2001). It has similar characteristics to the 

Pearsall Formation in South Texas, but it was deposited on a divergent margin rather than 

a passive margin (Foster, 2003). Nonetheless, it is still described as a similar succession 

of carbonates and siliciclastics (Imlay, 1945; Bralower et al., 1999; Goldhammer and 

Johnson, 2001; Foster, 2003). To the northeast of the study area, the Pearsall Formation 

maintains similar succession lithologies, but the Cow Creek Member is known as the 

James Lime Member and the Pine Island Shale Member is often referred to as the 

Hammett Shale Member. The rock succession continues through the various salt basins 

of the eastern Gulf Coast extending to Mississippi and offshore Alabama (Bushaw, 1968; 

Achauer, 1974; Tinker, 1985; Loucks et al., 1996; Mancini and Scott, 2006). 

The Pearsall succession can also be correlated globally with the aid of sequence 

stratigraphic and geochemical correlation techniques. It contains two major OAEs and 

one minor anoxic event. These can be tracked using secular carbon isotopes curves 
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highlights the carbonate shoal-water complexes found in the Pearsall interval. The 

Roberts well is located in Frio County and in the middle ramp depositional system 

(Figure 1.4). The Roberts well contains a succession of high-energy carbonate shoals 

with argillaceous wackestones and calcareous terrigenous mudstones above and below. 

The Pearsall carbonate complex succession lies above a transgressive ooid-shoal complex 

developed in the older Sligo Formation (Bebout and Schatzinger, 1978; Foster, 2003). 

Within the Pearsall interval the Pine Island Shale Member contains a second-order 

maximum flood and a regionally correlative oyster biostrome. This biostrome is clearly 

displayed in the Roberts well (Figure 1.6) by a spike in the resistivity in the middle of the 

Pine Island Shale Member (Loucks, 1976). Above the Pine Island Shale Member, the 

Cow Creek Member was deposited and developed into a shoal-water carbonate complex 

(shown in yellow in Figure 1.6) with a second-order sequence boundary at its top 

(Loucks, 1976, Phelps, 2011). Following the deposition of the Cow Creek Member, the 

Bexar Shale Member was deposited. The Bexar Shale Member features two transgressive 

shoal-water carbonate complexes (shown in yellow in Figure 1.6) before reaching a 

maximum flood in the upper Bexar unit (Loucks, 1976; Phelps, 2011). These carbonate 

complexes can be seen by the SP-log response in the Roberts type well (Figure 1.6). 

The TXCO #1-68 La Paloma well (Figures 1.4 and 1.6) is used as the informal 

type well for the deeper water setting of the outer ramp where conditions were not 

suitable for shoal-water carbonate complexes to form (Hull and Loucks, 2010). In the La 

Paloma well the Pine Island Shale Member is similar to the Pine Island Shale Member in 

the Roberts well but lacks the oyster chondrodont biostrome (Figure 1.6). In the Cow 

Creek and Bexar Shale members the intervals of high-energy carbonates seen in the 

Roberts well are argillaceous wackestones in the area of the La Paloma well. These 
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wackestone units appear on the wireline log as positive resistivity spikes (Figure 1.6). 

Additionally, the lower Bexar Shale and upper Bexar Shale Members are dominantly 

terrigenous, whereas the Cow Creek and middle Bexar Shale Members are significantly 

more calcareous in the outer ramp. 
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Chapter 2: Regional Structure and Stratigraphy 

GENERAL STATEMENT 

Understanding the overall paleogeomorphology of the Pearsall Formation is 

critical in understanding the stratigraphic framework of the formation. This is because the 

paleotopography controlled the loci of carbonate versus terrigenous depositional regimes 

during several time intervals. The Pearsall Formation was deposited as the Maverick 

Basin subsided and compacted, producing changes in accommodation. This strongly 

impacted the lithofacies distributions. Sequence stratigraphic analysis of the middle ramp 

area was studied in detail to help delineate sequence packages that can be correlated to 

the outer ramp interval as the stratigraphic signals in the outer ramp were obscured by 

greater accommodation and environmental influences such as dysoxia, as suggested by 

Schlager (1991).  

REGIONAL STRUCTURE AND PALEOGEOGRAPHY 

General Statement 

The depositional topography that existed for most of deposition of Pearsall 

deposition is interpreted to be that of a distally steepened ramp on a drowned shelf with a 

low-relief sill at the shelf margin, as seen in Figure 2.1C. This interpretation is supported 

by and based on seismic data from the literature (Fritz et. al, 2000; Foster, 2003; Scott, 

2003). Prior to deposition of the Pearsall Formation, the Sligo Formation was a rimmed 

shelf system, and after the deposition of the Pearsall an active rimmed shelf slowly 

reemerged, forming the Stuart City Margin. 
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Structural Elements and Pre- and Post-Pearsall Paleotopography 

Tectonic structural events/elements affecting Aptian deposition included  

• the emplacement of stable cratonic terranes in the Coahuila Block and the 

Llano Uplift in Precambrian time (Ewing, 2003) 

•  The development of the Ouachita Orogen in Carboniferous time (Ewing, 

2003) 

• the opening of the Gulf of Mexico during the Jurassic 

•  the counterclockwise rotation of the Yucatan into its current position by 

the end of Cretaceous time (Pindell, 2001), and 

•  the connection of the paleo-Gulf of Mexico to Tethys and the wider ocean 

in Jurassic and early Cretaceous time (Scotese, 1997; Goldhammer and 

Johnson, 2001; Pindell, 2001; Ewing, 2003; Blakey, 2005). 

These events produced high and low topographic areas, which affected Pearsall 

deposition and created areas of slower and faster subsidence. The regional 

paleogeography during Sligo deposition is shown in Figure 2.2. 
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Some of the early paleogeographic features that formed prior to the deposition of 

the Pearsall Formation contributed to sedimentation during Pearsall time (Figure 2.3). 

The Llano and Coahuila highs sourced clastic sediment to the Maverick Basin; the 

Ouachita basement provided a stable terrain on which a coastline developed and 

carbonate shoals nucleated in South Texas (Loucks, 1976; Goldhammer and Johnson, 

2001). Also, the Pearsall Arch was a depositional high with an active shoal-water 

carbonate factory (Loucks, 1976, 1977). The older Sligo Shelf Margin delineates the edge 

of the distally steepened ramp and separates the Pearsall shelf system geographically 

from the more basinal but concurrent Otates Formation (Tinker, 1985; Goldhammer and 

Johnson, 2001). No active shoaling areas were present at the shelf edge during Pearsall 

deposition. The older Sligo shoals on the Pearsall Arch and the Sligo Margin reef 

complex also resisted subsidence during Pearsall time as these areas were composed of 

mud-poor, well cemented lithofacies inherently more resistant to compaction. To the east 

the San Marcos Arch was underlain by stable continental crust and therefore remained a 

relatively higher area as it subsided at a slower rate than the rest of the Gulf of Mexico 

region (Loucks, 1976; Winkler and Buffler, 1988; Lopez, 1995; Waite, 2009). 

Seaward of the inner-ramp shoal-water complexes other features contributed to 

increased levels of subsidence and the formation of the Maverick Basin. The underlying 

continental crust was either attenuated or transitional to new oceanic crust associated with 

the opening of the Gulf of Mexico (Winker and Buffler, 1988). This crust was weaker 

and thus more susceptible to subsidence (Figure 2.3). The opening of the Gulf of Mexico 

and the rotation of the Yucatan also caused formation of a half-graben in what is now 

Maverick County during Triassic time (Goldhammer and Johnson, 2001; Ewing, 2003; 

Scott, 2004). Although the graben filled prior to Pearsall deposition, the strata above it 
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were subjected to increased thermal subsidence until almost Cenozoic time (Winker and 

Buffler, 1988; Ewing, 2003). This thermally driven subsidence was increased by 

subsidence related to as much as 1,000 m of salt (Salvador, 1991) deposited in the Rio 

Grande Embayment, which later became the Maverick Basin. The salt was the underlying 

substrate for much of the outer ramp area. It is assumed that this salt began moving very 

early as it did in the eastern Gulf area (Hughes, 1968) soon after it was deposited, 

compounding the effect of thermal subsidence in the Maverick Basin (Foster, 2003; 

Ewing, 2010). The salt may have also contributed to the formation and increased 

subsidence associated with the Karnes and Atascosa Troughs (Figure 2.3) (Ewing, 2010). 
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Following deposition of the Pearsall Formation, South Texas experienced 

structural change (Figure 2.4). The first change was the onset of Laramide compression at 

the end of Cretaceous time (Ewing, 2003). This compression inverted the Triassic graben 

and formed the Chittim Arch in the western area of the basin (Figure 2.4). The uplifted 

area extended into the middle of the study area and may have caused 1-2 km of erosion 

(Ewing, 2003). It is important to recognize that the Chittim Arch is a post-Pearsall high 

and that the area which underlies it was once a depositional low. This is clear when 

analyzing previously published seismic over the graben (Scott, 2004). Other key changes 

after the end of Pearsall deposition include the formation of the Balcones Fault Zone 

(Ewing, 2003). This feature parallels the Ouachita thrust front and marks the northern 

bound of the study area. To the south, Cenozoic Wilcox-age growth faults formed 

outboard of the Sligo Shelf Margin, causing the Pearsall section to be buried to even 

greater depths (Ewing, 2003).
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Pearsall deposition marked a period of relatively consistent deposition around the 

Gulf of Mexico (Figure 2.5). Sea-level was at a relative high-stand during a major 

worldwide transgression (Goldhammer and Johnson, 2001), and the coastline in South 

Texas was located around the Llano Uplift area (Figure 2.6) (Lozo et al., 1962). The 

Coahuila Platform in Mexico was exposed, and the Burro-Salado Arch was submerged 

and covered with sediment, allowing sediment transport from the Coahuila Block into the 

study area (Goldhammer and Johnson, 2001). Localized shoal-water carbonate 

complexes and scattered pinnacle reefs developed in Mexico, South Texas, East Texas, 

and Mississippi (Achauer, 1974; Loucks, 1976; Loucks et al., 1996; Goldhammer and 

Johnson, 2001). Within the study area subsidence was an important factor in the 

Maverick Basin, for the reasons discussed in the pre-Pearsall structural elements section 

(Figure 2.3). The major center of the subsidence was the Maverick Basin. Subsidence 

was controlled by the salt withdrawal in the more distal parts of the basin and increased 

thermal subsidence where the basin was underlain by the Triassic rift. The present 

structure map reflects this subsidence and seaward dip, as seen in Figure 2.6. The 

Atascosa Trough and the Karnes Trough were also actively subsiding, as evidenced in the 

cross-sections and noted by Loucks (1976). Positive features included the Pearsall Arch 

and San Marcos Arch. The northern part of the study area is underlain by stable crust, and 

the bounding Burro-Salado Arch in Mexico (Figure 2.3). The older Sligo Shelf Margin 

appears not to have affected deposition but may have reduced the amount of 

accommodation generated at the shelf edge by limiting the subsidence rates in that part of 

the region. Several published seismic lines and line drawings show a slightly raised Sligo 

margin (Figure 2.8) (Fritz et al., 2000; Phelps, 2011). In some areas the Pine Island Shale 

reflectors on-lap against this raised margin, but other stratigraphically higher Pearsall 
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SEQUENCE STRATIGRAPHIC ARCHITECTURE 

Lithostratigraphy versus Sequence Stratigraphy 

The Pearsall lithostratigraphy and sequence stratigraphic interpretations do not 

differ significantly for a several reasons. First, the Pearsall Formation is a condensed 

section on the supersequence scale. Even, including the more rapidly deposited high-

energy carbonates; average sedimentation rates for the whole section were slower than 20 

µm a year (Li et al., 2008; Phelps, 2011; this study). The second reason is that the 

Pearsall stratigraphy is dominated by events that affected the whole ramp and altered the 

composition of sediments. This includes, but is not limited to, flooding events and OAEs. 

These events drive facies changes and affect whether siliciclastic or carbonate sediment 

was deposited. Therefore, the lithostratigraphy is connected to the sequence stratigraphy 

because of the relationship between the depositional processes and the depositional ramp 

profile. As such, a simple breakdown of facies dominated by carbonate-rich or 

siliciclastic-rich strata will generally identify timelines by default. 

Lower Cretaceous Supersequences 

The large-scale sequence stratigraphic approach used in this study is based on 

methods described by Phelps (2011), who analyzed the stratigraphic section on the San 

Marcos Arch. The interpretation by Phelps (2011) is reflected in the transgressive-

regressive cycles shown in Figure 1.1. The study by Phelps (2011) focuses on a study 

area where subsidence and change in accommodation were minimal (Winkler and 

Buffler, 1988; Ewing, 2003; Phelps, 2011). As a result, high-frequency cycles and third-

order sequences are more discernible in the Maverick Basin. Phelps (2011) recognized 

seven supersequences in the Lower Cretaceous interval. This includes two that contain a 
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portion of the Pearsall interval, which he terms the James and Bexar Supersequences 

(Figure 2.9). The Pearsall Formation was deposited between the maximum flooding 

events of these two supersequences (Phelps, 2011) during the transgressive part of the 

Zuni first order sequence defined by Sloss (1963). In the James Supersequence, Phelps 

(2011) identifies two third-order sequences and in the Bexar Supersequence three third-

order sequences. The James Supersequence lasted 6 my and the Bexar Supersequence 

lasted 9 my (Phelps, 2011). The Pearsall interval accounts for 11.75 my of this time 

period. The interpretations by Phelps (2011) diverge from the interpretations of 

Goldhammer and Lehrmann (1999) relative to the equivalent interval in Mexico and the 

interpretations of Mancini and Puckett (2002) relative to the eastern Gulf of Mexico. 

These differences arise because neither Goldhammer and Lehrmann (1999) or Mancini 

and Puckett (2002) recognized the Bexar Supersequence as a separate unit at this 

stratigraphic rank. The sequence stratigraphic interpretation by Phelps (2011) is used in 

this study as it is based on a data set immediately adjacent to the study area.



 

Figurre 2.9: Sequeence stratigraphic interprretation by PPhelps (20111) on the Sann Marcos Arrch. Figure ta
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aken from Phelps (2011)). Figure repproduced witth permissionon from R. Phhelps



40 
 

Supersequences 

The James and Bexar Supersequences contain several third-order sequences, 

which lasted 1-3 million years each. Updip, in the middle ramp area, these sequences 

express themselves clearly whereas downdip in the outer ramp area the sequences are less 

well expressed but still present and identifiable. However, it is unclear how well the 

higher frequency cycles correlate in the downdip area. 

James Supersequence  

The James Supersequence of Phelps (2011) is composed of the upper Sligo 

Formation and the Pine Island Shale and Cow Creek Members of the Pearsall Formation. 

Phelps (2011) recognized two third-order sequences in the James Supersequence. 

Phelps (2011) first third-order sequence is the James-1 third-order sequence 

(Figure 2.9). This sequence incorporates upper Sligo Formation the Pine Island Shale and 

lower Cow Creek Members. The transgressive portion of the supersequence initiated 

during upper Sligo time and could be interpreted as an additional third-order sequence, 

however further work is necessary to determine this conclusively. A tidal flats succession 

give way to subtidal facies and transgressive ooid shoals in the upper Sligo Formation to 

the deeper, fine-grained terrigenous Pine Island Shale Member of the Pearsall Formation 

(Bebout and Schatzinger, 1978; Foster 2003; Phelps 2011). The contact at the top of the 

Sligo Formation is erosional updip and transitional downdip (Bebout, 1977). In cores 

described in the present study, the top Sligo contact is a skeletal grainstone lag composed 

of abraded allochems. Above this skeletal lag there is an abrupt change to terrigenous 

claystones, mudstones, and siltstones, of the Pine Island Shale Member. The maximum 

flooding surface (MFS) for this third-order sequence coincides with the MFS of the 
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whole supersequence. The MFS is in the lower third of the Pine Island Shale Member 

where there is the greatest concentration of laminated terrigenous mudstone and finely 

laminated fissile shale. This also coincided with the highest gamma-ray and the lowest 

resistivity signature on the wireline-log curves. The Pine Island Shale Member has a 

transitional contact with the lower Cow Creek Member. This is because carbonates in the 

lower Cow Creek Member initiated deposition near land and then prograded over the 

distally deposited Pine Island Shale terrigenous sediments (Phelps, 2011). As such, 

downdip the lower Cow Creek is very terrigenous rich. This sequence also contains the 

OAE 1-A. The contact with the next third-order sequence is not well marked by a 

surface, but coincides with a deepening throughout the whole Maverick Basin and is 

characterized by a thin bed of calcareous mudstone deposition (Figure 2.9). 

The final third-order sequence of the James Supersequence, called the James-2 by 

Phelps (2011) (Figure 2.9), consists of the upper Cow Creek Limestone. This includes the 

well-developed carbonate shoal-water complex and associated outer-ramp argillaceous 

lime wackestones. The shoals extend throughout the middle ramp section of the study 

area and over the San Marcos Arch (Loucks, 1977). The base of the sequence is a thin, 

transgressive shale overlain by a carbonate section (Figure 2.9). The carbonate section in 

the middle ramp includes packstone, grainstone, and boundstone. In the middle ramp area 

the sequence is capped by an erosional surface that contains oyster shell fragments and 

caliche in some wells (Loucks, 1976). Downdip the contact is transitional between the 

calcareous terrigenous mudstones and argillaceous lime wackestones of the upper Cow 

Creek Member and the terrigenous mudstones of the lower Bexar Shale Member (Figure 

2.9). The fauna is limited to oysters, mollusks, and echinoids indicating a probable 

stressed environment. 
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Bexar Supersequence  

In the Bexar Supersequence, Phelps (2011) identified three third-order sequences 

(Figure 2.9), all dominated by the transgressive portion of the sequences. The lower two 

sequences are within the Pearsall Formation, whereas the only the transgressive portion 

of the uppermost sequence is within the Pearsall Formation, the remaining part being 

within the overlying Glen Rose Formation. 

The lowermost third-order sequence is the lower Bexar Shale Member (Figure 

2.9). The lower section of the member is an argillaceous lime wackestone and siliciclastic 

mudstone. This interval is dominantly terrigenous and thins in the updip direction. The 

MFS of this third-order sequence occurs within this lower zone (Figure 2.9). The late 

Aptian regional OAE-1B also occurs within this zone. The OAE stressed the environment 

of deposition and limited the fauna. Above the terrigenous mudstone package a shoal-

water complex developed in the western half of the study area (Figures 1.1, 1.3). This 

carbonate complex formed during a relatively minor regression and was progradational 

into areas of the Maverick Basin. The complex is also notably smaller than the Cow 

Creek shoal-water complex suggesting deeper water to the east. Again, similar to the 

upper Cow Creek Member, the updip area appears to have an erosional contact with the 

next sequence, the middle Bexar Shale Member, but downdip the contact is gradational. 

The second third-order sequence in the Bexar Supersequence is within the middle 

Bexar Shale Member (Figure 2.9). This member also has a transgressive mudstone at its 

base and a regressive carbonate shoal-water complex above. A MFS separates the two 

units. The shoal-water complex is dominantly located in Zavala County and prograded 

into the Maverick Basin. The aerial extent of the shoal is more limited than the lower 

Bexar Shale Member shoal-water complex indicating continued overall transgression. 



43 
 

The middle Bexar sequence is also thought to be least-affected by paleoenvironmental 

OAEs as it contains a wider more calcareous lime wackestone apron around the shoals 

(Loucks, 1976; Figure 3.20). In the middle ramp, the contact with the upper Bexar Shale 

Member is erosional and shows cross-bedded grainstones. Downdip, in the outer ramp, 

the contact has not been sampled but it is thought to be gradational on the basis of 

wireline-log signatures. 

The final third-order sequence of the Bexar Supersequence and the final third-

order sequence in the Pearsall Formation is composed of the upper Bexar Shale Member 

and part of the lower Glen Rose Formation (Figure 2.9). The lower Glen Rose Formation 

was not investigated in this study. The upper Bexar Shale Member contains the MFS for 

the Bexar Supersequence and the upper Bexar Shale Member third-order sequence. The 

terrigenous matrix of the upper Bexar Shale Member distinguishes it from the lower Glen 

Rose Formation which is dominantly carbonate mudstones and wackestones (Bay, 1977). 

The contact between the lower Glen Rose and the upper Bexar Shale Members is similar 

to the contact between the Pine Island Shale and the lower Cow Creek Members in that it 

is a gradational contact from a terrigenous mudstone to a carbonate. Additionally, the 

siliciclastic deposition and biota of the upper Bexar Shale Member are altered by the 

OAE 1-B (Phelps, 2011). 

 Middle Ramp High-Frequency Stratigraphy 

It was necessary to develop the sequence stratigraphic architecture of the Pearsall 

Formation in the middle ramp before attempting the sequence stratigraphic analysis of the 

outer ramp because the sequences are easier to identify in the middle ramp interval. In the 

middle ramp the changes in energy of the depositional environment and accommodation 
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had a more distinct effect on the sequences. The anoxic and dysoxic depositional 

environments of the outer ramp may have altered sequence stratigraphic signatures and 

masked interpretations (Schlager, 1991). Because the middle ramp was well oxygenated 

throughout deposition of the Pearsall Formation and consequently interpretations are 

predominately based on energy and accommodation changes. Downdip changes in facies 

can relate to changes in oxygenation regime as well as changes in energy of depositional 

processes and accommodation. The sequence stratigraphic architecture developed for the 

middle ramp was therefore was carried into the outer ramp. 

To understand the higher order sequences using rock-based observations, the 

Tenneco #1 Ney core, which recovered the complete Pearsall interval, was described in 

detail (Figures 2.10, Figure 1.4). A number of higher frequency cycles (HFC) were 

deciphered in the core and then assigned to third-order and second-order packages. This 

hierarchy of cycles is shown with the core description in Figure 2.10. There are five 

third-order sequences identified in the Pearsall interval of the Ney core. This coincides 

with the interpretation of Kerans and Loucks (2002). The cycles are generally capped by 

coarse-grained carbonate units. Some units are capped by higher energy features, such as 

cross bedding and scour surfaces with skeletal and clast lags. The correlativity of the 

HFC was not determined. 
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SEQUENCE STRATIGRAPHIC FRAMEWORK 

General Statement 

Four cross-sections, two dip and two strike, were constructed for this study 

(Figure 2.11). The dip lines were arranged to be perpendicular to the Sligo Reef Margin 

and the strike lines roughly parallel to it. The cross-sections were chosen to incorporate 

as many cored wells as possible. The lines were flattened on top of the middle Bexar 

Shale Member as this is thought to be a temporally consistent pick, which is widespread 

and easily identified. Picks within the upper Bexar Shale Member and Glen Rose 

Formation were determined to be questionable because of their lack of lateral consistency 

(Figure 2.12). The cross-sections reveal the effects of the preexisting topography and the 

variations in carbonate and clastic sedimentation. The wireline-log responses to facies 

transitions are fairly subtle given the SP and resistivity logs which penetrate the Pearsall 

Formation.



 

Figure 2.11: Map of the studdy area showingg the locations o
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of cross-sectionss.
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Cross-section A-A’  

Cross-section A-A’ through the middle ramp (Figure 2.12) extends from the west 

in Maverick County near the Mexican Border to Wilson County on the San Marcos Arch 

to the east. Thinning occurs at the edge of the Burro Salado Arch in the westernmost 

well. This is evidenced by the presence of higher energy facies in the Dilly #1 Ritchie 

core as well as thinning of the clastic dominated members of the Pearsall Formation. In 

the case of the Dilly #1 Ritchie core, an abundant amount logged in this well. There is 

substantial thickening in the next wells, moving east from the Dilly #1 Ritchie, of the 

Pearsall section in the northern arm of the Maverick Basin underlain by the Triassic rift. 

This is the result of increased subsidence rates creating additional accommodation 

resulting in a depocenter. Still further east there is thickening of the carbonate-rich upper 

Cow Creek and middle Bexar Shale Members over the Pearsall Arch, which was a 

topographic high during this time. This thickening of the carbonate units along with high-

energy carbonate facies is well documented in Loucks (1976). The thickness of the high-

energy carbonates in this area was ultimately probably controlled by eustasy and 

accommodation. All the members of the Pearsall Formation show thinning at the eastern 

end of the cross-section over the San Marcos Arch. The area of the San Marcos Arch is 

also thought to be influenced by prodelta terrigenous sedimentation, which suppressed 

carbonate sedimentation in this area (Loucks, 1976).  

The most prominent feature of the cross-section is the notable difference between 

the San Marcos Arch area and much thicker area to the west of the arch. This difference 

reflects 11.75 my of differential subsidence in the Maverick Basin. This subsidence 

occurred as a result the underlying features discussed in connection with Figure 2.3. The 

Burro Salado Arch, Pearsall Arch, and the San Marcos Arch all subsided slowly while the 



49 
 

area in the Maverick Basin, underlain by the Triassic rift, subsided at a significantly 

higher rate. In addition carbonates developed on the highs and clastics were deposited in 

the lows, further altering the thicknesses.



 

Figurre 2.12: Crosss-section A-A’. See Figgure 2.11 forr location.
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Cross-section B-B’ 

Cross-section B-B’ (Figure 2.13) is a strike line, which is oriented east-west 

across the Maverick Basin in the southern part of the outer ramp. It is somewhat oblique 

to the Sligo Shelf Margin, moving closer to the edge of the Sligo Shelf Margin on the 

eastern end. The cross-section also contains wells drilled in the last few years to target the 

Pearsall shale-gas system. Some of the wells are have modern wireline-log suites with 

gamma-ray logs.  

The effect of the paleogeography was notably different in cross section B-B,’ 

particularly with respect to the area affected by subsidence (Figure 2.12). There is 

thinning on the western end of the cross-section associated with the western edge of the 

Maverick Basin and the Burro Salado Arch. This thinning can be seen in the Catarina 

West well and the wells west of it. In the middle of the cross-section there is a large 

depocenter in the Maverick Basin created by the withdrawal of salt originally deposited 

in the Rio Grande Embayment and the distal edge of the subsidence caused by the 

Triassic rift. It is unclear to what extent each feature is responsible for subsidence in the 

area. This area is notably wider than the area of high subsidence in cross-section A-A,’ 

which was underlain solely by the Triassic rift. Moving eastward, there is an increase in 

thickness as seen in the Tidewater #2 Mabel Wilson well. This well is centered in the 

Atascosa Trough shown in Figure 2.3. The thickening of strata in the Atascosa Trough is, 

however, a local phenomenon as the Pearsall interval thins onto the San Marcos Arch. 

This increased area of thickness hosts greater accumulations of potentially TOC-rich 

shale-gas reservoir facies. 



 

Figurre 2.13: Crosss-section B--B’. See Figgure 2.11 for location.
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Cross-Section C-C’ 

Cross-section C-C’ (Figure 2.14) runs north to south along the western part of the 

study area but does not reach the shelf edge, as no wireline logs were available. The 

southern end of the cross-section includes many wells that provide nearby well control 

for development of the Pearsall shale-gas play.  

The cross-section runs roughly down the axis of the buried Triassic rift. It 

includes wells showing a rapid transition from inner ramp facies in Kinney County to 

outer ramp facies in northern Maverick County. The wells in the middle of the cross-

section are affected dominantly by the northern arm of the Maverick Basin, which is 

underlain by the Triassic rift and had an anomalously higher rate of subsidence (Figure 

2.3). The last two downdip wells on the cross-section are not underlain by the graben but 

were affected by the Burro Salado Arch. This arch trends southeast, as shown in Figure 

2.11, and a deeper thicker section would be expected to the east of these wells. South of 

cross-section C-C', the Pearsall interval would probably thicken before thinning over the 

shelf edge. It would then drop off into the deep basin. 



 

Figurre 2.14. Crosss-section C--C’. See Figuure 2.11 for location.
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Cross-Section D-D’ 

Cross-section D-D’ (Figure 2.15) runs roughly north to south along the San 

Marcos Arch (Figure 2.11). The cross-section reaches all the way to the edge of the 

distally steepened ramp and passes from the middle ramp to the outer ramp. The section 

expands gradually downdip towards the shelf margin. An exception to this thickness 

trend is seen in the Shell #1 Urbancyzk well that penetrated the eastern edge of the 

Karnes Trough. This trough displays higher accommodation and thus a thicker Pearsall 

section accumulated in it. After passing through the Trough, the section thins again as it 

comes under the influence of the shelf edge and the underlying Sligo Reef Margin. This 

is evidence that the older Sligo reef complex produce a rim shelf with a deeper basin 

landward.



 

Figurre 2.15. Crosss-section D--D’. See Figgure 2.11 forr location.
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DEPOSITIONAL TOPOGRAPHY AND CHANGES IN ACCOMMODATION  

Depositional topography is important because it reflected the subsidence that 

controlled depositional lows. In these lows restricted conditions prevailed, which affected 

oxygenation and thus the preservation of TOC. These lows are related to antecedent 

topography and changes in accommodation related to the paleostructure.  

The original distally steepened ramp morphologies were affected by the presence 

of the Pearsall Arch (Figure 1.3), and the Burro Salado Arch, which promoted 

development of shallow-water, high-energy carbonate deposition in the middle ramp. 

This produced thickening, which can be best seen over the Pearsall Arch in the cross 

sections, of the carbonate members of the Pearsall Formation in the middle ramp as 

carbonate sediment aggraded and prograded during third-order regression. 

In the outer deeper ramp, drowned-shelf conditions prevailed on the distally 

steepened ramp. These conditions persisted because of low sedimentation rates 

(discussed later), which allowed subsidence to become a dominant control. The amount 

of subsidence was controlled by buried, older structures which profoundly affected 

deposition and salt withdrawal (Figure 2.3). The critical structures in the study area were 

the Triassic rift and the Atascosa and Karnes Troughs (Figure 2.10). The combination of 

these factors manifested itself in thickening in the outer ramp sections dominated by fine 

grained siliciclastic sediment, deposited primarily during transgressions. This deeper 

water section was below fair-weather wave base and was largely unaffected by shallow-

marine processes. This led to low-oxygen conditions in the basin.  

Water depth, circulation patterns, and cycles have an effect on TOC preservation 

(Arthur and Sageman, 1994), and thus it is important to understand these parameters in 

investigating shale-gas reservoir facies and associated reservoir properties. 
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Chapter 3: Lithofacies Analysis 

GENERAL STATEMENT 

Depositional environments of the Pearsall Formation can be separated into facies 

belts with certain lithofacies dominating each depositional environment. The inner ramp 

is dominated by a carbonate foreshore, the middle ramp is dominated by shoal-water 

carbonate complexes, and the outer ramp is dominated by deeper water, siliciclastic 

sedimentation and an oncolite producing area. The outer ramp sediments grade from 

terrigenous dominated sediment landward to pelagic and hemipelagic clastics and 

carbonates seaward across the drowned shelf. Beyond the outer ramp is a distal basinal 

environment thought to be starved of most terrigenous sedimentation. Loucks (1976) 

summarized the middle ramp facies and his interpretation has been modified and 

extended into the outer ramp (Figure 3.1). Detailed facies descriptions used in this model 

can be found in Loucks (1976, 1978). Facies descriptions by Loucks (1976, 1978) do not 

highlight some aspects of the environments on the outer ramp. Therefore, the mudstone-

dominated outer ramp facies are described in more detail in this chapter. These outer 

ramp facies are mapped and their stacking patterns in the Pine Island Shale and Bexar 

Shale Members are discussed, as these two members are the potential shale-gas 

reservoirs. 

REVIEW OF RAMP FACIES BELTS 

Inner Ramp Lithofacies  

The inner ramp facies in the updip outcrops are dominated beach complexes 

(Figure 2.4) (Stricklin and Smith, 1959; Inden and Moore, 1983; Kerans and Loucks, 

2002). The stratigraphy of the inner ramp is slightly different from the middle and outer 

ramp. At the base of the Pearsall section the Pine Island Shale Member is dominantly 
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terrigenous and contains abundant oysters. Above the Pine Island Shale Member are the 

foreshore and beach complexes of the Cow Creek Member. These beach complexes can 

be divided into shoreface, foreshore, beach-berm, and back-beach facies (Inden and 

Moore, 1983; Kerans and Loucks, 2002). Oyster banks offshore provided much of the 

skeletal material incorporated into the beach complex (Stricklin and Smith, 1959; Kerans 

and Loucks, 2002). Additionally terrigenous material was sourced from the exposed 

Llano Uplift. The Cow Creek beaches are capped by an erosional sequence boundary 

featuring caliches (Amsbury, 1996; Kerans and Loucks, 2002). Above the sequence 

boundary lies the Hensel Sand Member. This sandstone is equivalent to the siliciclastic 

shoreline of the Bexar Shale Member (Loucks, 1976; Amsbury, 1996; Phelps, 2011).  

Middle Ramp Lithofacies  

In the middle ramp there are well-developed shoal-water complexes, as 

documented by Loucks (1976; 1978). The shoals developed within fair-weather 

wavebase (Loucks, 1976). Laterally the extent of the shoals in the Bexar Shale Member is 

controlled by the input of terrigenous sediment in the area of the San Marcos Arch 

(Loucks, 1976). To the west of the San Marcos Arch, terrigenous mudstone facies 

developed at the base of the shoal-water complexes during high-frequency flooding 

events allowing for easy discrimination between the subdivisions within the Bexar Shale 

Member and Cow Creek Member (Figure 3.1). These mudstones also mark the 

transgressions during the five third-order sequences that comprise Pearsall time. 

The facies of the middle ramp reflect third-order sequence cyclicity. The 

transgressive portion of the cycles is generally composed of muddy, terrigenous, echinoid 

mollusk argillaceous lime wackestones and argillaceous lime mudstones. These grade 

into ammonite terrigenous mudstones downdip (Figure 3.1). The regressive portions of 
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the sequences are primarily echinoid mollusk lime grainstones and lime packstones, 

which grade into oncolitic lime packstones and argillaceous lime wackestones downdip. 

An exception to this is the predominantly oolitic shoal-water complex of the middle 

Bexar Shale Member.



 

Figurre 3.1: Midddle and outer ramp faciess diagram. Thhe red arrowws show the ttrajectory off the shorelin
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Outer Ramp Lithofacies  

The outer ramp is the area seaward of the shoal-water complexes where sediment 

was not subject to constant wave agitation (being below fair-weather wavebase, but 

occasionally affected by storms (above storm wavebase). Downdip of the middle ramp 

shoal-water carbonate complexes aprons of argillaceous lime wackestone and oncolitic 

lime wackestone and lime packstone extended onto the outer ramp (Figure 3.1). The 

lithologies of the outer ramp are primarily argillaceous lime wackestones and terrigenous 

mudstones. Gravity flows, including turbidity currents and debris flow transported 

carbonate sediment composed of lime mud and skeletal debris from the middle ramp. The 

argillaceous lime wackestone facies with some areas of packstones correlate in time with 

the shoal-water complexes. The skeletal material in these wackestones is mainly 

echinoids and mollusks. Pectinids or inoceremids, mollusks that can survive in poorly 

oxygenated water (Thiede and van Andel, 1977), are common but not abundant in the 

outer ramp, whereas oysters are rare. The terrigenous mudstones generally correlate to 

deeper water facies updip of the middle ramp. During the Cow Creek and middle Bexar 

Shale intervals, larger aprons of argillaceous lime wackestones surrounded the shoal-

water complexes. Within the Pine Island Shale and upper Bexar Shale Members 

terrigenous mudstone and argillaceous wackestones are more common throughout the 

Pearsall interval. This is also true to a lesser extent in the lower Bexar Shale Member. 

PINE ISLAND SHALE AND LOWER BEXAR SHALE LITHOFACIES 

General Statement 

Within the terrigenous mudstone-dominated outer ramp units of the Pearsall 

Formation, 13 lithofacies are identified. These are summarized in Table 3.1. The facies 

were described from cores in the Pine Island Shale, lower Cow Creek Member, and 
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Bexar Shale Members. Six facies occur are that are primarily associated with the Pine 

Island Shale Member, and seven others are primarily  associated with the Bexar Shale 

Members. The facies are described according to 11 parameters: location on ramp, 

thickness, dominant matrix, texture, lithology, dominant grain types, lamination type, 

sedimentary structures, degree of bioturbation, total organic carbon, and early diagenetic 

products. From these 11 factors the oxygenation level at the time of deposition and the 

depositional mechanism are interpreted. 

The 11 factors are observational groupings chosen to interpret depositional 

processes and depositional environment. The location on the ramp refers to inner, middle, 

or outer ramp position. Thickness refers to the thickness range of individual lithofacies 

packages. The dominant matrix refers to the primary mineral composition. Petrographic 

evidence indicates that much of the silica and clay was derived from land so terrigenous 

is used to refer to the siliceous component of the rocks. The classification of fine-grained 

rocks by Folk (1980) is used for terrigenous mudrock texture. The carbonate rock texture 

classification is from Dunham (1964). Lamination type refers to fine-scale layering 

within the rock. Numerous sedimentary structures are noted in the different facies and are 

described in the discussion of facies. The degree of bioturbation is based on the semi-

quantitative classification of Drosser and Bottjer (1986). The six categories that they used 

to describe bioturbation, from none to total, are grouped into three categories, as it is 

commonly difficult to conclusively identify bioturbation in fine-grained rocks. A rock 

with rare bioturbation has most of its primary sedimentary structures preserved, whereas 

a rock with abundant bioturbation may be completely homogenized. TOC was 

determined by methods described previously. Early diagenesis, such as compaction, 

pyrite precipitation, dolomitization, carbonate cementation, and others are described 
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In the interpretation of the oxygenation level, the skewing effects of time and 

transport are taken into account qualitatively. Under oxic water conditions at least 10 cm 

of sediment are subject to bioturbation, and under dysoxic conditions it takes less than 5 

years for bioturbators to destroy all sedimentary structures (Wetzel, 1984; Soutar et al., 

1981). The Pearsall Formation was deposited at an average rate of less than 2 cm/ky (Li 

et al., 2008; Phelps, 2011; this study). As such, 10 cm of sediment would only have to be 

subject to oxic or slightly dysoxic conditions for less than 0.5% of the Pearsall time to be 

totally bioturbated. This could easily have occurred on the basis that deposition was in 

relatively shallow water, less than 100 m, and poikiloaerobic conditions, periodically 

oxygenated, were highly probable given the water depth. “Doomed pioneers” may have 

also been present in the dysoxic portion of the basin (Follmi and Grimm, 1990). These 

organisms were transported into the dysoxic zone, and were able to continue living but 

not able to reproduce. Therefore they leave isolated trace fossils but few body fossils. 

Lithofacies Descriptions 

Interpretation of depositional processes is based mainly on textures, lithology, 

sedimentary structures, fauna, and lamination types. Other petrographic information was 

also incorporated, and factors that may introduce uncertainty, such as diagenesis and 

bioturbation, were taken into account. 
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Table 3.1: Descriptions and interpretation of lithofacies. 

Facies Ramp 
location  Thickness Dominant 

matrix 
Lithology / 

texture 
Allochems/ 
dominant 

grains 

Lamination/ 
sedimentary 
structures 

Degree of bioturbation TOC Early diagenesis Oxygenation 
level Depositional processes 

  
Inner, 
middle, and 
outer 

Range in 
thickness 

Bulk 
mineralogy  

(Dunham, 
1964)/ (Folk, 
1980)     

(Modified from Drosser 
and Bottjer; 1986) 

(Law, 
1999)   

Interpreted 
from biota, 
bioturbation, 
and TOC 
(Arthur and 
Sageman, 
1994) 

Interpreted from 
lamination types and 
sedimentary structures 

                        

Oyster 
chondrodont 
packstone/ 
boundstone 

Middle 3-5 m Carbonate 

Packstone/ 
boundstone 
(rudstone) with 
siltstone 
matrix. Silt 
size: very fine 
to medium  

Oysters, 
chondrodonts, 
and other 
fauna with rare 
clay floccules 
and quartz and 
feldspar silt 

Mostly nonlaminated 
except for internal 
sediment. Irregular 
terrigenous silt 
laminate, fining 
upward laminate, 
mud drapes, and 
cross bedding 

High. Individual burrow 
traces indistinguishable. 

Low 
(>1%) Sparse dolomite High 

Biota developed in place 
and reworked by storms 
and shallow-marine 
processes (Loucks, 1976; 
Ross, 1992) 

Echinoid 
mollusk 

argillaceous 
wackestone 

Middle 1-4 m Carbonate 

Wackestone/ 
mud-
dominated 
packstone with 
terrigenous 
mud and silt in 
matrix. Silt 
size: medium 
to very coarse. 
Concentrated 
in burrows and 
ripples. 

Oysters, large 
mollusks, 
echinoids, 
miliolids, 
serpulids, 
pellets, 
peloids, and 
quartz and 
feldspar silt 

Nonlaminated. 
Irregular thin 
terrigenous beds and 
fining upward beds 

High. Planolites, and 
others. 

Low 
(>1%) 

Sparse dolomite and 
blocky pyrite  High 

Biota developed in place 
and reworked by storms 
(Loucks, 1976; Boggs, 
2006) 

Peloidal 
terrigenous 

siltstone 

Middle 1-10 m  Terrigenous 

Terrigenous 
mudstone with 
siltstone matrix 
and rare 
terrigenous 
mudstones and 
claystones. Silt 
size: fine to 
coarse silt 
relatively 
evenly 
distributed. 

Peloids, 
coprolites, 
large mollusks, 
echinoids, 
serpulids, fish 
bones, and 
quartz and 
feldspar silt. 

Nonlaminated, except 
for fissile shale 
layers, coarsening 
and fining upward 
beds, soft-sediment 
deformation, and 
storm-lag beds. 

High. Planolites, 
Chondrites, 
Thalassanoides

Low 
(>1%)  Blocky pyrite Medium 

Hemipelagic 
sedimentation with density 
flows and storm-lag 
deposits (Stow and Piper, 
1984; Mulder and 
Alexander, 2001; Boggs, 
2006) 
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Table 3.1 continued. 

Peloidal 
terrigenous 
mudstone 

(hemipelagic) 

Outer 1-4 m Terrigenous 

Terrigenous 
mudstone. Silt 
size: 
carbonate- fine 
silt to medium 
sand (forams) 
and 
siliciclastic- 
fine silt to 
medium silt. 

Peloids, 
pelagic forams 
(globigerinids), 
radiolarian, 
ammonites, 
wood material, 
fish bones, 
pellets, rare 
thin walled 
mollusk 
fragments 
(pyritized), and 
very fine albite 
and quartz silt. 

Lamination <0.2 mm, 
starved ripples, and 
cryptic bioturbation.  

Low. Rare cryptic 
bioturbation. 

Medium 
(1-2%)  Blocky pyrite Low 

Hemipelagic and pelagic 
sedimentation, reworked 
by bottom currents (Stow 
and Piper, 1984) 

Peloidal 
calcareous 
terrigenous 
mudstone 
(pelagic) 

Outer 1-5 m Terrigenous 

Calcareous 
terrigenous 
mudstone. Silt 
size: forams 
forming fine 
sand to v. fine 
sand and other 
fine to medium 
carbonate silt) 
(commonly 
aggregated 
into larger 
particles),some 
siliciclastic- 
medium to v. 
fine.  

Peloids, 
pelagic forams 
(globigerinids), 
radiolarians, 
coccoliths 
pellets, 
demosponge 
spicules, wood 
material, fish 
bones, 
ammonites, 
and very fine 
feldspar and 
quartz silt 

Lamination <0.2 mm. 
alternating with layers 
of discontinuous 
laminae composed of 
carbonate aggregates 
or kerogen-rich 
peloidal clay  Low. None identified. 

High (1.5-
4%) 

Early seafloor 
cementation of 
carbonate aggregates Low 

Pelagic sedimentation that 
may have been reworked 
by bottom currents (Stow 
and Piper, 1984; Wignall, 
1994) 

Fe-rich 
dolomitic 
mudstone 

Outer >1 m Terrigenous 

Dolomitic 
mudstone with 
siltstone 
matrix. Silt 
size: very fine 
to coarse silt 
with silt-sized 
dolomite 
crystals 

Pelagic forams 
(globigerinids), 
coccolith 
aggregates, 
and peloids 

Nonlaminated 
pseudocrystalline 
texture. 

Low. None identified. 
Sediment heavily 
influenced by dolomite 
produced by bacteria. 

Medium 
(1-2%) 

Organogenic 
dolomitization related 
to methanogenesis) Low 

Pelagic sedimentation with 
early diagenesis (Wignall 
1994; Mazzullo, 2000) 
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Table 3.1 continued. 

Skeletal 
oncolitic 

wackestone/ 
mud-

dominated 
packstone 

Middle/outer 1-2 m Carbonate 

Wackestone 
and mud-
dominated 
packstone. 
Carbonate 
mud matrix. 
Oncolites are 
2-6 mm in 
length. 

Oncolites, 
oysters, 
mollusks, 
echinoids, 
forams, 
carbonate 
peloids, 
reworked 
intraclasts, and 
rare rudist 
fragments. 

Nonlaminated. Soft-
sediment 
deformation. 

High. Bioturbated to 
homogenous with 
individual Planolites and 
Thalassanoides. 

Low 
(>1%)  Cemented nodules High 

In place biota. Sediments 
reworked by storms. 
(Loucks, 1976) 

Lime 
mudstone 

Middle/outer 1-3 m Carbonate 

Lime 
mudstone. 
Contains very 
coarse- coarse 
siliciclastic silt. 

Echinoid and 
thin-walled 
mollusks 
fragments, 
oyster 
fragments, 
carbonate 
peloids, 
Favorina 
pellets, 
reworked 
intraclasts, and 
quartz and 
albite silt. 

Nonlaminated. Soft 
sediment 
deformation. 

High. Bioturbated to 
homogenous with 
individual Planolites and 
Thalassanoides. 

Low 
(>1%) 

Early carbonate 
cement expressed as 
nodules. High 

Hemipelagic and pelagic 
carbonate mud (Stow and 
Piper, 1984). 

Skeletal 
siltstone/ 

terrigenous 
mudstone 

Outer 1-4 m Terrigenous 

Terrigenous 
mudstone, 
siltstone, and 
some mud-
dominated 
packstone. 
Matrix: 
Terrigenous 
siltstone and 
mudstones. 
Siliciclastic silt 
size: very fine 
sand to coarse 
silt and 
carbonate- 
medium sand 
to medium silt. 

Peloids, thin-
walled 
mollusks, 
echinoids, fish 
bones, 
abraded large 
mollusk 
fragments, rare 
oncolites, rare 
oysters, 
pelagic forams, 
and quartz and 
feldspar silt. 

Diffuse laminations, 
weakly laminated to 
massive. Apparent 
laminations generally 
greater than 5 mm 
thick. Shell beds. 
Fining and 
coarsening upwards 
beds. 

Low or high. Chondrites 
and Planolites burrows. 
Sediment may be 
homogenous as a result 
of bioturbation. 

Medium 
(1-3%) 

Aragonitic shells 
partially or completely 
replaced by calcite, 
apatite, and/or pyrite Low to high 

Sediment was deposited 
by hyperpycnal flows, 
hemipelagic plumbs and 
bottom-current reworking. 
Biota developed in place, 
but some was transported 
into the area. High-
frequency cycles 
dominate, as well as 
oxygenation events 
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Table 3.1 continued. 

Weakly 
laminated to 

massive calcite 
silt-bearing 
terrigenous 
mudstone 

Outer 1-7 m Terrigenous 

Terrigenous 
mudstone. Silt 
size: medium 
to fine. 

Peloids, 
inoceramid 
shells, rare 
thin-walled 
mollusks, rare 
echinoids, 
pelagic forams, 
ammonites, 
wood 
fragments, rare 
radiolarians, 
and quartz and 
albite silt 

Diffusely laminated to 
weakly laminated to 
massive. Laminations 
are commonly greater 
than 5 mm. Rare 
starved ripples, 
graded beds, distinct 
burrows.  

Low to high. Very rare 
Chondrites and 
Planolites. Sediment 
predominantly 
homogenous. 

Medium 
(1-2%)   

Low with some 
oxygenation 
events 

Sediment was deposited 
by hyperpycnal flows and 
hemipelagic setting in an 
anoxic environment. Some 
bottom current reworking. 
(Stow and Piper, 1984; 
Bhattacharya and 
MacEachern, 2009) 

Burrowed 
calcite silt-

Bearing 
terrigenous 
mudstone 

Outer 1-2 m Terrigenous 

Terrigenous 
mudstone Silt 
size: medium 
to fine. 

Peloids, 
inoceramid 
mollusk, rare 
thin-walled 
mollusks, rare 
echinoids, 
pelagic forams, 
ammonites, 
wood 
fragments, rare 
radiolarians, 
pellets, 
Favorina 
pellets, 
reworked 
intraclasts, and 
quartz and 
albite silt.  

Diffusely laminated to 
weakly laminated to 
massive. Laminations 
are commonly greater 
than 5 mm. Soft-
sediment 
deformation. ,. 

Low to high. Chondrites 
and Planolites Commonly 
with early calcite cement. 

Medium 
(1-2%) 

Early carbonate 
cementation of 
burrows 

Low with some 
oxygenation 
events 

Sediment was deposited 
by hyperpycnal flows and 
hemipelagic setting in an 
anoxic environment. Some 
bottom current reworking. 
(Stow and Piper, 1984; 
Bhattacharya and 
MacEachern, 2009) 

Winnowed 
nonbioturbated 

calcite silt-
bearing 

terrigenous 
mudstone 

Outer 1-5 m Terrigenous 

Terrigenous 
mudstone with 
some siltstone. 
Silt size: 
medium to fine. 

Inoceramid 
shells, very 
rare mollusks, 
pelagic forams, 
rare 
radiolarians, 
sponge 
spicules, 
hemipelagic 
aggregates, 
and quartz and 
feldspar silt, ,  

Diffusely laminated to 
weakly laminated to 
massive. Laminations 
are commonly greater 
than 5 mm. Starved 
ripples, fining and 
coarsening upward 
laminae, ungraded 
silt laminae, and 
scour surfaces. 
Graded deposits may 
be bioturbated. 

Low. Rare Planolites or 
Chondrites. Rare burrows 
are attributed to doomed 
pioneers. 

High (1-
4%) Pyrite 

Low with some 
oxygenation 
events 

Sediment was deposited 
by hyperpycnal flows and 
hemipelagic setting in an 
anoxic environment. Some 
bottom current reworking. 
(Stow and Piper, 1984; 
Scheiber, 1996; 
Bhattacharya and 
MacEachern, 2009) 
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Table 3.1 continued. 

Lithoclast-rich 
skeletal lime 

rudstone 

Outer >1 m Terrigenous 

Rudstone. 
Matrix: 
siltstone or 
terrigenous 
mudstone. 
Rare lime 
mudstone. 
Grain size: v. 
fine sand- 
medium silt. 
Clast are up to 
5 cm in 
diameter. 

Rare mollusks, 
rare oysters, 
large angular 
carbonate 
clasts with 
sponge and 
algal borings. 

Nonlaminated. Show 
some coarsening 
upward, chaotic 
bedding 

Low. Clasts were 
probably bored 
pretransport. 

Low 
(>1%)   n/a 

Debris flows into the outer 
ramp (Mulder and 
Alexander, 2001) 
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The following sections are brief summaries of the salient features of the facies 

listed in Table 2. Associated photographs and photomicrographs are presented.  

Oyster Chondrodont Packstone/Boundstone  

The oyster chondrodont packstone/ boundstone (Figure 3.3) is found in the middle 

ramp Pine Island Shale and upper Bexar Shale intervals, where it forms widespread 

correlative biostromes (Loucks, 1976). The biostromes are characterized by the large 

oysters and chondrodonts primarily preserved as disarticulated shells and large 

fragments, many of which are greater than 5 cm long (Figure 3.3). The chondrodonts are 

found either upright in clusters or flat-lying; both occurrences can be interpreted as living 

positions according to Ross (1992). Much of the matrix between the fossils is laminated 

internal carbonate sediment. This facies was deposited on a shallow, open-marine shelf 

within fair-weather wavebase as currents are necessary to transport food into the area and 

excrement out. These currents would have also ensured that the water was well-

oxygenated (Arthur and Sageman, 1994). Siliciclastic layers and mud-drapes reflect the 

impact of storms. The fauna is low in diversity despite the well-oxygenated waters and 

high-energy conditions. This is thought to be connected to the OAE 1-A and OAE 1-B 

events, which coincide with the development of this facies in the middle ramp. This 

facies was also recognized by Phelps (2011) in the OAE 1-A interval to the east on the 

San Marcos Arch. OAEs created a stressed environment, limiting the fauna and creating 

the conditions for this facies to develop. 
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Echinoid Mollusk Argillaceous Wackestone  

The echinoid mollusk argillaceous wackestone (Figure 4.4) has a mixture of 

terrigenous and calcareous matrix and is present in the Pine Island Shale Member, lower 

Cow Creek Member, and Bexar Members of the middle ramp. The facies locally includes 

siltstone containing carbonate, quartz, and feldspar silt. In some areas this facies appears 

as a mud-dominated packstone where mud accumulation was lower and storm events 

produced better sorted sediment (Loucks, 1976). In the terrigenous mudstone-dominated 

parts of the Pine Island Shale Member, this facies is anomalous because of its high 

diversity of fauna and distinct bioturbation. It also appears to be only locally developed 

and not correlative between wells. In the Tenneco #1 Stoker well and other middle ramp 

wells, very fine crystalline dolomite is present. It is not a significant feature in the wider 

area and may also be attributed to other mechanisms such as seawater pumping and 

microbial activity (Tucker and Wright, 1999). 

This facies displays a high degree of bioturbation and a high-diversity of fauna. It 

is interpreted to have been deposited in an open-marine environment above storm-

weather wavebase in well-oxygenated water. This facies was not subjected to constant 

reworking. Although silt and storm features are present, they are not well-preserved 

because of the high degree of bioturbation. In the Pine Island Shale Member this facies 

was subjected to fewer-frequent high-energy events than in the lower Cow Creek 

Member where many of these bedded skeletal packstones developed.  
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more tolerant to adverse environmental conditions (Figure 3.2), such as thin-walled 

mollusks and whole echinoids, are present and probably grew in place. 

The rock is largely bioturbated and displays abundant distinct burrows. There are 

preserved storm event-beds that are partly bioturbated. These are generally coarsening 

upward sequences and are commonly finely laminated. Many of the laminations are 

parallel, but some are truncated, suggesting scour (Figure 3.5). These laminations may be 

evidence of hummocky cross-bedding created by storms, as described by Lamb (2008); 

however, it is very difficult to make such a conclusion based on limited observations 

from core. The mixed terrigenous and carbonate composition results from the lateral 

transport of terrigenous mud on the open-marine shelf. Such processes have been 

described for the Modern by several authors and are commonly related to storms and 

bottom currents (Kelling and Mullins, 1974; Mount, 1984; Rine and Ginsburg, 1985). 

Even though there is bioturbation, it is clear that the environment of deposition was 

suitable neither for many sessile organisms nor TOC preservation. 
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larger skeletal fragments show evidence of transported and are commonly pyritized 

(blocky crystals). Pyrite in the matrix is disseminated as large framboids, which did not 

form in euxinic conditions (Wignall and Newton, 1998). This form of pyrite formed in 

poorly oxygenated sediment. The framboidal pyrite suggests that the redox line was not 

above the sediment-water interface and that the water column was not euxinic (Raiswell 

and Berner, 1985; Loucks and Ruppel, 2007). 

This facies is interpreted as being deposited in a distal open-marine setting. It 

formed in very low-oxygenation conditions as evidenced by the lack of sedimentary 

structures, bioturbation, and benthic fauna. There are some textures observed in the thin 

sections which could be cryptic bioturbation or dewatering features; thin-section artifacts 

cannot be ruled out. There are very subtle laminations of less than 0.2 mm as visible in 

core and thin sections. The laminations are generally parallel and are composed of 

peloids and silt. The majority of the sediment was probably deposited by hemipelagic 

suspension settling (O’Brien, 1996; Stow and Piper, 1984). There is also some medium to 

fine-grained quartz and feldspar silt. This may have been transported as windblown dust 

or it may have been transported by dilute turbidity currents (Schieber et al., 2010). Some 

ripples composed of silt are present (Figure 3.6) and may have formed by erosion and 

transport of the particles along the seafloor by bottom currents, or they may be primary 

depositional features associated with dilute turbidity currents. In general, this facies is 

considered to be composed of hemipelagic sediment with some pelagic sediment input. 
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Peloidal Calcareous Terrigenous Mudstone 

The peloidal calcareous terrigenous mudstone (Figure 3.7) occurs in the most 

distal part of the outer ramp near the paleo-Sligo Reef Margin. It is composed of 

alternating carbonate aggregates that are predominantly composed of coccoliths and other 

small pelagic organisms and kerogen-rich clay-dominated laminae. The smallest laminae 

are less than 0.2 mm thick, but range up to 2 mm through the aggradation of individual 

thin carbonate lamina. The carbonate aggregates appear to have been cemented early and 

reworked based on the discontinuous, ungraded character of the laminae. While the 

carbonate aggregates appear to be somewhat recrystallized the coccolith plates and other 

small pelagic fauna are still visible within them. There are also abundant pelagic 

foraminifers as well as radiolarians, fish bones, and ammonites. The facies also has a 

high TOC.  

These rocks were deposited by pelagic sedimentation in dysoxic to anoxic 

environment. The oxygenation state is evidenced by the high TOC, the lack of benthic 

fauna, and the lack of substantial trace fossils. The laminations are also ungraded, 

indicating that the sediment was deposited primarily by dilute turbidites (Molder and 

Alexander, 2001). The alternating laminae are attributed to different hydrodynamic 

properties of the particles, as suggested by Arthur et al. (1984). The clay-rich peloids 

were probably deposited in suspension as marine snow, bound together as 

organomineralic aggregates (Wignall, 1994; MacQuaker, 2010). It is possible that the 

carbonate aggregates are in fact fecal pellets, as these would have been able to sink out of 

suspension rapidly (Arthur et al., 1984).  
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is almost entirely composed of silt-sized dolomite crystals. These are intermixed with 

clay and pelagic forams. The facies is almost unidentifiable in core except by its lack of 

layering and its relatively extreme hardness produced by a pseudocrystalline matrix. 

XRD analysis, as well as microprobe analysis, reveals that the matrix is composed 

of mostly ankerite. Pelagic forams are also present in the matrix and the remains of 

carbonate peloids similar to those observed in the peloidal carbonate pellet-rich mudstone 

facies are observed. Therefore, it is thought that this facies was probably deposited under 

similar conditions to those of the peloidal carbonate pellet-rich mudstone. The dolomite 

is interpreted as a by-product of anaerobic respiration produced during bacterial 

respiration and methanogenesis (Mazzullo, 2000). 
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The facies has a high diversity of fauna and was deposited in clear water above 

storm-weather wavebase, as evidenced by the growth and development of green algal 

oncolids (Tucker and Wright, 1999). Oyster fragments and large mollusks are abundant, 

indicating that the facies was deposited in normal marine conditions. Some of the oysters 

and mollusks show signs of reworking, as evidenced by abrasion and rounding of the 

shells, as well as unique shell fills that do not match the surrounding matrix.  



 

Figurre 3.9: Skele
show
show

etal oncolitic
wing layers o
wing some o

c wackestone
of skeletal m

oncoids in a 

84

e/ mud domi
material and 
lime mud m

inated packst
intraclasts. (

matrix. 

tone. (A) Co
(B) Thin-sec

 

ore slab 
ction scan 



 85

Lime Mudstone 

Lime mudstone (Figure 3.10) is composed mainly of lime mud with minor 

terrigenous material, and it is highly bioturbated. The lime mud shows a peloidal texture. 

The most common faunal components are foraminifers and fragments of echinoids and 

mollusks. Quartz and feldspar silt are present. The carbonate-rich mud is also distributed 

in nodules and beds (Figure 3.10B). The same textures found in the surrounding mud are 

not preserved inside the cemented lime mudstone, indicating that the facies never 

contained terrigenous mud. Some of the carbonate masses are interpreted as burrows 

filled with lime mud. Where there is a contact between carbonate mud and terrigenous 

mud there is evidence of differential compaction (Figure 3.10C). The terrigenous mud 

commonly exhibits some layering, whereas the carbonate mud exhibits none. Well-

preserved Favorina pellets have been identified in the carbonate matrix. The facies was 

deposited on a low-energy, open-marine shelf and was periodically exposed to high-

energy events, as evidenced by intraclasts and scour surfaces. Indicators of high-energy 

events and bioturbation suggest oxygenated conditions.  
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Skeletal Siltstone/ Terrigenous Mudstone 

The skeletal siltstone/ terrigenous mudstone facies (Figure 3.11) was deposited on 

the outer ramp facies and has primarily terrigenous matrix. It is broadly equivalent in 

time to the shoal-water complexes that developed in the lower Bexar Shale and middle 

Bexar Shale Members. The facies is dominated by echinoids, thin-walled bivalves, and 

inoceramids. In some areas it contains layers of grain-dominated packstones several 

centimeters thick. These layers have large mollusks and oyster fragments, which are not 

noted elsewhere within the facies. TOC in this facies is highly variable, but the variability 

does not coincide with rock texture. 

This facies contains fauna that was both living in place and transported into the 

area. Fragments of the larger mollusks and oysters are abraded and disorganized, 

therefore, they were probably reworked or transported. Transportation of fauna and shell 

material also probably occurred on a smaller scale in the form of cohesive mudflows 

(Mulder and Alexander; 2001). Some organisms, mainly echinoids and thin-walled 

mollusks are unbroken, which may indicate that they lived in place. These organisms, 

unlike the larger more robust mollusks, also required less oxygenated conditions than 

large mollusks and oysters (Arthur and Sageman, 1994). Chondrites and Planolites 

burrows are found in this facies, confirming that not all of the organisms were transported 

and that some organisms were living in the environment of deposition.  
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parallel and horizontal where they are distinct and are wide where they are diffuse. Some 

of the rocks in this facies are nonlaminated. The matrix contains approximately 40% silt 

and sand particles. The silt is siliciclastic and carbonate in composition. Much of the 

carbonate silt is inoceramid columns, pelagic foraminifera, and calcispheres. The 

fragmentation of the inoceramid columns indicates that the skeletal debris was reworked. 

There are also rare sponge spicules and radiolarians replaced with calcite. The 

siliciclastic silt is feldspar and detrital quartz. Ammonites, fish bones, echinoid 

fragments, and thin-walled mollusk fragments are also present. Most of the remaining 

matrix is peloidal clay with minor carbonate content. 

The sediment was deposited in an open-marine setting on the outer ramp. There 

are several explanations for the weakly laminated to massive character of this facies. It is 

possible that it was deposited by hypopycnal plumes, by dilute hyperpycnal flows, or by 

slowly accumulating suspension deposits of anoxic laminites under restricted conditions 

(Bhattacharya and MacEachern, 2009). Alternatively the sediment could have been 

bioturbated by meiofauna, which would subtly mix the sediment while still preserving 

some lamination (Levin, 1994; Pike, 2001; Pemberton et al., 2008). This biological 

activity, if it occurred, had little effect on TOC preservation. Given the slow rates of 

deposition calculated (Li et al., 2008; Phelps, 2011; this study), this facies was most 

likely deposited as an anoxic laminite rather than by a process which requires faster rates 

of sedimentation (Bhattacharya and MacEachern, 2009). Based on the peloidal texture it 

was probably transported by bottom currents and dilute turbidites (O’Brien, 1996; Mulder 

and Alexander, 2001; Loucks and Ruppel, 2007; Schieber et al., 2007). Hyperpycnal 

flows may have transported some of the sediment and deposited finely laminated layer, 

but evidence of these laminations was destroyed by compaction.  
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Burrowed Calcite Silt-Bearing Terrigenous Mudstone  

The burrowed carbonate silt-bearing siliciclastic mudstone (Figure 3.13) has a 

matrix very similar to that of the weakly laminated to massive calcite silt-bearing 

terrigenous mudstone. They both have similar silt content, sedimentary structures, fossils, 

and laminations. However, the critical difference is that this facies commonly features 

large Planolites and Chondrites burrows, whereas the massive to weakly laminated 

mudstone facies do not. These burrows indicate that environmental conditions were 

different with respect to oxygenation level. The burrows are carbonate cemented, adding 

to the carbonate content of this facies. The size and shape of some of the burrows match 

those made by echinoids (Kanazawa, 1992).  
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mudstone. This facies is distinguished by abundant silt-rich laminae and lack of fossils or 

bioturbation. Many of these laminae are graded and truncated by scour surfaces. The 

deposits are ungraded or fining-upward. Many of the fining-upward deposits cap a scour 

surface and are interpreted to be dilute turbidites. Some of the silt layers are interpreted to 

be starved ripples similar to those seen in the Barnett Shale (Loucks and Ruppel, 2007) 

There are also ungraded deposits of reworked and concentrated pyrite and sponge 

spicules material on scoured mud contacts. These deposits along with the starved ripples 

are interpreted to be winnowed lag deposited by deep bottom currents. These lags form 

when bottom currents remove the mud from the sediment and concentrate the silt-size 

particles (Schieber, 1996). Truncation surfaces tend to be very low angle and normally 

contain rare grains, which are concentrated by the winnowing processes. The lack of 

burrowing and silt deposits coincides with the presence of higher TOC values. This facies 

consistently shows some of the highest TOC values (between 1 and 6%) in the Pearsall 

Formation. This facies is interpreted to having been deposited in one of the most oxygen-

starved facies of the Pearsall Formation. Additionally, there are aggregates probably 

related to hemipelagic sedimentation. 
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Lithoclast-Rich Skeletal Lime Rudstone 

In several of the cores, debris flow deposits were consisting of lithoclast-rich 

skeletal lime rudstone were noted (Figure 3.15). These deposits contain large angular 

clasts, some of which measure at least 5 cm across (Figure 3.15). The clasts are 

predominantly limestone and show borings related to sponges and algae. Pyrite 

replacement of the clasts is common, especially in proximity to the borings. The clasts 

are suspended in a relatively structureless mud matrix. Bedding thicknesses of this facies 

are rarely more than 0.3 m thick and may be as thin as 1 cm. The largest clasts are 

commonly found at the top of the beds, which is characteristic of debris flow (Mulder and 

Alexander (2001). Large skeletal fragments are also found in these flows.  

These density flows are interpreted as debris flows, following the classification of 

Mulder and Alexander (2001). This is based on the sorting of the larger clasts to the top 

of the flow and the angular shape of the clasts. These flows are dominantly cohesive in 

that the particles do not typically move within the flow as they are transported. Therefore 

particles can be transported unbraided. The flows are supported by the matrix strength, 

pore pressure, and grain to grain contacts rather than suspension from the turbid currents 

created by the flow itself (Mulder and Alexander, 2001). These debris flows were most 

prominently identified in the cores found in the area of the northeast corner of La Salle 

County. There the cores are positioned in a reentrant associated with the Atascosa 

Trough. The skeletal-rich debris flows are may be associated with highstand shedding 

similar to what Schlager et al. (1994) observed. This is based on the position of the 

deposits near major third-order sequence boundaries, notably in the lower Bexar Shale 

Member, and the prevailing interpretation of the paleogeography. 
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PEARSALL LITHOFACIES MAPS 

General Statement 

Lithofacies maps were developed for all the members of the Pearsall Formation 

by combining core descriptions with wireline-log data. Paleogeographic information is 

incorporated into the facies interpretations. The goal of facies mapping is to document the 

distribution of the mudrock-rich units and to predict facies in the outer ramp area that is 

potential for shale-gas reservoirs. Similar to what was done in the middle ramp mapping 

by Loucks (1976, 1977) the wireline logs are calibrated with core data. In many cases this 

is very difficult given the age of the logs and the homogeneity of wireline-logs in 

mudrocks, adding an element of uncertainty to the maps produced. 

Pine Island Shale Member Lithofacies Distribution 

The interval of the Pine Island Shale Member that was mapped in Figure 3.16 is 

near the middle of the unit, which includes the oyster chondrodont biostrome in the area 

of the Pearsall Arch. Surrounding this biostrome is a peloidal terrigenous siltstone that 

grades updip into a clastic shoreface complex around the Llano Uplift, which is not 

preserved (Stricklin et al., 1971) The peloidal terrigenous siltstone is bioturbated. This 

facies contains storm deposits. Seaward return of flow during storms may have 

transported terrigenous mud into the outer ramp as suggested by Kelling and Mullins, 

(1974). Downdip the facies rapidly grades into less bioturbated terrigenous mudstones 

that are also probably related to storms. More distally the formation grades into 

nonbioturbated pelagic and hemipelagic facies deposited in the oxygen minimum zone 

(dysoxic to anoxic environment). The majority of carbonate material in this distal 

sediment is derived from pelagic and nektonic organisms. The Atascosa Trough and the 

Maverick Basin depocenter (Figure 2.3) had a pronounced effect on facies distribution, 
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organisms are mostly echinoderms and mollusks, both of which are tolerant of low-

oxygen conditions (Arthur and Sageman, 1994). These and other organisms were 

abundant enough to produce argillaceous wackestones in the outer ramp. Robust 

carbonate sedimentation began on top of the Pearsall Arch (Loucks, 1976). In addition, 

carbonate shoals started to form and prograde adjacent to the Burro Salado Arch in the 

west. These shoal-water complexes are seen in the Dilly #1 Ritchie core. Seaward of the 

Pearsall Arch the ramp remained starved of carbonate sediment during the lower Cow 

Creek deposition. In this area the sediment was dominated by laminated muds that were 

preserved as weakly laminated to massive calcite silt bearing terrigenous mudstones. 
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sedimentation echinoid mollusk argillaceous wackestones and peloidal terrigenous 

siltstones formed. These deposits show storm influence similar to that seen in the Pine 

Island Shale Member, but the middle ramp terrigenous siltstones tend to be very thin 

because of non-deposition or erosion. In the later part of the lower Bexar Shale time, a 

shoal-water complex developed on the middle ramp. Moving down-dip, in this time 

interval, the succession becomes muddier. Further seaward, there is less silt and skeletal 

material and more preserved organic matter. Lithofacies grade from peloidal terrigenous 

siltstones into burrowed calcite silt-bearing terrigenous mudstones, into massive to 

weakly laminated calcite silt-bearing terrigenous mudstone, and finally into the 

winnowed calcite silt-bearing terrigenous mudstone facies. This winnowed terrigenous 

mudstone facies grades into a mixed hemipelagic and pelagic facies near the paleo-Sligo 

Reef Margin. The paleostructure affected the lower Bexar facies deposition in a similar 

manner as it did the Pine Island Shale deposition. 
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Upper Bexar Shale Member Lithofacies Distribution 

The upper Bexar Shale Member (Figure 3.21) had the least amount of core to 

analyze in the study area. It also has associated problems in correlation because the 

poorly defined boundary with the Glen Rose Formation and the boundary may be highly 

diachronous. The upper Bexar Shale Member was deposited during the OAE 1-B in 

South Texas, and it has similar lithofacies as the Pine Island Shale Member, which was 

deposited during the OAE 1-A event. Neither subsidence over the paleo-Triassic rift, nor 

the Atascosa and Karnes Troughs appear to have had an effect on the lithofacies 

distributions. The San Marcos Arch still prominently affected the facies distributions. 

Above the Pearsall Arch an oyster chondrodont biostrome developed as it did in the Pine 

Island Shale Member surrounded by peloidal terrigenous siltstone. 
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Moving from updip to downdip there is a gradual change in lithofacies across the 

ramp based on changes in processes and depositional styles similar to what is observed in 

other mudstone systems such as the Fayetteville Shale (Handford, 1986) and the 

Eagleford Shale (Harbor, 2011). A schematic diagram of this gradual change as observed 

in the Pearsall Formation is shown in Figure 3.22. In the updip area the rocks tend to be 

high-energy deposits, such as grainstones, packstones, or siltstones. These deposits 

typically exhibit cross-bedding and other sedimentological features indicative of higher 

energy conditions and the siltstones commonly show signs of being deposited by storms 

such as hummocky cross stratification. Moving downdip the lithofacies grade into more 

terrigenous and weakly laminated to massive strata. This more distal strata was deposited 

by dilute turbidity currents, and contour currents transporting sediment along strike 

similar to much of the sedimentation in the Barnett Shale (Loucks and Ruppel, 2007). 

This strata contains thin-walled bivalves and other deep-water fauna. Bioturbation is 

responsible for the massive character and the lack of turbidites and tempestites. Still 

further downdip the facies grade into nonbioturbated winnowed lithofacies. This last 

lithofacies lacked coarser grained skeletal content even relative to other outer ramp 

facies. It is also one of the least bioturbated facies and preserved event beds. This facies 

grades into strata originally composed of pelagic and hemipelagic sediments. Pelagic 

foraminifera are abundant. In general, the carbonate content decreases from updip to 

downdip but in the seaward most lithofacies it increases in carbonate content as a result 

of deposition from of pelagic carbonate organisms.
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Vertically, the sediments vary because of environmental change and eustatic 

events. These changes are described in Figure 3.23 and Figure 3.24 for the Pine Island 

Shale and lower and middle Bexar Shale Members. 

 Lithofacies stacking in the middle-ramp Pine Island Shale Member is discussed in 

Loucks (1976) and expanded here and in Figure 3.23. At the base of the Pine Island Shale 

Member, contact with the Sligo Formation there is an erosional surface as evidenced by a 

skeletal lag and scour surface. This is a third-order sequence boundary. The 2nd order 

MFS occurs above this as evidenced by laminated peloidal terrigenous siltstones and a 

decrease in sedimentary structures related to fair weather wavebase and storm activity. 

The oyster chondrodont biostrome occurs above the MFS, and in association with the 

OAE 1-A discussed in the next chapter. Moving further up in the section the facies 

become more calcareous and there is more evidence of shallow water processes occurring 

in the form of wave created features. The argillaceous wackestones also become more 

prevalent as the Pine Island Shale Member transitions into the lower Cow Creek Member, 

and the dominant organisms are echinoids and thin walled mollusks. 

 Lithofacies patterns in the outer ramp are difficult to discern as only one core is 

available from the outer ramp Pine Island Shale Member for analysis (Shell #1-R 

Roessler). Based on nannofossil data, the Roessler cored interval is at the top of the Pine 

Island Shale Member. The abundance of ammonites in the lower section of the core as 

well as the presence of C. Margerelli, a key nannofossil indicative of dysoxic conditions 

(Lees et al., 2005), suggests the core captures the top of the OAE 1-A. 

The core displays alternating layers of pelagic and hemipelagic mudstone with 

intervening thin layers of Fe-rich dolomitic mudstone. The stacking is thought to consist 

of interbedded layers of pelagic and hemipelagic facies. The pelagic facies, based on log 

signature, appears to be more dominant in the middle of the Pine Island section, which 
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may be equivalent to the oyster chondrodont biostrome in the middle ramp. At the base of 

the Pine Island according to Bebout et al. (1981) the contact with the Sligo Formation in 

the outer ramp area is gradational, where it is erosive in the middle ramp. At the top of 

the outer ramp Pine Island Shale Member, the hemipelagic facies appears to be more 

common and this eventually grades into argillaceous wackestones of the Lower Cow 

Creek. 



 

Figure 3.23 Pine Island Shaale lithofacies stacking. 
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In the lower Bexar Shale Member the lithofacies stacking is illustrated in figure 

3.24. The stacking is distinctly different in the middle ramp due to the development of 

shoal water complexes which overly a very thin peloidal terrigenous siltstone. In the 

outer ramp the terrigenous facies become far more prevalent. At the base of the section 

near the top of the Cow Creek Member, lime mudstones are well developed on top of the 

Skeletal oncolitic wackestones and mud dominated packstones of the upper Cow Creek 

Member. This grades into a terrigenous matrix of the burrowed calcite silt bearing 

terrigenous mudstone, which features Planolites burrows similar to the lime mudstone, 

but is also weakly laminated. The MFS of the third order sequence is at the top of this 

package on the basis of wireline logs and lamination. Above the MFS the winnowed 

nonbioturbated calcite silt bearing terrigenous mudstone is dominant and the expression 

of the regional OAE in the lower Bexar Shale. This facies also features some elements of 

a pelagic and hemipelagic facies. Moving upward in the section the facies become richer 

in skeletal material as the OAE subsides and shallowing associated with the top of the 

lower Bexar 3rd order sequence. Following the sequence boundary, massive to weakly 

laminated to massive calcite silt-bearing terrigenous mudstones become dominant in the 

regressive portion of the middle Bexar Shale Member. This sequence is unaccompanied 

by an OAE.  

 



 

 

Figure 3.24: Lower Bexar SShale lithofaciess stacking.
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Chapter 4: Depositional Setting and Oceanic Anoxic Events 

GENERAL STATEMENT 

Environments of deposition during some periods of Pearsall time were strongly 

influenced by OAEs, which occurred during marine transgression. OAEs are identified in 

the stratigraphic record by physical changes in sedimentology as well as by anomalies in 

global carbon cycling detected by analyzing δ13C secular curves. In this chapter, the 

OAEs during Pearsall time and their effects on deposition and associated facies are 

reviewed. Biostratigraphy is discussed as it constrains the timeframe of the OAEs and the 

δ13C-based chemostratigraphy. In contrast to the chemostratigraphy the biostratigraphy 

does not necessarily provide a complete or detailed a temporal record. After establishing 

the timescales and stratigraphic locations of the OAE events using chemostratigraphy, 

two depositional settings are proposed: (1) an OAE-dominated setting and (2) an 

environmentally “normal” setting. These are followed by a model for transition between 

the two depositional settings. This overall depositional model is applied to the Pearsall 

Formation in an effort to integrate the stratigraphy, OAEs, and facies. 

LOWER CRETACEOUS OCEANIC ANOXIC EVENTS 

 Oceanic anoxic events were first recognized by Schlanger and Jenkyns (1976) 

who noted the contemporaneous deposition of black shales around the world (Schlanger 

and Jenkyns, 1976; Jenkyns, 1980). In the Pine Island Shale, lower Bexar Shale, and 

upper Bexar Shale Members the OAEs coincide with regional third-order transgression. 

Not all transgressions in the Pearsall Formation, however, are accompanied by these 

OAEs as is the case of the upper Cow Creek and middle Bexar Shale Member third-order 

sequences. During OAEs, the oxygen minimum zone, normally located at depth in 

thousands of feet of water (Sliter, 1989), expands and episodes of extreme dysoxia occur 
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on the shelf and over other topographic highs (Wignall, 1994). The events are attributed 

to changes in global carbon cycling, as observed in δ13C ratios (Kump and Arthur, 1991). 

The OAE events induce increases in primary biological productivity (Leckie et al., 2002). 

The increase in productivity leads to a high production of organic matter; the 

decomposition of which drives shallow-water hypoxia, and creates conditions for the 

preservation of organic matter. 

 OAEs are accompanied by changes in the global marine environment, which alter 

the global cycling of carbon (Jones and Jenkyns, 2001). The OAEs are generally marked 

by increases in 12C over time followed by a decrease in the 12C because of 12C 

incorporation in sequestered organic matter (Weissert, 1989; Leckie et al., 2002; Erba et 

al., 2004; Weissert and Erba, 2004; Follmi et al., 2006; Jarvis et al., 2006). The changes 

in the carbon isotope ratios are reported as changes in the δ13C ratio relative to the V-

PDB standard discussed in the methods section. The increase in light weight 12C in the 

system that trigger the OAEs was produced external to the study area (Phelps, 2011). 

The most common explanation for the increase in the availability of light carbon 

to both carbonate and organic matter during Pearsall time was an increase in the rate of 

seafloor spreading and the emplacement of large igneous provinces (LIPs) (Larson 1991; 

Coffin and Eldholm, 1994; Bralower, 1999; Leckie, 2002). Other explanations include 

the input of land-derived organic matter, rich in 12C (Schlanger and Jenkyns, 1976) and 

the release of 12C-rich methane hydrates (Vehrenkamp, 2010).  

These tectonic events are thought to have two consequences. First, increased 

spreading and emplacement of LIPs can cause sea level rises up to 300 m (Miller et al, 

2005) and these rise in sea level are unrelated to the Milankovitch controlled changes in 

sea level. Second, the increase production of oceanic crusts caused volcanic degassing 

and increased hydrothermal activity at the sites of the LIPs and mid-ocean ridges (Jones 
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and Jenkyns, 2001). This had direct consequences for climate change, increasing the 

partial pressures of CO2 in the atmosphere and ocean, altering ocean water acidity, as 

well as adding other nutrients such as Fe and Mg ions to the ocean (Jones and Jenkyns 

2001).  

 Changes in environments of deposition accompanying the onset of an OAE will 

result in physical changes in the mineralogy of the sediment and types of biota because of 

the addition of both ions and CO2 to the global environment. The addition of Fe and Mg 

ions are nutrients for the lower part of the food chain in the ocean, which promotes higher 

primary productivity (Jones and Jenkyns, 2001). Higher productivity drives the creation 

or expansion of an oxygen-minimum zone (OMZ) within the water column as 

decomposing organism remove oxygen from the water column (Demaison and Moore 

1980; Arthur and Sageman 1994). The OMZ normally occurs at water depths of 500 to 

2000 m, but under OAE conditions it can rise to within 50 m of the surface (Southam et 

al., 1982, Wignall, 1994). This enables the preservation of organic matter in relatively 

shallow environments, so long as the environments are not oxygenated by surface 

processes such as wind and wave action. The effect of CO2 is multifold. The rise in the 

partial pressures of CO2 in the oceans acidified them and contributes to a biocalcification 

crisis (Erba, 1994; Bralower et al., 1999; Erba et al., 2010). This had adverse effects on 

many phototrophic organisms and led to changes in the biota, notably a change from a 

choralgal fossil assemblage to a foramol assemblage during the OAEs (Phelps. 2011). 

Particularly susceptible to these changes were nannococcids, which experienced 

extinction and radiation events, and rudists, which largely disappeared during Pearsall 

time (Erba, 1994; Erbacher et al.1996). This OAE-related change in biota was critical in 

driving the transition from the flat-topped rimmed platform during the deposition of the 
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Sligo Formation to the development of distally steepened ramp morphology during the 

deposition of the Pearsall Formation. 

The addition of the CO2 to the atmosphere and ocean was also a key driver for 

global warming which had several consequences. The global warming accelerated the 

hydrological cycle, which produced an increase influx of siliciclastic material into the 

basin and resulted in deposition of terrigenous mudrocks (Weissert and Erba, 2004). 

Additional effects of the global warming were worldwide in extent (Jones and Jenkyns, 

2001). These effects included sluggish seawater circulation related to the minimization of 

longitudinal temperature differences and thus minimized thermohaline circulation 

(Huber, 2002) which further promoted continued periods of anoxia in the world’s oceans 

(Arthur and Sageman, 1994). Also zonal wind velocities increased (Jones and Jenkyns, 

2001), driving bottom currents similar to the loop current present in the Gulf of Mexico 

today (Shanmugam, 2008). These currents may have caused upwelling when they 

encountered the shelf edge (Hay and Brock, 1992), which drove upwelling. A similar 

situation may have occurred along the Pearsall shelf edge (Stricklin et al.,1991). This 

upwelling brought the nutrients, injected by the volcanic activity into the ocean, to the 

surface to fuel the surface productivity which ultimately led to anoxia and enhanced TOC 

preservation.  

BIOSTRATIGRAPHY  

General Statement 

Biostratigraphic data are used to link chemical δ13C data and lithological trends to 

a temporal framework. Nannofossil data was provided by Jason Jeremiah from Shell 

Petroleum Company and the ammonite data was provided by Peter Rawson affiliated 

with the University of Hull at Scarborough. Because of the rarity of ammonites and poor 
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fossil recovery related to the biocalcification crisis, biostratigraphic data only serves to 

ground truth temporal trends discussed in the context of the δ13C data. 

Ammonite Biostratigraphy 

The ammonite zonations are from Young (1986). From outcrops on the San 

Marcos Arch, he identified three ammonite zones within Aptian time. Other workers have 

identified additional zones in Aptian time below Young’s lowest zone (Follmi, 2006), but 

these zones originated in Tethys Ocean and were not identified in this study. Young’s 

three ammonite zones are the Kasanskyella spathi zone equivalent to the Bexar Shale 

Member, the Dufrenoyia justinae zone equivalent to the Cow Creek Member, and the 

Dufrenoyia rebeccae zone equivalent to the Pine Island Shale Member (Young, 1986; 

Mancini and Puckett, 2005). 

Ammonites identified in the cores for this study match the zones delineated for 

Aptian time on the San Marcos Arch. K. spathi is found in the lower Bexar Shale 

Member, D. justinae is found in the distal Cow Creek Member, and D. rebeccae is found 

in the upper part of the Pine Island Shale Member. However, the ammonites found and 

identified do not constrain the upper and lower boundary of the section. In the Pine Island 

Shale Member all of the identifiable ammonites are located near the top of the member 

making it unclear if the Pine Island Shale Member is actually entirely within the D. 

rebeccae zone. The ammonites found near the base of the section are juvenile, and 

therefore not clearly identifiable. Therefore, the ammonite data does not narrowly 

constrain the timing of the flooding of the Sligo platform or the onset of shale deposition 

during Pine Island Shale time. Similarly, no ammonites could be found in the upper or 

middle Bexar Shale Members. Therefore, the age of top of the Pearsall interval cannot be 

constrained beyond recognizing that the lower Bexar Shale Member is in the K. spathi 
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zone using the ammonite data. Consequently, on the basis of ammonite data, it is unclear 

if the upper Bexar Shale Member extends into Albian time. 

Nannofossil Biostratigraphy 

The Pearsall Formation spans the whole of Aptian time and may stretch into 

Albian time and is believed to include part of the NC6 zone, the NC7 zone, and part of 

the NC8 zone (Bralower, 1999). The OAEs are times of major extinction and radiation of 

nannofossils aiding in the identification of the zones (Erba 1994; Erbacher et al., 1996). 

Nannofossil zones are taken from Roth (1978). The NC6 zone is defined by the 

nannococcid crisis, a mass extinction, described by Erba (1994) and is roughly equivalent 

to the Pine Island Shale Member and the OAE 1-A. The NC7 zone is defined by the first 

appearance of the fossil Eprolithus floralis and is equivalent to the Cow Creek Member 

and much of the Bexar Shale Member. The NC8 zone, considered Albian in age, is 

defined by the first appearance of Prediscosphaera columnata (Roth, 1978; Herrle et al, 

2003); it is interpreted to be equivalent to the upper Bexar Shale Member and the OAE 1-

B.  

The Pearsall nannofossil data lack clear markers delineating the nannofossil 

zones, with the exception of the base of the NC7 zone. Most of the samples analyzed in 

the Sligo Formation are barren or inconclusive. Deposition of the Pearsall Formation is 

known to start in the NC6 zone. This zone contains within it the nannoconid crisis (Erba, 

1994). This zone coincides with the OAE 1-A. However, during this time the fossil 

Cyclagelopshaera margerelii experienced an acme. C. margerelii has been shown to be 

resistant to conditions of overly nutrified waters prospered in environments with anoxic 

bottom waters (Lees et al., 2005) similar to those produced by OAEs. 
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NC7 is marked by the first appearance of the E. floralis which coincides with the 

end of Pine Island Shale Member deposition in the study area and the end of the OAE 1-

A. Prior to the start of the NC7 zone, diversity levels seen in the Pearsall cores are 

exceedingly low. They climb rapidly in NC7 and it appears that there is a change in the 

fossil assemblage during the OAE regional event. C. margerelii also reappears in the data 

during the regional OAE event in the Pearsall but its appearance is fleeting. The 

extinction of C. margerelii occurs sometime before the OAE 1-B and the onset of NC8 in 

the Bexar Shale Member, (Jason Jeremiah, Shell Oil Company, personal 

communication). 

NC8 is the first Albian nannofossil zone. P. columnata, the marker for NC8, was 

not found in South Texas area core material, even in the distal Glen Rose Formation 

which is definitely Albian in age (Goldhammer and Johnson, 2001; Phelps, 2011). 

Therefore, the nannofossil record in the core data from the study area did not record the 

start of Albian time or the NC8 zone. The data from Bralower et al. (1999) in Mexico, in 

conjunction with chemostratigraphy, however, can be used to correlate the Aptian/Albian 

boundary into the South Texas area. Also, it appears that E. floralis, experienced a 

relative acme in the OAE 1-B event. This acme is believed to occur because the OAE 

created a biocalcification crisis and E. floralis, which has been shown to be resistant to 

dissolution (Bralower, 1988), was preferentially preserved, whereas other fossil 

dissolved. The OAE 1-B is typically dated as Albian in age. The acme of E floralis 

coincides with this event in the upper Bexar Shale Member and leads to the interpretation 

that the Pearsall Formation extended across the Aptian-Albian time boundary. 
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CHEMOSTRATIGRAPHY  

Introduction to Secular Carbon Isotope Curve Stratigraphy 

OAEs can be traced globally through the use of secular carbon isotope curves. 

The isotopic composition of sea water fluctuates through time. The available carbon 

isotopes, are incorporated into carbonate or organic matter so that the δ13C ratio of the 

organic or carbonate material reflects the δ13C ratio of the seawater in which it was 

formed. Negative excursions of the curve occur when light carbon 12C is added to the 

system and incorporated into organic matter and carbonate. Negative excursions relate to 

volcanic degassing and other processes discussed in the previous paragraphs. Positive 

excursions occur when organic matter containing relatively light carbon is sequestered by 

burial and preservation of organic matter, removing the light carbon from the system and 

making the δ13C ratio of the remaining carbon heavier. Commonly these isotopic curves 

for organic carbon and carbonate carbon move in unison around their respective 

averages, however, in some circumstances, variations in isotopic composition are closely 

related to the type and chemical reactivity of organic matter causing the organic curves to 

deviate from the local trend (Kump and Arthur, 1999). The OAEs can be detected by 

excursions in the carbon isotope curve.  

Reference Secular Carbon Isotope Curves for Lower Cretaceous Strata 

The secular carbon isotope curves prepared for the present study of the Pearsall 

interval are compared to secular carbon isotope curves from the literature (Figure 4.1) 

(Moullade et al., 1998; Bralower, 1999; Herrle et al., 2004; Follmi, 2006; Vehrenkamp, 

2010; Phelps, 2011). The two key comparison curves are in equivalent rock units 

adjacent to the study area. One curve originates from Mexico (Bralower, 1999) and the 

other originates from the San Marcos Arch (Phelps, 2011). The San Marcos Arch curve is 
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derived from δ13Ccarb values of a shallow-water carbonate succession. The curve from the 

La Pena section in Mexico was produced using δ13Corg from organic matter and shows 

three well-defined OAEs in the Pearsall. (Bralower, 1999). These reference curves are 

supplemented by other established δ13C curves from other areas in the world, which were 

reviewed in Phelps (2011). One of these curves comes from the Viscontian Trough which 

was in the western part of Tethys. It was sampled in southeast France, but at the time of 

deposition was not far removed from the paleo-Gulf of Mexico (Follmi, 2006). The other 

additional curve comes from Oman, where rocks temporally equivalent to the Pearsall 

Formation are large oil and gas reservoirs (Vehrenkamp, 2010). Dating of these curves 

has been accomplished through calibration to nannofossil, planktonic foraminifera, and 

ammonite data (Bralower, 1999; Follmi et al., 2006). Specific intervals have been 

assigned stratigraphic names. Menegatti et al. (1998) and Bralower (1999) both use C2-

C8 for the Pearsall interval, whereas Bralower (1999) extends the nomenclature to C2- 

C13. These intervals can be identified on both other secular δ13C reference curves, and on 

secular δ13C taken from the study area, and used to correlate along with stratigraphic and 

fossil data. 
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South Texas Pearsall Secular Carbon Isotope Curves 

Ney Secular Carbon Isotope Curve 

Isotope samples were taken every 2 to 3 feet through the Tenneco #1 Ney well 

(Figure 1.4). The values of δ13Ccarb range from 3.9‰ to -1.4‰. These values were 

compared to δ18O values (Figure 4.2). Where δ18O values indicate meteoric diagenesis, 

commonly in grainstones positioned at sequence boundaries, the δ13Ccarb values are 

removed as these samples are thought to reflect diagenetic δ13Ccarb values and not the 

δ13C of the seawater at the time of deposition (Goa and Land, 1991). Burial diagenesis 

was also considered as it could theoretically be responsible for altering the δ13C ratio. 

Various authors have suggested that if burial diagenesis was the controlling factor δ18O 

and δ13C values would correlate. In the case where burial diagenesis is not the controlling 

factor δ13C values would reflect the original composition of the seawater, while the δ18O 

values would reflect diagenesis and they would not correlate (McKenzie 1978, Weissert 

1989, Menegetti et al., 1998). The isotope samples from the Ney well do not show any 

correlation between δ18O and δ13C values (Figure 4.2). Additionally δ13Ccarb values that 

were more than 2.0‰ off of the local trend were removed as these values are probably 

inconsistent with the isotopic values of seawater at the time of deposition. 

In the Ney core a five point moving average of the δ13Ccarb was used in 

conjunction with the individual data points to better identify changes in the secular 

carbon curve. The δ13C trends C2 to C13 are identified as shown in Figure 4.2 in 

conjunction with formation tops. These curve cover from an interval within the upper 

Sligo Formation to within the lower Glen Rose Formation and can be compared closely 

to the composite curve Phelps (2011) developed on the San Marcos Arch (Figure 4.4). 
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The OAE 1-A and 1-B positive excursions are readily identifiable, coinciding with the C4 

and C12 events. The OAE 1-A event is clearly identified with the C3 and C4 intervals. 

The Late Aptian regional event coincides with the C8 and C9 in the lower Bexar Shale 

Member. Its signature is, however, relatively poor. Finally the OAE 1-B event is 

identified by the C11 and C12 intervals and while the C12 interval distinct, the C11 

interval is not well developed. 
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Commanche Ranch Secular Carbon Isotope Curve  

The Commanche Ranch core was sampled for organic δ13Corg isotopes only. 

Because of its paleogeographic position is such that it does not appear to exhibit a large 

change in organic matter type being deposited during the C9-C10 interval as did the La 

Salle County cores. This is because it was deposited the influence of siliciclastic 

sedimentation near the San Marcos Arch. The δ13Corg values range between -26.34‰ to -

23.06‰ and are shown in Figure 4.3. No δ18O isotopes were analyzed to use in 

identifying diagenetic effects. 

A five point running average was used and the C7-C10 intervals are identified 

with fair confidence for comparison to the Ney and Santa Rosa Canyon secular isotope 

curves. Because the Commanche Ranch curve is not a shallow water curve it compares 

well with the Viscontian Trough secular isotope curve shown on figure 4.1. Also the 

Regional OAE event was identified within the C8 and C9 intervals. In this well it 

coincided with the nonbioturbated winnowed facies. 
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diagenesis has not altered the δ13Ccarb values (Figure 4.2). Also the δ13Ccarb and δ13Corg 

also had a low-correlation coefficient in both the La Salle and Wilson wells. 

Similar to in the Ney core five-point running averages of the δ13Ccarb and δ13Corg 

data were used. Attempts were made to identify the C7-C10 intervals in these cores but 

the trends relating to these proved elusive. Nonetheless the wells correlate closely with 

each other. The poor identification of the C7-C10 zones is shown in Figure 4.4. The 

organic isotopes are more problematic than the curves derived from carbonate material. 

In both cores there is a large change in organic isotope values in the middle of the lower 

Bexar Shale Member. This could be related to a change in the type of kerogen in the 

cores near the MFS of the lower Bexar Shale Member as different types of kerogen have 

different δ13Corg average values (Wignall, 1994). There is a debate as to whether marine 

or terrestrial organic matter had a lighter δ13C ratio or vice versa in the Cretaceous Period 

(Dean et al, 1986; Wignall, 1994). Also rock pyrolysis data do not conclusively separate 

marine from terrestrial kerogen in this area, as the Ro values are greater than 1 (Peters, 

1987). Potential variations in the type of organic matter could be attributed to the 

paleogeographic position in the Atascosa Trough near both the carbonate factories on 

Pearsall Arch and the siliciclastic sedimentation in the area the San Marcos Arch (Figure 

2.11). Organic diagenesis may have also altered the carbonate-derived curves as various 

mixtures of carbonate carbon isotopes were available. Given the difficulties identifying 

the C7 – C10 intervals, the curves were not used in correlation. 
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Secular Carbon Isotope Curve Correlations 

The identification of the C2-C13 intervals allows correlations between distant 

stratigraphic sections that have different thicknesses. The stratigraphic sections also occur 

in different paleogeographic settings and facies-independent correlation can be 

accomplished. This is consistent with Swart et al. (2009) who found δ13Ccarb ratios to be 

independent of facies in the modern and previous studies in the ancient by Amodio et al. 

(2008). The correlations can also be used to trace OAE-dependent TOC and 

mineralogical changes between the wells as observed in the Santa Rosa Canyon section 

and the cores in the study area (Bralower, 1999; this study). 

Correlations are good between the TXCO #68-1 Commanche Ranch secular 

isotope curve, the Tenneco #1 Ney secular isotope curve, and the reference curves 

(Figure 4.1). Key stratigraphic surfaces within the Pearsall Formation, biostratigraphic 

data, and the identification of the C2-C13 intervals were used in these correlations. The 

La Salle County secular isotope curves are not incorporated into the regional correlations 

as confidence in these correlations is low. Even though the carbon isotope curves match 

between these wells the curves did not match curves in other wells in light of 

stratigraphic framework. The correlations between the Commanche Ranch, the Ney 

secular isotope curves and reference curves are shown relative to time in Figure 4.1. 

The purpose of correlations between the wells in the study area is to identify if the 

OAE signals are stratigraphically equivalent and if so, it allows the tracing of changes in 

rock characteristics in the study area. The strata containing the OAEs are either source 

rocks or temporally equivalent to source rocks. There are three OAE-type correlative 

zones in the Pearsall section and shaded gray in Figure 4.1. OAE isotopic excursions 

commonly are marked by decreases δ13C ratios followed by an increase in the δ13C ratios. 
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The positive excursion in the δ13C ratios is the part of the event where TOC is preserved. 

These events cause a decline in carbonate content and an increase in TOC. 

Ocean Anoxic Event 1-A 

The OAE 1-A is amongst the best documented OAE events globally (Li et al., 

2008). It coincides with the emplacement of the Ontong-Java LIP (Bralower, 1999). The 

event is easily found in all of the reference secular curves near the beginning of Aptian 

time. The OAE 1-A includes the C3-C6 intervals and was readily identified in the Pine 

Island Shale Member in the Ney well both in terms of sedimentology and by the secular 

isotope excursion. This event coincides with the deposition of terrigenous mudrocks over 

the older Sligo Shelf during a second-order maximum flooding event. Some calcareous 

skeletal-dominated material was deposited in the updip area but this accumulation was 

related to oxygenation from surface waters. Downdip the sediment is dominated by 

pelagic and hemipelagic facies with little to no benthic faunal content. High TOC is also 

observed in Shell #1-R Roessler well downdip and attributed to anoxic to dysoxic 

conditions, however, the water column was probably not euxinic as small pyrite 

framboids indicative of euxinic water (Raiswell and Berner, 1985) were not found in the 

Pine Island Shale Member.  

Regional Event 

The late Aptian regional event coincides with the lower Bexar Shale Member 

interval and the transition between the C8 and C9 intervals in the δ13C curves (Figure 

4.4). It is described as either a late Aptian regional event by Bralower (1999) or as the N. 

Fallot event by Follmi et al. (2006). It is the least recognizable of the OAEs in the δ13C 

curves and the true regional extent of it is not known as it appears to be largely confined 

to the paleo-Gulf of Mexico and western Tethys (Follmi, 2006; Phelps, 2011). It is also 
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not linked with the emplacement of a LIP or other tectonic events (Bralower, 1999), 

although seafloor spreading was ongoing at a rapid pace (Larsen, 1991). The OAE 

appears to have started within the upper Cow Creek Member interval, as this is where the 

δ13C begins to decline. High TOCs are found in the lower Bexar Shale Member. The 

strata in this interval is dominantly terrigenous with significant calcite silt derived from 

disaggregation of inoceramid shells., The inoceramid shells the lower Bexar Shale 

Member facies may suggest that parts of the water column during this event were 

dysoxic. There is no indication that the water column was euxinic during this time. 

Ocean Anoxic Event 1B 

The OAE 1-B is actually a series of events but it is expressed as only one event in 

the paleo-Gulf of Mexico (Follmi, 2006; Phelps 2011). This event coincides with the 

emplacement of the Kerguelen LIP in the South Pacific (Coffin and Eldholm, 1999), 

which is thought to drive the event. The event lasted through the C11-C12 intervals 

identified by Bralower (1999). The decline in the δ13C ratio is not entirely evident in 

many areas for the C11 interval, however, the δ 13C ratio positive excursion is prominent 

in the Ney secular isotope curve (Figure 4.1). The sedimentology of the upper Bexar 

Shale Member during OAE 1-B interval is also similar to the sedimentology of the Pine 

Island Shale Member OAE 1-A interval on the middle ramp. Unfortunately, this interval 

was not sampled in the outer ramp area of this study. 

SEDIMENTATION RATES 

 Sedimentation rates were calculated for all of the Pearsall members in the Ney 

core and in other wells where a complete member was cored. The rates were calculated 

based on the stratigraphic surfaces and carbon stratigraphic zones in terms of cm/ky. 

These sedimentation rates are averaged across the total time of deposition of each unit. 



 134

These rates do not account for erosion processes; therefore they are minimum 

sedimentation rates. They also do not account for geologically instantaneous processes 

such as periodic very rapid pulses of sedimentation separated by long periods of no 

sedimentation. 

The calculated average rate of deposition during the complete Pearsall time in the 

Tenneco #1 Ney well is 1.01 cm/ky. Individual member rates are as follows: Pine Island 

Shale Member is 0.90 cm/ky; Cow Creek Member is 2.35 cm/ky; lower Bexar Shale 

Member is 0.38 cm/ky; middle Bexar Shale Member is 0.35 cm/ky; and upper Bexar 

Shale Member is 0.55 cm/ky. These rates closely match the sedimentation rates as 

reported by Phelps (2011) from the San Marcos Arch. On the basis of the isotope curve 

from his study presented in figure 4.4. He calculated rates in the Bexar Supersequence of 

0.5 cm/ky and rates if 0.6 cm/ky in the James Supersequence. 

 Sedimentation rates were also calculated from the TXCO # 34-1 Commanche 

Ranch data set, the Tidewater Oil #2 Mabel Wilson data set, and the Skelly Oil #1-A La 

Salle data set for the lower Bexar Shale Member. Average sedimentation rates in the 

lower Bexar Shale Member are 1.2 cm/ky in the La Salle well, 1.4cm/ky in the Wilson 

well, and 2.2 cm/ky in the Commanche Ranch well. This is very similar to the rates 

calculated for the Santa Rosa canyon section for the OAE 1-A events in Li et al.(2008)’ 

Using chemostratigraphic methods, biostratigraphic methods and other stratigraphic 

methods to estimate time, Li et al. (2008) calculated sedimentation rates between 1.9 and 

2.2 cm/ky in the Santa Rosa canyon section in Mexico. 

 Sedimentation rates are dominantly a product of accommodation. The extremely 

slow rates of less than 1.0 cm/ky in the Tenneco #1 Ney well and on the San Marcos 

Arch (Phelps, 2011) are limited by the shelf setting. They also reflect the ability of 

carbonates to aggrade more aggressively and fill accommodation. 
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In the Ney well the rates are lower in the lower Bexar Shale Member because of 

the OAE event and the inability of clastics to aggrade aggressively during transgression 

(Pomar, 2001). In the upper Bexar Shale Member the rates appear to be higher than in the 

middle and lower Bexar Shale Members because there was more accommodation as the 

upper Bexar Shale Member contained within a second-order flood. 

In the Maverick Basin, in the Commanche Ranch, Wilson, and La Salle wells 

rates are higher as there was more accommodation. Hence these rates are closer to the 

rates in the Santa Rosa Canyon section which is thought to have been deposited in deeper 

water (Bralower et al, 1999). These rates, even at 2cm/ky are however relatively slow 

(Bhattacharya and MacEachern, 2009; Phelps 2011). This narrows the range of potential 

depositional processes as discussed in the prior facies section. 

DEPOSITION SETTING SUMMARY 

General statement  

The history of the Pearsall Formation reflects transitions back and forth from a 

stressed OAE environments (Figure 4.5) to a normal marine environments (Figure 4.6). 

Figure 4.5 and 4.6 describe the two end-member depositional environments active during 

Pearsall time.  

The Pearsall Formation records three transitions among the end-members. An 

overall model to describe this transition was developed by Phelps (2011) (Figure 4.7). 

Phelps (2011) delineated four stages in his model: the equilibrium stage, the crisis stage, 

the anoxic/ dysoxic stage, and the recovery stage. Following the recovery stage is a return 

to the equilibrium stage. The model reflects how the environment responds to the 

perturbations which cause OAEs. The Pearsall Formation contains the perturbations of 

the OAE 1-A, the late Aptian regional event, and the OAE 1-B. Figure 4.5 displays the 
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OAE Depositional Setting 

The OAE depositional environment is one of end-member of the depositional 

environments and corresponds to the anoxic/dysoxic part of the model by Phelps (2011). 

Figure 4.5 depicts the key aspects of this depositional environment. During this time the 

water column was stratified with respect to oxygen. There were an oxygenated zone, a 

dysoxic to anoxic oxygen-minimum zone, and a deep-water distal basinal zone which 

probably had a higher oxygen content than the oxygen minimum zone. Wind-driven 

bottom currents (Shanmugam, 2008) created upwelling (Hay and Brock, 1992) bringing 

nutrients into the upper part of the oxygenated water column. A very active biologic 

community developed and thrived on these nutrients in the shallow-surface waters. 

Suspension sediment originated in these shallow waters producing the hemipelagic and 

pelagic facies. The benthic carbonate factory was largely shutdown and most of the 

terrigenous sediment was either transported downslope in dilute turbidity flows 

producing poorly laminated to massive deposits commonly seen in the outer ramp facies. 

The currents which drove the upwelling may have also reworked the deeper water 

sediments (Wignall, 1994). TOC was preserved in the dysoxic to anoxic outer ramp 

setting, whereas TOC was not preserved in the more oxygenated middle and inner ramp. 

Normal Marine Depositional Setting 

The normal flooded shelf depositional setting (Figure 4.6) differs from the OAE 

depositional setting in several ways. First, the water column was not overly nutrified and 

thus there was a less active pelagic fauna. Without the surplus of biological activity to 

remove oxygen from the water column, the Gulf of Mexico had a normal oxygenation 

regime with oxygen decreasing with depth, but rarely reaching dysoxic or anoxic 

conditions. The primary source of sediment was the carbonate shoal-water complexes 
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which developed in shallow-water. These shoals were predominantly grain-rich deposits 

with minor reef development and were surrounded by aprons of oncolids and muddy 

skeletal sediments. Given enough time the shoals and the patch reefs, similar to those 

developed in the shoal water complexes during the Pearsall, would prograde far enough 

to form a shelf margin reef, as they did in the Glen Rose, and as seen in the equilibrium 

stage of Figure 4.7. In deeper water a benthic fauna developed producing skeletal 

terrigenous mudstones and argillaceous wackestones. 

Depositional Settings of the Upper Sligo and Pearsall Formations 

Upper Sligo Formation 

The upper Sligo Formation comprises the transition from equilibrium to crisis 

stage in the model presented in Figure 4.7. The upper Sligo was deposited during a 

transgression. This caused the landward-most carbonate facies to back step while the 

shelf-edge reef aggraded. The updip facies of the upper Sligo in the study area are 

predominantly ooids and rudist dominated grainstones and boundstone. (Bebout, 1977; 

Foster, 2003; Phelps, 2011) The secular carbon isotope curves from this section, 

however, indicate that overall the environment changed as it built up to OAE conditions. 

The fauna did not respond to these changes until later during Pine Island Shale 

deposition. Figure 4.6 best describes the depositional environment at this time, however, 

during Sligo time a shelf-margin reef was present and actively producing sediment. 

Pine Island Shale Member 

The Pine Island Shale Member was deposited during the anoxic to dysoxic stage 

in Figure 4.7, which corresponds to the OAE 1-A event. This occurred in conjunction 

with the second-order maximum flood of the James Supersequence (Figure 2.9). During 

this time sedimentation rates were low. On the middle ramp, in the topographically high 



 141

areas within the oxygenated zone, an oyster chondrodont biostrome developed, but 

elsewhere most of the sedimentation was dominated by pelagic and transported sediment. 

This can be observed in the facies map presented in Figure 3.16. Deposition of the Pine 

Island Shale Member continued until the recovery stage took effect, however, most of its 

deposition occurred in the anoxic/dysoxic period under conditions illustrated in Figure 

4.5. The recovery was not time-synchronously, but occurred slowly as conditions near 

shore improved first allowing the carbonates of the lower Cow Creek Member to 

prograde. 

Lower Cow Creek Member 

The lower Cow Creek Member contains the lower portion of the recovery interval 

seen in Figure 4.7. As such, it became dominated by wackestones and terrigenous 

mudstones. As conditions improved on the ramp and organisms began to recolonize 

previously hostile areas that were dominated by terrigenous mudstone deposition 

deposited in the oxygen minimum zone. TOC was still preserved in the deep basin as the 

OAE conditions probably persisted there producing a continued change in the δ13C 

secular isotope curve in the lower Cow Creek Member. Near the Burro Salado Arch 

(Figure 2.11),updip carbonate shoals and muddy carbonate sand began to form and 

prograde seaward as seen in the facies map in Figure 3.17. 

Upper Cow Creek Member 

The upper Cow Creek Member contains the late recovery period and equilibrium 

state, interrupted by the Late Aptian Regional event and associated transgression (Figure 

4.7, Figure 4.6). Shoal-water complexes were active and developed during this period. 

Adjacent to the shoals were oncolid aprons. Patch reefs, similar to those drawn in the 

overall model, also developed in the area of the shoals. Beyond the oncolid apron muddy 
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skeletal sediments were deposited. Further out on the ramp terrigenous sediment was 

deposited by, contour currents, dilute turbidity currents, deeper water bottom currents and 

hemipelagic to pelagic suspension. 

Lower Bexar Shale Member  

During lower Bexar Shale time, Pearsall sedimentation experienced the stages of 

crisis, anoxic/dysoxic, and recovery. This late Aptian regional event was not as 

widespread as the OAE 1-A or 1-B (Bralower, 1999; Follmi, 2006; Phelps, 2011). The 

crisis phase began in the upper Cow Creek Member and continued through into the lower 

Bexar Shale Member. As such, the patch reefs that had developed in the Middle ramp 

ceased to exist as the oxygen minimum zone formed and a clastic shoreline developed. 

During this time a peloidal siliciclastic silts were deposited updip and facies with minor 

bioturbation formed on the outer ramp. TOC deposition and preservation coincided with 

the development of these outer ramp facies. This is summarized in Figure 4.5. Ultimately 

the system entered the recovery phase and a shoal-water complex developed where 

previous terrigenous sediments had persisted. The shoals prograded as the conditions 

moved from the OAE environment to the equilibrium environment shown in Figure 4.6. 

The dominant facies relationships are shown in Figure 3.19. 

Middle Bexar Shale Member 

The middle Bexar Shale Member is an example of a transgression unaccompanied 

by an OAE (Figure 1.1). During the transgression, low TOC muds and skeletal 

terrigenous mud were deposited. Following the transgression ooid shoals developed on 

the middle ramp. Middle Bexar Shale deposition may have represented the crisis period 

leading up to the OAE, but this was not clear on the basis of the sedimentology. As such 

most of the deposition can be summarized by Figure 4.6.  
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Upper Bexar Shale Member  

The upper Bexar Shale Member is the expression of the OAE 1-B event. Its 

depositional environment is summarized by Figure 4.5 and the its strata were deposited 

during the anoxic/dysoxic phase of the model. It is also the maximum flood of the Bexar 

Supersequence. Deposition was very similar to that of the Pine Island Shale Member in 

the middle ramp area. It is thought that, like the Pine Island Shale and lower Cow Creek 

Members, the boundary between the upper Bexar Shale Member and overlying Lower 

Glen Rose Formation is not time synchronous. 

Lower Glen Rose Formation 

The Lower Glen Rose Formation is dominated by the depositional environment 

described in Figure 4.6. It also is the recovery and equilibrium phase following the OAE 

1-B event. This is evidenced by the patch reefs described by Bay (1982) and Aconcha 

(2008) and shown in Figure 4.7 prior to the ultimate establishment of the Stuart City Reef 

Margin. 
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Chapter 5: Pearsall Shale-Gas System 

INTRODUCTION 

 In the 1970’s, South Texas was looked upon as one of the next great 

petroleum provinces in the United States and world (Cook, 1979). Drilling, however, 

rarely extended into the Pearsall Formation. While most of the penetrations of the 

Pearsall Formation tested wet, there were a several encouraging tests in the Pearsall 

Formation and other deep formations (Ewing, 2010). 

Many of the Pearsall tests were unsuccessful because the porous, middle ramp 

shoal-water complexes lack an updip seal; consequently, petroleum was not trapped 

(Loucks, 1976). Nonetheless, the formation is known for its oil and gas shows in South 

Texas (TXCO, 2009). The only early, sizable, conventional production from the Pearsall 

Formation has been produced from the Los Quatros Field in Maverick County. Most of 

this production comes from only a few wells, such as the Apache #2 Maverick County 

well, which has produced approximately 4 BCF since 1979 (IHS scout ticket). The 

majority of these wells in the Los Quatros Field perforated both the lower Bexar Shale 

and Cow Creek Members, thus not allowing the assignment of reserves to individual 

reservoirs. Some of these wells were overpressured. Fractures noted in cored wells has 

raised the speculation that natural fractures may be necessary for production (Clarke, 

2007). In La Salle County, the Auld-Shipman #1 Mabel Wilson well had an IP test of 

2.35 MMCF per day with a 14/64 choke. Additionally the #1 Mabel Wilson well in La 

Salle, County tested some liquid hydrocarbon and had a GOR of 49,400 CFB (IHS scout 

tickets). Other wells such as the Skelly #1 Winkler well in Atascosa County have also 

tested oil but not in commercial quantities (IHS scout ticket).  

Recent wells have specifically targeted the lower Bexar Shale Member as a shale-

gas target. These wells target the Pearsall Formation where it is overpressured. This 
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overpressuring, based on pressure calculations using mud weights, appears to occur 

sporadically in the area of Maverick, Zavala, and Dimmit Counties (Figure 5.1). Wells 

drilled horizontally in the Pearsall have had relatively good results, with one well, the 

Anadarko #62-3H Tovar, in southern Maverick County, reporting an IP near 8 MMCF 

per day (Hackley, 2011). Other wells, including the Redemption Oil and Gas #1-1H 

Shook well, which was drilled October, 2009 and had an IP of 5.1 MMCF per day, in 

northwest Dimmit County, has now maintained production for several months, producing 

on average over 1 MMCF per day (IHS scout ticket). 
  



 

Figur

PETR

is sim

TOC

chapt

re 5.1: Cross
Dim
and 
pres
Pear
pres

ROLEUM SYS

The outer

multaneously

, maturity, k

ter. 

s plots of tem
mmit, and Za

bottom-hole
ssures within
rsall Format
ssuring as it 

STEM 

r ramp petrol

y the reservo

kerogen type

mperature an
avala Countie
e temperatur
n the red ellip
ion. Most of
falls to the r

leum system

oir, source, an

, and porosit

146

nd pressure a
es. Pressure 
res were corr
pse indicate 
f the pressur
right of the h

m is an uncon

nd seal. Key

ty. These pa

against depth
was calcula

rected for cir
over strong 

re data actual
hydrostatic p

nventional sh

y shale-gas r

arameters are

h from Mave
ated from mu
rculation tim
overpressur

lly show som
pressure line.

hale-gas syst

reservoir par

e discussed i

erick, 
ud weights 
me. The 
ring in the 
me over 
. 

tem in that it

ameters are 

in this 

 

t 



 

ident

lower

Mem

maps

thickn

incor

Figur

In the Pea

ified based o

r Bexar Shal

mber is curren

s of two of th

ness trends o

rporated to d

re 5.2: Lowe
not 

arsall Forma

on their mine

le Member, a

ntly being ex

he potential u

of the potent

define the act

er Bexar Sha
included in t

ation three po

eralogy, TO

and upper B

xploited and 

unconventio

tial reservoir

tual potentia

ale Member m
this isopach 

147

otential unco

C, and matu

Bexar Shale M

produced. F

onal reservoi

r intervals, h

al fairway. 

mudrock iso
map. 

onventional r

urity: Pine Is

Member. On

Figures 5.2 a

irs. These ma

however, TO

opach map. T

reservoir zon

land Shale M

nly the lower

and 5.3 show

aps show the

OC and matu

The carbonat

nes are 

Member, 

r Bexar Shal

w the isopach

e general 

urity must be

te shoals are

le 

h 

e 

 

e 



 

Figur

TOTA

Gene

and th

Rock

estim

destru

proce

prese

suppr

re 5.3: Pine I

AL ORGANIC

eral Stateme

Organic c

he majority 

k pyrolysis d

mation of whe

The prese

uction, and d

esses, which 

ervation of or

ressed dilutio

Island Shale

C CARBON A

ent 

carbon can b

of the work 

ata gives the

ether the ker

erve amount 

dilution of o

occurred du

rganic matte

on in the Ma

 Member iso

AND THERMA

e analyzed t

regarding T

e amount and

rogen will pr

of TOC dep

rganic matte

uring Pearsal

er (Schlanger

averick Basi
148

opach map.

AL MATURIT

through rock

OC for this 

d quality of k

roduce gas o

pends on sev

er (Passey et

ll time, prom

r and Jenkyn

n as the carb

TY 

k pyrolysis (E

study was d

kerogen in t

or oil. 

veral factors,

t al., 2010). T

moted the pro

ns, 1976; We

bonate factor

Espitalie et a

done by this m

the rock and 

 including p

The OAE-dr

oduction and

eissert, 1989

ry was large

al., 1977). 

method. 

provides an

production, 

riven 

d 

9). They also

ely shut 

 

n 

o 



 149

down. (Arthur and Schlanger, 1979; Follmi et al., 1994; Weissert et al., 1998) However, 

the Pearsall Formation has undergone enough maturation that late destruction of organic 

matter through catagenic processes and the production of oil and gas needs to be 

considered (Raiswell and Berner 1987). 

Rock pyrolysis data can be used to determine kerogen type based hydrogen index 

(HI) and oxygen index (OI) which is derived from the TOC, S2, and S3 data. S2 values 

can be low for several reasons: (1) because of maturation of the organic matter, (nor 

reason given for argillaceous rock; give it here) in argillaceous rocks, and in rocks with 

low TOC (Peters, 1986). In the Pearsall Formation the less mature samples also coincide 

with the area of low TOC deposition making it hard to obtain data on the kerogen type. 

Also many of the analyses performed on samples from the high TOC area did not yield 

usable information on kerogen type or Ro. Samples with higher Ro are also more likely to 

correspond to an apparent type III kerogen. This is because type II kerogen depletes more 

than type III kerogen during maturation, losing approximately 60% of the original 

organic carbon, whereas type III kerogen only loses about 30% (Raiswell and Berner 

1987). 

Pine Island Shale Member 

Kerogen Type 

Information derived from rock pyrolysis was supplemented by visually observed 

macerals in core and thin section using standard light microscopy and a hand lense. 

Throughout the outer ramp Pine Island Shale Member organic material with a coffee 

ground-like texture was noted. Where observed in thin section, theses macerals appear to 

be woody material. A very large piece of woody material with cellular texture was noted 

in the Shell #1-R Roessler core at the paleo-Sligo Shelf Margin. This piece of wood was 
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wider than the 5 cm-wide core and approximately 13 mm in height. In some of the cores, 

wavy organic-rich laminae are also preserved. These wavy laminae are thought to be 

bacterial mats (O’Brien, 1996). This suggests the presence of both type marine II kerogen 

and terrestrial type III kerogen. 

The reliable rock pyrolysis data, according to Daniel Jarvie (Geomark 

Geochemistry, personal communication), are plotted on a pseudo Van-Krevelen diagram 

in Figure 5.4 (Peters, 2002). All of this data came from the middle ramp. This diagram 

suggests that the Pine Island Shale Member has both type II and III kerogen present in the 

updip area proximal to the terrestrial source. Given this evidence, plus the visual 

confirmation of type III kerogen in the outer ramp area, it is concluded that both type II 

and type III kerogen are present throughout the Pine Island Shale Member in the 

Maverick Basin. It is probable that additional type I and II kerogen was present in the 

downdip area and that it was not detected because of the high degree of maturation and 

limitations of the rock pyrolysis method in argillaceous rocks. 
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used for rock-pyrolysis analysis. Some of these samples were collected by the USGS 

(Hackley, 2009) and others were collected specifically for this study. The TOC data 

presented Figure 5.5 represents an average TOC for the whole Pine Island section in the 

given well as opposed to the maximum TOC values present. The TOC values correlate to 

estimated water depths during Pine Island deposition. Low values (0.2% to 0.3%) are 

centered over the topographically high Pearsall Arch. Higher TOC values are located 

seaward of the Pearsall Arch across areas that were deep enough at the time of deposition 

to be anoxic to dysoxic. These TOC values are at or near 1%, but their higher Ro values 

need to be taken into account because some of the organic matter was destroyed during 

maturation. With the increased water depth there was increased anoxia and less biological 

activity, creating favorable conditions for the preservation of organic matter. Therefore, 

the amount of TOC deposited during the OAE-1A reflected water depth and level of 

oxygenation.  

A TOC profile was developed for the Shell #1-R Roessler core (Figure 5.6) in 

northern Bee County. It was found that TOC has a strong positive correlation with the 

pelagic carbonate content. The pelagic carbonate content was a function of deeper water 

suspension sedimentation on the outer ramp where bottom conditions were dysoxic to 

anoxic. These conditions were ideal for the accumulation of organic as organic 

production rates were high, destruction of organics was low, and dilution of the organics 

with siliciclastic and carbonate material was low (Passey et al., 2010). 
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same. Therefore, in constructing Ro maps for either the Pine Island Shale or lower Bexar 

intervals, the Ro data from both units can help define the general contour patterns (Figure 

5.7, Figure 5.8).  

Ro values were derived from rock pyrolysis data or optically observed by the 

USGS (Hackley, 2009). The Ro values generally increase in the downdip direction 

reflecting progressively deeper burial depths. However, it is important to note that the 

Pearsall Formation in the Maverick Basin was not subjected to a uniform burial history. 

The Maverick Basin can be divided up into several areas of contrasting burial history. In 

the western part of the study area, around the Chittim Arch (Figure 2.4), Ro reflects the 

earlier and greater subsidence in the area of the Triassic rift rather than the later uplift. 

This area experienced approximately 1-2 km of uplift (Ewing, 2003) during the Laramide 

uplift. Prior, deep burial accounts for Ro values above 1.5% at depths of approximately 

8000 ft. in Maverick County (Figure 5.7). These maturities are close to the maturities of 

samples taken from depths near 16,000 ft. in the outer ramp section near the San Marcos 

Arch. The central and eastern half of the Maverick Basin did not experience as much 

initial burial or later Laramide uplift as the outer ramp area or western portion of the 

Maverick Basin. These samples have Ro values between 0.5% and 1% (Figure 5.7) which 

conforms roughly to the burial history curve developed by Elisabeth Rowan (USGS, 

written communication, 2011) seen in Figure 5.9 from central Frio County. This burial 

history analysis should be representative though-out the central and eastern portion of the 

study area reflecting passive margin conditions with limited erosion updip towards the 

Llano uplift. 
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Lower Bexar Shale Member 

Kerogen Type 

Data on lower Bexar Shale kerogen characteristics were derived from visual 

observations, organic matter typing, and rock pyrolysis. Coffee-ground-textured organic 

material was identified in the lower Bexar Shale Member but less frequently than in the 

Pine Island Shale Member. Also no large pieces of wood were found in the lower Bexar 

Shale Member. Kerogen identified in Medina and Bexar Counties is dominantly type I 

and II through organic matter typing by Weatherford. The recognition of type I and II 

kerogen in the proximal area suggests that similar kerogen would be found further from 

the coastline where terrigenous material is less prevalent. 

Similar to the Pine Island Shale Member, maturation of the lower Bexar Shale 

Member plays a key role in the rock pyrolysis values in the downdip section. Rock 

pyrolysis indicated that the lower Bexar Shale Member kerogen is predominately II/III 

updip and type III downdip based on the HI and OI values (Figure 5.10). The 

identification of type III kerogen in the outer ramp area is a function maturation and 

consequent degradation of the kerogen. In Figure 5.10, the samples with Ro higher than 

0.9 are shown in blue. They all come from outer ramp wells and plot as type III kerogen; 

however, this may be a result of maturation (Peters, 2002). As with the Pine Island Shale 

Member, most of the wells with optically assessed Ro values higher than one (Hackley, 

2009) did not yield viable calculated Ro data. In conclusion, the lower Bexar Shale 

Member contains a mixture of type II and III kerogen in the thermally less mature middle 

ramp area and likely contains a mixture of type II and III kerogen in the more mature 

outer ramp area; however the origin of the kerogen in the outer ramp is obscured by the 

effects of burial and maturation. 
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Maturation 

 The maturation of the lower Bexar Shale Member responded to the same 

processes and burial history as the Pine Island Shale Member. Discussion of the 

maturation of the lower Bexar Shale Member was coupled with the maturation of the 

Pine Island Shale Member in the previous section. 

PORE TYPES 

General Statement 

The Pearsall mudrock show no visible pores using petrographic methods. SEM 

analysis on ion-milled samples were necessary to define the pore networks in the Pearsall 

mudrocks (Hull and Loucks, 2010). The Pearsall mudrocks in Maverick County have 

approximately 8% bulk porosity where porosity was measured using crushed-rock 

analysis techniques (Luffel et al., 1992). Observed pores in the Pearsall mudrocks range 

from equant pores near 5 nanometers in diameter to elongate pores 0.5 microns wide and 

several microns long. The pores in mudstones can be classified as interparticle, 

intraparticle, and organic-matter pores (Figure 5.13) (Loucks et al., 2010; in press, 2012). 
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OM pores occur in both the lower Bexar Shale and Pine Island Shale Members 

(Hull and Loucks, 2010) (Figure 5.14). Not all organic macerals develop pores even 

when mature. This is evidenced in SEM images from the TXCO #34-1H Commanche 

Ranch well (Figure 5.14) in which some organic macerals have no pores (Figure 5.14C). 

In some samples it appears that the whole organic grain may not develop pores, but that 

pores may develop in specific zones such as around the edge of the grain (Figure 5.14F). 

Also the organic macerals can take the form of pseudomatrix and be deformed and 

compacted around and between grains (Figure 5.14B), while other macerals can be in 

pressure shadows and the organic grains remain relatively undeformed (Figure 5.14 A, 

D). 
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Interparticle Pores 

Interparticle pores in mudstones occur between grains (Loucks et al., 2010). Such 

pores are common in clay-rich matrix. They are also common around silt grains as the silt 

grains disrupt the compaction processes, thereby holding pores open (e. g. Krushin, 1997; 

Katsube and Williamson, 1998; Dewhurst et al., 1998; Milliken and Reed, 2009). These 

pores, however, can be reduced by cementation, compaction, and other porosity reducing 

processes similar to those which affect pores visible with the unaided eye (Milliken and 

Day-Stirrat, 2010).  

Figure 5.15 shows examples of interparticle pores and pore networks from the 

Pearsall Formation. In both the Pine Island Shale and lower Bexar Shale Members, 

relatively low-magnification images show a multiplicity of pores in the mudstones that 

are likely interconnected (Figure 5.15 B, F). Interparticle pores are the most common 

pores seen in the Pearsall mudstones (Hull and Loucks, 2010). They tend to be triangular 

in shape and distributed throughout the rock (Figure 5.15 A, C). The pores also 

commonly occur between clay floccules. In some samples, interparticle pores appear 

enhanced by dissolution of the surrounding grains (Figure 5.15 D, E). The pores range in 

size from up to a quarter micron wide and several microns to tens of nanometers long. 

Some pores show evidence of being relic bubbles in hydrocarbons such as seen in the 

triangular pore in the upper right of the photograph from the Humble Pruitt (Figure 5.15 

E).  

The interparticle pore system should be mostly effective because pores are in 

conventional reservoirs. The pores seem to occur in small groups and areas. It is not 

known if these clusters of pores are connected or if hydraulic fracturing is required to 

connect them and make them effective. 
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Intraparticle Porosity 

Intraparticle pores occur within grain boundaries (Loucks et al., 2010) and are the 

most diverse form of pores in mudrocks. Some of the Pearsall pores are moldic, resulting 

from the dissolution of nannofossils or crystals (Hull and Loucks, 2010). The pores can 

also be formed by fluid inclusions and as intraplate space in mica or clay platelets. Some 

of intraparticle pores are less likely to be interconnected and therefore part of the 

effective porosity (Loucks et al., 2010). However, interparticle pores can also occur in 

other situations more unique to mudrocks. Framboidal pyrite can contain significant 

amounts of porosity within its rigid crystal structure (Loucks et al., 2009; Figure 5.16 F). 

The pores Figure 5.16 A and E feature pores resulting from dissolution of 

carbonate crystals and skeletal grains. In both of the examples, rhombic dolomites have 

clearly been dissolved around the edges or in their entirety. In the lower left hand 

example there is also a crescent-shaped dissolution feature believed to be related to a 

skeletal grain. Figure 5.16 B shows a biotite intraparticle porosity along the cleavage 

planes. Figures 5.16 C shows a grain containing fluid inclusions. Figure 5.16 D shows a 

phosphate clast with submicron internal intraparticle pores.  

The intraparticle pores are among the most likely to be preserved as they are 

generally protected from compaction by the structural support of the surrounding rigid 

grains. Also porosity created by dissolution at grain edges commonly occurs after 

compaction has already taken place. These pores are more likely to be connected to other 

pores because they are at the external edge of the grain.  
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Fracture Porosity 

At least two generations of fractures are observed in the Cow Creek and lower 

Bexar Shale Members (Figure 5.17). Some of the fractures have associated pore space 

and are thought to be important for oil and gas production (Clarke, 2007). There are 

numerous fractures in the cores indicating that there are likely thousands of fractures in 

the subsurface. Nearly all of the outer ramp Bexar Shale Member cores feature 

subvertical calcite filled fractures. They are also planes of weakness in the rock that 

control breakage of the core. These fractures are open mode fractures and do not typically 

exhibit any offset across the fracture face. It is not possible to tell the exact length of the 

fractures as they cut across the face of the core but overall they are near vertical. No 

orientated core or image logs were available for this study, so the orientation of the 

fractures is not possible to discern. When a fracture terminates, a new fracture commonly 

appears a few millimeters away and continues (Figure 5.17 C). The offset of fractures 

does not appear to be related to changes in lithology as the fracture terminations, when 

observed, do not correspond to changes.  



 

Figurre 5.17: Subv
frac
each

vertical fract
ture. (C) Fra
h other. 

tures. (A) Op
acture surfac

171

pen pores in
ces covered i

n the fracture
in calcite cem

e. (B) Sealed
ment and off

d cemented 
ffset from 

 



 172

Porosity and Permeability versus Mineralogy 

In addition to SEM imaging of pores, crushed rock permeability and porosity 

analysis was available on one well (name of well is proprietary). Figure 5.18 shows the 

relationship between the porosity and permeability in the upper Cow Creek and lower 

Bexar Members. The data show a positive correlation between porosity and permeability 

if the carbonate and terrigenous mudstones are grouped together. The data points can be 

divided into three facies groups based on the kind of matrix present and the stratigraphic 

formation. The argillaceous carbonate matrix samples, wackestones, from the upper Cow 

Creek Member exhibit the lowest porosities and the largest range of permeability from 1 

nd to 25 nd. The next group of samples is from the upper Cow Creek Member clay-rich 

terrigenous mudstones. These actually exhibited the best combination of porosity and 

permeability (as well as some of the highest TOC). It is thought that the high clay and 

organic content is associated with dominantly connected interparticle and organic pores. 

These terrigenous mudstones are interbedded with the argillaceous wackestones and are 

too thin to form good reservoirs. The final group is terrigenous mudstones from the lower 

Bexar Shale Member. These terrigenous mudstones have the highest permeability values 

and are producing as a shale-gas reservoir. Comparison of XRD mineralogy with porosity 

(Figure 5.19A) shows that the porosity has a positive correlation with clay content 

(Figure 5.19A) and that correlation with permeability is not very strong. Figure 5.19(C 

and B) shows a negative correlation with porosity and permeability.  
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Chapter 6: Conclusions 

GENERAL STATEMENT 

The Pearsall Formation is a series of interbedded carbonate and siliciclastic units 

deposited primarily during Aptian time. They form a viable shale-gas system in South 

Texas that has yet to be fully exploited. The shale-gas system arises from the interaction 

of second-order transgressions, several OAEs, and deposition on a broad ramp on a 

drowned shelf. 

STRUCTURE, STRATIGRAPHY, AND OAES 

The study area in South Texas is complicated both structurally and 

stratigraphically as a result of the paleostructures that existed during Pearsall deposition. 

The Pearsall Formation was deposited over 11.75 my (Phelps, 2011). It was deposited 

primarily between the maximum flooding events of two second-order sequences, and it 

has a second-order sequence boundary at the top of the Cow Creek Member in the middle 

of the formation. The formation as a whole can be divided into five third-order sequences 

that can be traced throughout the ramp. 

In addition to these sequences and the eustatic events that created them, there are 

three OAEs recorded in the Pearsall Formation. These three events, the OAE 1-A, the late 

Aptian regional event, and the OAE 1-B, occurred at 122 my, 119 my, and 110 my, 

respectively. The OAEs coincided with flooding of the ramp and altered the degree of 

oxygenation of the water column, producing dysoxic to anoxic bottom conditions. A shift 

from carbonate-dominated sedimentation occurred during the OAE to siliciclastic-

dominated sedimentation.  
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DEPOSITIONAL SYSTEMS AND FACIES 

Deposition was dominated by environmental perturbations produced by the OAEs 

that induced changes in the depositional environments. During the deposition of the Sligo 

Formation, Cow Creek Member, and later carbonate formations, conditions favored a 

strong carbonate factory. During OAE deposition, deeper waters existed over much of the 

ramp, and the dominant depositional processes were dilute turbidity currents, hemipelagic 

plumb suspension deposition, and pelagic suspension deposition. 

PETROLEUM SYSTEM 

In the outer ramp the prospective producing units are the Pine Island Shale, lower 

Bexar Shale, and upper Bexar Shale Members. Each of these reservoirs is related to 

occurrences of OAEs. Several potential shale-gas facies were deposited in the outer ramp 

area during the OAEs. The weakly laminated to massive calcite-silt bearing terrigenous 

mudstone and the winnowed nonbioturbated calcite silt-bearing terrigenous mudstone are 

potential reservoir facies. These are the facies that produce shale-gas in the lower Bexar 

Formation in southern Maverick County.  

High TOC is found in the pelagic facies and the nonbioturbated facies. These 

facies are more distal and accumulated in areas of increased subsidence particularly the 

areas underlain by the Triassic rift and by large quantities of Jurassic Salt.  

The areas with thermal maturity in the oil window coincide with areas of low 

TOC on the San Marcos Arch, Pearsall Arch, and near the Burro Salado Arch. The areas 

with higher thermal maturity coincide with accumulations of higher TOC. These areas 

have maturity levels in the condensate to dry gas zone but have generally produced dry 

gas. These higher maturities are associated with uplift in the western part of the study 

area. To the east near the San Marcos Arch, there is a greater possibility for wet gas, but 
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the play area also constricts approaching the arch in that the area affected by dysoxia on 

the shelf may be smaller due to the paleostructure. 

Pore networks were imaged in the key facies of the Pearsall Formation using the 

Ar-ion milled samples on the SEM. Nano- to micropore network includes interparticle, 

intraparticle, and organic-matter pores, with interparticle pores dominating. The 

interparticle pores are expected to have the best connectivity. Clay-rich facies also have 

greater permeability than do carbonate-rich facies.  

The lithofacies maps combined with the TOC and maturation maps presented in 

this study suggest that a large area of the Pearsall outer ramp lithofacies should be 

prospective for shale-gas exploration. At the shelf edge is approached, depth may become 

an important economic factor. To trace the Pearsall shale-gas system into Mexico and/or 

into the East Texas Basin, investigations similar to the present study are necessary. 
  



 178

Appendices 

Appendices can be accessed using the DVD at the back of this volume. 

APPENDIX A: CORE DESCRIPTIONS 

APPENDIX B: TOC AND ROCK-EVAL DATA 

APPENDIX C: OTHER GEOCHEMICAL DATA 

APPENDIX D: BIOSTRATIGRAPHIC DATA 

APPENDIX E: THIN SECTION SCANS 
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