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Near times of ocean anoxic events or the peaks of long-term transgressions, 

carbonate margins may be drowned below a backstepping platform, and preserved as a 

submarine edifice which demonstrates hundreds-of-meters of vertical relief above the 

basin floor and forms a large-scale inflection (LSI) in slope angle. This study uses 

outcrops in the Guadalupe Mountains Region of West Texas, a robust suite of subsurface 

data from the northern Delaware Basin, and previously published literature in order to 

illustrate how LSIs influence patterns of sediment dispersal and accumulation in 

carbonate systems. 

Outcrops of the Lower – Upper Permian Cutoff Formation reveal that processes 

of channelization, bypass, and slope failure associated with a drowned carbonate margin 

(LSI) contributed to a dramatic thickening of carbonate, shale, and sandstone strata in the 

basinward direction. Correlation of this unit to the equivalent shelf system reveals that 

bedrock channels incising the LSI served as conduits for turbidity currents throughout the 

transgression and much of the ensuing highstand of a 2-4 m.y. composite sequence 
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(PCS9). In the latest highstand, an increase in the production of carbonate mud by the 

active shelf system contributed to the complete filling of bedrock channels and the 

accumulation of carbonate mud-dominated mass-transport deposits basinward of the LSI. 

Correlation of this shelf-to-slope framework to basinal strata of the Bone Spring and 

Avalon trends in the subsurface reveals a landward shift in the locus of deposition 

downdip of the LSI across the northern Delaware Basin which was concomitant with the 

transition to patterns of sediment dispersal dominated by mass-transport events. Strata 

associated with turbidite systems accumulate mainly near the center of the basin, and 

demonstrate basinward-stepping geometries along shallow slope gradients downdip of 

the LSI, while demonstrating aggradational geometries along steep slopes. Strata 

associated with mass-transport deposits accumulate near the LSI on both shallow and 

steep slopes. Previous studies in other basins have documented LSIs which exhibit 

dimensions and stratal patterns comparable to the relict platform margin in the Delaware 

Basin. Insights developed from this study can help to improve exploration activities in the 

Delaware Basin, and other basins with analogous deepwater systems. 
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CHAPTER 1: INTRODUCTION 

 
In numerous basins around the world, drowned carbonate platforms are preserved 

seaward of the active shelf system as a submarine edifice which demonstrates hundreds-

of-meters of vertical relief above the basin floor and forms a large-scale inflection (LSI) 

in slope angle. The significance of LSIs remains understudied due to a paucity of good 

outcrops and the massive scale of preserved stratigraphy that is required for them to be 

identified (50 – 100s of dip-oriented kilometers from the shelf-to-basin profile). As a 

result, significant knowledge gaps remain in understanding how pre-existing slope 

topography created by an LSI acts to control processes of sediment dispersal and the 

resulting stratigraphic architectures in slope and basinal environments. This uncertainty is 

compounded by a poor understanding of how sediment dispersal and accumulation in 

deepwater environments are linked to migration patterns of the active sediment factory.  

Nonetheless, regional seismic surveys, extensive wireline log datasets, and detailed 

outcrop studies reveal that LSIs are common in the geologic record and fundamental to 

the depositional history of reservoir-prone strata in basins with proven hydrocarbon 

systems. Furthermore, the development of LSIs in association with ocean anoxic events 

and significant sea-level rise suggests that these features contain clues concerning the 

evolution of sedimentary and biological systems during the onset of pronounced climate 

change.  

 The premise of this dissertation is to illustrate the importance of LSIs in 

deepwater carbonate systems through 1) a regional case study of a Permian-age LSI-
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modified deepwater system in the northern Delaware Basin and 2) a comparison of 

analogous systems in other basins which have been documented in published literature. 

The research conducted for this study sought to answer the following questions: 

• What deposits types are associated with LSI-modified slopes and the 

underlying basin-floor? 

• What sedimentological processes do these deposits and their associated 

architectural elements accumulating along and basinward of an LSI 

record? 

• How do patterns of sediment dispersal associated with LSIs influence the 

stratigraphic architecture of deepwater carbonate systems in three-

dimensions? 

• How are spatial and temporal variations in deposit type and stratigraphic 

architecture related to migration patterns of the shelf system (sediment 

factory)? 

• What has controlled the development of LSIs in the geologic record? 

• Are there predictive relationships among the aforementioned variables that 

can be applied to other systems? 

• How might new insights about the stratigraphic architecture of LSI-

modified systems influence strategies for the collection of faunal 

specimens and subsequent study of biotic events? 
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Correlation of the late Leonardian – early Guadalupian (Lower – Upper Permian) Cutoff 

Formation to the shelf-equivalent Lower San Andres composite sequence (PCS9, 2-4 

m.y.) and basin floor deposits of the upper Bone Spring and upper Avalon trends was 

performed in order to analyze the linked shelf, LSI-modified slope, and basin floor 

architectures in the northern Delaware Basin. The dimensions and architectural elements 

of this system were compared to other examples of LSI-modified systems in published 

literature in order to evaluate the importance of these features in the geologic record, the 

factors controlling their development, and their impact on the sedimentary system and 

associated hydrocarbon reservoirs. Detailed mapping near the LSI-modified slope system 

in the Guadalupe Mountains National Park of West Texas was also conducted in order to 

assess how processes associated with LSIs have influenced the current documentation of 

faunal specimens near the Global Stratotype Section and Point (GSSP) for the base of the 

Roadian stage.  

 The contributions of this work include: 1) a 3-dimensional shelf-to-basin 

sequence stratigraphic model linking outcropping slope deposits of the Cutoff Formation 

near an LSI, the outcropping San Andres shelf system, and reservoirs of the Bone Spring 

and Avalon trend in the subsurface of the Delaware Basin, 2) a catalogue of LSIs 

identified in the geologic record, their differences, and the factors controlling their 

development, 3) A process-based depositional model linking three-dimensional 

architectures of slope and basinal strata across the northern Delaware Basin to the 

transport mechanisms exhibited by sediment gravity flow deposits along the relict 

platform 4) a geologic map of the revised stratigraphy for the Cutoff Formation, and 5) a 
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proposal for two new members of the Cutoff Formation which are opportune for new 

sampling of early Guadalupian faunal specimens.  

The main findings of the study are described and illustrated in chapters 2, 3, and 

4. Chapter 2 is an outcrop study which illustrates how processes of erosion, bypass, and 

slope failure associated with the LSI in the Delaware Basin controlled the sediment 

dispersal patterns and stratigraphic architecture of the Cutoff Formation. This study also 

compares the LSI in the Delaware Basin to other examples that have been documented in 

the geologic record, and highlights the frequent development of these features in 

association with ocean anoxic events and the maximum transgressive stage of second 

order (10 – 100 m.y. sequences). Chapter 3 is a combined outcrop and subsurface study 

in the northern Delaware Basin which develops a shelf-to-basin sequence stratigraphic 

model for PCS9. This model identifies relationships linking spatial and temporal changes 

in accumulation patterns on the basin floor to 1) the transport mechanisms exhibited by 

deposit types identified along the LSI-modified slope and 2) migration patterns of the 

active sediment factory. Chapter 4 is a comprehensive description of the lithostratigraphic 

units comprising the Cutoff Formation, which includes a revised geologic map of the 

Cutoff Formation along the low hills below the Western Escarpment in the Guadalupe 

Mountains, a proposal for the formal addition of two new lithostratigraphic members, and 

suggestions for future sampling locations for faunal specimens. 

In this study, sustained submarine erosion, channelization, and slope failure at 

depths exceeding 500 m below the active shelf break are shown in this study to build or 

destroy earlier deposits in slope and basinal environments independently of eustatic 
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changes. While numerous studies have cited examples of carbonate platform margins that 

experienced significant erosion and margin-collapse during times of sea level lowstand 

(Janson et al., 2011; Playton and Kerans, 2015a), patterns of submarine erosion 

associated with LSI-modified slope systems may also incise older platform margins, 

completely erase the record of stratigraphic units, and facilitate downslope transport of 

decameter-thick breccia blocks. The findings show that caution should be exercised in 

inferring a simple association between erosion in slope environments and a pronounced 

sea-level fall. Study of the Cutoff depositional profile indicates that models relating 

patterns of slope and basin floor accumulation should be linked to both the transport 

mechanisms of sediment gravity flow deposits and the seismic-scale architecture of the 

carbonate platform system. While numerous studies have identified relationships between 

the grain size of slope deposits and seismic-scale architecture of the associated platform 

(Kenter, 1990; Adams and Schlager, 2000; Playton et al., 2010), the results presented 

here illustrate that deposit types, stratigraphic geometries, and reservoir quality may vary 

significantly within a single “mud-dominated” system. For example, strata associated 

with carbonate-rich fine-grained turbidite systems and organic-rich pelagites/low density 

turbidites accumulate mainly near the center of the basin and are associated with organic-

rich reservoirs in the study area. Conversely, strata associated with mud-dominated 

carbonate-rich mass transport complexes accumulate mainly near the LSI and are 

associated with organic-poor, non-reservoir units in the study area.  

A direct outcome of this work is the advancement of the stratigraphic framework 

for the Cutoff Formation in the Guadalupe Mountains Region. This framework corrects 
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the miscorrelation presented by Amerman et al. (2011) between the study area of Harris 

(1982; 1987) near an LSI and the more distal study area of Amerman et al. (2011) along 

the proximal Delaware Basin floor. The revised stratigraphic framework for the Cutoff 

Formation illustrates, for the first time, a regionally mappable succession of carbonates, 

shales, and sandstones which onlap downdip of a relict Leonardian platform margin 

(LSI). Additionally, it highlights areas that are opportune for new sampling of early 

Roadian faunal specimens near the Global Stratotype Section and Point for the Base of 

the Roadian stage (Lambert et al., 2000; International Union of Geological Sciences, 

2001) . These advancements are particularly important for oil and gas companies drilling 

in the Delaware Basin as they help to clarify questions proposed in previous studies 

concerning the geologic history of basin-restricted hydrocarbon reservoirs associated 

with the Bone Spring and Avalon trends (Hart, 1998; Hart, 2000; Tyrrell et al., 2011).  

Work conducted in the outcrop study area is limited by the inability of the authors 

to physically trace stratigraphic units between the studied environments and a scarcity of 

biostratigraphic data. In the outcrop study area, Permian erosion has completely removed 

stratigraphic units connecting the LSI-modified slope system to the equivalent shelf 

system, thereby inhibiting an unequivocal link between these environments. This 

uncertainty is exacerbated by the potential for multiple sediment-feeder systems near the 

relict shelf margin to source vertically-stacked strata on time-scales below the resolution 

of the correlated units (e.g. high frequency sequences, composite sequences). Feeder 

systems associated with stratal patterns of this kind have been identified along the trend 

of the relict L6 margin in previous studies of the Brushy Canyon Formation, and may 
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have also influenced patterns of sediment dispersal during the time of Cutoff deposition 

(Amerman et al. 2011).  

The sequence stratigraphic models proposed in this study rely upon limited 

biostratigraphic data published in previous work (Lambert et al., 2000), regionally 

mappable surfaces and stratigraphic units identified in the surrounding Permian section 

(Kerans and Fitchen, 1995; Kerans and Kempter, 2002), and established models of 

reciprocal sedimentation for the Permian Basin (Meissner, 1967; Meissner, 1972). 

Correlations between shelf and deepwater environments made with the highest level of 

confidence include the L8 SB due to the established conodont zonation identified in 

previous studies at the Leonardian-Guadalupian boundary (Lambert, 1992; pers. comm. 

from Wardlaw in Kerans and Fitchen, 1995; Lambert et al., 2000) and the L6 SB, G3 SB, 

and G4 SB due to the association of each surface with the following genetically linked 

stratal patterns: 1) subaerial exposure and karsting of the shallow water platform, 2) 

carbonate starvation across the shelf-to-basin profile, 3) a regional-scale unconformity 

across the shelf-to-basin profile, and 4) the accumulation of carbonate-poor sandstone 

along the slope and basin floor. The stratigraphic models linking shelf, slope, and basin 

floor systems proposed herein are thought to represent the best-fit solution for the data 

that was collected, though a unique solution is unobtainable given the coarse resolution of 

biostratigraphic zonation (Lambert et al., 2000).  

Correlation of the studied interval in the outcrop to the subsurface is limited by a 

complete lack of biostratigraphic data and sparse core and seismic data. Depositional 

models proposed for Cutoff-upper Bone Spring-upper Avalon strata in the subsurface 
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rely mainly upon iterative correlation loops in an extensive dataset of wireline logs and 

the recreation of the outcrop based stratigraphic model within the dataset. It is necessary 

to emphasize that the regional maps of strata equivalent to the upper Bone Spring and 

upper Avalon reservoirs shown in this study provide no information concerning the 

spatial variability of reservoir quality in the Delaware Basin. Additional data and 

interpretations related to the reservoir-scale variability of the correlation units mapped in 

Chapter 3 are shown in an extended abstract that was composed during the earlier stages 

of this work (Appendix B). The incorporation of additional data could greatly improve 

upon the work shown here.  

The findings shown here demonstrate that studies of deepwater carbonate systems 

should consider how inherited features below the shelf break control patterns of sediment 

dispersal and accumulation when developing exploration and development strategies. For 

example, reservoir-prone strata may pinch-out basinward of an LSI, be completely 

disconnected from the shelf system, and accumulate in a variety of sequence stratigraphic 

settings. Combining these insights with an understanding of the depositional processes 

that sourced reservoir prone strata will improve predictive modelling of accumulation 

patterns on a regional- and reservoir-scale. While studies of fine-grained carbonate 

systems may be conducted on a variety of scales, ranging from nanopores (Loucks et al., 

2012) to entire basins (Hamlin and Baumgartner, 2012), use of this study to enhance 

recognition of erosive and channelized systems below the shelf margin at seismic- and  

reservoir-scales has the potential to improve the practice of hydrocarbon exploration. 
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Much remains to be learned about slope systems modified by antecedent 

topography below the shelf break. While this study has focused upon an example of an 

LSI-modified slope system characterized by a predominance of mud-rich deposits, future 

work could investigate the stratigraphic architectures among LSI-modified slope systems 

which demonstrate a predominance of grain- or debris-rich deposits (sand – boulder sized 

particles). Renewed study of outcrops in the Canning Basin of Australia could yield 

important insights concerning an LSI-modified slope system of this kind and facilitate an 

interesting comparison with the slope system of the Delaware Basin (Playton and Kerans, 

2015a, b).Future work could also strive to improve the understanding of sediment gravity 

flow deposits in deepwater carbonate systems. To date, very few empirical or laboratory 

studies have attempted to understand the link between stratigraphic architecture and 

sediment gravity flow dynamics in carbonate systems (Hodson and Alexander, 2010; 

Schieber et al., 2013; Grosheny et al., 2015). Though the fundamental physics governing 

processes of transport and deposition associated with sediment gravity flows are the 

same, carbonate deepwater systems are clearly different from their siliclastic counterparts 

in the sense that their slope gradients are much steeper (often in excess of 1°, Playton et 

al. 2010), the sediment is supplied from a strike-continuous sediment factory (as opposed 

to a point-source), and the density of the particles themselves is highly variable (Hodson 

and Alexander, 2010). Thus, further study of sediment gravity flow dynamics and their 

resulting deposits in carbonate systems have the potential to yield important insights 

beyond what could be achieved by a simple comparison to siliclastic systems. Finally, 

future studies could look to LSIs and their associated strata for clues concerning the 
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evolution of sedimentological or biological systems during the onset of major climatic 

changes and extinction events (i.e. OAE, K-T boundary). These studies should be sure to 

account for the possibility of a pronounced submarine hiatus or degradational vacuity 

near the LSI and a dramatic basinward thickening of the overlying strata in their analysis. 
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CHAPTER 2:  

LARGE-SCALE INFLECTIONS IN SLOPE ANGLE BELOW THE 
SHELF BREAK: A FIRST ORDER CONTROL ON THE 

STRATIGRAPHIC ARCHITECTURE OF CARBONATE SLOPES: 
CUTOFF FORMATION, GUADALUPE MOUNTAINS NATIONAL 

PARK, WEST TEXAS, U.S.A. 

 

2.1 ABSTRACT 
A large-scale inflection (LSI) in the slope profile may develop as a carbonate platform is 

drowned and abandoned basinward of the active shelf break. The impact of LSIs on the 

sediment dispersal patterns and stratigraphic architecture of carbonate slopes remains 

understudied. Outcrops of the Lower-middle Permian Cutoff Formation in the Guadalupe 

Mountains National Park provide a good view of a mixed carbonate and siliciclastic slope 

system modified by an LSI during the accumulation of a 2-4 My composite sequence 

(Permian composite sequence 9, PCS9). Processes of channelization, bypass, and slope 

failure associated with the LSI contribute to the development of basin-restricted 

carbonate, shale, and sandstone strata which demonstrate apparent onlap to the relict 

platform. Correlation of high-frequency sequences between the slope and shelf-

equivalent strata demonstrates that channels incising the relict platform LSI served as 

conduits for confined gravity flows and depocenters for organic-rich shale throughout the 

transgression and much of the ensuing highstand of PCS9. In the latest highstand 

regression, an increase in the production of carbonate mud by the active shelf system 

contributed to the complete filling of channels across the LSI and accumulation of 
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carbonate mud-dominated mass-transport deposits basinward of the LSI. A critical 

review of previous studies reveals that LSIs are common in the geologic record, across 

multiple basins and time periods. LSIs that developed due to drowning of carbonate 

platforms demonstrate dimensions and stratal patterns comparable to the relict 

Leonardian platform. LSI development in the identified examples occurred in association 

with 1) the transgressive stages of 10-100 My (second order) sequences, 2) ocean anoxic 

events, or 3) times of concomitant sea-level rise and ocean anoxic events.  

2.2 INTRODUCTION 
 The combined recognition of slope angle, margin-to-foreslope relief, dominant 

sediment type (i.e., mud-, grain-, debris-dominated), deep ocean currents, distribution of 

detrital feeder systems, basin topography, and migration patterns of the carbonate 

platform can yield useful information for predicting the distribution of sediments in 

carbonate slope systems (Playton et al., 2010; Mulder et al., 2012; Bourget et al., 2013; 

Dvorestky et al., 2013; Schneider et al., 2013; Betzler et al., 2014). Slope angle may 

reflect the physical attributes of slope sediments (angle of initial yield, angle of residual 

shearing) and be fundamentally related to the distribution of facies types (mud-, grain-, 

debris-dominated sediments) and processes of gravity flow (Kenter, 1990; Kenter and 

Campbell, 1991; Mulder and Alexander, 2001; Playton et al., 2010). Furthermore, local 

variations in slope angle, represented as slope curvature, are related to the combined 

influence of grain type and processes of sediment dispersal at the shelf break (Adams et 

al., 1998; Adams and Schlager, 2000; Schlager and Adams, 2001). 
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Previous studies of carbonate slopes have approximated the two-dimensional shape of the 

shelf-to-basin profile using simple mathematical expressions (Adams and Schlager, 

2000). While these equations may provide a reasonable approximation for the shape of 

many carbonate slopes, slopes modified by antecedent topography below the shelf break 

are also common in the geologic record and diverge from these geometric models 

(Shipley et al., 1978; Mullins et al., 1988; Drzewiecki and Simo, 1997; Fritz et al., 2000; 

Whalen et al., 2000; Collins et al., 2006; Playton, 2008; Merino-Tome et al., 2012). One 

prime example of this more complex morphology is represented in slopes developed 

along drowned carbonate platforms (Kendall and Schlager, 1981; Schlager, 1981, 2005). 

The drowned platform margin may form a large-scale inflection (LSI) in slope angle 

below the shelf break that profoundly influences the morphology and sediment dispersal 

patterns of the slope. In this study, the term LSI refers to a general expression of the slope 

geometry, which demonstrates a local increase in the magnitude of slope angle compared 

to the “normal” slope profile and significant vertical relief above the seafloor (analogous 

to dimensions of slope height as described by Playton 2008). Although a number of 

features are capable of creating significant topography along the slope profile (i.e. salt 

massifs, Prather et al., 1998) the current study explores how an LSI created by a drowned 

platform influenced the sediment dispersal patterns and stratigraphic geometries of a 

younger carbonate slope system (Figure 2.1).  

Outcrops of the Lower-Middle Permian (Leonardian-Guadalupian) Cutoff Formation in 

the Guadalupe Mountains of West Texas reveal an excellent example of a mixed 

carbonate and siliciclastic slope system in the Northwest Delaware Basin which was 
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influenced by an LSI (Figures 2.2, 2.3). The LSI represents a relict Lower Permian 

platform (Victorio Peak-Bone Spring Formation) that was drowned during the nexus of a 

craton-wide sea level transgression.  This paper starts by illustrating how the relict 

platform LSI controlled the spatial distribution of facies types and sediment dispersal 

patterns recorded in the stratigraphy of the Cutoff Formation. Next, the stratigraphy of 

the Cutoff Formation is analyzed through time in order to illustrate how migration 

patterns of the time-equivalent San Andres platform influenced temporal changes in 

sediment dispersal across the LSI. Finally, this paper evaluates the occurrence of LSIs in 

the geologic record and draws comparisons among the identified examples. The 

information conveyed in this study may provide insights that can be used to predict the 

development of LSIs in the geologic record and the distribution of basin-restricted 

carbonate-, organic-, and sand-rich deposits associated with these features. 

2.3 REGIONAL SETTING 
The Permian-age Cutoff Formation is a succession of deep-water carbonates, shales, and 

sandstones that accumulated along the slope of the Northwest Delaware Basin in 

association with a craton-wide transgression. The Delaware Basin formed as a sub-basin 

of the Permian Foreland Basin, during SW-NE-oriented convergence of the South 

American and North American plates along the Marathon-Ouachita Front (Tai and 

Dorobek, 2000). This basin is bounded to the east by the Central Basin Platform and was 

connected to the Midland Basin by the Sheffield Channel and, at least temporarily, by the 

San Simon Channel (Kerans and Fitchen, 1995) (Figure 2.3). Tectonism in the Delaware 

Basin was active through Middle Wolfcampian (Lower Permian) time, and persisted 
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locally along structural flexures throughout the Wolfcampian stage (Ross, 1986; Playton, 

2006). Sediments of the Cutoff Formation and the shelf-equivalent Lower San Andres 

were deposited during the post-tectonic phase of the Permian foreland basin, when 

subsidence rates had substantially decreased (Kerans and Fitchen, 1995; Ye and Kerans, 

1996). 

2.4 STRATIGRAPHIC CONTEXT 
Previous sequence stratigraphic and biostratigraphic studies have demonstrated 

that the Cutoff Formation and shelf-equivalent strata of the Lower San Andres record a 

long-term sea-level rise during the latest Leonardian (roughly equivalent to the 

Kungurian age of the ICS geologic timescale) that followed basinwide deposition of 

strongly prograding carbonate platforms. Studies conducted by Meissner (1967; 1972) 

and Silver and Todd (1969) identified a large-scale transgression in the Delaware Basin, 

in which Leonardian-age platforms were buried beneath deepwater sediments of 

Guadalupian age. Meissner (1972) correlated this transgression across the Western 

Interior of the North American continent, providing strong evidence that it was craton-

wide, if not global, in scale. The occurrence of this event is linked across shallow and 

deepwater environments in the Northwest Delaware Basin based on the first appearance 

of the Jinogondolella nankingensis conodont zone in the Cutoff Formation slope system 

(Lambert, 1992; Lambert et al., 2000; International Union of Geological Sciences, 2001), 

and San Andres Formation shelf system (Kerans and Fitchen, 1995 using conodont work 

published in abstract form by B. Wardlaw). The sequence stratigraphic framework 

proposed by Kerans and Fitchen (1995) for the Northwest Delaware Basin demonstrates 
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that the nexus of the Late Leonardian transgression is recorded within a 2-4 My 

composite sequence (Permian composite sequence 9, PCS9), which can be subdivided 

into six high-frequency sequences (HFS, Figure 2.2). The base of the composite sequence 

is identified at the Leonardian 6 sequence boundary (L6 SB), which represents the 

terminal basinward progradation of the Late Leonardian platform. Above this surface, the 

transgressive sequence set of PCS9 is composed of two high-frequency sequences, 

including the L7 and L8 HFS. The ensuing highstand sequence set is composed of four 

high-frequency sequences, including the Guadalupian 1 through Guadalupian 4 HFS (G1 

through G4 HFS respectively). The top of the composite sequence is identified along a 

regional bypass surface across which siliciclastic deposits associated with the younger 

Brushy Canyon Formation bypassed to the slope and basin floor (G5 – G7 of Gardner 

and Sonnenfeld, 1996; Gardner, 2008). 

2.5 PREVIOUS STUDIES OF THE CUTOFF FORMATION 
Following seminal work on the Permian stratigraphy in the Guadalupe Mountains 

(e.g. King, 1948; Newell et al., 1953), a number of geoscientists have sought to 

understand how the depositional history of the Cutoff Formation was influenced by 

inherited topography of the buried Leonardian platform. Harris (1982; 1987, 1988a; 

1988b, 2000) documented facies of the Cutoff Formation filling antecedent topography 

across the buried Leonardian margin and proposed a three-member subdivision, 

including: the Shumard, the El Centro, and the Williams Ranch Members (Figure 2.2). 

Despite observing evidence for erosional phenomena near the relict shelf margin, Harris 

(1982; 1987, 1988a; 1988b, 2000) characterized the Cutoff Formation as a “basinal 
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drape” unit that buried the carbonate margin formed by the interfingering Victorio Peak 

and Bone Spring Formations. The “basinal drape” model was maintained in studies by 

Amerman et al. (2011), which  mapped mass-transport deposits comprising the youngest 

strata of the Cutoff Formation and proposed a correlation from outcrops in the Delaware 

Mountains to the field area of Harris (1982; 1987, 1988a; 1988b, 2000). Studies 

attempting to use these stratigraphic models in order to correlate strata of the Bone Spring 

and Avalon trends in the subsurface of the Delaware Basin to outcrop exposures have 

been impeded by an anomalous thickening of carbonates, shales, and sandstones 

basinward of the relict carbonate platform (Hart, 1998; Hart, 2000; Tyrrell et al., 2011). 

Detailed mapping conducted in our study provides a critical connection between the field 

areas of Harris (1982; 1987, 1988a; 1988b, 2000) and Amerman et al. (2011) and strives 

to illustrate that erosional phenomena associated with the relict Leonardian platform are 

responsible for a basinward thickening and diversification of the Cutoff Formation 

stratigraphy. Insights drawn from the current study may help to facilitate outcrop to 

subsurface correlations of the Late Leonardian–Early Guadalupian stratigraphy in the 

Delaware Basin. 

2.6 DATA DISTRIBUTION AND METHODOLOGY 
The field area is located along the Western Escarpment of Guadalupe Mountains 

National Park (Figure 2.4). Studied outcrops of the Cutoff Formation span a distance of 

approximately 8 kilometers from the most proximal setting, along the relict Leonardian 

shelf margin, in Shumard Canyon (Harris, 1982; 1987, 1988a; 2000) south-east to the 

most basinward setting in Rest Area Gully (Amerman et al. 2011). Detailed mapping 
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integrated techniques of traditional field geology with remote-sensing data from airborne 

LIDAR and 3-D photogrammetrically constrained point clouds. Fundamental 

characterization of rock data includes over 1300 m of measured section with observations 

of lithology, depositional dip, grain-size trends, bedforms, faunal constituents, and 

paleocurrent directions. Lateral tracing of beds and significant surfaces on the outcrop 

using aerial photographs obtained during helicopter overflights facilitated accurate 

correlation between measured sections. GPS control points collected with sub-centimeter 

to sub-decimeter accuracy were integrated with sub-meter resolution airborne LIDAR 

point clouds and georeferenced 3-D photogrammetrically constrained point clouds 

generated from aerial photographs in order to create a spatially correct two-dimensional 

stratigraphic framework (Figure 2.5). 

 The stratigraphy is subdivided by correlating high-frequency sequences of PCS9 

proposed by Kerans and Fitchen (1995) landward of the study area to outcrops of the 

Cutoff Formation along the Western Escarpment. Extrapolation of the Leonardian-

Guadalupian boundary as defined by the International Union of Geological Sciences 

(2001) across the outcrop allows subdivision of the transgressive (L7–L8 HFS) and 

highstand (G1–G4 HFS) sequence sets. Further subdivision of high-frequency sequences 

was performed using the model of reciprocal sedimentation developed in previous studies 

for the Permian section in the Delaware Basin (Meissner 1972; Kerans and Fitchen 1995; 

Gardner and Sonnenfeld 1996; Kerans and Kempter 2002, Gardner 2008), which 

emphasizes the accumulation of carbonates during highstand, sandstone bypass to the 

slope and basin floor during lowstand and platform exposure, and widespread 
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accumulation of carbonate-poor, organic-rich shales in response to pronounced 

transgression or lowstand. This approach was used because it is consistent with previous 

studies of the Permian section and works well in the studied dataset. There is inherent 

uncertainty using this approach due to complete removal of the studied interval by 

Permian-age erosion, which impedes physical tracing of the surfaces identified by Kerans 

and Fitchen (1995) to the study area. 

2.7 SPATIAL CONTROL ON STRATIGRAPHIC ARCHITECTURE 
Despite being completely inactive during PCS9, the former depositional 

environments of the drowned Leonardian platform as documented by Kerans and 

Kempter (2002) are used in the section below as a spatial reference for discussing the 

stratigraphic architecture of the Cutoff Formation (Figure 2.6). These environments and 

their associated features are described from most proximal to most distal and include: the 

relict shelf margin, the relict upper slope, and the relict lower slope (Figures 2.4B, 2.6). 

The two-dimensional stratigraphic framework of the Cutoff Formation illustrates the 

distribution of facies and stratigraphic geometries across these three environments 

(Figures 2.7, 2.8). Deposit types identified in these environments are interpreted using 

classification scheme of Talling et al. (2012) (Table 1). Projection of measured sections 

to a depositional dip azimuth of 104o suggests that the dip-parallel distance between the 

most proximal setting, the relict shelf margin (Shumard Canyon), and the most basinward 

outcrop of the relict lower slope (Rest Area Gully) is 4.8 km (Fig 4B).  
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2.7.1 Relict Shelf Margin 
Near the relict shelf margin, the Cutoff Formation is thinner than at any other 

location in the study area (Figure 2.7). Cutoff strata preserved near the relict shelf margin 

represent the fill architecture of bedrock channels. Bedrock channels appear to widen and 

act as conduits for younger, superimposed channels. The thickness of the Cutoff 

Formation may vary substantially based upon erosional topography carved by the 

channels, ranging in thickness from less than 2 m on the channel margins to 47 m in the 

channel axis.  In some places, the Cutoff Formation may be completely absent due to 

erosion associated with the shedding of siliciclastic-rich deposits of the Brushy Canyon 

Formation to the Delaware Basin floor (Harris 1982, 1987, 1988b). 

2.7.1.1 Bedrock Channels 
Channels incising strata of the relict Late Leonardian platform have been 

identified near the relict shelf margin. Though we have identified at least three channels 

near the relict shelf margin, the two-dimensional stratigraphic framework for the Cutoff 

Formation shown in this study (Figure 2.7) includes data from a channel near the center 

of Shumard Canyon (Figure 2.9) which was first documented by Harris (1982, 1987, 

1988b, 2000). The fill architecture of channels incising the buried Leonardian platform 

records the deposition of sediments during the L7, L8, G1, and G4 HFS. The channel 

shown in the cross section (Figures 2.7, 2.9) is initially filled by carbonate-rich 

sandstones, sand-rich breccias, and cherty spiculitic packstones that are most likely of L7 

age (Shumard Member). Cherty packstones of the L7 HFS are truncated beneath an 

erosional surface which is interpreted as the L7 SB (Figure 2.9). This surface is 
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equivalent to the “intra-Cutoff unconformity” of Harris (1982, 1987, 1988b, 2000). 

Erosion associated with the development of this surface widened the channel by 

approximately 40 m. This surface is lined with meter-diameter blocks that are replete 

with open marine fauna and boundstone fabrics. The L7 SB is draped by an interval of 

black shale and intercalated laminated bioclastic wackestones-packstones representing 

the L8 – G2 HFS. This interval is unconformably overlain by spiculitic wackestones of 

the G4 HFS. The upper contact of the G4 interval is an erosional surface which is buried 

by sandstones of the younger Brushy Canyon Formation (G6 and G7 HFS of Gardner and 

Sonnenfeld 1996).  

Approximately 300 meters downdip of the relict shelf margin, on the South Wall of Bone 

Canyon, a channel incising the relict Leonardian platform is wider than the channel in 

south Shumard Canyon and is overlain by a younger, superimposed Guadalupian-age 

channel (Figure 2.10). Here, the L6 SB forms a 275-m-wide channel scour that incises 30 

meters into thin-bedded lime mudrocks of the Bone Spring Formation (relict upper 

slope). Toward the mouth of Bone Canyon, decameter-scale blocks of the L8 HFS lie 

directly above the L6 SB (Figure 2.7; breccia blocks observed in studies by Pray and 

Stehli 1962, Harms and Pray 1974, and Harris 1987). The younger, Guadalupian-age 

channel incises 35 meters into underlying strata of the G2, G1, and L8 HFS. The channel 

scour is coincident with the proposed G3 SB, but may have begun to develop earlier in 

Guadalupian time. At the axis of the Guadalupian-age channel, strata of the G1 and G2 

HFS are completely removed, G3 strata are absent, and G4 strata rest unconformably 

upon shales of the L8 HFS (Figure 2.10). G4 strata are composed of spiculitic 
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wackestones and matrix-supported lime-mud-clast conglomerates, which are themselves 

partitioned into sub-decameter to decameter-thick channel-fill complexes. Strata of the 

G4 HFS fill the superimposed Guadalupian-age channel and form an erosional contact 

with overlying sand-rich debris flows and sandstones of the Brushy Canyon Formation 

(G6 and G7 HFS of Gardner and Sonnenfeld 1996).  

Channels incising strata of the relict Late Leonardian platform are interpreted as bedrock 

channels based upon evidence for a significant vacuity between the Leonardian platform 

and overlying strata of the Cutoff Formation. These channels record multiple stages of 

erosion and widening throughout PCS9, and appear to have served as conduits for 

sediment gravity flows until their complete burial during the G4 HFS. Our study confirms 

interpretations by Harms and Pray (1974) and Harris (1982, 1987, 1988b), which 

proposed a submarine origin for these channels due to the smooth nature of the erosional 

surfaces, burial by deep-water deposits, similarity to submarine erosional surfaces in the 

Brushy Canyon Formation, lack of vadose features or other subaerial diagenetic fabrics, 

and position in the sequence framework hundreds of meters below the coeval shelf break. 

2.7.2 Relict Upper Slope 
Along the relict upper slope, there is a basinward transition from dominantly 

erosional to increasingly depositional regimes. Black shales thicken substantially at this 

setting, including one interval which onlaps basinward of the relict shelf margin (Figure 

2.7). Channel-form grain-dominated carbonate facies also onlap the relict upper slope, 

and are flanked by fine-grained deposits interpreted as channel-levee facies. The 
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transition from erosional to depositional regimes is also expressed in mass-transport 

deposits, which become increasingly soft-sediment deformed in the basinward direction. 

2.7.2.1 Black Shales 
Black shales occur in multiple stratigraphic units along the relict upper slope 

including the L7, L8, G1, G2, and G3 HFS (Figure 2.7). These deposits are 

predominantly black and fissile, and in some places are interbedded with centimeter-thick 

radiolarites (Figure 2.11). Two intervals of black shale extend from the relict shelf 

margin and across the relict upper slope, before dipping into the subsurface just landward 

of the relict lower slope. Both intervals onlap the relict platform and thicken in the 

basinward direction. The interval of black shale associated with the L7 and L8 HFS 

achieves a maximum thickness of 14.6 m at a distance of 1.2 km from the relict shelf 

margin before dipping into the subsurface. The younger shale unit represents strata of the 

G1 and G2 HFS and achieves a maximum thickness of 9.2 m at a distance of 1.7 km from 

the relict shelf margin before dipping into the subsurface. The G1 SB is inferred in this 

interval. A younger black shale unit associated with the basal G3 HFS exhibits apparent 

onlap along the relict upper slope 2.0 km from the relict shelf margin. This interval 

reaches a maximum thickness of 9 meters at a distance of 3.0 km from the relict shelf 

margin and dips into the subsurface basinward. There is an erosional contact between this 

shale and younger intraclast fusulinid wackestones and packstones of the G3 HFS, 

suggesting that some element of submarine erosion may have contributed to this 

geometry.  
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Studies by Harris (1982, 1987, 1988b, 2000) were among the first to suggest that shales 

of the Cutoff Formation accumulated in an anoxic water column. Very fine pyrite 

framboids identified in our study support an anoxic interpretation (Wilkin et al., 1997; 

Loucks and Ruppel, 2007). Nutrient enrichment in the water column due to ocean 

upwelling may have acted as a source of radiolaria, phosphate, and organic materia 

within these deposits (Parrish, 1999; Lazurus, 2005). 

2.7.2.2 Channel–Levee Complexes 
At a distance of 1.5 km from the relict shelf margin, green-algal crinoid skeletal 

grainstones exhibit channel-form geometries with dimensions ranging from 135 to 315 m 

in width and from 13 to 15 m in depth (Figure 2.12A). Channel axes demonstrate the 

greatest amount of amalgamation, the thickest beds, and coarsest grain size. Meter-scale 

bed-sets with migrating foresets and truncated topsets and foresets are common near 

channel axes (Figure 2.12B). Channnels are flanked by silty peloidal wackestones and 

packstones with intercalated calcareous shales (Figure 2.12C). Grain constituents are very 

similar to those identified in the channel axes, with grainstone content, bed thickness, and 

amalgamation decreasing systematically away from channel axes. Bed thickness also 

decreases away from the channel axes, ranging from thin-bedded deposits abutting 

channel axes to millimeter-thick beds and lamina at a distance of 200 m lateral to the 

channel axis.  

Migrating grainstone bedsets in channel axes indicate bottom current reworking 

during sustained bypass of confined turbidity currents (Mutti et al., 2003; Talling et al., 

2012) and are interpreted as point bars that developed in association with traction 
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processes and channel erosion. These deposits and their associated bedforms resemble 

facies that have been described in the overlying siliciclastic Brushy Canyon system 

(Pyles et al., 2012). Systematic changes in grain size and bed thickness away from 

channel axes are attributed to the deposition of channel levees by processes of flow 

stripping (Piper and Normark, 1983; Posamentier et al., 2000). Similar along-strike 

changes in grain size and bed thickness have been documented in siliclastic channel-levee 

systems by McHargue et al. (2011) and Eschard et al. (2013). 

2.7.2.3 Mass-Transport Deposits 
Mass-transport deposits (MTDs) can be identified along the relict upper slope 

(Amerman et al. 2011) and are represented in strata of the G3 and G4 HFS (Table 1). The 

intraclast fusulinid wackestone to packstone MTD of the G3 HFS thickens from its 

apparent onlap position 1.2 km from the relict shelf margin to a thickness of 12 meters at 

a distance of 3.0 kilometers from the relict shelf margin. This interval was at least 

partially eroded on the relict upper slope by a regional submarine unconformity 

coincident with the G3 SB. Three MTDs occur in the G4 HFS in the field area. The 

youngest MTD is composed of spiculitic lime mudstone to wackestone, the intermediate-

age MTD is composed of spiculitic clay-rich mudstone to packstone, and the youngest 

MTD is composed of skeletal spiculitic wackestone to packstone. This study agrees with 

previous work by Amerman et al. (2011) that mass-transport deposits in this interval 

exhibit an offlapping, basinward stepping geometry (Figure 2.7). 

Between 500 m and 1.25 km from the relict shelf margin, detachment surfaces and glide 

planes associated with the onset of mass-transport events can be observed crosscutting 
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thin-bedded spiculitic lime mudstones to wackestones of the G3 and G4 HFS (Figure 

2.13A). Detachment surfaces are recognized based upon a number of criteria compiled 

from studies by Davies (1977), including: 1) beds below the surface are truncated, 2) 

beds above the surface truncate against it, 3) beds above the surface show no change 

thickness within the axis of a scoop-shaped depression. These surfaces are overlain by 

centimeter-thick intervals of fissile black shale or exhibit no change in lithology above 

and below. Shales and thin-bedded wackestones above a detachment surface may or may 

not exhibit evidence for soft-sediment folding associated with the shear deformation 

during the mass-transport event. Matrix-supported lime-mud-clast conglomerates are also 

identified above scour surfaces in certain locations. These deposits may have been 

generated by shear deformation of semi-consolidated sediment during the onset of a 

mass-transport event (Cook and Mullins, 1983). 

Mass-transport complexes exhibit an overall increase in convolution and soft-sediment 

deformation in the basinward direction along the relict upper slope. Between 500 m and 

1.7 km from the relict shelf margin, individual beds of mass-transport deposits may be 

undeformed or exhibit meter-scale soft-sediment folding. Outcrops 750 m from the relict 

shelf margin display mass-transport deposits composed of thin-bedded spiculitic 

wackestone, separated by glide planes that may be draped by soft-sediment-deformed 

black shale (Figure 2.13A). These deposits range in dimension from 5 to 15 meters in 

thickness and have generally retained the primary structure of the thin-bedded turbidites 

from which they were sourced. Although outcrop quality limits the extent to which these 

deposits can be accurately traced, it appears that these deposits extend for distances of 
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100 to 400 meters along strike. Farther basinward, 2.5 to 3 km from the relict shelf 

margin, soft-sediment deformation is more pervasive. In this area, meter-scale tight folds, 

box folds, and ball-and-pillow structures become more common and individual mass-

transport deposits and glide planes are very difficult, if not impossible, to identify (Figure 

2.13B). 

2.7.2.4 Slope-Wide Debris Interval 
 A conglomeratic interval lies directly above the G3 SB and extends from its onlap 

position 1.2 km from the relict shelf margin basinward across the relict upper slope 

(Figure 2.14). This interval is composed mainly of silty lime-mud-clast conglomerates 

with intercalated black shales and siltstones. Along the relict upper slope, the basal 

contact of the debris interval is erosional, incising strata of the G1, G2, and G3 HFS 

(Figures 2.7, 2.14). Clasts constituting the debris complex resemble the intraclast 

fusulinid packstone facies of the G3 HFS, suggesting that this interval was at least 

partially sourced from Cutoff strata that was eroded and reworked by sediment gravity 

flows. At a distance of 3.0 km from the relict shelf margin, the debris interval begins to 

thin and change facies basinward to a heterolithic sand-rich unit that is confined to the 

relict lower slope (Fig 7, 14A). 

2.7.3 Relict Lower Slope 
Along the relict lower slope, processes of deposition dominate over erosion. 

Stratigraphic units exhibit more lenticular geometries and surfaces separating each unit 

are conformable. At this setting, the G3 and G4 HFS are the only exposed strata of the 

Cutoff Formation. Although much of the Cutoff Formation has dipped into the subsurface 
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at the relict lower slope, its thickness is verifiably greater at this position than at any other 

location along the relict shelf margin or relict upper slope. The basinward transition from 

erosional to depositional regimes is represented by thick accumulations of convoluted 

mass-transport deposits constituting the G4 HFS and basin-restricted sand-rich deposits 

that onlap the G3 SB. 

2.7.3.1 Mass-Transport Deposits 
Offlapping and basinward thickening of MTDs contributes to a thicker 

accumulation of G4 strata at the relict lower slope compared to more proximal settings 

within the study area (51 m vs. a maximum thickness of 36 m at the relict upper slope; 

Figure 2.7). The spiculitic wackestone MTD, however, exhibits a slight thinning 

compared to more proximal positions, attaining a thickness of 14 m at the most distal 

position 4.8 km from the relict shelf margin. It is possible that this geometry is associated 

with downlap; however, studies by Amerman (2009) document significant thickening of 

this interval in the Delaware Mountains, suggesting that local variations in the geometry 

of this MTD account for this thinning. Both the fissile spiculitic lime mudstone to 

packstone MTD and skeletal spiculitic wackestone MTD are thicker at the relict lower 

slope compared to any other setting in the field area, reaching a maximum thickness of 

11.4 m and 24 m respectively. Increasing thickness of these MTDs may be due to 

patterns of increased soft-sediment deformation or an increased number of individual 

MTDs accumulating at the relict lower slope.  

Mass-transport deposits accumulating at the relict lower slope are pervasively soft-

sediment deformed (Figure 2.13B). These observations are consistent with those 
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presented by Amerman et al. (2011) that recumbent folding is more abundant in this area 

than any other location in the study area. Patterns of soft-sediment deformation range 

from decameter-scale soft-sediment folds to centimeter-scale deformation features 

(Amerman et al. 2011). Although facies distinctions can be made between the three 

MTDs, convolution of bedding planes impedes the identification of glide planes or 

detachment surfaces at this setting. Meter-scale folds range in shape from isoclinal to 

open symmetrical in both G3 and G4 strata. At a distance of 4.8 km from the relict shelf 

margin, meter-scale compressional structures form en echelon thrust stacks (Figure 

2.13B). Microscale soft-sediment deformation structures include ball-and-pillow 

structures and soft-sediment folds (Amerman et al. 2011). It is possible that microscale 

soft-sediment-deformation features are associated with the onset of creep at the relict 

lower slope setting or repeated episodes of downslope transport in an individual MTD 

(Amerman et al. 2011). 

2.7.3.2 Basin-Restricted Sandstone 
At the relict lower slope, the slope-wide debris interval changes facies to a five-

meter-thick interval of siltstone, sandstone, and conglomerate (Figures 2.14, 2.15). At a 

distance of 4.8 km from the relict shelf margin, the G3 SB is overlain locally by 

quartzose intraclast conglomerates and a thin interval of argillaceous siltstone (Figure 

2.15). This siltstone forms a sharp contact with 3-m-thick massive sandstone (very fine 

sand) that onlaps the relict slope 4 km basinward of the relict shelf margin. Sub-angular 

cobble-size wackestone clasts are concentrated near the top of the sandstone and are 

overlain by a heterolithic interval of black shale and interbedded rudstones that is injected 
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into an overlying wackestone MTD of the G4 HFS. It is possible that mechanical 

differences between this shale-rich interval and the overlying wackestones of the G4 HFS 

contributed to the formation of a glide plane across which MTDs were transported. 

Basin-restricted sandstones on the relict lower slope are interpreted as high-density 

turbidites on the basis of overall normal grading from sandstone to mud, the massive 

character of the deposit, the lack of liquefaction features or “swirly textures” 

characteristic of clean sand debris flows, and alignment of clasts along discrete horizons 

(Talling et al. 2012). 

2.8 SEQUENCE STRATIGRAPHIC ARCHITECTURE OF THE CUTOFF 
FORMATION 

Integration of the two-dimensional, and limited three-dimensional, stratigraphic 

architecture of the Cutoff succession with the proposed sequence-to-sequence correlation 

of the Cutoff Formation to the Lower San Andres Composite Sequence (PCS9) reveals 

that the LSI created by the drowned Leonardian platform exerted both spatial and 

temporal controls on patterns of sediment dispersal (Fig 16). In the following section, the 

area along the relict platform that is dominated by erosional regimes is referred to as the 

“LSI.” During the initial lowstand, transgression, and much of the ensuing highstand of 

PCS9 (Figures 2.16B-G), styles of sediment dispersal alternated between confined 

transport of sediment gravity flows through bedrock channels and slope-wide 

accumulation of organic-rich shales. During the latest stage of the PCS9 highstand 

(Figure 2.16H), channels incising the LSI were filled and processes of unconfined flow 

and mass transport became the dominant styles of sediment dispersal. 
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2.8.1 L7 HFS 
The L7 HFS represents the initial record of channel incision and filling across the LSI. 

Following sub-aerial exposure and karsting of the Leonardian 6 platform associated with 

the L6 SB, intraclast-bearing, sand-rich gravity flows of the L7 lowstand contributed to 

the erosion and filling of bedrock channels that incised the relict L6 shelf margin (Figure 

2.16B). In the ensuing L7 highstand, cohesive gravity flows composed of cherty 

spiculitic packstone travelled through bedrock channels and accumulated downdip of the 

LSI as a basinward-thinning wedge (Figure 2.16C). Packstones constituting this wedge 

change facies dramatically basinward to an amalgamated interval of shales, isolated 

blocks, and spiculites. The erosional unconformity identified at the L7 SB represents a 

period of submarine erosion and channel widening near the LSI. 

2.8.1.1 Relationship to the Shelf System 
On the active platform, the L7 HFS records the earliest record of transgression 

and platform backstepping in PCS9 (Kerans and Fitchen 1995). Sandstones of the L7 

lowstand were likely sourced from sand-rich facies of King’s (1948) Middle Victorio 

Peak, which have been shown in a previous study by Kirkby (1982) to interfinger with 

backstepping basal L7 carbonate facies. During the L7 transgression, the tidal-flat to 

shoreline transition that advanced basinward with the L6 platform was offset 

approximately 120 kilometers landward (Kerans and Fitchen 1995). The ensuing L7 

highstand records the establishment of an open-marine, distally steepened ramp setting 

upon the transgressed shelf that likely sourced the wedge of L7 strata and isolated blocks 

lining the L7 SB (Figure 2.16C). Partial filling of bedrock channels may have been 
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facilitated by the cohesive nature of packstone sediment gravity flows shed from the 

active shelf. Similar processes of en-masse freezing on steep slope profiles have been 

documented in both siliciclastic (Talling et al. 2012) and carbonate (Rankey and 

Doolittle, 2012) systems. 

2.8.2 L8 HFS– Basal G2 Transgression 
During the L8 transgression, black shales draped bedrock channels near the LSI and 

accumulated across the underlying slope (Fig 16D). The ensuing L8 highstand is 

represented by laminated bioclastic wackestones to packstones that onlap the margins of 

bedrock channels. The L8 SB is conjectural near the relict shelf margin, and is inferred 

within an interval of laminated bioclastic wackestone to packstone. Along the relict upper 

slope, this surface is more distinct and is interpreted at the transition from laminated 

bioclastic wackestones to packstones to a heterolithic interval of bioclastic grainstones, 

laminated bioclastic wackestones, and shales associated with the G1 lowstand. In 

Stratotype Canyon (750 m from the relict shelf margin), this surface is interpreted just 

above the GSSP for the base Roadian stage. The position of the G1 highstand, G1 SB, 

and basal G2 transgression are conjectural, and inferred in a condensed interval of black 

shale. 

2.8.2.1 Relationship to the Shelf System 
During the L8 transgression, continued sea-level rise and landward migration of 

the carbonate platform contributed to anoxic conditions in the water column at the basin 

margin and organic-matter accumulation across the LSI. In the ensuing L8 highstand, 

aggradation of the carbonate platform contributed to the gradual renewal of carbonate 



 33 

delivery to basin floor and the accumulation of laminated bioclastic wackestones to 

packstones across the relict shelf margin and slope. Deposition of mud- and grain-

dominated carbonates continued into the G1 lowstand, coeval with the accumulation of 

bioclastic sandwaves developed atop the L8–G1 platform. Renewed backstepping of the 

active platform associated with the G1 MFS (Kerans and Fitchen 1995) contributed to 

another episode of significant sediment starvation and organic-matter accumulation along 

the relict platform. Although the active Lower San Andres shelf system developed a 

prograding clinoformal ramp-style geometry during the G1 HFS, sequence stratigraphic 

models by Kerans and Fitchen (1995) document a relatively carbonate-starved slope 

during this time in the position of the LSI, which is consistent with the accumulation of 

organic-rich shale across the relict platform through the G1 highstand and into the basal 

G2 transgression (Figure 2.16D). 

2.8.3 G2 Highstand 
The G2 highstand records the bypass of coarse- and fine-grained carbonate sediment 

across the LSI and the accumulation of channel-levee complexes basinward. Although 

onlap impedes the tracing of G2 strata updip to the LSI, it is important to note that 

bedrock channels were only partially filled during G2 time and likely acted as conduits 

for confined gravity flows sourcing turbidites and channel-levee complexes (Figure 

2.16E). The G2 sequence boundary is interpreted basinward of the LSI at the contact 

between carbonate-rich channel-levee complexes and overlying black shales of the basal 

G3 HFS. This surface merges updip with the through-going unconformity identified at 
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the G3 SB, indicating that gravity flows bypassing the LSI during G2 time may have 

contributed to erosion of G1 and L8 strata and widening of bedrock channels at the LSI. 

2.8.3.1 Relationship to the Shelf System 
The Lower San Andres shelf records moderate progradation (P/A = 42) of a 

sigmoid clinoformal ramp system during the G2 HFS (Figure 2.2, G2 Highstand; Kerans 

and Fitchen 1995; Kerans and Kempter 2002). Peloids, coated grains, and green algae 

identified in channel-levee complexes along the relict slope resemble grain constituents 

identified in ramp-crest and outer-ramp facies tracts (Kerans and Fitchen 1995). Onlap of 

G2 strata basinward of the LSI indicates that bedrock channels remained unfilled 

throughout the second progradational HFS recorded on the Lower San Andres shelf. 

Along the Lower San Andres ramp crest, the G2 SB is defined at the top of a series of 

tidal-flat-capped ooid and peloid-rich cycles, which are overlain by retrogradational 

wackestone and packstone-dominated cycles of the ensuing G3 HFS (Kerans and Fitchen 

1995). The lack of evidence for subaerial exposure and karst modification along this 

surface is consistent with the absence of a significant sandstone bypass across the LSI.   

2.8.4 G3 HFS 
Following a period of organic-matter accumulation during the basal G3 transgression, the 

G3 highstand records the accumulation of mud-rich intraclast fusulinid wackestone to 

packstone MTDs basinward of the LSI (Figure 2.16F). These deposits are represented in 

the stratigraphic record as a continuous blanket that extends from its apparent onlap 

position toward the basin floor (Figure 2.16F). The G3 SB is interpreted along a 

submarine unconformity that extends across the relict shelf margin and slope and 
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truncates strata of the G3, G2, G1, and L8 HFS. This surface is onlapped by the 

conglomeratic debris complex that is discussed in detail in the previous section. At the 

relict lower slope, the G3 SB becomes conformable, and fusulinid packstones of the G3 

highstand form a sharp contact with basin-restricted sand-rich facies of the overlying G4 

lowstand (Figure 2.15). The LSI was only partially buried throughout the G3 HFS, 

suggesting that sediment gravity flows sourcing G3 strata were funneled through bedrock 

channels toward the basin floor. It is also possible that apparent onlap of this unit was at 

least partially facilitated by submarine erosion associated with the G3 SB. 

2.8.4.1 Relationship to the Shelf System 
 The G3 HFS records significant progradation of a sigmoidal clinformal ramp 

(P/A = 205) and downslope transport of carbonate mud. Kerans et al. (2013) suggested 

that mud production by the carbonate platform is positively correlated to its dip-parallel 

width. G3 strata of the Cutoff Formation reflect this profound change in platform 

architecture and increase in sediment production by representing the first significant 

delivery of carbonate mud to the LSI during the regressive stage of PCS9.  

2.8.5 G4 LST 
The G4 lowstand records the accumulation sandstones at the relict lower slope and 

significant erosion of Cutoff strata across the relict platform environment. Along the 

relict upper slope, the G4 LST is represented by the conglomerate-rich debris complex 

that is described in detail in the previous section (Figure 2.14). At the relict lower slope, 

the G4 lowstand changes facies to the basin-restricted siliciclastic interval (Figures 2.14, 

15). Analysis of the Cutoff Formation stratigraphy suggests that bedrock channels 
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incising the LSI were unfilled during the time that sandstones of the G4 lowstand 

accumulated along the relict lower slope. Although sandstones of the G4 lowstand were 

not observed near the LSI, it is possible that bedrock channels served as conduits for 

confined gravity flows that sourced these deposits (Figure 2.16G).  

2.8.5.1 Relationship to the Shelf System 
The G3 SB represents the first evidence for subaerial exposure and karst breccias 

on the active shelf during the highstand sequence set of PCS9 (Kerans and Fitchen 1995). 

Similarly, basin-restricted sandstones of the G4 LST represent the first evidence for 

significant sandstone delivery to the LSI since the L6 lowstand event. These sandstones 

are likely equivalent to deposits described by Fitchen (1992) along the slope landward of 

the LSI, which are positioned immediately above the G3 SB of Kerans and Fitchen 

(1995).  

2.8.6 G4 Highstand 
The G4 highstand is represented by thin-bedded wackestones that filled bedrock channels 

near the LSI and contributed to the unconfined downslope transport of MTDs (Figure 

2.16H). Subsurface studies by Brito (2004), Romans (2003), and Amerman et al. (2011) 

corroborate the hypothesis of unconfined flow during the G4 highstand in the 

documentation of a strike-extensive, sheet-like geometry for this interval along the 

Delaware Basin floor. Our study confirms observations by Amerman et al. (2011) that 

mass-transport deposits accumulating along the relict slope exhibit offlapping geometries. 

In the context of our sequence stratigraphic framework, this geometry indicates a 

basinward shift in accommodation through the G4 HFS.  
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2.8.6.1 Relationship to the Shelf System 
 The G4 highstand on the Lower San Andres shelf represents the most 

progradational high-frequency sequence in the Permian section of the Guadalupe 

Mountains (Kerans and Fitchen 1995). The immense width of the carbonate platform 

during this time allowed the active shelf system to shed sediment to the LSI at a rate that 

exceeded the efficiency of downslope transport through bedrock channels. As a result, 

bedrock channels were filled, and there was a transition from processes of confined flow 

to processes of unconfined flow, associated with continual detachment and downslope 

shedding of mass-transport deposits (Figure 2.16H).  

2.9 COMPARISON WITH PREVIOUS STUDIES 
While “basinal drape” models proposed in previous studies of the Cutoff Formation 

predict a uniform distribution of sediment dispersal patterns across the LSI created by the 

relict Late Leonardian platform (Harris, 1982, 1987, 1988b, 2000; Amerman et al. 2011), 

observations made in this study suggest that erosional and depositional phenomena varied 

significantly from the LSI toward the basin floor. Harris (1982, 1987, 1988b, 2000) 

performed mapping near the LSI where the stratigraphy of the Cutoff Formation was thin 

and frequently crosscut by erosional surfaces (Figure 2.17A). Correlations by Amerman 

et al. (2011) used the “basinal drape” model proposed by Harris (1982, 1987, 1988b) in 

order to correlate the relatively thin interval of Cutoff strata near the LSI to outcrops near 

the relict lower slope. The result of this work was a stratigraphic model that recognized 

two siliciclastic-rich intervals in the Cutoff Formation (Figure 2.17B; Amerman et al. 

2011), which passively draped the LSI and the underlying slope. Detailed mapping 
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between the study areas of Harris (1982, 1987, 1988a, 1988b, 2000) and Amerman et al. 

(2011) presented in this study shows that a number of erosional surfaces near the LSI 

represent significant lacunae associated with the bypass of sediment and complete 

erosion of Cutoff strata (Figures 2.7, 2.17C).  These processes are represented in the 

newly proposed stratigraphic model for the Cutoff Formation, which documents four 

siliciclastic-rich intervals intercalated with basin-restricted carbonates (Figures 2.7, 

2.17C). Strata of the G2, G3, and basal G4 HFS pinch out basinward of the field area 

studied by Harris (1982, 1987, 1988b, 2000) and are unnamed in the current study 

(Figure 2.2). These findings may be significant to subsurface studies of the Cutoff 

Formation by providing an explanation for the anomalous basinward thickening of shale, 

sandstone, and carbonate strata encountered in previous work (Tyrrell et al. 2011).  

The sequence stratigraphic framework for the Cutoff Formation proposed in our study 

improves upon models proposed in previous work by including a previously 

undocumented record of alternating carbonate and siliciclastic accumulation in the 

proposed link between the LSI-modified slope and the active shelf system. Sequence 

stratigraphic models proposed by Amerman et al. (2011) associated siliciclastic 

accumulation in the Cutoff Formation with the L7, L8, and G1 HFS and the remaining 

G2, G3, and G4 HFS with a uniform succession of carbonate mud-rich mass transport 

deposits comprising the Williams Ranch Member (Figure 2.17B). The sequence 

stratigraphic framework proposed in our study agrees with the model of Amerman et al. 

(2011) that the L7, L8, and G1 HFS record the accumulation of organic-rich shales along 

and basinward of the relict platform LSI, but also recognizes an alternating pattern of 
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carbonate and siliciclastic accumulation in G2, G3, and G4 HFS (Figures 2.7, 2.8, 2.16, 

2.17C). By including the basin-restricted record of carbonate and siliciclastic 

accumulation, sequence stratigraphic models proposed in our study recognize a 

concomitant increase in the rate at which carbonate-sediment was supplied to the LSI-

modified slope system, progradation of the active carbonate platform, and transition from 

dominantly confined to unconfined styles of sediment dispersal along the LSI (Figure 

2.16).  

2.10 LARGE-SCALE INFLECTIONS IN THE GEOLOGIC RECORD 

In addition to the relict L6 margin of the Delaware Basin, eight examples of LSIs have 

been identified in published literature. These examples are described in Table 2 and 

illustrated in Figure 2.18. All eight represent drowned carbonate platforms that were 

buried beneath the prograding clinoformal slope of a younger, “active” platform. Four 

examples represent LSI buried beneath rimmed shelf systems (A, B, C, and I), three 

demonstrate burial beneath prograding ramp systems (E, G, and H), and one (F) records 

burial beneath both ramp and rimmed shelf systems. The vertical relief of the relict L6 

margin, A, and C, are similar, ranging between 670 and 800 m. The relict L6 margin 

shows higher vertical relief than B and F (100 m and 300 m respectively) and a much 

lower vertical relief than E, G, H, and I (1000 through 3300 m).The change in slope angle 

across the L6 margin is comparable with examples B, E, F, H, and I (6 through 9°). In 

example G, the mean slope angle is approximately 1o landward of the LSI but 

demonstrates a much steeper slope angle basinward (40 o) compared to the L6 margin. In 
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examples A and C, mean slope angles are steeper both landward and basinward of the 

LSI compared to the relict L6 margin (Table 2). Though a range of dimensions is 

observed, a number of examples appear to exhibit dimensions comparable with the relict 

L6 margin, suggesting that LSIs are common in the geologic record and have likely 

influenced the sediment dispersal patterns of slope systems in other basins and time 

periods. 

LSIs identified in this study represent relict carbonate margins that were drowned near 

time periods that spanned the maximum transgressive stages of 10 – 100 My sequences 

(second order), ocean anoxic events (OAE), or concomitant occurrence of these events. 

Examples developed during the maximum transgressive stage of second order sequences, 

which lack an apparent link to periods of ocean anoxia, include C and I. Example C 

represents a relict Fammenian platform in the Pricaspian Basin that was drowned during 

the transgressive sequence set of the Tournaisian–Lower Viséan Supersequence (13.1 My 

in duration; Collins et al. 2006; Collins et al. 2013). Though one LSI is explored here, 

previous studies by Collins et al. (2006) have documented significant along-strike 

variability in the architecture of backstepped platforms, suggesting that there are local 

variations in the timing and expression of LSI development throughout the Pricaspian 

Basin. Example I represents an Eocene to Early Miocene non-tropical carbonate ramp 

that drowned near the time of the Oligocene-Miocene (O-M) boundary and buried 

beneath a prograding tropical rimmed-shelf carbonate system during the Early to Middle 

Miocene (Rosleff-Soerensen et al., 2012). The time of the O-M boundary was 
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characterized by major eustatic fluctuations, including a eustatic sea-level fall associated 

with the expansion of Antarctic glaciers (Roberts et al., 2003; Lear et al., 2004; Śliwińska 

et al., 2014), followed by a sea-level transgression that endured for approximately 10 My 

and peaked in the Middle Miocene (Haq and Al-Qahtani, 2005). Example E is the only 

example of a carbonate-platform LSI that developed during the time of an OAE, without 

an apparent link to a global transgression. Example E developed when an active 

carbonate platform was drowned by the combined influence of OAE 1a and the 

transgression of the early Aptian (124-119 Ma) composite sequence (third-order 

sequence, Figure 2.18E; Phelps et al. 2014). The other examples of LSIs (A, B, G, F, and 

H) represent carbonate platforms that were drowned during time periods characterized by 

concomitant OAEs and maximum transgressive stages of 10-100 My (second order) 

sequences. Examples A and B are relict Frasnian platforms that were drowned during the 

transgressive stage of a 23 My sequence (Whalen et al., 2000; Playton, 2008; Gradstein et 

al., 2012). Platform drowning in the Canning Basin (Example A) occurred near the time 

of a δ13C excursion associated with the Falsiovalis event, approximately 381 Ma 

Platform drowning in the Alberta Basin (Example B) occurred prior to the time of the 

δ13C excursion associated with the Lower and Upper Kellwasser events (Buggisch and 

Joachimski, 2006; Hillbun et al., 2014) but may have been influenced by changes in the 

oceanic environment leading up to the time of each excursion. Our study has identified 

the drowned Sequence 4 platform of Playton (2008) as an LSI in the Canning Basin; 

however, a series of drowned Frasnian platforms are situated basinward of the Sequence 

4 margin and may have exerted a similar influence on sediment dispersal patterns. 



 42 

Examples F, G, and H represent relict Cretaceous platforms that were drowned near the 

time of the Late Cretaceous sea-level maximum and OAE. Integrated outcrop and 

chemostratigraphic studies of Example F illustrated a direct link among the occurrence of 

platform drowning, OAE 2 at the Cenomanian-Turonian boundary, and global 

transgression associated with the Late Cretaceous sea-level rise. Samples obtained from 

offshore dredging near Examples G and H indicate that the former originated as a 

carbonate platform that was drowned near the Cenomanian-Turonian boundary 

(Freeman-Lynde, 1983), while the latter was drowned near the Cretaceous-Paleogene 

Boundary (Shipley et al., 1978). Although a global sea-level rise during the late 

Cretaceous has been cited as the main mechanism for platform downing for both 

examples G (Buffler et al., 1980) and H (Shipley et al. 1978), periods of ocean anoxia 

associated with these boundaries may have contributed to the termination of carbonate 

platforms and subsequent development of the LSIs (e.g., Cenomanian-Turonian OAE; K-

T Global Extinction Event respectively).  

Erosion and deposition associated with the identified examples of LSIs resemble those 

observed near the relict Leonardian margin in the Delaware Basin (Figure 2.1) and may 

produce seismic-scale stratal patterns (Table 2). All identified examples of the LSIs show 

downlap of younger, prograding clinoforms onto a transgressed shelf plateau. This 

geometry is visible in seismic data for example I along a horizon that identifies the 

terminal progradation of the drowned carbonate margin (Figure 2.19A). In examples A, 

G, H, and I channelization along and basinward of the LSI produced stratal patterns 

similar to those documented along the relict Leonardian margin. These patterns are well 
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imaged in a stratal slice along example I, which reveals straight channels incising the LSI 

which terminate updip along the transgressed shelf and a combination of straight and 

sinuous channels basinward of the LSI (Figure 2.19B). Truncation of slope strata above a 

Cretaceous platform LSI is also visible in 2-D seismic profiles across example H, 

although the timing of erosion is poorly constrained (Shipley, 1978). Dredging and 

submersible surveys along example G reveal that erosion of the drowned platform has 

completely removed the former shelf margin, such that horizontal beds of platform-

interior facies are currently exposed along the face of a steep submarine escarpment. 

Submarine photographs also reveal gullies across the LSI, which serve as conduits for 

sediment gravity flows in the present day (Paull et al., 1990). Like the Late Leonardian 

margin, all of the examples identified in previous studies are onlapped by older 

stratigraphic units. Outcrop studies of examples A, B, and F and core data collected 

basinward of example C show that onlapping strata are composed of breccias along with 

fine- and coarse-grained periplatform sediments. Strata onlapping the LSI in example F 

provide a record of carbonate-mud-rich mass-transport deposits, similar to those observed 

in the Delaware Basin.  Two-dimensional seismic profiles of examples E and H also 

show strata onlapping the LSIs, though the exact timing of deposition remains 

speculative. In addition to onlap of carbonate-rich strata, an integration of rock and 

seismic data in examples B and C indicates that LSIs are onlapped by fine-grained, 

organic-rich deposits that are associated with the maximum transgressive stages of 

depositional sequences. The sequence stratigraphic setting and architecture of these 

deposits is similar to black shales of the Cutoff Formation in the Delaware Basin, 



 44 

suggesting that shale accumulation basinward of the LSIs may represent a predictable 

pattern that can be used to forecast the presence of tight hydrocarbon reservoirs in other 

basins.  

2.11 CONCLUSION 
Where present, LSIs exert a fundamental control on the sediment dispersal patterns of 

slope systems and the resulting architecture of reservoir-prone strata. Carbonate and 

siliceous strata sourced by sediment gravity flows record a basinward transition from 

erosional to depositional regimes along the exhumed profile of a drowned carbonate-

platform margin. Shales and sandstones of the Cutoff Formation accumulated basinward 

of an LSI created by a drowned Early to Middle Permian carbonate platform and record a 

previously undocumented history of carbonate starvation and siliciclastic accumulation 

along the slope of the northwest Delaware Basin during Late Leonardian to Early 

Guadalupian time.  

A dramatic basinward thickening of stratigraphic units is facilitated by processes of 

erosion, bypass, and slope failure associated with the LSI. The most proximal position 

along the LSI is characterized by thin accumulations of mud- and debris-dominated 

deposits, which are often truncated or completely removed by submarine erosion. Fine-

grained strata drape topography that was inherited or created by erosion and thicken 

dramatically in channel-scours. Downdip, basin-restricted deposits record the 

accumulation of carbonate-mud-dominated mass-transport complexes and grainstone 

channel-fill complexes with packstone-dominated channel levees. A slope-wide 
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carbonate debris complex records an intermittent stage of sediment starvation along the 

slope profile and interfingers with basin-restricted sandstones that bypassed the LSI. 

Migration patterns of the active shelf-equivalent carbonate platform demonstrate a strong 

link to temporal changes in patterns of sediment dispersal across the LSI. The initial 

lowstand, transgression, and much of the highstand sequence set of Permian Composite 

Sequence 9 was characterized by an alternation of carbonate and siliciclastic 

accumulation along and basinward of the LSI. Carbonate accumulated preferentially 

during the late transgressive to highstand stages within most high-frequency sequences of 

the lower-order composite sequence. Shale accumulated preferentially during the early 

transgressive stages of high-frequency sequences but also appeared to span the highstand 

of an HFS near the maximum transgressive stage of PCS 9. Sandstone accumulated 

intermittently during the lowstand stages of high-frequency sequences coincident with 

subaerial exposure and karsting of the shelf-equivalent platform. Sediments transported 

across the LSI during this time were funneled through bedrock channels, which served as 

conduits for confined sediment gravity flows. This pattern of sediment dispersal was 

sustained while the rate of sediment supplied to the LSI was exceeded by the rate at 

which sediments were shed downslope, and the LSI was only partially buried. During the 

latest highstand of Permian Composite Sequence 9, mud production by the carbonate 

platform was extensive, and contributed to a thick accumulation of carbonate mud that 

buried bedrock channels near the LSI. Complete filling of bedrock channels facilitated a 

transition to patterns of sediment dispersal dominated by unconfined downslope transport 

of carbonate-mud-rich mass-transport deposits. Recognizing temporal changes in patterns 
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of sediment dispersal across LSI may provide insights concerning the lateral continuity 

and geometry of reservoirs associated with these systems. 

LSIs are more common the geologic record than previously thought and have likely 

influenced patterns of sediment dispersal in other basins. Like the Permian platform in 

the Delaware Basin, LSIs identified in published literature demonstrate hundreds of 

meters of vertical relief above the basin floor and create significant changes in the 

magnitude of slope angle below the active shelf break. Stratal patterns associated with 

LSIs provide strong indication of erosional and depositional processes similar to those 

that are recorded in the stratigraphy of the Cutoff Formation. Though LSIs may form in 

other circumstances, the examples of LSIs discussed in this study developed near the time 

of maximum transgressive stages associated with 10 – 100 My sequences and OAE. 

Recognition of these circumstances in the geologic record may provide an indication of 

LSI development, and vice versa. Further studies of LSIs mentioned in this study, or 

identified elsewhere, will yield fundamental information concerning the geologic history 

of their respective basins. 
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2.12 CHAPTER 2 FIGURES AND TABLES 

 

Figure 2.1 LSI Cartoon Model 

Seismic-scale stratal patterns and sedimentological processes associated with carbonate 
slope systems possessing a large-scale inflection in slope angle below the shelf break 
(LSI). In this model, the increase in slope angle is facilitated by the presence of a 
drowned carbonate platform. Processes of bypass, erosion, channelization, and slope 
failure are expected to be concentrated near the LSI. Basinward of the LSI, the oldest 
stratigraphic units onlap inherited topography of the relict carbonate platform. Localized 
channel-levee-fan systems and mass-transport deposits (MTDs) may also occur in this 
area.   



 48 

 

 

Figure 2.2 Stratigraphic column 

Stratigraphic column for late Leonardian to early Guadalupian stratigraphy in the 
Guadalupe Mountains. Composite sequences (CS), high-frequency sequences (HFS), and 
base-level curve correspond to the chronostratigraphic framework proposed by Kerans 
and Kempter (2002) and this study for the Permian section of the Delaware Basin. 
Conodont zones are based upon work by Lambert et al. (2000) and the definition of the 
GSSP by the International Commission on Stratigraphy in association with the 
International Union of Geological Sciences (2001). 
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Figure 2.3 General map of the Delaware Basin 

Generalized map of the Permian Basin highlighting the position of the Guadalupe and 
Brokeoff Mountain outcrops along the Northwest Shelf of the Delaware Basin. Study 
area is highlighted using a gray box and an arrow. Modified from Kerans et al. (2013). 
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Figure 2.4 DEM of the study area 

DEM of the Brokeoff and Guadalupe Mountains Region A) Image showing the trend of 
the PCS9 shelf margin (from Kerans and Fitchen 1995) and relict Leonardian 6 shelf 
margin (from Amerman et al., 2011) with respect to the field area encircled with a yellow 
box and labeled “B.” B) Zoomed-in view of the study area showing the location of 
canyons along the Western Escarpment of the Guadalupe Mountains National Park (B). 
The scale bar projected along strike from Shumard Canyon illustrates the dip-parallel 
distance from the relict L6-Victorio Peak shelf margin. Dashed lines with arrows 
illustrate along-strike projections to the scale bar for Shumard Canyon and the most 
downdip extent of the study area at Rest Area Gully. Depositional settings of the LSI 
environment include: relict shelf margin (RSM), relict upper slope (RUS), and relict 
lower slope (RLS).  
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Figure 2.5 Overview of remote sensing dataset 

Remote-sensing data used to augment field mapping displayed in Quick Terrain Modeler 
software. A) Three-dimensional photogrammetrically constrained point cloud showing 
Opera House Canyon (left) and Dynamite Canyon (Right). Red Line represents location 
of profile analysis along the point cloud. B) Graphical output of profile analysis on 
photogrammetrically constrained point cloud. C) Grayscale airborne LIDAR point cloud 
of field area along the Western Escarpment. 
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Figure 2.6 Regional stratigraphic framework 
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Figure 2.6 (continued) 
 
Illustration of relict Leonardian platform-LSI with respect to the equivalent San Andres 
shelf system. A) Stratigraphic framework of Kerans and Kempter (2002) showing the 
geometry and facies associations of the shelf and slope systems in the Northwest 
Delaware Basin. B) Zoomed in view of the area near the relict Leonardian platform LSI 
showing the environments that are used in this study as a spatial reference for describing 
the stratigraphic architecture of the Cutoff Formation. Dip angles are not corrected for 
regional dip, which is 4° to the east (Nelson et al., 1999). Illustration of the Brushy 
Canyon Formation stratigraphy is excluded from this zoomed in view. Red lines 
represent high-frequency sequence boundaries in both Part A and Part B. Black dashed 
lines with white background shown in Part B indicate composite sequence boundaries 
associated with the base and the top of Permian Composite Sequence 9. 
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Figure 2.7 Stratigraphic framework for the Cutoff Formation 
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Figure 2.7 (continued) 
 
Two-dimensional stratigraphic framework for the Cutoff Formation along the Western 
Escarpment of the Guadalupe Mountains. 
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Figure 2.8 Expanded stratigraphic framework for the Cutoff Formation 
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Figure 2.8 (continued) 
 
Expanded cross section showing high-frequency sequences interpreted in the stratigraphy 
of the Cutoff Formation. Hatched pattern above stratigraphic models represent areas 
where submarine erosion has contributed to partial or incomplete loss of the rock record. 
See cross-section key in Figure 2.7 for facies. 
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Figure 2.9 Bedrock channel, Shumard Canyon 

Bedrock channel near the relict shelf margin on the south wall of Shumard Canyon. A) 
Photomosaic looking southeast. B) Annotated photomosaic showing key surfaces, facies, 
and stratigraphic units. See cross-section key in Figure 2.7 for facies. Dashed black lines 
represent composite sequence boundaries. Yellow lines with black infill represent 
boundaries between stratigraphic units. Note that the L6 SB represents the base of the 
Cutoff Formation. Also note that the G4 SB represents the top of the Cutoff Formation. 
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Figure 2.10 Bedrock channel, Bone Canyon 
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Figure 2.10 (continued) 
 
Bedrock Channel on the South Wall of Bone Canyon, 300 m basinward of the relict shelf 
margin. A) Gigapan photomosaic looking south. B) Annotated photomosaic showing key 
surfaces, facies, and stratigraphic units. See cross-section key in Figure 2.8 for facies. 
Dashed black lines represent composite sequence boundaries. Note that the L6 SB 
represents the base of the Cutoff Formation and the G4 SB represents the top of the 
Cutoff Formation. The solid red line represents the Guadalupian-age channel, which is 
coincident with the base G4 unconformity. Notice how this channel is stacked above the 
channel scour, which is interpreted as the L6 SB. Solid white lines represent significant 
surfaces between stratigraphic units or depositional elements. 
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Figure 2.11 Black shale facies 

Outcrop and thin-section photomicrographs of black shale facies. A) An outcrop 
photograph, illustrating the fissility of the black shale facies. B) A thin-section 
photomicrograph of fissile black shale facies. C) Outcrop photograph of black shale 
facies emphasizing interbedded radiolarites. Arrows point to radiolarite beds. D) Thin-
section photomicrograph of radiolarite showing interparticle, intraparticles, and moldic 
porosity. 
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Figure 2.12 Channel-levee system, Blackstove Canyon 
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Figure 2.12 (continued)  
 
Channel-levee system in Blackstove Canyon, 2.5 km basinward from the relict shelf 
margin. A) Aerial photograph showing an oblique-strike view of the channel-levee 
system. B) Field photograph of green-algal-crinoid-skeletal grainstone in Blackstove 
Canyon. Yellow lines on field photograph illustrate migrating foreset beds. This feature is 
interpreted as a point bar in a submarine channel. C) Silty peloidal wackestone-packstone 
interbedded with carbonate-rich shale in Blackstove Canyon. This facies is identified 
adjacent to a submarine channel in Blackstove Canyon and is interpreted as a channel-
levee deposit. 
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Figure 2.13 Mass-transport deposits 

Mass-transport deposits accumulating on the relict slope. A) South wall of Overhang 
Canyon, just southeast of Stratotype Canyon, relict upper slope, 750 m basinward from 
the relict shelf margin. Mass-transport deposits composed of spiculitic wackestone and 
mudstone separated by glide planes of fissile black shale. B) South wall of Rest Area 
Gully, relict lower slope, 4.8 km basinward from the relict shelf margin. Mass-transport 
deposits with recumbent folds are indicated by yellow lines and arrows. 
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Figure 2.14 Schematic cross section and debris somplex 
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Figure 2.14 (continued)  
 
A) Schematic cross section showing the correlation of the slope-wide debris complex. 
Red arrows indicate areas where strata of the Cutoff Formation are truncated beneath the 
debris complex along an erosional surface that is coincident with the G3 SB. B) Outcrop 
photograph of the debris complex showing boulder-size clasts, colonized by sponges in 
Blackstove Canyon, 2.5 km from the relict shelf margin. Beds of intraclast fusulinid 
packstone are truncated at the base of the debris complex. 
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Figure 2.15 G3 and G4 strata, Rest Area Gully 

G3 and G4 strata exposed on the North wall of Rest Area Gully, 4.8 km basinward from 
the relict shelf margin, including the basin-restricted sand-rich interval comprising the G4 
LST. 
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Figure 2.16 
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Figure 2.16 (continued)Sequence Stratigraphic framework for the Cutoff Formation 
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Figure 2.16 (continued)  
 
Block diagrams showing temporal evolution of sedimentation styles across the LSI (relict 
shelf margin-relict slope profile), as reflected by the sequence stratigraphic framework of 
the Cutoff Formation. Migration patterns of the active PCS 9 shelf system are illustrated 
in the two-dimensional cross section in the upper right corner of each time step. A) L6 
Highstand, B) L7 Lowstand, C) L7 Highstand, D) L8 HFS–Basal G2 Transgression, E) 
G2 Highstand, F) G3 Highstand, G) G4 Lowstand, H) G4 Highstand. Refer to Figure 2.7 
for detailed sequence stratigraphic framework of the PCS 9 shelf system and bathymetric 
position of the study area. 
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Figure 2.17 Comparison with previous studies of the Cutoff Formation 
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Figure 17 (continued) 
 
(A) Schematic cross section illustrating the location of the relict shelf margin and relict 
slope represented by the Victorio Peak-Bone Spring Formations. Dashed lines indicate 
the location of the field areas from previous work and the current study. B) Stratigraphic 
model for the Cutoff Formation modified from Harris (1987, 1988b, 2000). C) 
Stratigraphic model for the Cutoff Formation modified from Amerman et al. (2011) D) 
Advancements to the stratigraphic model for the Cutoff Formation presented in the 
current study. See Figure 2.7 for detailed facies description in Part D. 
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Figure 2.18 LSIs in the geologic record 
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Figure 2.18 (continued) 
 
Comparison of the two-dimensional profile of the LSI formed by the relict L6 margin 
with LSIs documented in previous studies. The red arrow indicates the approximate 
location of the LSI. The zone of bypass, erosion, channelization, and slope failure are 
expected to be identified near this area. The relict L6 margin and the other LSIs are 
organized upon the geologic time scale based upon the time of platform drowning. Data 
used to generate the slope profiles presented in this figure were obtained from studies 
listed in Table 2. The time scale used for this figure is generated from the GSA 2013 time 
scale (Walker et al., 2013). Data on sea-level change for the Phanerozoic is derived from 
a compilation presented by Miller et al. (2005). 
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Figure 2.19 Stratal patterns associated with an LSI in the Browse Basin 
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Figure 2.19 (continued) 
 
Stratigraphic patterns associated with slope systems modified by LSI that can be resolved 
on seismic images. These images represent data used for analyzing the LSI represented 
by a drowned Miocene platform in the Browse Basin on the northwest shelf of Australia 
(Example I in Table 2 and Figure 2.18). A) Two-dimensional seismic cross section 
showing clinoforms associated with a younger, prograding carbonate system 
downlapping the Miocene platform. B) Stratal slice from the seismic line shown in Part A 
illustrating channels along the drowned carbonate platform LSI. Channels incise the LSI 
and terminate updip along the transgressed shelf plateau. Basinward of the LSI, sinuous 
and straight channel-form geometries provide an indication of confined flow along the 
slope of the drowned carbonate platform. The seismic data used to generate these images 
were obtained from Geoscience Australia.  
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Table 2.1 Lithofacies of the Cutoff Formation 
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Table 2.1: Lithofacies of the Cutoff Formation. Abbreviations for Dunham fabric names 
include: Mdstn = Mudstone, Wkstn = Wackestone, Pkstn = Packstone, Gstn = 
Grainstone, Rdstn = Rudstone. Also, the facies name “Cglmt” is an abbreviation for 
“conglomerate.” In the bedding geometry column, abbreviations for “u ct.” and “l ct.” 
represent “upper contact” and “lower contact” respectively. 
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Table 2.2 LSIs in the geologic record 
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Table 2:2 Geologic history, fundamental geometric dimensions, and stratal patterns 
associated with the relict L6 margin and LSIs identified in previously published 
literature. The relict L6 margin of the Delaware Basin is highlighted in gray.     
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CHAPTER 3:  

SEDIMENT GRAVITY FLOW DEPOSITS AND THREE-
DIMENSIONAL STRATIGRAPHIC ARCHITECTURES 

ASSOCIATED WITH A LARGE-SCALE INFLECTION IN SLOPE 
ANGLE BELOW THE SHELF BREAK; BONE SPRING AND 

AVALON SYSTEM, DELAWARE BASIN 

 

3.1 ABSTRACT 
The Bone Spring play and associated Avalon sub-play represent a succession of 

calcareous, siliceous, and carbonaceous sediment gravity flow deposits associated with 

significant production of oil, condensate, and dry gas in the Delaware Basin.  Correlation 

of the upper Bone Spring and upper Avalon systems to the outcropping Cutoff Formation 

slope system and Lower San Andres composite sequence (PCS9, 2-4 m.y.) in the 

Guadalupe Mountains Region allow us to investigate how slope and basinal accumulation 

patterns are linked to deposit types and migration patterns of the active sediment factory 

(shelf system). The Cutoff-upper Bone Spring-upper Avalon interval in the northern 

Delaware Basin records the multivariate evolution of a deepwater system associated with 

a drowned carbonate platform margin (large-scale inflection) characterized by 1) an 

increase in the rate of sediment supply to the drowned platform, 2) a transition along the 

relict platform from styles of sediment transport dominated by turbidity currents to styles 

dominated by mass-transport events, and 3) a landward shift in the locus of deposition 

downdip of the relict shelf margin. Reservoir-prone strata of PCS9 associated with 

turbidite systems demonstrate basinward-stepping geometries along shallow slope 
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gradients downdip of the relict shelf margin, and aggradational geometries along steep 

slopes. Non-reservoir strata associated with carbonate–rich mass-transport deposits of 

PCS9 accumulate near the relict shelf margin on both shallow and steep slopes. Insights 

developed from this study can help to improve exploration activities in the Delaware 

Basin, and other basins with analogous deepwater systems. 

3.2 INTRODUCTION 
Sediment gravity flows are capable of transporting large quantities of shallow- 

and open-marine detritus to slope and basinal carbonate environments, particularly during 

times of platform submergence (Schlager et al., 1994; Playton et al., 2010). While 

gravitational collapse of reef-rimmed platforms may contribute to gravity-flow deposits 

that are largely unique to carbonate systems, studies of both modern (Mulder et al., 

2012a; Mulder et al., 2012b; Rankey and Doolittle, 2012; Mulder et al., 2014) and 

ancient settings (Payros and Pujalte, 2008; Amerman et al., 2011; Hurd et al., 2016) have 

also recognized deposits and architectural elements resembling those of siliciclastic 

systems (i.e., submarine fans, mass transport deposits, channel-levee systems). 

Understanding the dispersal and accumulation patterns of sediment gravity flows has 

become increasingly important for the energy industry as oil and gas companies continue 

to explore the slope and basinal environments of carbonate systems for viable 

hydrocarbon reservoirs (Saller, 1989; Clayton and Kerans, 2013).  

A prime example of a mixed carbonate –siliciclastic hydrocarbon system associated with 

sediment gravity flows is represented by the Bone Spring play and Avalon sub-play in the 

Delaware Basin of West Texas and New Mexico (Figure 3.1). Previous studies of the 



 91 

upper Bone Spring – Avalon trend have recognized the importance of sediment gravity 

flow deposits as viable hydrocarbon reservoirs or baffles inhibiting production and well 

completion (Saller, 1989; Asmus and Grammer, 2013; Nester et al., 2014; Schwartz, 

2014; Stolz, 2014) While these studies have helped to characterize the various types of 

deposits associated with these reservoirs,  little is known in this system, and in the 

discipline of carbonate sedimentology in general (Payros and Pujalte, 2008; Playton et 

al., 2010; Hairabian et al., 2015), about the relationships linking accumulation patterns on 

the basin floor to 1) patterns of sediment dispersal on the slope and 2) migration patterns 

of the active sediment factory. The current study strives to confront this gap in 

knowledge by proposing a stratigraphic model linking three-dimensional accumulation 

patterns of Bone Spring and Avalon strata in the subsurface, sediment gravity flow 

deposits of the Cutoff Formation outcropping in the Guadalupe Mountains, and shelf-

equivalent strata of the Lower San Andres composite sequence (Permian Composite 

Sequence 9, PCS9, 2-4 m.y.).  

Previous studies have hypothesized that at least some of the upper Bone Spring and 

Avalon reservoirs in the subsurface are equivalent to the Leonardian – Guadalupian-age 

(Lower – Upper Permian) Cutoff Formation due to the similarity of their respective 

lithologies and stratigraphic position (Figure 3.2, Saller, 1989; Hart, 1998; Hart, 2000; 

Amerman, 2009; Amerman et al., 2011; Tyrrell et al., 2011). Hurd et al., (2016) 

illustrated that the late Leonardian-early Guadalupian Cutoff Formation represents a 

heterolithic succession of carbonate, siliceous, and carbonaceous deposits which 

accumulated along and basinward of a relict carbonate platform during deposition of the 
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composite sequence (PCS9, Figures 3.2, 3.3). Incorporation of this stratigraphic model 

along with an extensive subsurface dataset afford an opportunity for renewed 

investigation of the link between outcropping deposits of the Cutoff Formation and strata 

associated with the Bone Spring and Avalon trends in the subsurface. This study begins 

by illustrating a stratigraphic framework which links the outcropping Cutoff Formation in 

the Guadalupe Mountains region to upper Bone Spring and upper Avalon strata in the 

subsurface of the northern Delaware Basin. Next, the study summarizes the deposit types, 

accumulation patterns, and sequence stratigraphic setting of Cutoff and equivalent Bone 

Spring and Avalon strata (PCS9), which are mapped on a regional-scale. Third, each 

mapped unit is compared through space and time in order to identify how three-

dimensional accumulation patterns in slope and basinal environments are linked to the 

types of sediment gravity flows shed across the relict platform and migration patterns of 

the shelf system. Finally, this study characterizes the reservoir styles that are represented 

by PCS9 strata in the northern Delaware Basin and identifies potential opportunities for 

hydrocarbon production in other basins with analogous systems.  Insights from this study 

may improve the current state of knowledge concerning the spatial and temporal 

distribution of organic- and sandstone-rich reservoirs associated with Bone Spring and 

Avalon plays and introduce predictive tools that can improve exploration activities in 

other basins. 

3.3 GEOLOGIC SETTING 
The late Leonardian – early Guadalupian Cutoff Formation and equivalent strata 

of the upper Bone Spring and upper Avalon trends represent a succession of calcareous, 
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siliceous, and carbonaceous sediment gravity flow deposits that accumulated across the 

Delaware slope and basin floor in association with a craton-wide, if not global, 

transgression. The Delaware Basin represents the major western subdivision of the 

Permian Basin, which formed during NE-SW oriented convergence of the South 

American and North American plates along the Marathon-Ouachita Front (Tai and 

Dorobek, 2000). Tectonism was active through Middle Wolfcampian (Lower Permian) 

time, and persisted locally along structural flexures throughout the Wolfcampian stage 

(Ross, 1986; Playton, 2006). The basin is elongate in the north-northwest direction, and is 

bounded by the northwest shelf, the Diablo Platform to the west, the Central Basin 

Platform to the east, and the Marathon orogenic belt to the south (Figure 3.1). The 

vertical relief of bounding and intraforeland uplifts varies across the basin, and is greatest 

immediately to the west of a steep escarpment along the Central Basin platform (Yang 

and Dorobek, 1995).Uplifts defining the boundaries of the basin were nucleation sites for 

carbonate platforms, while deeper slope and basinal areas were depocenters for detrital 

carbonate sediment, subarkosic sandstones, and organic-rich mudstones (King, 1948; 

Meissner, 1972; Yang and Dorobek, 1992; Kerans and Fitchen, 1995; Kerans and 

Kempter, 2002; Playton, 2008; Hurd et al., 2016). Sandstones in the Delaware Basin were 

likely transported from aeolian systems of the Whitehourse Group in the Anadarko Basin 

situated to the northeast, which received sediment from basement sources associated with 

the Ouachita system to the south (Kocurek and Kirkland, 1998; Soreghan and Soreghan, 

2013). Throughout the deposition of the Cutoff Formation and equivalent shelf and 

basinal strata, the Delaware Basin was connected to the Midland Basin in the east by the 
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Sheffield Channel and the San Simon Channel (Kerans and Fitchen, 1995). The Hovey 

Channel, in the southwest corner of the basin, provided a connection to open-ocean 

circulation during this time; however, outflow of colder or more saline bottom waters is 

thought to have been restricted by a sill within this feature (Figure 1, Adams and Frenzel, 

1950; Oriel et al., 1967). Organic-rich deposits in both the Delaware and Midland Basins 

have been attributed to anoxia in the water column during Leonardian and early 

Guadalupian time (Harris, 1987; Hamlin and Baumgartner, 2012). Plate reconstructions 

for the late Permian by Bambach et al. (1980), Scotese and McKerrow (1990) indicate 

that the Delaware Basin was situated approximately 5o north of the paleoequator. 

Terrigeneous clastic red-beds and evaporites in shallow water settings of the Delaware 

Basin provide an indication of semi-arid conditions during Leonardian up through the end 

of the Guadalupian (King, 1948; Kerans and Fitchen, 1995; Kerans and Kempter, 2002). 

During the post-tectonic phase of the Permian foreland basin, sediment accumulation on 

the northwest shelf was controlled by hierarchical glacio-eustatic accommodation 

changes  (3rd through 5th order, Kerans and Fitchen, 1995, Tinker, 1998) which were 

superimposed onto long-term, basinwide, subsidence (2nd order) driven by post-tectonic 

sag and loading by sediments and intraforeland uplifts (Yang and Dorobek, 1995). In the 

Leonardian, platforms on the Northwest shelf grew vertically upon Wolfcampian-age 

strata and prograded toward the center of the basin (Figure 3.3, Kerans and Ruppel, 1994; 

Fitchen, 1997; Kerans and Kempter, 2002). Outcrop and core data from the northern 

Delaware Basin indicate that slope and basinal accumulation during this time is 

represented by carbonate mud-rich turbidites, slumps, and intermittent accumulation of 
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siliceous gravity flow deposits (King, 1948; Kirkby, 1982; Fitchen, 1997; Asmus and 

Grammer, 2013; Stolz, 2014). The Cutoff Formation and equivalent strata around the 

basin were deposited in association with the drowning and landward backstepping of 

carbonate platforms near the time of a craton-wide, if not global, sea-level rise which 

peaked at the Leonardian-Guadalupian boundary (Meissner, 1967; Silver and Todd, 

1969; Meissner, 1972; Lambert, 1992; Kerans and Fitchen, 1995 using conodont work 

published in abstract form by B. Wardlaw; Lambert et al., 2000; International Union of 

Geological Sciences, 2001). Displacement of carbonate platforms 30 – 40 km in the 

landward direction during this time contributed to the establishment of a broad, open-

marine, distally steepened ramp system on the northwest shelf and intermittent periods of 

carbonate starvation and organic matter accumulation along the slope and basin floor 

(Harris, 1987; Kerans and Fitchen, 1995; Kerans and Kempter, 2002; Pranter et al., 2004; 

Hurd et al., 2016). Deposition of the Cutoff Formation continued into the ensuing 

highstand regression during the establishment of a broad (~30 km wide), prograding 

clinoformal ramp system which shed large volumes of carbonate sediment toward the 

underlying slope and basin (Figures 3.2 and 3.3, Kerans and Fitchen, 1995; Kerans and 

Kempter, 2002; Pranter et al., 2004; Amerman et al., 2011; Hurd et al., 2016). Subaerial 

exposure of the platform during the onset of a sustained lowstand (3rd order) coincided 

with a temporary cessation of carbonate production and significant bypass of sandstone 

across the shelf which sourced sandstone of the Brushy Canyon Formation (Figures 3.2 

and 3.3, Kerans and Kempter, 2002; Romans, 2003; Brito, 2004). Later stages of the 

Guadalupian were characterized by a gradual transition in styles of platform architecture 
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from relatively low relief, ramp style geometries with shallow-dipping (<1-5°), mud-

dominated slopes to the eventual development of the high-relief, Capitan-reef platform 

system which was flanked by steep (>70°) debris-dominated slopes (Kerans et al., 2013).   

3.4 SEQUENCE STRATIGRAPHIC SETTING 
The outcropping Cutoff Formation in the Guadalupe Mountains National Park 

accumulated along and basinward of the drowned late Leonardian platform margin 

(Figures 3.2 and 3.3, King, 1948; Harris, 1987; Kerans and Fitchen, 1995; Amerman et 

al., 2011; Hurd et al., 2016). Integrated sequence stratigraphic and biostratigraphic 

studies by Kerans and Fitchen (1995), Kerans and Kempter (2002) and Hurd et al., 

(2016) proposed that the stratigraphy of the Cutoff Formation in this area records a 2-4 

m.y. composite sequence (Permian Composite Sequence 9, PCS9), which is composed of 

6 high frequency sequences.  The base of the composite sequence is identified at the 

Leonardian 6 sequence boundary (L6 SB), which represents the terminal basinward 

progradation of the drowned late Leonardian platform and associated silty tidal flat 

deposits of the Glorieta / Middle Victorio Peak / and Yeso successions (Kerans and 

Ruppel, 1994; Kerans and Fitchen, 1995; Kerans and Kempter, 2002). Above this 

surface, the transgressive sequence set of PCS9 is composed of two high frequency 

sequences (L7 and L8 HFS) which record the drowning and burial of the Late Leonardian 

platform beneath an alternating succession mud-dominated carbonate and siliceous 

mudstones. The ensuing highstand sequence set is composed of four high frequency 

sequences (G1 through G4 HFS respectively). The G1 – G3 HFS record another period of 

carbonate and siliceous mudstone accumulation along and basinward of the relict 
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platform, while the G4 HFS records an initial period of sandstone bypass to the basin 

floor (G4 lowstand of Hurd et al., 2016), followed by widespread accumulation of 

offlapping carbonate-mud-rich mass-transport deposits (G4 highstand of Hurd et al., 

2016). The top of the composite sequence is identified along a regional bypass surface 

across which siliciclastic deposits associated with the younger Brushy Canyon Formation 

bypassed to the slope and basin floor (G5 – G7 HFS of Gardner and Sonnenfeld, 1996; 

Gardner, 2008).  

Like the Cutoff Formation, the upper Bone Spring and upper Avalon units record 

intermittent periods of siliceous mudstone, carbonate, and sandstone accumulation across 

the deepwater settings of the Delaware Basin (Saller, 1989; Montgomery, 1997b; Hart, 

2000; Tyrrell et al., 2011; Stolz, 2014). Siliceous mudstones and fine-grained sandstones 

comprising the “Avalon shale” and “Avalon sandstone” reservoirs respectively are 

positioned below a regionally mappable carbonate-rich unit, which is referred to 

commonly in drilling operations as the “1st Bone Spring carbonate” (Figure 3.2, Stolz, 

2014). This unit is positioned immediately below the thick siliciclastic succession of the 

Delaware Mountain Group and has been correlated by numerous workers to the youngest 

limestone strata of the Cutoff Formation (G4 highstand of Hurd et al., 2016) in the 

Guadalupe and Delaware Mountain ranges (Saller, 1989; Hart, 1998; Hart, 2000; Brito, 

2004; Amerman, 2009; Tyrrell et al., 2011). Although the upper boundary of the Cutoff 

Formation has been correlated to the subsurface with a high level of confidence, 

significant questions remain concerning the relationship among the older Cutoff and 

Bone Spring / Avalon strata. 
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Studies attempting to establish a link between the Cutoff Formation and the Bone Spring 

/ Avalon trend have been inhibited by a lack of biostratigraphic data and an anomalous 

thickening of carbonate, siliceous mudstone, and sandstone strata basinward of the relict 

platform in the subsurface (Amerman, 2009; Tyrrell et al., 2011).While these studies 

based their stratigraphic model for the Cutoff Formation on an incomplete section near 

the relict shelf margin (Harris, 1987), no study to date has incorporated the recent 

documentation of a mixed carbonate-siliciclastic succession that pinches-out basinward 

along the exhumed profile of the relict platform (Figures 3.2 and 3.3)(Hurd et al., 2016). 

This study attempts to incorporate recent advancements to the stratigraphic model for the 

Cutoff Formation in revisiting the link between outcropping strata in the Guadalupe 

Mountains Region and the Bone Spring - Avalon trend in the subsurface. Although a 

combination of seismic data and detailed biostratigraphic investigation are required for 

establishing a robust link between these successions, our study aims to advance the 

understanding of this correlation with new detailed descriptions of Cutoff Formation 

deposits and detailed mapping of Cutoff-Bone Spring-Avalon strata in an extensive 

subsurface dataset across the northern Delaware Basin. 

3.5 METHODS AND DATASET 
The outcrop-study area is located along the Western Escarpment of Guadalupe 

Mountains National Park (Figure 3.4). Studied outcrops of the Cutoff Formation span a 

distance of approximately 7 kilometers from the most proximal setting, along the relic 

Leonardian shelf margin, in Shumard Canyon (Harris, 1987) south-east to the most 

basinward setting in Rest Area Gully (Amerman et al. 2011). Measured sections and hand 
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samples were collected across the study area in order to perform a visual analysis of 

lithology, bedforms, grain-size, paleocurrent directions, and deposit types. Conventional 

x-ray diffraction (XRD) and source rock analyses were conducted in order to identify the 

mineral and organic constituents associated with the deposits. Handheld gamma ray logs 

were collected in concert with measured sections at strategic positions across the outcrop 

in order to facilitate an outcrop to subsurface correlation of Cutoff strata. Data obtained 

from handheld gamma ray logs were compared with XRD and source-rock analyses in 

order to identify relative relationships between radioactive signature and rock type. 

Previous studies of siliciclastic (Carvajal and Steel, 2009) and mixed carbonate and 

siliciclastic systems (Schwalbach and Bohacs, 1995) have used similar techniques to 

perform correlations between outcropping strata and nearby wells. 

Subsurface mapping was conducted in 1250 wells which provide coverage across the 

northern Delaware Basin in West Texas (Culberson County) and New Mexico (Eddy and 

Lea County)(Figure 3.4). Most of the wells used for correlation have gamma ray, 

photoelectric, and resistivity logs. Correlation of log-signatures required a comparison of 

log-patterns to a “shale” baseline for each well and visual recognition of log shapes (i.e. 

blocky, spikey). Stratigraphic units are subdivided between surfaces that bound major, 

regionally mappable, changes in lithology as demonstrated by changes in log-pattern (i.e. 

dominantly blocky and massive patterns to dominantly spikey patterns or “interbedded” 

blocky and spikey patterns). Multiple correlation loops were performed in order to 

increase the confidence of mapping stratigraphically significant surfaces and reduce the 
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identification of erroneous surfaces caused by lateral variability of log-signatures 

between wells. This data was used in conjunction with studies performed by Stolz (2014) 

and Asmus (2012) which provide a suite of thin section photographs, XRD data, and core 

photographs from wells penetrating the Avalon interval in Eddy and Lea County, along 

with interpretations of deposit types and facies-to-log calibrations. .Regional maps of the 

Permian San Andres shelf system and 2-dimensional seismic lines were also traced and 

analyzed in the context of subsurface mapping in order to improve the confidence 

interpretations covering the northern Delaware Basin (100 miles2, 160 km2). 

3.6 PCS9 STRATIGRAPHIC FRAMEWORK 
Thickening the Cutoff Formation and equivalent Bone / Spring Avalon strata (PCS9), 

basinward of the relict late Leonardian shelf margin can be identified in both outcrop and 

seismic datatsets within the study area (Figures 3.3 and 3.5).The relict late Leonardian 

platform represents a progradational, sigmoidal-shaped, shelf-to-basin profile, which is 

onlapped downdip of its margin by carbonate-rich strata of PCS9 and younger 

sandstones-of the Brushy Canyon Formation. Updip of the relict shelf margin, the 

transgressed late Leonardian shelf is buried beneath the backstepped PCS9 ramp system. 

Using the stratigraphic framework from the outcrop as a model for correlating wireline 

log signatures (Figures 3.3 and 3.6), it is possible to visualize the shelf-to-basin profile of 

the relict late Leonardian platform and the apparent landward onlap of PCS9 strata across 

the northern Delaware Basin (Figures 3.6, 3.7, 3.8). This study uses the former 

depositional environments of the drowned Leonardian platform as documented by Kerans 

and Kempter (2002) in order to describe the spatial variability of PCS9 strata across the 
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study area. These include, from proximal to distal: the relict shelf margin, the relict upper 

slope, and the relict lower slope / basin floor (Figure 3.6). The relict shelf margin will be 

referred to for the remainder of the study as the “LSI” because it represents a large-scale 

inflection (LSI) in slope angle below the shelf break, equivalent to the features described 

by Hurd et al., (2016).The relict upper slope is identified basinward of the LSI, where 

slope angles demonstrate a wide range in values, decreasing from dip angles higher than 

10° near the LSI to 2° near the relict upper slope / relict lower slope transition.  The 

average dip angle from the LSI to the relict lower slope / basin floor is similar across the 

study area, varying from 2 – 3°. The relict lower slope environment is identified where 

the gradient of the relict slope is less than 2°. Although the average slope angle is similar, 

the geometry of the relict shelf-to-basin profiles varies across the study area. The 

subsurface study area is subdivided into two areas including: the “western side” and the 

“northern side” of the Delaware Basin (Figures 3.6 and 3.8). Along the western side, the 

slope profile basinward of the relict shelf margin maintains a shallow gradient which 

extends for 45 km until the basin floor is reached (Figure 3.8a). In the northern side, the 

gradient of the slope is relatively steep near the relict shelf margin (>4°), and then 

decreases to a shallow gradient at a distance of approximately 20 km basinward (Figure 

3.8b).  

Four units within the Cutoff Formation are used here to aid in correlation with the 

subsurface equivalents (Figures 3.2, 3.6, 3.7, 3.8). These units include: (from oldest to 

youngest): the L7 – lower G2 HFS, the upper G2 – G3 HFS, the lower G4 HFS, and the 
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upper G4 HFS. These units are mapped based upon the identification of stratigraphically 

significant surfaces identified by Hurd et al., (2016), which are described below: 

• The L7 – lower G2 HFS is associated with downslope transport of carbonate- and 

silica-rich turbidity currents and reworking of pelagic sediments along the relict 

platform. The base of this unit is identified in the outcrop between carbonate-rich 

deposits of the L6 HFS and overlying siliceous mudstones of the lower L7 HFS. 

This surface is identified in gamma ray logs at an increase in gamma ray response 

(Figures 3.3 and 3.7). In the most distal environments of the study area, the 

position of this surface may be difficult to identify due to a change in facies of the 

L6 HFS to more heterolithic deposits. The top of the L7 – lower G2 HFS is 

identified in the outcrop at the transition from siliceous mudstones of the lower 

G2 HFS to carbonate-rich deposits and heterolithic mudstones of the upper G2 

HFS (Figures 3.3 and 3.7). In the subsurface, this boundary is recognized at a 

decrease in gamma ray response, which may be conjectural in certain areas due to 

lateral changes in the carbonate-content of sediment gravity flow systems 

comprising the upper G2 HFS. 

• The upper G2 – G3 HFS, is associated mainly with the transport of carbonate-rich 

turbidity currents and debris flows across the relict platform, along with minor 

settling of hemipelagic and pelagic sediments (Figures 3.3 and 3.7). Along-strike 

variability in the carbonate-content of sediment gravity flow systems associated 

with this unit may be recognized by a lateral juxtaposition of high and low gamma 

ray responses (Figure 3.7). In the outcrop, the upper boundary of this unit is 
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identified at a regional unconformity across which sandstones of the lower G4 

HFS have mostly bypassed to the relict lower slope (Figure 3.3). In the 

subsurface, this boundary is recognized at a simultaneous increase in gamma ray 

response, decrease in deep resistivity response, and a decrease in photoelectric 

response (Figures 3.3 and 3.7). 

• The lower G4 HFS is associated with the transport of sandstone-rich turbidity 

currents across the relict platform. In the outcrop, the upper boundary of this unit 

is identified at the resumption of carbonate deposition associated with the upper 

G4 HFS (Figures 3.3 and 3.7). In the subsurface, this boundary is identified at a 

decrease in gamma ray response. 

• The upper G4 HFS is associated with downslope transport of carbonate-rich 

rafted-blocks across the LSI, which are recumbently folded and referred to in this 

study as mass-transport deposits (MTDs). In the outcrop, the upper boundary of 

this unit is identified at a regional unconformity across which sand-rich deposits 

of the Brushy Canyon Formation bypassed to the lower slope. In the subsurface, 

this boundary is identifiable at a simultaneous increase in gamma ray response 

and decrease in deep resistivity response. 

These units record a progressive increase in the amount of carbonate delivered to 

deepwater environments of the Delaware Basin and a transition across the relict platform 

from styles of sediment gravity flow dominated by turbidity currents to styles dominated 
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by mass-transport events during the accumulation of the 2-4 m.y. composite sequence 

(PCS9). 

3.6.1 L7 – LOWER G2 HFS ARCHITECTURE 
The L7 – Lower G2 HFS decreases in thickness updip to its apparent onlap position near 

the LSI (Figures. 3.7, 3.8, 3.9). Onlap of the L7 – Lower G2 HFS is relatively consistent 

along the trend of the LSI, exhibiting an “apron  geometry” similar to architectures 

described by Mullins et al. (1984),  Stolz (2014), and Janson et al. (2011) (Figure 3.9). 

The rate at which the L7 – Lower G2 HFS thickens downdip varies across the subsurface 

study area (Figure 3.8). On the western side, this interval thickens gradually downdip of 

the LSI. Along the northern side, this interval thickens abruptly basinward of the LSI.  

The L7 – Lower G2 HFS appears on the relict upper slope in the outcrop study area as a 

heterolithic succession of siliceous mudstones and bioclastic wackestones to packstones 

with minor megabreccias and sandstones (Figures 3.3, 3.7). This interval is 

approximately equivalent to the “El Centro Member” of Harris (2000) in which the GSSP 

for the base Guadalupian stage and the maximum transgression of PCS9 is identified 

(Lambert et al., 2000; International Union of Geological Sciences, 2001). The L7 HFS 

also includes the “Shumard Member” deposits of Harris (2000),  which change facies 

basinward from an interval dominated by spiculitic packstones to a succession of 

siltstones, which are referred to in this study using the term “siliceous mudstones ,“with 

minor spiculites and breccias (Figures 3.3b, 3.7). Core descriptions by Asmus (2012) in 

the western study area indicate that the L7 – Lower G2 HFS on the relict lower slope / 

basin floor is dominated by siliceous mudstones and heterolithic carbonaceous-siliceous-
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calcareous mudstones. A basinward change in facies to more silica- and organic-rich 

mudstones is represented within wireline log signatures, which become increasingly 

dominated by high, spikey gamma ray patterns in the basinward direction (Figures 3.7, 

3.8). This unit is equivalent to organic-rich reservoirs of the upper “Avalon Shale” in the 

subsurface (Figure 3.2, Nester et al., 2014; Schwartz, 2014; Stolz, 2014).” 

The deposits of the L7 – Lower G2 HFS in the outcrop study area include siliceous 

mudstone pelagites  / turbidites and fine-grained calcareous turbidites, which 

accumulated during the initial lowstand, transgression, and early highstand of Permian 

composite sequence 9 (Figures 3.3, 3.10). Siliceous mudstone pelagites / turbidites are 

identified in the L7 HFS, L8 HFS, G1 HFS, and transgression of the G2 HFS. Initial 

deposition of siltstone-rich turbidites along the relict slope and basin floor occurred 

during the L7 lowstand in association with subaerial exposure and karsting of the relict 

L6 platform. Throughout the transgression and early highstand of PCS9, periods of sea 

level lowstand or pronounced backstepping of the carbonate platform are thought to have 

reduced the input of nitrogen-poor carbonate-sediment to the relict platform, thereby 

promoting the accumulation of organic matter (Bohacs et al., 2005; Hurd et al., 2016). 

Bioclastic wackestone / packstones were sourced by turbidity currents near the time of 

the maximum transgression of PCS9 (L8 highstand and G1 transgression). During this 

time, vertical growth of the backstepped platform and the establishment of a broad, 

distally steepened ramp facilitated the production of open-marine carbonate sediment 

which was shed downslope toward the relict shelf margin and basin floor. Throughout L7 

– lower G2 HFS, the rate of sediment accumulation along the relict platform was 
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outpaced by the rate of downslope transport, sustaining a preferential accumulation of 

strata basinward of the LSI. 

3.6.1.1 Pelagite and Low-Density Turbidite Facies Association 
Outcrop Deposits.--- Siliceous mudstones demonstrate a range of major mineral 

abundances, including: 63 – 85 % quartz, 3 – 13 % Feldspar, 8 – 37% Clay, and 1- 4% 

carbonate. Source rock analyses reveal a range in total organic carbon content from 0.68 

wt. % - 3.33 wt. %, while Tmax values range from 434 °C to 441°C. Siliceous mudstones 

are fissile (Figure 3.10b), laminated, and diagnetically altered by fabric destructive 

carbonate nodules. Radiolaria are abundant within these deposits and are identified within 

2-4 cm thick beds of radiolarite. Other grain types include detrital quartz silt, phosphate 

grains, and very fine pyrite framboids. The grain size ranges from clay-sized particles to 

medium silt-sized particles (Figure 3.10c). Bioclastic wackestones to packstones possess 

a matrix that varies between peloidal lime mudstone to a mixed clay-, silica-, and 

carbonate-rich lithology. Quartz silt and organic-rich particles are common. Beds are thin 

and laminated (Figure 3.10d). The grain size ranges from clay-sized particles to fine 

sand-sized particles, with miscellaneous carbonate-grains and peloids representing the 

coarsest constituents (Figure 3.10e).  

Interpretation of Processes.--- Studies by Harris (1987; 2000) along the relict shelf 

margin were among the first to suggest that siliceous mudstone deposits accumulated in 

an anoxic water column. Very fine pyrite framboids identified in our study support an 

anoxic interpretation (Wilkin et al., 1997; Loucks and Ruppel, 2007). Nutrient 

enrichment due to ocean upwelling may have facilitated the accumulation of radiolaria, 
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and acted as a source of phosphate, and organic material which accumulated by 

suspension settling (Parrish, 1999; Lazurus, 2005). Fine-scale laminations and basinward 

thickening of siliceous mudstones along the relict platform indicate downslope reworking 

of sediments near the bed (Talling et al., 2012). The identification of laminated siliceous 

mudstones composed of clay- to medium-silt sized particles on the relict lower slope / 

basin floor in core studies by Asmus (2012) affirms that at least some of the deposits 

comprising this interval on the relict lower slope / basin floor were transported or 

reworked near the bed by dilute currents (Lowe, 1982; Talling et al., 2012). 

Fine-scale laminations, a mud-dominated grain size distribution, an abundance of 

periplatform constituents, and basinward thickening of bioclastic wackestone to 

packstone strata along the relict platform (Figure 3.3) indicate deposition by turbulent 

flows with low sediment concentrations near the bed (low density turbidity currents, 

Lowe, 1982; Talling et al., 2012). Heterolithic siliceous carbonaceous calcareous 

mudstones on the relict lower slope / basin floor demonstrate a finer grain size (clay- to 

medium-silt sized particles, Asmus, 2012) than deposits on the relict upper slope, 

indicating that the coarsest sediments (i.e. larger peloids, skeletal fragments) were 

deposited in more proximal settings while finer-grained constituents were carried further 

basinward by the flows. High-resolution subsurface mapping between wells penetrating 

this unit by Stolz (2014) indicate that sediment feeder systems contributed to the 

accumulation of carbonate-rich deposits which pinch-out laterally into more organic-rich 

mudstones on the basin floor. 
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3.6.2 UPPER G2 – G3 HFS ARCHITECTURE 
The Upper G2 – G3 HFS thickens basinward of the LSI and accumulated mainly on the 

relict lower slope / basin floor (Figures 3.7, 3.8, 3.11). On the western side of the 

subsurface study area, this unit thickens gradually in the basinward direction from 10 – 

20 m to a laterally continuous deposit exceeding 30 m in thickness. In the northern part of 

the basin, this unit thickens abruptly in the basinward direction varies in thickness along 

the trend of relict L6 margin from 10 to 60 m thick (Figure 3.11). 

The Upper G2 – G3 HFS is visible along the outcropping relict upper slope and is 

represented by packstones, grainstones and minor siliceous mudstones (Figures 3.3, 3.7). 

This interval is equivalent to “unnamed units” of Hurd et al., (2016), and demonstrates 

apparent onlap basinward of the relict shelf margin. Core description by Asmus (2012) in 

the western subsurface study reveal that Upper G2 – G3 deposits are composed of 

calcareous mudstones with significant quantities of carbonaceous and siliceous material 

on the relict lower slope / basin floor.  Log signatures reflect an increase in organic-

constituents with an increase in spikey and high gamma ray log-patterns relative to low-

block gamma ray patterns in the most distal parts of the study area (Figures 3.7, 3.8).  

Calcareous turbidites, debris flows, and minor siliceous pelagites / turbidites of the upper 

G2 to G3 HFS accumulated during the highstand of PCS9 (Figures 3.3, 3.12). In the 

upper G2 HFS, shallow and open-marine sediment produced by the prograding 

clinformal ramp system completely bypassed the LSI and accumulated along the relict 

slope as calciturbidites. An intermittent sea level lowstand or pronounced platform 

backstepping during the lower G3 HFS contributed to carbonate starvation along the 
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relict platform and concomitant accumulation of siliceous mudstone pelagites / turbidites. 

During the upper G3 HFS, progradation and widening of the clinoformal ramp system 

contributed to downslope shedding of fine-grained carbonate sediments which bypassed 

the LSI and sourced a basin-restricted succession of debris flows.  

3.6.2.1 High Density Calciturbidite / Carbonate Debris Flow Facies Association 
Outcrop Deposits.--- Grain-dominated packstones of the Upper G2 – G3 HFS are 

thin-bedded and contain carbonate, clay, and quartz minerals with some preserved 

organic fragments. The grain size ranges from clay-sized particles to very coarse sand.  

Grainstone beds may be interbedded with packstones, form of meter-thick bed-sets with 

migrating foresets, or demonstrate laterally continuous (>20 cm) cross-stratification 

between 5- 10 cm thick beds (Figures 3.12a, b). Traction-carpets of carbonate mud-clasts 

are common near the base of structureless grainstone beds. Grain sizes range from 

medium-sand to very-fine pebbles. Channel-form grainstones are flanked laterally by 

packstones, which demonstrate a progressive decrease in grain-size away from the 

channel-axis. Siliceous mudstones resemble those observed in the L7 – Lower G2 HFS 

and are overlain by intraclast-rich mud-dominated packstones. Mud-dominated 

packstones range in thickness from 5 – 15 cm. and are structureless or pervasively soft-

sediment deformed (Figure 3.12c). Individual beds may be grouped into meter-thick 

intervals separated by thin, recessive siliceous mudstones. 

Interpretation of Processes .---Thin, normally graded beds that fine upward from 

structureless grainstones to mud-dominated packstones indicate deposition by flows with 

high sediment concentrations and hindered settling near the bed (>10 %) and low-density, 
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turbulent conditions near the top of flow (high-density turbidity currents, Kuenen and 

Migliorini, 1950; Lowe, 1982; Talling et al., 2012). Channel-form grainstones with 

migrating foreset beds were likely formed during sustained transport of turbidity currents 

in submarine channels (Mutti et al., 2003). Laterally continuous, cross-stratified 

grainstone beds are interpreted as dunes which formed during sustained bypass of 

turbidity currents within the channels. Packstones flanking channel-form grainstones are 

interpreted as overbank deposits comprising channel-levees based upon their systematic 

decrease in grain-size and carbonate content away from channel-axes. Thin, laminated 

beds of mud dominated packstone indicate deposition by low-density turbidity currents 

(Lowe, 1982; Talling et al., 2012). Thicker, massive, soft-sediment deformed beds with 

intraclasts suspended in an ungraded muddy matrix and meter-thick soft-sediment 

deformed intraclast-rich wackestones / packstones are interpreted as carbonate-rich debris 

flows sourced from resedimented turbidites.  

Carbonate-rich sediment gravity flows sourced laminated skeletal mudstone, 

wackestone, and packstone deposits identified in core near the center of the basin  

(Asmus, 2012). These deposits contain shallow-water fauna (e.g. algae, bivalves) similar 

to deposits observed in the outcrop, though the grain-size is finer, ranging from clay-

sized particles to medium sand-sized particles.  Work by Payros and Pujalte (2008) 

indicate that coarse-grained submarine fans sourced by calciturbidites generally 

accumulate within 10 kilometers of the slope-basin floor transition, suggesting that sand-

and pebble sized particles entrained in high-density turbidity currents likely accumulated 

near the relict slope – basin floor transition while finer grained carbonate, siliceous, and 
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carbonaceous sediments were carried further basinward by the low density portion of the 

flow.  Minor accumulation of organic-rich siliceous mudstones indicates that anoxic 

conditions persisted in the water column at least periodically during the upper G2 –G3 

HFS.  

3.6.3 LOWER G4 HFS ARCHITECTURE 
The Lower G4 HFS (G4 lowstand) onlaps downdip of the relict L6 margin and 

accumulated mainly on the relict lower slope / basin floor (Figures 3.7, 3.8, 3.13). In the 

western part of the subsurface study area, this unit thickens gradually basinward of the 

LSI, from less than 5 m in thickness to laterally continuous thickness of 20 – 25 m. In the 

northern part of the basin, this unit thickens abruptly basinward of the LSI and varies 

between 0 m to 20 m in thickness along the trend of the LSI. 

The Lower G4 HFS is best observed in the outcrop at the relict upper slope and relict 

lower slope settings (Figures 3.3 and 3.7). This interval changes facies in the basinward 

direction from a conglomerate-rich interval with a siliceous matrix on the relict upper 

slope to a sandstone-rich interval at the relict lower slope / basin floor. Core studies by 

Montgomery (1997a; 1997b) along the relict upper slope in Lea County identified 

sandstones associated with the Lower G4 HFS, which were very fine- to fine-grained, 

very well sorted, and interbedded with carbonaceous-calcareous siltstones. In the 

subsurface, this unit is recognized by a characteristic block gamma ray signature, and low 

(10 – 20 ohm·m), blocky, deep resistivity signature similar in shape and value to 

sandstones of the younger Delaware Mountain Group (Figures 3.7, 3.8). Siltstone and 
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sandstone deposits of the Lower G4 are equivalent to reservoirs of the “Avalon 

sandstone” (Figure 3.2). 

Deposits of the Lower G4 unit represent conglomerate debris flows and sandstone-rich 

turbidites that accumulated during a high-frequency scale platform exposure event in the 

highstand of PCS9 (Figures 3.3, 3.14). Subaerial exposure and karsting of the PCS9 ramp 

system during the lowstand of the G4 HFS contributed to temporary shut-down of the 

carbonate factory and carbonate starvation along the slope and relict platform. During 

this time, rock fall and granular avalanche along the relict platform sourced 

conglomerates which accumulated mainly on the relict upper slope. Sandstone-rich 

turbidity currents bypassed the relict shelf margin and upper slope settings and deposited 

sediment preferentially along the relict lower slope / basin floor. 

3.6.3.1 High-Density Siliciclastic Turbidite Facies Association 
Outcrop Deposits.--- Conglomerates on the relict upper slope are composed of 

pebble-to-boulder size carbonate- and chert-intraclasts and possess a siliceous matrix. On 

the relict lower slope, the Lower G4 HFS is dominated by siltstones and sandstones 

(Figure 3.14). Siltstones are thin-bedded or laminated and erosionally truncated by 

overlying sandstone deposits (Figure 3.14b). Sandstones are very-fine to fine-grained, 

very well sorted, and range from thin-bedded to 1-5 meters in thickness.  Sandstone-rich 

deposits transition from a massive basal layer with cross-cutting erosional scours (Figure 

3.14b) to an overlying plane-bedded succession with intercalated carbonate mudclasts 

(Figure 3.14c). This plane-bedded and clast-rich interval is overlain by sandy, rippled 

beds which fine upward to an organic-rich siliceous mudstone (2.49 wt. % TOC, Figure 
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3.14c). The siliceous mudstone is soft-sediment deformed and injected into overlying 

carbonate mudstones of the Upper G4 HFS. 

Interpretation of Processes.---The siliciclastic-rich matrix and wide range of clast 

sizes in the conglomerates suggests that deposition occurred in association with processes 

of rock-fall and granular avalanche (Mulder and Alexander, 2001). Thin-bedded, 

laminated siltstones represent the dilute, turbulent portion of siliciclastic-rich turbidity 

currents. Meter-thick, structureless sandstones transitioning upward to beds with 

intraclasts, planar laminations, and cross-bedding indicate deposition by high-density 

turbidity currents (Kuenen and Migliorini, 1950; Lowe, 1982; Talling et al., 2012). 

Carbonate-clasts were likely entrained in the turbidity current along a density interface 

between the lower, dense part of the current and the upper, low-density part of the current 

(Postma et al., 1988).  Sediment fairways associated with turbidite systems likely 

contributed to lateral variations in sandstone-body thickness , grain-size, and organic- 

content identified on the relict lower slope / basin floor in previous studies  

(Montgomery, 1997b; Hart, 2000). 

3.6.4 UPPER G4 HFS ARCHITECTURE 
The Upper G4 HFS is thickest along the relict upper slope and the most proximal area of 

the relict lower slope and then thins toward the center of the basin (Figure 3.15). The 

Upper G4 HFS is thick in the northern and western subsurface study areas, and 

demonstrates slight variations in thickness along the trend of the LSI. Thin areas appear 

as reentrants cross-cutting thick (>75 m) accumulations of the Upper G4 HFS. These 

findings confirm those of Amerman (2009) and Amerman et al. (2011) which also 
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reported thick accumulation of Upper G4 equivalent strata near the LSI and thinning of 

this unit in the basinward direction. 

The Upper G4 HFS is observed across the relict upper slope and relict lower slope in the 

outcrop study area (Figures 3.3, 3.7). This unit is equivalent to the Williams Ranch 

member of Harris (2000) (Figure 3.2). Across relict platform, the Upper G4 unit is 

composed chiefly of thin-bedded mudstones, wackestones, and mud-dominated 

packstones which exhibit impressive soft-sediment deformation features, including 

decameter-scale recumbent folds (Figure 3.16). Outcrop studies by Amerman et al. 

(2011) demonstrated that mappable carbonate-rich units comprising the upper G4 HFS 

exhibit offlapping geometries and are pervasively soft-sediment deformed along the relict 

lower slope / basin floor setting to distances of at least 15 km downdip of the LSI. 

Though core data along the relict lower slope / basin floor for this interval is sparse, it has 

been recognized in numerous studies across the Delaware Basin as a carbonate-rich unit 

with a characteristic blocky gamma ray signature that is distinct from the overlying 

siliciclastic-rich Delaware Mountain Group (Figure 3.7 and 3.8, Saller, 1989; Hart, 2000; 

Asmus, 2012; Allen et al., 2013; Nester et al., 2014; Schwartz, 2014).  

Deposits of the upper G4 HFS represent rafted-blocks of thin-bedded fine-grained 

calciturbidites (MTDs) that accumulated during the latest highstand of PCS9 (Figures 

3.3, 3.16). Major progradation and widening of the carbonate platform during the 

highstand of the G4 HFS coincided with significant production of carbonate mud on the 

shelf. Rapid rates of accumulation near the LSI resulted in the filling of bedrock 
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channels, continual slope failure of mud-rich carbonate deposits near the LSI, and 

downslope shedding of mass-transport deposits to relict slope and basin floor. 

3.6.4.1 Mass-Transport Deposit Facies Association 
Outcrop Deposits.--- Individual beds of mudstone, wackestone, and mud-

dominated packstone are thin and mostly structureless but rarely demonstrate ripples, 

planar laminations, and bioturbation (Figure 3.16b). These beds are soft-sediment 

deformed across the study area. Most commonly, soft-sediment deformation is expressed 

as convoluted bedding planes and recumbent folding.  Along the relict upper slope, beds 

are partitioned into decameter thick and kilometer-wide packages, which are separated by 

centimeter-thick soft-sediment deformed siliceous mudstones. Basinward, along the relict 

lower slope, soft-sediment deformation becomes more pervasive and these packages are 

unrecognizable. 

Interpretation of Processes.--- Individual structureless deposits are interpreted as 

low-density turbidites, which accumulated near the LSI and were subsequently 

resedimented downslope as rafted-blocks (MTDs) during instantaneous slope-failure 

events (Lowe, 1982; Amerman et al., 2011; Talling et al., 2012).  Soft-sediment 

deformed siliceous mudstones between decameter-thick packages of thin-bedded mud-

dominated carbonates are interpreted as detachment surfaces between individual MTDs. 

Basinward thinning of this unit and individual carbonate-rich deposits therein is 

interpreted as a transition from recumbently folded rafted blocks near the LSI to less-

cohesive deposits in more distal settings. Similar observations that have been made in 
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experimental studies of mass-transport deposits by Sawyer et al. (2012) and empirical 

studies by Meckel (2010). 

3.7 CONTROLS ON STRATIGRAPHIC ARCHITECTURE OF THE PCS9 

DEEPWATER SYSTEM 

3.7.1 Role of Sequence Stratigraphic Setting 
PCS9 records a multivariate evolution of the linked shelf-to-basin system which includes 

1) an increase in sediment flux at the relict platform, 2) a transition along the relict 

platform from styles of sediment transport dominated by turbidity currents to styles 

dominated by mass-transport events, and 3) a landward advance of the main depocenter 

downdip of the LSI (Figure 3.17). During the transgressive- and much of the highstand- 

of PCS9 (L7 – Lower G4 HFS), backstepping of the active shelf system contributed to a 

low sediment flux at the relict platform and the development of onlapping stratal 

geometries basinward of the LSI (Figures 3.17a – c). In the transgressive- and early-

highstand of PCS9 (L7 – lower G2 HFS), strata associated with low-density turbidity 

currents and downslope reworking of pelagic sediments accumulated mainly near the 

center of the basin (Figure 3.17a). In the ensuing highstand  (upper G2 – G3 HFS and 

lower G4 HFS), high-density turbidity currents were the main mechanism of sediment 

transport across the relict platform, while debris flows and downslope reworking of 

pelagic sediments also had a lesser-influence (Figures 3.17b, c). Deposits associated with 

these flows accumulated mainly near the center of the basin, though minor accumulation 

also occurred on the relict upper slope. In the latest highstand of PCS9 (Upper G4 HFS), 
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major progradation and widening of the active shelf system facilitated a dramatic increase 

in sediment flux at the LSI which coincided with the development of offlapping stratal 

geometries along the relict slope (Amerman et al., 2011; Hurd et al., 2016).During this 

time, styles of sediment dispersal along the relict platform were dominated by  slope-

failure events which sourced decameter-thick and kilometer-wide rafted blocks. Strata 

associated with these deposits accumulated mainly near the LSI and thin in the basinward 

direction (Figure 3.17d). A simultaneous increase in the rate of sediment supplied to the 

slope and onset of mass-transport events has also been documented in Cenozoic 

siliciclastic systems on the New Jersey Shelf and attributed to the development of 

overpressure beneath low permeability deposits  (Dugan and Flemings, 2000). Previous 

studies by Hurd et al., (2016) identified soft-sediment deformed, centimeter –thick, 

siltstones at the base of mass-transport deposits in the outcrop study area, which can 

contribute to the development significant permeability contrasts and the creation of 

detachment surfaces along over-pressured layers (Cook and Mullins, 1983). A 

comparison of accumulation patterns associated with turbidity current and debris flows in 

modelling studies by Pratson et al. (2000) illustrated relationships similar to those 

observed in this study and attributed the difference in accumulation patterns to the 

entrainment of ambient water and eroded sediment by turbidity currents. It also possible 

that a shift to more proximal accumulation patterns during the Upper G4 HFS was 

augmented by the filling of bedrock channels (G4 highstand, Hurd et al., 2016). 
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3.7.2 Role of Sediment Gravity Flow Dynamics 
Strata associated with turbidity currents and near-bed reworking of pelagic sediments 

demonstrate more asymmetric accumulation patterns along the trend of the LSI than 

strata associated with mass-transport events. In the western part of the subsurface study 

area the L7 – Lower G2, Upper G2 – G3, and Lower G4 units thicken gradually 

basinward of the LSI and demonstrate basinward-stepping geometries (Figures 3.8a, 

3.18a). In the northern side, these units thicken abruptly basinward of the LSI and 

demonstrate aggradational geometries (Fig 8b, 18b). In contrast, MTDS associated with 

the Upper G4 unit are thick along the relict upper slope in both the northern and western 

parts of the subsurface study area, and thin in the basinward direction (Figures 3.8, 3.18). 

Though an unequivocal explanation for the differences in accumulation patterns between 

turbidite and MTD-dominated successions would require extensive control with seismic 

and core data, the hypothesis we think is most likely attributes different patterns of 

accumulation to the interaction of transport mechanisms and slope geometry. Modelling 

studies by Pratson et al. (2000) illustrate that increasing the slope angle basinward of the 

shelf-break will cause turbidites to accumulate as short and thick deposits near the point 

of initiation. Similar patterns have been demonstrated empirically in studies by Hadler-

Jacobsen et al. (2005), which illustrated that turbidite systems associated with shallow (1-

4°), low relief margins (100-400 m) will develop basinward-stepping HFS-scale channel-

fan systems while those associated with steep (5-20°), high relief (>400 m) shelf margins 

will demonstrate aggradational HFS-scale channel-fan systems. Conversely, modelling 

studies of cohesive gravity flows by Pratson et al. (2000) illustrated that an increase in 
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slope angle on slopes exceeding 2° produced only a minor basinward displacement of 

cohesive gravity flow deposits. Although the total relief from the relict shelf margin to 

the sub-horizontal basin floor is the same across the study area, the geometry of the late 

Leonardian shelf-to-basin profile in the western subsurface study area demonstrates a 

more gradual drop in relief near the LSI compared to the northern side (Figures 3.6, 3.8). 

At a distance of 5 km from the LSI, the western side drops approximately 400 m and at a 

mean slope angle of 3°, while the northern side drops approximately 600 m at a mean 

slope angle of 4°. This difference in vertical relief basinward of the LSI is subtle, but also 

consistent with differences between low- and high-relief margins studied by Hadler-

Jacobsen et al. (2005). Additionally, studies by Pratson et al (2000) affirm that the 

differences in slope angle between these two settings would be expected to facilitate only 

a minor (3 km) basinward displacement of mass-transport accumulation, which is 

consistent with isopach patterns demonstrated by the Upper G4 unit.  

Understanding how sediment gravity flows interact with changes in the slope gradient 

can help petroleum geoscientists working in the Delaware Basin, and other basins with 

LSI-modified slope systems to better predict reservoir geometries using sparse datasets. 

Along a shallow-gradient relict platform, reservoir-prone-strata associated with turbidity 

currents or pelagic settling may accumulate preferentially 10s of kilometers basinward 

from the LSI, (Figure 3.18a). In these settings, thin-accumulations of reservoir-prone 

turbidites or bypass-surfaces may provide an indication of thicker reservoirs downdip. 

Along a steep-gradient relict platform, reservoir-prone strata may demonstrate thick 

accumulation closer to the LSI, and maintain their thickness in the basinward direction 
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(Figure 3.18b). In these settings, reservoir-prone sediments shown in wireline logs or 

core-data obtained near the LSI would be expected to thin abruptly in the landward 

direction but remain isopachous in the basinward direction.  Strata sourced mainly by 

mass-transport events however, would be expected to demonstrate similar patterns of 

accumulation along the trend of an LSI, which may be interrupted by local reentrants. 

3.8 PCS9 SLOPE AND BASIN FLOOR RESERVOIR STYLES 
Among the strata mapped in this study, the L7 – Lower G2 HFS and Lower G4 HFS 

demonstrate the best potential for the development of hydrocarbon reservoirs and are 

different from reservoir-styles considered previously for deepwater carbonate systems 

(e.g., Janson et al., 2012). Reservoirs associated with slope and basinal environments  in 

carbonate systems have been documented within the reefal upper slope (Tengiz Field, 

Pricaspian Basin, Collins et al., 2013), toe-of-slope aprons composed of periplatform 

grainstones (e.g. Poza Rica Field, Gulf of Mexico, Janson et al., 2011; Loucks et al., 

2011) and in channelized-fans of periplatform grainstones (e.g. Happy Field, Permian 

Basin, Clayton and Kerans, 2013). Reservoir-prone strata of the L7 – Lower G2 and 

Lower G4 units are different from the aforementioned play-types because they are 

identified in a slope system modified by a relict carbonate platform margin (LSI, Figure 

3.19). The L7 – Lower G2 HFS accumulated preferentially basinward of the LSI as a 

laterally continuous apron of organic-rich mudstones associated with processes of pelagic 

settling, reworking pelagic deposits by dilute currents near the bed, and downslope 

transport of low-density turbidity currents (Figure 3.19b). Organic-rich reservoirs are 

bounded above and below by low-permeability carbonate rich deposits of the Upper G2 – 
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G3 and L6 HFS respectively, which act as a good barrier for migration of horizontal 

fractures. This architecture has inspired frequent use of horizontal completion techniques 

in wells targeting the upper Avalon shale over the past decade (Nester et al., 2014). 

Siltstone-rich laminations and the lenticular siltstone  deposits sourced by turbidity 

currents may enhance the permeability of organic-rich reservoirs and improve horizontal 

well completions  (Schwartz, 2014). Sandstone-rich turbidites associated with the Lower 

G4 unit onlap the profile of the relict late Leonardian platform and represent another form 

of stratigraphic trap (Figure 3.19c). Burial of these deposits beneath strike-extensive, 

impermeable, carbonate-mud-rich mass-transport deposits of the overlying Upper G4 

HFS would promote good vertical and lateral seal integrity. Additionally, outcrop and 

subsurface studies of sandstones comprising the Lower G4 unit indicate that sandstones 

are bounded above by organic-rich mudstones, increasing the likelihood for hydrocarbon 

migration from source-rock to reservoir. A hypothetical third potential play-type is 

represented by grainstone-rich turbidite systems associated with the Upper G2 – G3 HFS 

(Figure 3.19d). Although coated-grain grainstones identified in outcropping Upper G2 – 

G3 strata are pervasively cemented, similar deposits are associated with productive 

reservoirs of the Happy Field in the Permian Basin suggesting that certain diagenetic 

regimes could promote good reservoir quality in analogous settings  (Clayton, 2011). 

Though carbonate-mud-MTDs in the Delaware Basin are not normally targeted as a 

reservoir in the “1st Bone Spring” unit, similar deposits have been targeted as 

hydrocarbon reservoirs in the underlying Bone Spring stratigraphy  (Allen et al., 2013) 

and may present an unexplored opportunity in some basins (Figure 3.19a). 
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Play-types similar to those associated with PCS9 have been documented in other basins 

with proven hydrocarbon reservoirs and present new opportunities for hydrocarbon 

exploration and development. Strata analogous to the basin-restricted organic-rich apron 

play-type of L7 – Lower G2 have been documented in the Pricaspian Basin, the Alberta 

Basin and the Gulf of Mexico (Figure 3.18b). In the Pricaspian Basin, a thick wedge of 

Tournasian – Early Visean siliceous mudstone accumulated preferentially basinward of 

relict Fammenian platforms, and onlaps basinward of the relict shelf margin (Collins et 

al., 2013). In the Alberta Basin, drowned Frasnian platforms are onlapped Frasnian-aged 

organic-rich deposits, which are interbedded with matrix-supported carbonate debris 

flows (Whalen et al., 2000).  In the Gulf of Mexico, mudstone deposits equivalent to the 

Pearsall Formation accumulated along and basinward of the drowned Sligo Margin (Fritz 

et al., 2000; Hull, 2011) Previous studies have indicated that TOC values of the Pearsall 

Formation increase toward the relict Sligo margin to values of 6 wt. %, and hypothesized 

that these values may increase in deeper, more anoxic settings (Hull, 2011). Strata that 

are possibly analogous to the carbonate channel-fan-system play type have also been 

documented in the Gulf of Mexico. Though the reservoir quality of these deposits is 

unknown, seismic studies by Fritz et al. (2000) identified a thick accumulation of basin-

restricted wedges downdip of the relict Sligo Margin / LSI and hypothesized that these 

deposits might be composed of grain- or debris-rich carbonate sediments similar to those 

of the Poza Rica Field (Janson et al., 2011). Insights developed from this study may help 

to inform exploration practices in these systems or other basins modified by LSIs.  
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3.9 CONCLUSION 
Correlation of stratigraphic units comprising the upper Bone Spring and upper Avalon 

trends to the Cutoff Formation and the Lower San Andres composite sequence (2-4 m.y.) 

in the Guadalupe Mountains region reveals that the composition and transport dynamics 

of sediment gravity flows shed basinward across the relict carbonate platform are 

strongly linked to the migration patterns of the active sediment factory. During the 

transgression through much of the highstand of the composite sequence, a low rate of 

sediment supply to slope and basin environments coincided with sediment dispersal 

patterns dominated by turbidity currents and downslope reworking of pelagic deposits 

along the relict platform. Reservoir-prone organic-rich siliceous mudstone pelagites / 

turbidites accumulated during sea level lowstands or pronounced backstepping of the 

carbonate platform, while reservoir-prone sandstone turbidites accumulated during high-

frequency scale platform exposure events. In the latest highstand of the composite 

sequence, a high-rates sediment production by the active platform facilitated a transition 

to styles of sediment dispersal dominated by instantaneous slope-failure events which 

shed carbonate-mud-rich MTDs across the relict platform. This linked shelf-to-basin 

model may help geoscientists working the upper Bone Spring and Avalon system or 

analogous systems to predict the spatial and temporal distribution of reservoir-prone 

deposits even when working with limited datasets. 

Temporal changes in the transport dynamics of sediment gravity flows strongly 

controlled the three-dimensional architecture of strata accumulating along and basinward 

of the relict platform margin (LSI). During the transgression and much of the highstand 
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of the composite sequence, turbidity currents and near-bed reworking of pelagic sediment 

along the relict platform sourced an alternating succession of carbonate-, siliceous 

mudstone, and sandstone-rich deposits which accumulated preferentially near the center 

of the basin. During the latest highstand, carbonate-mud rich mass-transport deposits 

accumulated preferentially near the LSI and transitioned basinward to thinner carbonate-

rich deposits. Linking sediment gravity flow dynamics to stratigraphic architecture 

represents an ongoing pursuit within the disciplines of carbonate, and siliciclastic, 

sedimentology (i.e., Grosheny et al., 2015; Southern et al., 2015). As such, the vast 

number of factors controlling this relationship remains to be studied using empirical, 

laboratory, and/or numerical methods. 

Strata soured mainly by turbidity currents demonstrate more asymmetric patterns of 

accumulation along the trend of the relict platform than those sourced mainly by mass-

transport events. Where the slope basinward of the LSI has a shallow-gradient, turbidite 

systems demonstrate basinward stepping geometries which may displace reservoir-prone 

strata 10s of km away from the LSI. Where the slope basinward of the LSI has a steep-

gradient, turbidite systems demonstrate aggradational geometries in which reservoir-

prone strata abruptly onlap the relict platform and maintain isopachous accumulation 

patterns basinward of their onlap position. MTDs may accumulate near the LSI on both 

steep and gentle slopes, while demonstrating a slight basinward displacement of thick 

accumulations with an increase in slope gradient along the relict platform. Though 

unequivocal reasons for this difference in accumulation patterns between turbidite- and 

MTD-dominated strata remain to be identified, a review of experimental and modelling 
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studies suggests that this difference in accumulation patterns is related to the interaction 

of the sediment gravity flows and the underlying slope gradient. Future work could strive 

to understand how along-strike changes in accumulation pattern are linked to the organic-

richness and reservoir-quality of units that are targeted as reservoirs in the subsurface. 

Slope and basinal reservoirs of the Cutoff-upper Bone Spring-upper Avalon system 

represent a style of trap that is unique to deepwater systems modified by large-scale 

inflections (LSIs) in slope angle below the shelf break. Organic-rich reservoirs of the 

upper Avalon shale accumulated mainly during the transgression and early highstand of 

the composite sequence and represent siliceous mudstone pelagites / low density 

turbidites and fringe deposits of low-density calciturbidite systems. These reservoirs are 

analogous to organic-rich Devonian strata in the Alberta Basin, Mississippian strata in the 

Pricaspian Basin, and Cretaceous strata in the Gulf of Mexico. Sandstone-rich reservoirs 

of the Avalon sand accumulated during a high-frequency scale platform exposure event 

and are associated with downslope transport of sandstone-rich turbidites. A third 

hypothetical play-type is represented by detrital calciturbidite channel-fan systems 

basinward of the LSI, which accumulated during the highstand of the composite 

sequence. Though strata associated with this play-type demonstrate poor-reservoir quality 

the Delaware Basin, similar deposits in the Gulf of Mexico may represent attractive 

drilling targets. 
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3.10 CHAPTER 3 FIGURES AND TABLES 

 

Figure 3.1 Map of the Delaware Basin 

Map of the Delaware Basin modified from Yang and Dorobek (1992) showing the 
location Permian outcrops (dark gray) in the Guadalupe (GM), Brokeoff Mountains 
(BM), and Delaware Mountains (DM). Black lines represent large-scale structural 
features, including the Huapache monocline (H.). A generalized outline of the Bone 
Spring /Avalon trend (orange) is based upon production data from DrillingInfo 
(Menchaca, 2013). Trends of the L8 and G4 margins are identified based work by Kerans 
and Ruppel (pers. comm.). The trend of L6 margin is identified based upon mapping 
conducted in this study. 
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Figure 3.2 Wheeler Diagram 

Wheeler Diagram illustrating temporal and spatial evolution of late Leonardian – early 
Guadalupian stratigraphy in the Northern Delaware Basin. Composite Sequences (CS) 
High frequency sequences (HFS) and base level curve correspond to the 
chronostratigraphic framework proposed by Kerans and Kempter (2002) and this study 
for the Permian section of the Delaware Basin. Conodont zones are based upon work by 
Lambert et al. (2000). See Figure 3.3 for facies key. 
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Figure 3.3 Sequence Stratigraphic Framework for PCS9 
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Figure 3.3 (continued)  
 
A) Sequence stratigraphic framework of late Leonardian – early Guadalupian stratigraphy 
on the Northwest Shelf of the Delaware Basin by Kerans and Kempter (2002), showing 
the location of the outcrop study area along the relict late Leonardian margin (LSI) and 
underlying slope in B. B) Outcrop study area of Hurd et al., (2016) showing the dramatic 
thickening of Cutoff Formation (PCS9) strata basinward of the LSI. Stratigraphic units 
mapped in this study area are indicated on this figure are associated with the L7 - Lower 
G2 HFS, the Upper G2 - G3 HFS, the Lower G4 HFS, and the Upper G4 HFS. Missing 
space between “well 1” and Rest Area Gully measured section indicated by wavy line. 
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Figure 3.4 Outcrop and subsurface dataset 
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Figure 3.4 (continued)  
 
Dataset used for performing this study. Black dots represent well with wireline logs that 
were used for correlating mapped-units. The approximate trends of the terminal PCS9 
(G4 HFS) shelf margin and the terminal L8 shelf margin are identified based upon studies 
by Kerans and Ruppel (pers. comm.). The outcrop study area and the area of detailed 
subsurface mapping are surrounded by dashed red and black polygons. The yellow line 
labelled A to A’ indicates the approximate location of a line-traced seismic profile near 
Vacuum Field shown in Figure 3.5. 
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Figure 3.5 Tracing of seismic line, near Vacuum Field 
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Figure 3.5 (continued)  
 
Line-tracing of seismic profile collected in the northern part of the subsurface study area 
across Vacuum Field. The relict late Leonardian platform is identified along the terminal 
basinward advance of a sigmoidal clinoformal shelf-to-basin profile, which is onlapped 
by reflections basinward of the shelf-break and downlapped by prograding clinoformal 
reflectors updip of the shelf-break. The earliest record of onlap to the profile of the relict 
platform is associated with PCS9-equivalent deepwater strata that accumulated 
preferentially basinward of the relict shelf margin. These are buried beneath sandstones 
of the younger Delaware Mountain Group / Brushy Canyon, which also onlap the relict 
platform. Prograding clinoformal reflections updip of the shelf break are associated with 
the active PCS9 shelf system. Other sequence boundaries are picked based upon the 
identification of regional truncation surfaces. The interpretation of strata bound between 
these surfaces is based upon seismic stratigraphic studies by Ye et al. (1996), Pranter et 
al. (2004), Ewing (2013), and Kerans pers. comm., and outcrop studies by Kerans and 
Kempter (2002) and Kerans et al. (2012).  
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Figure 3.6 Isopach map showing seafloor topography along the L6 SB 

Annotated isopach map between the regionally mapped L6 SB and an extrapolated 
surface along top of the basin filling evaporite succession identified at the top of the 
Rustler Formation. This isopach map shows an approximate view of the sea-floor 
topography created by the terminal basinward progradation of the late Leonardian (L6) 
platform. The location of the traced seismic cross section is shown by “A-A’” and 
wireline-log cross sections shown in Figure 3.7 are labelled with “B-B’,” “C-C’,” and 
“D-D’.” Thick lines illustrate the depositional environments within the subsurface study 
area and the position active carbonate platform margins during PCS9. The red dotted 
lines and red text indicate the locations of the “western” and “northern” subsurface study 
areas and the outcrop study area. The western boundary of the “western” subsurface 
study area is approximately coincident with the edge of the isopach map. 
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Figure 3.7 Outcrop-to-subsurface correlation of the L6 SB 
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Figure 3.7 (continued)  
 
Cross section B to B,’ which illustrates the correlation of the stratigraphic model for the 
outcropping Cutoff Formation (PCS9) to the subsurface study area. Gamma ray 
signatures collected along the outcrop are shown next to measured sections. The 
composite log for the Cutoff Formation is shown to illustrate a complete-section of the 
interval that was scanned with handheld gamma ray spectrometers. This profile includes 
the gamma ray signature for packstone facies of the L7 HFS in Stratotype Canyon, which 
pinch-out basinward into a thick section of siliceous mudstones.  Note that wells 3 and 4 
are identified in cross sections C and D (Figure 3.6). 
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Figure 3.8 
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Key 

 

Figure 3.8 Cross-sections in the subsurface of the Delaware Basin 

Recreation of the outcrop-based stratigraphic model for the Cutoff Formation / PCS9 
stratigraphy in wireline-log cross sections in the western (C – C’) and northern part (D-
D’) of the subsurface study area. Missing space between wells is shown with wavy 
vertical lines. Cross sections are shown to scale in the bottom left. Interpreted 
depositional environments are indicated above each cross section with the following 
abbreviations: TS = Transgressed late Leonardian Shelf,  RUS = Relict Upper Slope, 
RLS / BF = Relict Lower Slope / Basin Floor.  
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Figure 3.9  Isopach map, L7 - lower G2 HFS 

Isopach map of the L7 – Lower G2 HFS across the subsurface study area. Note that this 
unit increases in thickness basinward of the LSI and is thickest along the relict lower 
slope / basin floor. Mountain ranges  are abbreviated as in Figure 3.1. 
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Figure 3.10 Outcrop deposits, L7 - lower G2 HFS 

Outcrop deposits associated with the L7 – Lower G2 HFS. A) Measured section with 
handheld gamma-ray signature. See Figure 3.3B for detailed facies key. Note that 
siliceous mudstones show high GAPI values (90 -180 GAPI) and spikey log patterns 
whereas bioclastic wackestones / packstones have lower values (20 – 60 GAPI) and more 
serrated log-patterns. B) Thin section photomicrograph of siliceous mudstone pelagite 
with subtle laminations indicating reworking by bottom-currents near the bed. C) Field 
photograph of fissile siliceous mudstone pelagite. D) Thin section photomicrograph of 
bioclastic wackestone / packstone low-density turbidite with subtle laminations. E) Field 
photograph of laminated bioclastic wackestone / packstone low-density turbidite. 
Dunham fabrics are abbreviated with the following letters: Mdstn = Mudstone, 
W=wackestone, P= packstone. 
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Figure 3.11 Isopach map, upper G2 - G3 HFS 

Isopach map of the Upper G2 - G3 HFS across the subsurface study area. Note that this 
unit accumulated mainly on the relict lower slope / basin floor. Accumulation also 
occurred on the relict upper slope and was greater on the northern side (35 – 50 m) than 
the western side (15-20 m) of the subsurface study area (~20 m), and varies in thickness 
along the trend of the LSI. Mountain ranges are abbreviated as in Figure 3.1. 
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Figure 3.12 Outcrop Deposits upper G2 - G3 HFS 



 143 

Figure 3.12 (continued) 
 
Outcrop deposits associated with the Upper G2 – G3 HFS. A) Integrated measured 
section and handheld gamma-ray signature. See Figure 3.3B for detailed facies key. 
Packstones show low (15 – 30 GAPI), blocky gamma ray signatures while siliceous 
mudstones have high, spikey gamma ray signatures (140 GAPI). B) Cross-bedded 
grainstone beds which are interpreted as dunes. This deposit was identified within the 
axis of a turbidite channel-system. C) Thin section photomicrograph of coated-grain 
grainstone. D) Mud-dominated packstone low-density turbidites and debris flows. Yellow 
lines indicate scour-surfaces between stacked debris flows. Dunham fabrics are 
abbreviated with the following letters: Mdstn = Mudstone, W=wackestone, P= packstone, 
G= grainstone, B = breccia / conglomerate. 
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Figure 3.13 Isopach Map, lower G4 HFS 

Isopach map of the Lower G4 HFS. Note that this interval generally thickens basinward 
of the LSI and accumulated mainly on the relict lower slope / basin floor. Accumulation 
also occurred on the relict upper slope, contributing to isopach thicknesses of 14 – 18 m. 
Mountain ranges are abbreviated as in Figure 3.1. 
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Figure 3.14 Outcrop Deposits, lower G4 HFS 

Outcrop deposits associated with the Lower G4 HFS. A) Integrated measured section and 
handheld gamma-ray signature. See Figure 3.3  for detailed facies key. Siltstones 
demonstrate high GAPI values (70 – 120 GAPI) and spikey gamma-ray patterns. 
Sandstones demonstrate mid-range GAPI values (50 GAPI) and blocky patterns. Note 
that the underlying gamma-ray pattern of the soft-sediment deformed packstone interval 
of the Upper G2 - G3 HFS is also blocky, but gamma ray signatures are much lower (15 - 
30 GAPI) than sandstones of the Lower G4 HFS. B) Field photograph of fine-grained 
very well sorted sandstone high-density turbidite with internal truncation surfaces (black 
dotted lines). C) Field photograph of carbonate mudclast-rich bed (Talling et al., 2012) 
overlain by laminated bioclastic sandstones and rippled sandstones (Tc bed). 
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Figure 3.15 Isopach Map, upper G4 HFS 

Isopach map of the Upper G4 HFS. Note that this interval is thickest near the LSI and 
thins in the basinward direction. Thick accumulations in the western side of the 
subsurface study area were also documented in studies by Amerman (2009) and 
Amerman et al. (2011) . Mountain ranges are abbreviated as in Figure 3.1. 
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Figure 3.16 Outcrop Deposits, upper G4 HFS 

Outcrop deposits associated with the Upper G4 HFS. A) Integrated measured section and 
handheld gamma-ray signature. See Figure 3.3 for detailed facies key. Handheld gamma 
ray profiles for wackestones and packstones demonstrate low GAPI values (20 – 40 
GAPI) and blocky patterns. B) Field photograph of recumbently folded rafted block of 
low-density turbidites (MTD). 
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Figure 3.17 Depositional model for PCS9 LSI-modified deepwater system 
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Figure 3.17 (continued) 
 
Block diagram illustrating the multivariate change in 1) the rate of sediment supply to the 
LSI, 2) the transport dynamics of sediment gravity flows shed basinward across the relict 
platform, and 3) accumulation patterns along and basinward the LSI. A) During the L7 – 
Lower G2 HFS (transgression to early-highstand) the rate of sediment supply to the LSI 
was low and low-density calciturbidites and reservoir-prone pelagites  / low density 
turbidites accumulated prefentially along the relict lower slope / basin floor, thickening 
basinward of the LSI. B) During the Upper G2 - G3 HFS (highstand) the rate of sediment 
supply to the LSI was low and high-density calciturbidites and debris flows accumulated 
prefentially along the relict lower slope / basin floor. Grainstone-rich channels associated 
with high-density calciturbidites represent a hypothetical reservoir. C) During the Lower 
G4 (HFS-scale platform exposure event) reservoir-prone sandstone turbidites 
accumulated preferentially on the relict lower slope / basin floor. D) During the Upper 
G4 HFS (late highstand) the rate of sediment supply to the LSI was high, and carbonate-
mud-rich MTDs accumulated mainly near the LSI on the relict upper slope.  
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Figure 3.18 Hypothetical cross Sections and wheeler diagrams 
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Figure 3.18 (continued) 
 
Schematic cross sections and time-space diagrams illustrating the variability in 
accumulation patterns with respect to changes in the geometry of the slope profile 
basinward of the LSI. A) On a shallow slope basinward of an LSI, strata sourced by 
turbidity currents will step basinward, contributing to the accumulation of reservoir-prone 
sediments 10s of kilometers basinward of the LSI. Core data landward of these reservoirs 
may only record a very thin deposit or a bypass surface.  Strata sourced by MTDs will 
accumulate close to the LSI and thin basinward. B) On a steep slope gradient basinward 
of the the LSI, strata sourced by turbidites will generally aggrade, contributing to the 
accumulation of reservoir-prone strata near the LSI. Cores obtained near the LSI and in 
more distal settings may reveal similar stratigraphic thicknesses for strata sourced by 
turbidites. Like the prior scenario, strata sourced by MTDs will accumulate close to the 
LSI and thin basinward. 
  



 152 

 

Figure 3.19 Reservoir styles associated with LSI-modified deepwater systems 
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Figure 3.19 (continued) 
 
Cartoon block diagrams illustrating reservoir-styles associated with LSI-modified 
carbonate slope and basinal systems. A) Carbonate-mud-rich MTDs (non-reservoir) 
burying reservoir-prone strata basinward of an LSI. This architecture is represented by 
the Upper G4 HFS in the Delaware Basin.  B) An organic-rich apron basinward of an 
LSI. This play-type is represented by siliceous mudstone and siltstone deposits associated 
with the L7 – Lower G2 HFS and upper Avalon shale reservoirs in the subsurface of the 
Delaware Basin. Analogous reservoirs may also be represented in Devonian strata of the 
Alberta Basin, Mississippian strata of the Pricaspian Basin, and Cretaceous strata in the 
Gulf of Mexico. C) A sandstone turbidite channel-levee-fan complex basinward an LSI. 
This play-type is associated with sandstone-rich sediment gravity flow deposits of the 
Lower G4 HFS and Avalon sandstone reservoirs in the subsurface of the Delaware Basin.  
D) A detrital-carbonate channel-levee-fan complex basinward of the LSI represents a 
hypothetical play-type associated with grainstone deposits of the Lower G2 – G3 HFS. 
Analogous reservoirs may be represented by Cretaceous-age deposits basinward of the 
Sligo Margin in the Gulf of Mexico (Fritz et al., 2000).  Cartoon oil-derricks and wells 
are positioned within the drilling target or each model. 
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CHAPTER 4:  

RECENT ADVANCEMENTS TO THE STRATIGRAPHIC FRAMEWORK OF 
THE CUTOFF FORMATION IN THE SOUTHERN GUADALUPE MOUNTAINS 
NEAR THE GLOBAL STRATOTYPE SECTION AND POINT FOR THE BASE 

OF THE ROADIAN STAGE, TEXAS 

 

4.1 ABSTRACT 
The Global Stratotype Section and Point (GSSP) for the base of the Roadian stage 

(Guadalupian stage using North American terminology) is identified within the Cutoff 

Formation in the Guadalupe Mountains National Park. Previous mapping of the Cutoff 

Formation near the shelf margin of the buried late Kungurian (late Leonardian using 

North American terminology) Victorio Peak / Bone Spring platform proposed a three-

member subdivision for this unit based upon the recognition of lithological changes and 

unconformities. New mapping conducted to the south of these previously studied 

outcrops identifies an undocumented succession of unconformity-bound carbonates, 

shales, and sandstones situated between the members described in previous work. These 

units are positioned demonstratively above the GSSP in Stratotype Canyon and thus 

represent a previously undocumented record of the earliest Roadian stage in the 

Guadalupe Mountains National Park. In accordance with the North American 

stratigraphic code, this work includes a description of the facies, boundaries, thickness, 

and lateral extent and correlations in a proposition for introducing two new members to 

the stratigraphy of the Cutoff Formation. In ascending order, these members include: the 

Butterfield Member and the Rest Area Member. The Butterfield Member is an interval of 
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grain- and mud-dominated carbonate deposits which are distinct from the underlying 

siliceous shale of the established El Centro Member and is bounded above by shales of 

the Rest Area Member. The Rest Area Member represents a lower shale, middle mud-

dominated carbonate, and upper conglomerate and sandstone triplet, which is distinct 

from the overlying thin-bedded carbonate deposits of the established Williams Ranch 

Member. Both of these members pinch out to the south of the GSSP and have the 

potential to yield specimens of biota extant during the earliest Roadian stage that are not 

currently sampled. Faunal specimens of this kind have the potential to improve 

correlations of basal boundary for the Roadian stage to areas with equivalent strata in 

other parts of the world. Furthermore, formal recognition of the Cutoff Formation as a 

basinward-thickening unit will aid in the correlation of stratigraphic units in the 

subsurface of the Delaware Basin and improve the understanding of the linked late 

Leonardian – early Guadalaupian shelf, slope, and basinal architectures. 

4.2 INTRODUCTION 
The Cutoff Formation is a succession of deep water carbonates, shales, and sandstones 

that accumulated along the slope of the Northwest Delaware Basin during Permian-time. 

Faunal specimens obtained from outcrops of this unit in the Guadalupe Mountains have 

been used to assign a global stratotype section and point (GSSP) indicating the base of 

the Roadian stage (ICS usage, equivalent to the base of the Guadalupian stage for North 

American usage, Lambert et al., 2000; International Union of Geological Sciences, 2001). 

This point is coincident with the nexus of a craton-wide, if not global, sea level rise that 

contributed to backstepping and drowning of carbonate platforms in the northern 
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Delaware Basin during late Kungurian time time (ICS usage, equivalent to late 

Leonardian time in North American usage, Meissner, 1967; Silver and Todd, 1969; 

Kerans and Fitchen, 1995). Equivalent strata have been identified around the world 

through integrated stratigraphic and paleontological studies, and include: the Road 

Canyon Formation in the Southern Delaware Basin of West Texas (Wardlaw, 2000; 

Wardlaw et al., 2000), the Phosphoria Formation in the Western Interior (Wyoming and 

Idaho, Wardlaw and Collinson, 1986), the Sabine Bay and Assistance Formations in the 

Boreal Region of Canada (Nassichuk, 1970; Kozur and Nassichuk, 1977), the Ufimian 

Stage and Kazanian Stage in the Boreal Region of Russia (Wardlaw and Collinson, 1986; 

Chernykh et al., 1993; Chernykh and Silant’ev, 2004), and the Kubergandian stage in the 

Tethyan Region of China (Leven, 2001; Mei and Henderson, 2001). The Cutoff 

Formation itself represents a stratigraphic unit of significant economic importance as 

organic-rich shales and sandstones comprising its members have been associated with 

productive hydrocarbon reservoirs in the subsurface (Saller, 1989; Hart, 1998; Hart, 

2000; Tyrrell et al., 2011).  For the remainder of this work, the North American terms 

will be used to refer to the stages represented within the stratigraphy of the Cutoff 

Formation. 

Recent work by Hurd et al. (2016) in the Guadalupe Mountains National Park identified 

an interval of carbonates-, shales-, and sandstones which is mappable on a regional scale 

and lithologically distinct from the members discussed in previous work by Harris 

(2000). The current study presents results from new mapping along the low hills below 

the Western Escarpment in the Guadalupe Mountains National Park which illustrates that 
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this succession records a significant period of deposition downdip of the global stratotype 

section and point for the base of the Roadian stage in Stratotype Canyon.  Based upon 

these results, this study proposes 1) the addition of two new formal members for the 

Cutoff Formation and 2) revisions to the designation of lithostratigraphic members 

proposed by Harris (2000). This proposition is developed through the description of 

facies, boundaries, thickness, and lateral extent and correlations for each unit in 

accordance with the North American Stratigraphic Code. The addition of two new 

members and revisions to the existing members will highlight areas for future collection 

of faunal specimens, which may yield new insights about species extant during the 

earliest Roadian time. Understanding of these species may allow for more facile 

recognition of the transition from the latest Leonardian to earliest Guadalupian stages in 

Cutoff-equivalent strata identified in other regions (e.g. Tethyan Region, Boreal Region, 

Western Interior), thus improving the potential for accurate correlation of the basal 

Guadalupian boundary around the world.  

4.3 HISTORICAL CONTEXT 
The most widely studied outcrops of the Cutoff Formation and its type section (Cutoff 

Mountain, King, 1942; 1948) are situated below the Western Escarpment of the 

Guadalupe Mountains in the northwest Delaware Basin (Figures 4.1, 4.2, Harris, 1987).  

Outcrops of equivalent strata in the Delaware Basin appear in numerous mountain ranges 

in West Texas including: the Guadalupe (King, 1942; 1948), northern Guadalupe (Boyd, 

1958; Hayes, 1959; Kerans and Fitchen, 1995), Sierra Diablo (King, 1965), Apache 

(Wilde and Todd, 1968; Wood, 1968), Delaware (Amerman et al., 2011), Glass 
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(Lambert, 1992; Lambert et al., 2000) and Wylie Mountains (Figure 4.1, Hay-Roe, 1958). 

Though the exact position and correlative units remain speculative (Tyrrell et al., 2011), 

work by Amerman et al. (2011) also correlated the uppermost contact of the Cutoff 

Formation across West Texas and New Mexico in the Delaware Basin (Figure 4.1).  

Studies by King (1942; 1948) from Cutoff Mountain southeast to Shumard Canyon were 

the first to recognize the contrast between a shale-rich succession, termed the “Cutoff 

shaley member,” from underlying gray limestones of the Leonardian-age shelf system. 

Southeast of Shumard Canyon, where the Victorio Peak interfingers with the Bone 

Spring Limestone, King (1942; 1948) did not distinguish this unit (Figure 4.3a). Seminal 

mapping conducted by Newell et al. (1953) to the southeast of the area studied by King 

(1942; 1948) identified a shale-rich succession of Cutoff strata beneath a younger interval 

of limestones (termed the “Upper Bone Spring”) and maintained its designation as a 

member of the Bone Spring Limestone (Figure 4.3b). Though later work by King (1965) 

elevated the “Cutoff shale” to formation status, Wilde and Todd (1968) were the first to 

refer to this interval as the “Cutoff Formation” in an integrated biostratigraphic and 

sedimentological study in the Apache Mountains. Studies by Harris (1987) and Harris 

(1988b) in the Guadalupe Mountains also used this nomenclature and emphasized the 

predominance of limestone within the Cutoff in an informal proposal that the name 

“Cutoff Formation” be used henceforth. Harris (1987, 1988a) subdivided the Cutoff 

Formation into five informal correlation units and two more general units termed the 

“lower” and “upper’ units, which were equivalent to those identified by King (1948) 

(Figure 4.3c). Harris’ (1987) work represented the first detailed sedimentological study of 
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the interval and illustrated that it recorded the burial of the drowned Leonardian-age 

Victorio Peak shelf system and interfingering Bone Spring deep-water system (Figure 

4.4a). Biostratigraphic studies by Lambert (1994) first identified the lower boundary of 

the Guadalupian stage (Roadian stage, ICS terminology) in the limestone-rich “unit 3” of 

Harris (1987, 1988a) and correlated this boundary to the Road Canyon Formation in the 

Glass Mountains on the southern side of the Delaware Basin. Based upon mapping 

conducted along the transgressed Late Leonardian shelf in Shirttail Canyon southeast to 

the position of the buried Leonardian upper slope in Stratotype Canyon, Harris (2000) 

proposed that the Cutoff Formation be subdivided into three members (Figures 4.3d, 

4.4a). These members included, from oldest to youngest: the Shumard, El Centro, and 

Williams Ranch Members (Figures 4.3d, 4.4a). In this same volume, Lambert et al. 

(2000) affirmed the identification of the base of the Roadian stage in the central 

carbonate-rich unit of the El Centro member. Based upon this work, the International 

Commission on Stratigraphy assigned a global stratotype section and point (GSSP) for 

the base of the Roadian stage (Guadalupian stage, north American terminology) in an 

outcrop of the El Centro member in the Guadalupe Mountains National Park 

(International Union of Geological Sciences, 2001). Later studies by Amerman et al. 

(2011) were conducted primarily in the Delaware Mountain range, near the Delaware 

Basin floor, and proposed a correlation of Cutoff strata from this setting to the members 

identified by Harris (Figure 4.3e, 2000) near the relict late Leonardian shelf margin. This 

study maintained the subdivision of members by Harris (Figure 4.4b, 2000), but further 

subdivided the Williams Ranch Member into six informal correlation units (Figure 4.3e). 
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Hurd et al. (2016) mapped the Cutoff Formation along the relict Leonardian platform 

between the field areas Harris (1987; 2000) and Amerman et al. (2011) and identified a 

previously undocumented succession of alternating carbonate- and silicilastic-rich strata 

which pinches-out southeast of the global stratotype section and point for the base of the 

Guadalupian stage in Stratotype Canyon (Figure 4.4c). Because these units demonstrated 

lithological differences from the members previously mapped by Harris (2000) and were 

bound by unconformities, Hurd et al. (2016) abstained from grouping them into the 

existing members and referred to them instead as an “unnamed” unit.  

 The transition of the Cutoff Formation landward to shelf-equivalent strata of the 

San Andres Formation was first identified in mapping by Boyd (1958). Later work by 

Sarg and Lehmann (1986) proposed a link between the Cutoff Formation and the San 

Andres Formation shelf system to the North , but keeping with correlations proposed by 

Boyd (1958), identified the upper Victorio Peak unit of King (1948) and the oldest San 

Andres as separate units. Later work by Kerans and Fitchen (1995), using measured 

sections and unpublished conodont work by B. Warlaw (pers. comm.), recognized that 

the lower and middle Victorio Peak members were equivalent to the lower and upper 

Yeso Formation and that the upper Victorio Peak member was equivalent to the “lower” 

San Andres Formation. This study established that the Cutoff Formation was equivalent 

to the Lower San Andres composite sequence, which records a 2-4 m.y. base level rise 

and fall turnaround. The transgressive sequence set is represented by two high frequency 

sequences (Leonardian 7 and Leonardian 8 HFS) and is equivalent to Leonardian-age 

strata of the Cutoff Formation as well as King’s (1948) upper member of the Victorio 
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Peak. The highstand sequence set is represented by four high frequency sequences and is 

equivalent to Guadalupian-age strata of the Cutoff Formation. Work by Hurd et al. (2016) 

correlated individual high frequency sequences identified by Kerans and Fitchen (Figure 

4.4f, 1995) to outcrops of the Cutoff Formation on the Western Escarpment, establishing 

a shelf-to-slope framework for the Lower San Andres composite sequence and the high 

frequency sequences there within.  

4.4 LITHOSTRATIGRAPHIC UNITS OF THE CUTOFF FORMATION 
This study subdivides the Cutoff Formation into five members including, from 

oldest to youngest: the Shumard Member, the El Centro Member, the Butterfield 

Member, the Rest Area Member, and the Williams Ranch Member (Figures 4.3f, 4.4c, 

Figure 4.5). These units are mappable along the low hills below the Western Escarpment 

of the Guadalupe Mountains National Park (Figure 4.6). The section below includes the 

following for all five lithostratigraphic units: a description of the lithotypes using the 

classification of Dunham (1962), an interpretation of the deposits associated with the 

unit, the historical background, the unit stratotype, the thickness and distribution, and the 

geologic age. This information is provided for the Butterfield and Rest Area units in 

order to meet the conditions for designating new members as established by the North 

American Stratigraphic Code.  This information is also provided for the units proposed 

by Harris (2000) in  order to revise their designation with respect to the results from new 

mapping and the findings presented by Hurd et al. (2016). 
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4.4.1 Shumard Member 

4.4.1.1 Selection and Derivation of Name 
The name of this unit was proposed in work by Harris (2000), which derived the name 

from Shumard Canyon, where a number of features characteristic to the member are 

easily observable. This member was first recognized by King (1948) in Shumard Canyon 

as an informal unit.  

4.4.1.2 Stratotype 
The type section for the Shumard Member is located on the north  side of the south fork 

of Shumard Canyon (Figure 4.6, Harris 2000). See Harris (2000) for a measured section 

at this location.  

4.4.1.3 Description 
The Shumard Member is a wedge of sandstones, carbonates, isolated blocks, and breccias 

that thins dramatically basinward of Stratotype Canyon, and records the partial burial of 

the Victorio Peak – Bone Spring platform margin (Figure 4.7). Sandstones of the 

Shumard Member fill channels incising the Late Leonardian shelf margin and represent 

the oldest record of deposition within the Cutoff Formation. These deposits are very-fine-

grained quartz arenites with minor amounts of feldspar, skeletal grains and clay minerals. 

Beds are thin (2-5 cm) and may be ungraded, normally graded, or reverse graded (Fig 

7a). Cherty spiculitic packstones represent the most abundant facies within the Shumard 

Member. Major grain types include sponge spicules, bryzoans, brachiopods, crinoids, and 

quartz. The mudstone matrix is composed of carbonate and quartz. Beds are thin and may 

be ungraded or reverse graded, and soft-sediment deformed. Packstones are interbedded 
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with black, recessive intervals of banded chert which represent spiculite deposits (Figure 

4.7b, 7c).  Isolated blocks and lenses of breccia are suspended within a matrix of 

sandstone or shale. The blocks in these deposits may be composed of skeletal 

wackestone, packstone, or boundstone, and range in size from meters to decameters in 

thickness (Fig 7d).  

4.4.1.4 Interpretation 
Thin-bedded normally graded sandstones represent low-density turbidites, while reverse 

graded sandstones are interpreted as cohesive gravity flows  Reverse grading of cherty 

spiculitic packstones indicates deposition by cohesive gravity flows (Lowe, 1982; Talling 

et al., 2012). Spiculites represent intermittent deposition by sediment gravity flows, 

similar to deposits described by Ruppel and Barnaby (2001) in the Permian Basin. 

Isolated blocks and breccias lenses surrounded by shale indicate processes of rock fall 

along a sediment-starved slope.   

4.4.1.5 Boundaries 
The Shumard Member is bounded above and below by unconformities across the 

outcrop. The lower boundary is an unconformity that truncates shelfal strata of the 

Victorio Peak Formation and interfingering slope deposits of the Bone Spring Formation 

(Figure 4.5). The upper boundary is an erosional contact which is overlain by shales of 

the El Centro Member. The upper boundary is also an angular unconformity in Shumard 

Canyon (see Fig 5-7 in Harris, 2000). In the current study, breccias situated between this 

surface and overlying shales of the El Centro Member are grouped within the Shumard 

Member. While previous studies by Harris (2000) excluded these breccia deposits from 
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the Shumard Member, the present study recommends a minor redefinition of the 

Shumard Member, which includes these deposits. Like finer grained deposits of the 

Shumard Member, these deposits are associated with the fill architecture of channel-form 

erosional surfaces incising the Victorio Peak and Bone Spring Platform (Harris, 2000; 

Hurd et al., 2016). Southeast, in Operahouse Canyon, these breccia deposits are useful for 

identifiying the boundary between the Shumard Member and shales of the overlying El 

Centro Member, because fine-grained limestone beds of the Shumard Member have 

changed facies to an interval of intercalated spiculites and breccias suspended in a shale-

rich matrix (Figures 4.5, 4.7d).  

4.4.1.6 Historical background 
The Shumard Member was first recognized as an informal unit of the Cutoff succession 

by King (1948) and later proposed for consideration as a formal lithostratigraphic 

member by Harris (2000). Amerman et al. (2011) also referenced the Shumard Member 

in a cross section that correlated the Cutoff Formation between the Guadalupe and 

Delaware Mountains.  

4.4.1.7 Distribution and Thickness 
The Shumard Member varies dramatically in thickness from Shumard Canyon southeast 

to Operahouse Canyon where it dips into the subsurface (Figure 4.5). In Shumard 

Canyon, the type section of the Shumard Member represents the fill of a channel incising 

the Victorio Peak – Bone Spring platform. This type section records the thickest 

expression of the Shumard Member in the study area, reaching a thickness of 49 m 

(Harris 2000). Southeast in Bone Canyon, a thin lens of highly soft-sediment deformed 
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cherty limestones overlies an erosional contact incising the thin-bedded limestones of the 

Bone Spring Formation and is designated as the Shumard Member (Hurd et al., 2016). In 

Stratotype Canyon, this interval thickens to 28 m, and then dramatically thins to the 

southeast to an 8 m thick interval of intercalated spiculites and breccias suspended in a 

shale-rich matrix before dipping into the subsurface (Figure 4.5, 4.6). 

4.4.1.8 Geologic Age 
The Shumard Member is late Leonardian in age. It underlies the GSSP coincident with 

the base of the Guadalupian stage in Stratotype Canyon and equivalent strata are 

positioned below the Leonardian-to-Guadalupian age El Centro Member in Shumard 

Canyon (Figure 4.3f).  

4.4.1.9 Lateral Extent and Correlations 
The Shumard Member is present along the Western Escarpment of the Guadalupe 

Mountains within a series a canyons extending from Shumard Canyon southeast to 

Operahouse Canyon before dipping into the subsurface (Figure 4.6). Although previous 

studies by Harris (2000) identified strata of the “Shumard Member” north of the study 

area near Cutoff Mountain, detailed sequence stratigraphic and biostratigraphic studies by 

Kerans and Fitchen (1995, using unpublished conodont work by B. Wardlaw) 

demonstrated that the Cutoff Formation in this locality is Guadalupian in age and 

demonstratively younger than strata associated with the Shumard Member identified by 

Harris (2000) in Shumard and Stratotype Canyon. Thus, the Shumard Member in the 

current study area is equivalent to the San Andres Formation (upper Victorio Peak unit of 

King, 1948 on the Western Escarpment). Most recently, studies by Hurd et al. (2016) 
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correlated the Shumard member to the Leonardian 7 high frequency sequence of Kerans 

and Fitchen (1995). 

 

4.4.2 El Centro Member 

4.4.2.1 Selection and Derivation of Name 
Harris (2000) named this unit after El Centro Draw, an arroyo south of Bone Canyon. 

This name was given to the El Centro member due to the appearance of lithologies 

characteristic of this member at this location. 

4.4.2.2 Stratotype 
The type section for the El Centro member is located in Stratotype Canyon along the 

Western Escarpment of the Guadalupe Mountains (Figure 4.6, Harris 2000). The 

thickness of the El Centro Member in this area as measured by Harris (2000) and 

confirmed by Hurd et al. (2016) is 20.5 m. 

4.4.2.3 Description 
The El Centro Member is a succession of shales and carbonates that increases in 

thickness from less than a meter to greater than 42 meters basinward of the relic shelf 

margin and includes the GSSP coincident with the base of the Guadalupian stage (Figure 

4.8). XRD analyses of  the two main shale intervals comprising the El Centro Member 

demonstrate a range of major mineral abundances, including: 63 – 85 % quartz, 3 – 13 % 

Feldspar, 8 – 37% Clay, and 1- 4% carbonate. Rock eval.data for these units reveals a 

range in total organic carbon content from 0.68 wt. % - 3.33 wt. %. Tmax values range 

from 434 °C to 441°C. Black shales are generally fissile (Figure 4.8a), but may be altered 
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by fabric destructive carbonate nodules. Radiolaria represent the lone faunal constituent 

common within this facies, and may be identified within 2-4 cm thick beds of radiolarite 

(Figure 4.8a, b). Other grain types include detrital quartz silt, phopshate grains, and very 

fine pyrite framboids. Bioclastic grainstones to rudstones are composed of sub-rounded 

fusulinid fragments and crinoid ossicles and are very well sorted. Beds range in thickness 

from thin bedded to 2.5 meter thick and may exhibit cross-bedding, planar stratification 

(Figure 4.8c). Laminated bioclastic wackestones to packstones possess a matrix that 

varies between lime mudstone to a mixed clay-rich and carbonate-rich lithology. Major 

grain types include bioclastic carbonate detritus of unknown origin, crinoids, skeletal 

fragments of brachiopods, trilobites, and bryzoans, along with organic fragments, and 

foraminifera. Beds are thin, normally graded, and may be rippled or parallel laminated 

(Figure 4.8d).  

4.4.2.4 Interpretation 
Studies by Harris (1982; 1987; 1988b; 2000) were among the first to suggest that shales 

of the El Centro Member accumulated in an anoxic water column. Very fine pyrite 

framboids identified in our study support an anoxic interpretation (Wilkin et al., 1997; 

Loucks and Ruppel, 2007). Nutrient enrichment due to ocean upwelling may have 

facilitated the accumulation of radiolaria, and acted as a source of phosphate, and organic 

material (Parrish, 1999; Lazurus, 2005).  Planar laminated and cross-bedded bioclastic 

grainstones and rudstones are interpreted as deposits formed by prolonged bypass of 

turbidity currents (Mutti et al., 2003). Thin graded beds of laminated bioclastic 
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wackestones to packstones indicate deposition by low-density turbidites (Lowe, 1982; 

Talling et al., 2012). 

4.4.2.5 Boundaries 
The upper boundary of the El Centro member is an unconformity from Shumard Canyon 

southeast to Confusion Canyon and is conformable in Liquid Canyon (Figure 4.5). From 

Shumard Canyon southeast to Williams Gulch, the upper boundary appears as either a 

sharp paraconformable contact between a shale interval of the El Centro Member and 

overlying thin-bedded wackestones of the Williams Ranch Member or an erosional 

contact between this shale unit and sandstones of the Brushy Canyon Formation. From 

Bone Canyon southeast to Overhang Canyon, the upper contact of the El Centro Member 

is an erosional surface overlain by thin-bedded wackestones of the Williams Ranch 

Member or sandstones of the Brushy Canyon Formation. From Operahouse Canyon 

southeast to Beesting Canyon, the upper boundary is an erosional surface which is 

overlain by conglomerates, breccias, and thin-bedded mixed carbonate and siliciclastic 

turbidites of the Rest Area member. From Beesting Canyon southeast to Blackstove 

Canyon, the upper contact is erosional beneath cross-bedded green-algal crinoid 

grainstones and thin-bedded silty peloidal packstones of the Butterfield Member. In 

Liquid Canyon, the upper boundary is sharp and conformably overlain by green-algal 

crinoid grainstones and silty peloidal packstones of the Butterfield Member. Southeast of 

Liquid Canyon, the upper boundary dips into the subsurface (Figure 4.6).  
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4.4.2.6 Historical Background 
The El Centro Member was first recognized as an informal unit of the Cutoff succession 

by King (1948) and later proposed for consideration as a formal lithostratigraphic 

member by Harris (2000). Amerman et al. (2011) also referenced the El Centro Member 

in a cross section that correlated the Cutoff Formation between the Guadalupe and 

Delaware Mountains. Neither Harris (2000), Amerman (2009), or Amerman et al. (2011) 

identified the unconformity at the uppermost contact of the El Centro Member. As a 

result, cross-sections by Amerman (2009) and Amerman et al. (2011) include 

miscorrelations between the El Centro Member and the newly identified Butterfield unit. 

4.4.2.7 Distribution and Thickness 
The El Centro Member varies dramatically in thickness in Shumard and Bone Canyon, 

but thickens dramatically to the southeast before dipping into the subsurface near Liquid 

Canyon (Figure 4.6). Harris (2000) also identified a 43.5 m thick section near Bartlett 

Peak, which he designated as the El Centro Member. It is possible however that this 

succession includes strata younger than the El Centro member observed in the field area 

of the current study as the Leonardian-age Cutoff Formation mapped in the current study 

are at least partially equivalent to the San Andres Formation (upper Victorio Peak unit of 

King, 1948) at this locality (Kerans and Fitchen 1995; Hurd et al., 2016).   

From Shumard Canyon southeast to Bone Canyon, the El Centro Member is 

approximately 1 meter thick and may appear as a single shale interval or as a basal shale-

middle carbonate-upper shale triplet, similar to the succession described in the type 

section (Harris, 2000). On much of the north wall of Bone Canyon, the El Centro 
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Member is completely removed by erosion beneath the Brushy Canyon Formation (Hurd 

et al., 2016). The El Centro Member thickens from Bone Canyon southeast to its thickest 

expression in Operahouse Canyon, which was measured by Harris (2000) as 78 m and 

Hurd et al. (2016) as 70 m. The difference in thickness may be attributed to the 

designation of the lower boundary of the El Centro Member, by Hurd et al. (2016) which 

is slightly different than the designation by Harris (2000). Southeast of Bone Canyon, the 

El Centro Member begins to dip into the subsurface and its total thickness cannot be 

verified.  

4.4.2.8 Geologic Age 
The GSSP coincident with the base of the Guadalupian stage is identified within the El 

Centro Member in Stratotype Canyon, indicating that it spans the Latest Leonardian to 

earliest Guadalupian stages (Figure 4.3).  

4.4.2.9 Lateral Extent and Correlations 
The El Centro Member extends across nearly the full extent of the study area, from 

Shumard Canyon to Liquid Canyon before dipping into the subsurface (Figures 4.5, 4.6). 

The GSSP coincident with the base of the Guadalupian stage is identified in this interval 

(Lambert, 1992; Lambert et al., 2000; International Union of Geological Sciences, 2001). 

Studies by Kerans and Fitchen (1995) using unpublished conodont work from B. 

Wardlaw (pers. comm.) demonstrated that Leonardian-age strata of the El Centro 

member in Stratotype Canyon are equivalent to the San Andres Formation (upper 

Victorio Peak unit of King, 1948 on the Western Escarpment). Studies by Hurd et al. 

(2016) correlated boundaries associated with the L8, G1, and G2 high frequency 
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sequences of Kerans and Fitchen (1995) to the El Centro Member along the Western 

Escarpment using concepts of reciprocal sedimentation developed in the Permian Basin 

(Meissner, 1967; Meissner, 1972; Kerans and Fitchen, 1995; Kerans and Kempter, 2002).  

4.4.3 Butterfield Member 

4.4.3.1 Selection and Derivation of Name 
The geographic name is derived from the Butterfield Stage Route, which extends from 

highway 62-180 north to the Williams Ranch House at the mouth of Bone Canyon and 

beyond. Outcrops of this unit can be observed from the Butterfield Stage Route by 

looking to the east along the low hills below the Western Escarpment.  

4.4.3.2 Stratotype 
The type section for the Butterfield Member is observable on the south side of Beesting 

Canyon (Figures 4.6, 4.9, Appendix Figure 4.1). 

4.4.3.3 Description 
The Butterfield Member is a succession of grain- and mud-dominated carbonate facies. 

The type section, in Beesting Canyon is composed primarily of silty skeletal peloidal 

wackestone to packstone beds which are thin and normally graded (Figure 4.10a). The 

mudstone matrix is composed of carbonate, clay, and quartz minerals with some 

preserved organic fragments. Allochems include peloids, skeletal fragments sourced from 

open-marine fauna, fusulinids, and well-rounded grainstone intraclasts (Figure 4.10b). 

Detrital quartz is also common. Silty peloidal packstones may also be bioturbated and 

intercalated with mudstones that exhibit varying quantities of carbonate and clay minerals 
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(Figure 4.10c). Green-algal crinoid skeletal grainstone beds are also common, and range 

in thickness from 5 – 20 cm. In Blackstove Canyon, these deposits form meter-thick bed-

sets with migrating foresets and truncated topsets (Figure 4.10d). Allochems include 

green algae, crinoids, bryzoans, brachiopods, mollusks, trilobites, and peloids (Figure 

4.10e). Gravel to pebble-size lime mudclasts are common, while coated grains are rare. 

Sedimentary structures include cross-bedding and planar stratification. The basal contact 

of this facies is channelized and erosional or sharp.  

4.4.3.4 Interpretation 
In Beesting Canyon, thin beds which fine upward from green algal crinoid grainstones to 

silty peloidal packstones and wackestones are interpreted as  high-density turbidites 

(Lowe, 1982; Talling et al., 2012). In Blackstove Canyon, the prevalence of cross-

bedding, truncation of top set and foreset beds, and channel-form geometries associated 

with green-algal crinoid skeletal grainstones suggests that this facies formed as a result of 

bottom-current reworking during sustained bypass of confined, high-density turbidity 

currents (Mutti et al., 2003). Similar deposits have been interpreted as point-bars of 

turbidite channels in the siliciclastic Brushy Canyon system (Pyles et al., 2012). Gravel-

sized mudstone intraclasts near the base of bedsets resemble near-bed traction carpet 

deposits. Silty peloidal wackestones to packstones accumulating near channel-form green 

algal crinoid skeletal grainstones are interpreted as overbank deposits comprising 

channel-levees.   
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4.4.3.5 Boundaries 
The upper boundary of this member is an unconformity from Dynamite Canyon southeast 

to an area north of Confusion Canyon (Figure 4.5). Along this transect, the upper 

boundary is erosional and overlain by conglomerates of the younger Rest Area Member.  

From South Confusion Draw southeast to Liquid Canyon, the upper boundary is 

conformable. In this area, the boundary appears sharp and is overlain by the basal shale 

unit of the younger Rest Area Member. The upper boundary dips into the subsurface 

southeast of Liquid Canyon.  

4.4.3.6 Historical Background 
Reconnaissance mapping conducted by Amerman (2009) and Amerman et al. (2011) 

identified this unit as part of the Williams Ranch Member, rather than a separate unit. 

Studies by Hurd et al. (2016) recognized a succession of alternating shales, carbonates, 

sandstones, and conglomerates (referred to herein as the Rest Area Member) between the 

Butterfield and Williams Ranch Members. This study neglected to name the stratigraphy 

and instead used chronostratigraphic units correlated from the Lower San Andres 

composite sequence of Kerans and Fitchen (1995) to subdivide the stratigraphy of the 

Cutoff Formation.  

4.4.3.7 Distribution and Thickness 
The type section for the Butterfield Member is located in Beesting Canyon, where it 

demonstratively overlies the upper shale unit of the El Centro Member and underlies the 

basal conglomerates and siliciclastic deposits of the overlying Rest Area unit (Figures 

4.5, 4.6, 4.9). The thickness of the Butterfield Member at this location is 10 m (See 
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Appendix Figure 2). This unit thickens to the southeast, toward Liquid Canyon, where it 

attains a thickness of 38 m before dipping into the subsurface. 

4.4.3.8 Geologic Age 
The Butterfield Member demonstratively overlies the El Centro Member and is therefore 

Guadalupian in age (Figure 4.3f). 

4.4.3.9 Lateral Extent and Correlations 
This unit pinches out near Dynamite Canyon, making physical tracing of this unit north 

to the shelf system impossible. Studies by Hurd et al. (2016) have however correlated the 

G2 sequence boundary of Kerans and Fitchen (1995) to the uppermost contact of the 

Butterfield Member. This unit extends to the southeast from Dynamite Canyon and dips 

into the subsurface southeast of Liquid Canyon (Figures 4.5, 4.6, 4.9).  

4.4.4 Rest Area Member 

4.4.4.1 Selection and Derivation of Name 
The geographic name is derived from the informal “Rest Area Gully” that passes near a 

rest area below El Capitan on highway 62-180. Outcrops in this area have been visited 

frequently by industry scientists and academic researchers due to the excellent views they 

provide of facies representative of the Cutoff Formation and relatively facile accessibility 

from the road. 

4.4.4.2 Stratotype 
The type section for this interval is located in Blackstove Canyon (Figures 4.6, 4.9, 

Appendix Figure 2). 
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4.4.4.3 Description 
The Rest Area Member is a succession of shales, carbonates, and sandstones that thickens 

basinward from its apparent onlap position north of Beesting Canyon before dipping into 

the subsurface southeast of Rest Area Gully (Figure 4.11). Black shales of the Rest Area 

Member are similar to black shales associated with the El Centro Member, but 

demonstratively overlie silty peloidal wackestones to packstones and grainstones of the 

older Butterfield Member. Intraclast-fusulinid skeletal wackestone to packstone beds 

range in thickness from 5 – 15 cm and appear ungraded internally (Figure 4.11a). Faunal 

constituents include fusulinids, calcite recrystallized microfauna and other skeletal 

fragments. Intraclasts may be composed of skeletal wackestone, fusulinid wackestone to 

packstone, reworked chert nodules or sub-rounded grainstone clasts (Figure 4.11a, b).  

Individual beds are pervasively soft-sediment-deformed and grouped into meter-thick 

intervals separated by thin, recessive black shales. Conglomerates of the Rest Area unit 

exhibit a range in bed thicknesses from thin to 1-3 meters thick. Beds exhibit an erosional 

base from Opera House canyon southeast to Liquid Canyon and a sharp base from Liquid 

Canyon southeast to Rest Area Gully. Clasts associated with this facies include well 

rounded mudclasts and grainstone blocks and may range in size from pebbles to boulders 

up to 3 meters in diameter (Figure 4.11c). The matrix may be minimal, resembling the 

black shale facies (Figure 4.11d) or sand-rich.  Faunal constituents include skeletal 

fragments, gymnocidacean algae, crinonids, bryzoans, and sponges.  Sandstones of the 

Rest Area unit are very fine grained and very well sorted. Beds may range from thin-

bedded to 1-5 meters in thickness and may be rippled, laminated, or structureless.  
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4.4.4.4 Interpretation 
Black shales record deposition within an anoxic water column, similar to shales of the El 

Centro Member. Thin ungraded beds of intraclast-fusulinid wackestone to packstone 

indicate deposition by low-density carbonate turbidites (Lowe, 1982; Talling et al., 

2012). Meter-thick intervals of these deposits are interpreted as cohesive-gravity-flow 

deposits sourced from resedimented low-density turbidites. The siliciclastic-rich matrix 

and wide range of clast sizes in the conglomerate facies suggests that deposition occurred 

in association with processes of rock-fall and granular avalanche. Separation of 

conglomerate beds between thin intervals of shale or siltstone indicates multiple episodes 

of erosion on a sediment starved slope. Meter-thick structureless sandstones which 

transition upward to planar laminated and cross-stratified sand- and mud-rich deposits are 

interpreted as high-density turbidites (Lowe, 1982; Talling et al., 2012). The Rest Area 

unit records an alternating pattern of siliclastic and intraclast- and mud-rich carbonate 

accumulation along the LSI, which is distinct from the traction-modified peloidal and 

grain-dominated interval of the underlying Blackstove unit. 

4.4.4.5 Boundaries 
The upper boundary of the Rest Area Member is an unconformity from its pinch-out in 

Operahouse Canyon southeast to Rest Area Gully. Across this area, the upper boundary 

separates conglomerates and sandstones of the uppermost Rest Area Member and soft-

sediment deformed thin-bedded mudstones to wackestones of the Williams Ranch 

Member.  
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4.4.4.6 Historical Background 
Reconnaissance mapping conducted by Amerman (2009) and Amerman et al. (2011) 

mapped this unit as part of the El Centro Member, rather than an independent unit. 

Studies by Hurd et al. (2016) recognized that the basal shale interval of the Rest Area 

Member overlies the interval of silty peloidal packstoens and grainstones associated with 

the aforementioned Butterfield Member, placing this unit well above the underlying 

stratigraphy of the El Centro Member.  The recognition of this unit as independent of the 

El Centro Member revealed a previously undocumented record of alternating siliciclastic 

and carbonate accumulation basinward of the relict Late Leonardian platform. Hurd et al. 

(2016) neglected to name the stratigraphy and instead used chronostratigraphic units 

correlated from the Lower San Andres composite sequence of Kerans and Fitchen (1995) 

to subdivide the stratigraphy of the Cutoff Formation.  

4.4.4.7 Distribution and Thickness 
The type section for the Rest Area Member is located in Blackstove Canyon, where it 

demonstratively overlies the Butterfield Member and underlies uniform thin-bedded 

limestones of the Williams Ranch Member (Figures 4.6, 4.9, Appendix Figure 2). The 

thickness of the Rest Area Member at this location is 10 m. This unit thickens to the 

southeast, toward its most frequently visited outcrops in Rest Area Gully, where it attains 

a thickness of 15 m. 

4.4.4.8 Geologic Age 
The Rest Area Member demonstratively overlies the EL Centro Member and is therefore 

likely Guadalupian in age (Figure 4.3f). 
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4.4.4.9 Lateral Extent and Correlations 
This unit pinches out in Operahouse Canyon and as a result, physical tracing of this unit 

north to the equivalent shelf system is impossible. Studies by Hurd et al. (2016) proposed 

a sequence stratigraphic model which identified the G2 sequence boundary of Kerans and 

Fitchen (1995) at the lower boundary Rest Area member and the G3 sequenced boundary 

within the Rest Area Member. This unit is likely exposed to the southeast in the Delaware 

Mountain Range, but remained “undifferentiated” in mapping conducted by Amerman et 

al. (2011). 

4.4.5 Williams Ranch Member 

4.4.5.1 Selection and Derivation of Name 
The geographic name of this unit was selected by Harris (2000) and is derived from the 

Williams Ranch House at the mouth of Bone Canyon. Harris (2000) emphasized that the 

low hills extending southeast from Bone Canyon contain typical exposures of this 

member.  

4.4.5.2 Stratotype 
The type section of the Williams Ranch member was selected by Harris (2000) and is 

located in Operahouse Canyon below the Western Escarpment of the Guadalupe 

Mountains (Figure 4.6).  

4.4.5.3 Description 
The Williams Ranch Member is a succession of soft-sediment deformed, thin bedded 

mudstones, wackestones and packstones (Figure 4.12). Three facies are recognized 

within the study area, including: spiculitic lime mudstones to wackestones, spiculitic 
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clay-rich mudstones to packstones, and skeletal spiculitic wackestones and packstones. 

Among all of these facies, beds are thin and structureless. Major grain types include 

sponge spicules and open marine faunal constituents. Thin beds of spiculitic lime 

mudstone to wackestone beds are separated by millimeter-scale drapes of quartz silt 

(Figures 4.12a, b). Spiculitic clay-rich mudstones to packstones can be distinguished 

from other facies within the Williams Ranch Member based upon the rhythmic 

alternation between fissile mudstone and packstone beds (Figures 4.12c, d). Sedimentary 

structures include ripples, planar laminations, and bioturbation (Figure 4.12d). Skeletal 

wackestones to packstones are very similar to the spiculitic lime mudstone to wackestone 

facies of the Williams Ranch Member, but contain a comparatively greater abundance of 

sponge spicules and platform-derived fauna, including: green-algae, bryzoans, fusulinids, 

and mollusks (Figures 4. 12e, f). 

4.4.5.4 Interpretation 
Thin bedded, mud-rich deposits associated with the Williams Ranch Member are 

interpreted as low-density turbidites (Lowe, 1982; Talling et al., 2012). The quartzose 

drapes between these deposits formed due to bottom-current reworking of siliciclastic 

material associated with the Rest Area Member. Similar relationships have been proposed 

for Siluarian-age interbedded carbonate and siliciclastic facies of Northern Greenland by 

Surlyk and Ineson (1992). Soft sediment deformation of individual beds indicates 

deposition by mass-transport deposits (Amerman et al. 2011). The thick accumulation of 

thin-bedded mud-dominated carbonate deposits comprising the Williams Ranch Member 

is bounded below by an interval of sandstones and conglomerates associated with the 
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Rest Area unit. Mud-rich facies of the Williams Ranch Member are comparatively 

thinner, more uniform in thickness, and contain fewer intraclasts than the underlying Rest 

Area unit.  

4.4.5.5 Boundaries 
The upper Boundary of the Williams Ranch Member is an unconformity across the field 

area (Figure 4.5). From Shumard Canyon southeast to Blackstove Canyon, this contact is 

erosional between limestones of the Williams Ranch member and breccias and 

sandstones of the overlying Brushy Canyon Formation. From Blackstove Canyon 

southeast to Rest Area Gully, the upper boundary of the Williams Ranch Member is 

sharp and overlain by conglomerates and fine sandstones of the Brushy Canyon 

formation or shales of the Pipeline Shale unit. Studies by Amerman et al. (2011) have 

documented younger limestone units of the Williams Ranch Member to southeast, 

indicating that this sharp contact is an unconformity.  

4.4.5.6 Historical Background 
The Williams Ranch Member was initially mapped as the Bone Spring Formation by 

King (1948) and later termed the “Upper Bone Spring Limestone” by Newell et al. 

(1953). This interval was formally proposed as a lithostratigraphic member by Harris 

(2000). Later studies by Amerman et al. (2011) subdivided this interval into six 

correlation units but did not recognize the lithological contrasts between the Williams 

Ranch Member and the underlying Butterfield and Rest Area units. In proposing that the 

Butterfield and Rest Area units be recognized as separate members of the Cutoff 
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Formation, this study also recommends that the correlation units of Amerman et al. 

(2011) be revised in future studies. 

4.4.5.7 Distribution and Thickness 
The Williams Ranch Member generally increases in thickness from northwest to 

southeast in the study area area due to Permian erosion near the buried Leonardian 

platform and offlapping stratal geometries (Figures 4.5, 4.6, 4.12). The thickest 

expression of the Williams Ranch Member in the study area is 47 m in Rest Area Gully. 

The thickness of this unit varies significantly in Shumard Canyon and Bone Canyon, 

ranging between completely absent to as great as 10 m. In the northern part of Shumard 

Canyon, this unit has been completely removed by Permian erosion. Studies by Harris et 

al. (2000) have described the thickness of the Williams Ranch Member from areas just 

north of Shumard Canyon to Cutoff Mountain, though it is likely that a portion of this 

interval is equivalent to older units described in this study (Butterfield member and Rest 

Area member, Kerans and Fitchen, 1995).  

4.4.5.8 Geologic Age 
The Williams Ranch Member demonstratively overlies the GSSP in Stratotype Canyon 

and is therefore Guadalupian in age (Figure 4.3f). 

4.4.5.9 Lateral Extent and Correlations 
The Williams Ranch Member is present across the study area, with the exception of the 

northernmost part of the Shumard Canyon (Figure 4.6). This unit has been correlated to 

the Delaware Mountains in studies by Amerman et al. (2011) and to the north of Shumard 
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canyon in studies by Harris et al. (2000). Studies by Amerman et al. (2011) also 

correlated this unit to the subsurface of the northwest Delaware Basin. The correlations 

proposed in studies by Harris et al. (2000) and Amerman et al. (2011) should be revisited 

due to reasons mentioned in the previous sections. In the study area, the Williams Ranch 

Member is equivalent to strata comprising the Guadalupian 4 high-frequency sequence of 

Kerans and Fitchen (1995).  

4.5 DISCUSSION 
The Rest Area and Butterfield members are proposed as new lithostratigraphic 

members for three principle reasons. First, the addition of these lithostratigraphic 

members will reinforce the documentation of stratigraphic units within the Cutoff 

Formation which were previously unrecognized in work by King (1948), Newell et al. 

(1953), Harris (1987; 2000) and Amerman et al. (Figures 4.3, 4.4, 2011). Though work 

by Hurd et al. (2016) was the first to recognize this interval, this study neglected to 

propose lithostratigraphic names. Instead, this study relied strictly upon a shelf-to-slope 

correlation of sequence stratigraphic units in order to subdivide the stratigraphy. 

Subdividing this succession into two new members of the Cutoff Formation will provide 

another reference point for these units, which may be used in concert with sequence 

stratigraphic models and nomenclature. 

 Second, the Butterfield and Rest Area units can be mapped across the Western 

Escarpment region and distinguished from the members previously proposed by Harris 

(2000) due to pronounced lithological changes and unconformities (Figures 4, 5, 6, 9). 

Though the study area was limited to the low hills situated below the Western 
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Escarpment in the Guadalupe Mountains National Park, it is likely that the Butterfield 

and Rest Area units are represented along the outcrops to the south in the Delaware 

Mountain Range. Recognition of these units may also have significant implications for 

mapping of Cutoff-equivalent strata in the subsurface of the Delaware Basin. Both the 

Butterfield and Rest Area units are restricted to the depositional setting basinward of the 

relict Late Leonardian platform (Figure 4.5). The basin-restricted character of this 

interval in the Guadalupe Mountains region may provide an explanation for the 

anomalous basinward thickening of carbonate, shale, and sandstone encountered in 

subsurface studies of Cutoff-equivalent strata (Tyrrell, 2009; Amerman et al., 2011). 

Formal designation of these units may be useful for future subsurface studies and drilling 

operations, which have targeted carbonate, shale, and sandstone reservoirs along the 

slope and Delaware Basin floor.  

 Third, the Butterfield and Rest Area units may yield faunal collections beyond 

those that have been documented in previous studies, and thereby help to resolve issues 

that have impeded facile correlation of the Roadian stage. Previous studies by Lambert 

(1992) and Lambert et al. (2000) collected faunal specimens along the area between 

Shumard and Stratotype Canyon. This study identified the first appearance of the 

Jinogondolella nankingensis conodont zone at the base of the Guadalupian stage, but was 

conducted north of the area where the Butterfield and Rest Area units pinch out (Figure 

4.3f, Lambert, 1992; Lambert et al., 2000). As a result, this sampling effort collected 

faunal specimens across an unconformity that is positioned between the El Centro and 

Williams Ranch Members (Figures 4.5, 4.13).  To our knowledge, rigorous 
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paleontological study on the Butterfield and Rest Area units has yet to be performed. 

Therefore, it is possible that future sampling for faunal specimens from the Butterfield 

and Rest Area Members would expand the suite of faunal specimens collected from the 

Cutoff Formation in the Guadalupe Mountains.  These units may be particularly 

opportune for collection of Guadalupian age ammonoid or fusilind fauna, as previous 

studies indicated that early Guadalupian age ammonoid and fusilind fauna present in the 

Road Canyon Formation in the Glass Mountains were absent in sampled intervals of the 

Guadalupe Mountains (Figure 4.3, Lambert, 1992; Lambert et al., 2000). Previous studies 

of the Roadian stage around the world by Leven and Bogoslovskaya (2006) emphasized 

that the transitional nature of the Leonardian-Guadalupian (Kungurian-Roadian) 

boundary, the rare occurrence of Roadian conodonts, and the discordance of conodont 

transitions with other biotic events (e.g. ammonoids) have impeded facile correlation of 

the GSSP to equivalent strata in regions beyond the Delaware Basin in West Texas (i.e. 

the Boreal and Tethyan regions). Future paleontological study of the Butterfield and Rest 

Area units may help to resolve these issues by providing a new record of the early 

Guadalupian fauna, thus allowing for a more complete and accurate comparison of the 

biotic events that occurred near the GSSP for the base Roadian stage to other strata 

globally. 
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4.6 CHAPTER 4 FIGURES AND TABLES 
 

 

Figure 4.1 Map of the Delaware Basin and surrounding mountain ranges 

Map illustrating the location of the Guadalupe Mountains, other mountain ranges (shown 
in green), and the location of subsurface mapping conducted by Amerman et al. (blue 
dotted line, 2011) relative to the paleogeography of the Permian Basin.  
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Figure 4.2 DEM of the study area 

DEM of the Brokeoff and Guadalupe Mountains Region (A) with zoomed in view 
showing the location of the study area and canyon names along the Western Escarpment 
of the Guadalupe Mountains National Park (B). Lower San Andres margin from Kerans 
and Fitchen (1995). For the scale-bar illustrating the dip-parallel distance from the relic 
Leonardian Victorio Peak shelf margin, the origin is projected along-strike from Shumard 
Canyon. Dashed-lines with arrows illustrate along-strike projections to the scale-bar for 
Shumard Canyon and the most downdip extent of the study area at Rest Area Gully. 
Depositional settings of the depositional environment extant during Late Leonardian – 
Early Guadalupian time are illustrated in “B” using the following abbreviations: RLSM = 
Relic Leonardian Shelf margin, RLS =  Relic Leonardian slope. 
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Figure 4.3 Historical and proposed stratigraphic column 

Stratigraphic column showing the history of the nomenclature for Cutoff strata in the 
Guadalupe Mountains (A-E)  and the proposed framework for Cutoff and equivalent late 
Leonardian to early Guadalupian strata in the Guadalupe Mountains (F) . High frequency 
sequences and base level curve correspond to the sequence stratigraphic framework 
proposed by Kerans and Kempter (2002) and Hurd et al. (2016) for the Permian section 
of the Delaware Basin. Conodont zones are based upon work by Lambert (1994) and 
Lambert et al. (2000). 
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Figure 4.4 Previous stratigraphic models for the Cutoff Formation 
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Figure 4.4 (continued) 
 
Schematic cross sections illustrating stratigraphic models for the Cutoff Formation 
proposed by (A) Harris (1987, 1988, 2000), (B) Amerman et al. (2011), and (C) the 
current study.  
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Figure 4.5 Stratigraphic framework for the Cutoff Formation 
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Figure 4.5 (continued) 
 
Two-dimensional stratigraphic framework for the Cutoff Formation along the Western 
Escarpment of the Guadalupe Mountains. 
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Figure 4.6 Geologic map 
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Figure 4.6 (continued) 
 
Geologic Map of the low hills situated below the Western Escarpment of the Guadalupe 
Mountains National Park. The focus of this map is the slope environment extant during 
the accumulation of the Cutoff Formation, which was influenced by the relic shelf margin 
and slope profile of the Leonardian Victorio Peak-Bone Spring platform. Canyon names 
abbreviated as the following: S = Shumard, B= Bone, Str = Stratotype, OH = Opera 
House, DY = Dynamite, BS = Beesting, C = Confusion, BT = Blackstove, L = Liquid, 
WC = Williams Cave, R = Rest Area Gully. The top of the Brushy and Cherry Canyon 
Formations were identified in this map based upon previous maps presented in work by 
Harris (2000) and Amerman (2009). Faults identified in this study were mapped in 
previous work by Amerman (2009). 
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Figure 4.7 Shumard Member facies 
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Figure 4.7 (continued) 
 
Shumard Member Facies. A) Carbonate-rich sandstone representing bedrock channel fill 
in Shumard Canyon. B) Cherty spiculitic packstone with spiculites. Black bands with 
orange trim represent spiculates and are indicated with arrows. C) Thin section 
photomicrograph of spiculite. Red color is alizarin red-s dye. D) Skeletal packstone 
breccia block within black shale. Breccia block is outlined with yellow. See cross section 
key in Figure 4.8 for facies. 
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Figure 4.8 El Centro Member facies 
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Figure 4.8 (continued) 
 
El Centro Member facies.  A) Field photograph of black shale with interbedded 
radiolarite. Arrows point to radiolarite beds. B) Thin section photomicrograph of 
radiolarite bed showing interparticle, intraparticles, and moldic porosity. C) Very well 
sorted, cross-bedded, bioclastic grainstone / rudstone. D) Thin-bedded laminated 
bioclastic wackestone / packstone. See cross section key in Figure 4.8 for facies. 
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Figure 4.9 Geologic map zoomed in on proposed members 
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Figure 4.9 (continued) 
 
Geologic Map of the low hills situated below the Western Escarpment of the Guadalupe 
Mountains National Park. This map is represents a zoomed in view of the map shown in 
Figure 4.6 in order to focus upon the area where the Butterfield and Rest Area units are 
mappable. See Figure 4.6 for abbreviations of canyon names.  
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Figure 4.10 Butterfield unit facies 
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Figure 4.10 (continued) 
 
Butterfield Unit facies. A) Field photograph and thin section photomicrograph of 
normally graded silty peloidal wackestone / packstone in Beesting Canyon. C) Silty 
peloidal wackestone / packstone interbedded with carbonate-rich shale in Blackstove 
Canyon. This facies is identified adjacent to a submarine channel in Blackstove Canyon 
and is interpreted as a channel-levee deposit. D) Field photograph and E) thin section 
photomicrograph of green algal crinoid skeletal grainstone in Blackstove Canyon. Yellow 
lines on field photograph illustrate  migrating foreset beds and truncated topsets This 
feature is interpreted as a point bar within a submarine channel.  See cross section key in 
Figure 4.5 for facies. 
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Figure 4.11 Rest Area unit facies 
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Figure 4.11 (continued) 
 
Rest Area Unit facies. A) Black shale in Blackstove Canyon. B) Field photograph of 
intraclast fusulinid wackestone / packstone. Arrows point to black, well rounded, chert 
intraclasts. C) Thin section photomicrograph of intraclast fusulinid wackestone / 
packstone with arrow pointing to fine pebble grainstone intraclast.  D) Field photograph 
of quartzose mudclast conglomerate with very thin shale matrix in Liquid Canyon. Lime 
mudlcasts are pebbles to cobbles in size. E) Field photograph of quartzose mudclast 
conglomerate with very thin shale matrix. Arrows point to lime mudclasts. F) Field 
photograph and G) thin section photomicrograph of very well-sorted sandstone (vfs.) in 
Rest Area Gully. See cross section key in Figure 4.8 for facies. 
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Figure 4.12 Williams Ranch Member facies 
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Figure 4.12 (continued) 
 
Williams Ranch Member facies. A) Field photograph and B) thin section 
photomicrograph of Spiculitic Mudstone / Wackestone south of Stratotype Canyon. C) 
Field photograph and D) thin section photomicrograph of Spiculitic Clay-Rich Mudstone 
/ Packstone.. E) Field photograph and F) thin section photomicrograph of skeletal 
Spiculitic Wackstone / Packstone. See cross section key in Figure 4.8 for facies. 
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Figure 4.13 Published faunal range summary and correlation 

Correlation and faunal range summary for the Cutoff Formation (Guadalupe Mountains) 
within the area between Shumard Canyon and the center of Stratotype Canyon and the 
Road Canyon Formation in the Glass Mountains (modified from work by Lambert et al. 
(2000). Dashed ranges are those documented only in the Glass Mountains. Note the 
discrepancy of fusulinid and ammonoid specimen collection from the Guadalupe 
Mountains section compared to the Glass Mountains section. “P' includes other species of 
Parafusulina, and Skinnerina as well (see Wilde, 1990). "Gl" may include early species 
of Demarezites in the Road Canyon; "Wa" includes Demarezites n. sp. in the Pipeline 
Shale. The dashed red line labelled “Unconformity” in italics indicates the location of the 
unconformity separating the Shumard and El Centro Members in the Guadalupe 
Mountains. In the basinward direction, the Butterfield and Rest Area Members are 
situated between the El Centro and Williams Ranch Members.    
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Appendix A: Type Sections and Symbol Key for the Newly Proposed Members of 
the Cutoff Formation 
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A.1. Graphical representation of the type section for the Butterfield Member in Beesting 
Canyon. Made using WellCad Software. 
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A.2. Graphical representation of the type section for the Rest Area Member in Blackstove 
Canyon. Made using WellCad Software. 
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A.3. Type section symbol key. See Figure 4.5 for facies types. 
 

Fusulinid 
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Appendix B: Extended Abstract from 2015 RCRL Annual Fall Meeting 

 
Problem Statement and Objectives 

As carbonate margins are drowned and abandoned below the shelf break, they may form 

large-scale inflections (LSI) in slope angle, which significantly influence the geometry of 

the slope profile (B. 1). In the Delaware Basin, processes of bypass, erosion, and slope 

failure associated with an LSI created by the drowned L6 margin contributed to a 

dramatic basinward thickening of carbonate, shale, and sandstone strata comprising the 

Cutoff Formation outcropping in the Guadalupe Mountains. Work presented in the 2014 

RCRL Fall Meeting illustrated that temporal changes in patterns of sediment dispersal 

recorded within the Cutoff slope system were linked to the burial history of the LSI and 

migration patterns of the shelf-equivalent platform; however, significant questions 

remained unanswered concerning the way in which these patterns were linked to the 

accumulation of basin floor deposits. This study attempts to confront these questions by 

proposing a link between processes of sediment dispersal associated with the LSI and 

processes of basin floor accumulation represented within the subsurface Avalon trend.  

Applications 

Understanding the controls on stratigraphic architectures in the slope and basinal systems 

of Permian Composite Sequence 9 may improve predictive mapping of reservoir 

heterogeneity within the Avalon and Bone Springs trends in the subsurface. 

Regional Setting 
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The LSI in the Delaware Basin represents the relict Leonardian 6 (L6) carbonate platform 

of Kerans and Kempter (2002), which was drowned near the nexus of a craton-wide sea 

level transgression, roughly coincident with the base Roadian stage (B. 2.,Meissner 1967; 

Kerans and Fitchen 1995; Lambert et al. 2000A)Burial and erosion of the LSI in a 

deepwater setting is recorded within the stratigraphy of the Cutoff Formation, which 

outcrops in the Guadalupe Mountains (B. 3). This interval is composed of carbonates, 

shales, and sandstones that accumulated along the slope of the Northwest Delaware Basin 

during Permian Composite Sequence 9 (PCS9) largely coeval with San Andres 

carbonates on the shelf (B. 4). Building upon previous studies by Harris (1987) and 

McDaniel and Pray (1967), studies by Hurd (RCRL Meeting 2014) documented the 

presence of closely spaced submarine channels incising the LSI, which were filled with 

gravity flow deposits comprising the Cutoff Formation (B. 5). Advances in the 

stratigraphic framework for the Cutoff Formation demonstrate that these channels served 

conduits for sediment gravity flows and depocenters for organic-rich shales during the 

transgression and early highstand of Permian Composite Sequence 9 (L7 – G4 LST, 

channelized LSI facies association; B. 6, B. 7). While during the latest highstand stage of 

PCS9 (G4 highstand, buried LSI facies association), these channels were completely 

filled by fine-grained carbonate sediments, which were continually resedimented 

basinward of the LSI by mass transport events initiating along exhumed dips of the 

drowned platform (B. 6, B. 7). Results presented in this study will attempt to illustrate 

that temporal changes in styles of sediment dispersal recorded within the Cutoff 

Formation are reflected in the spatial and temporal variability of carbonate, shale, and 
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sandstone strata comprising the upper Avalon trend of Stolz (2014)and the Upper Cutoff 

trend of Amerman et al. (2011) in the subsurface (B. 3). 

Methods and Dataset 

Calibration of Rock Types and Log Signatures-Handheld gamma ray logs were collected 

by researchers at the RCRL and ExxonMobil and integrated with measured sections and 

XRD analysis of select samples in order to investigate linkages between the radioactive 

signature and outcropping strata of the Bone Spring (LG HFS), Cutoff (L7-G4 HFS), and 

Brushy Canyon Formations (G5-G7 HFS). This data was used in conjunction with xrd-

core-log calibrations for the Avalon by Stolz (2014) and visual comparisons of core, thin 

section, and log data by Asmus (2014).   

Subsurface Dataset and Correlation Techniques-Subsurface mapping was conducted in 

500 wells which provide coverage across the Northeast Delaware Basin, encompassing 

the counties of Culberson and Eddy County (B. 8, B. 9). Most wells used for the 

correlation have gamma ray, spontaneous potential, and resistivity logs. Many regional 

correlations were made using log rasters, and thus relied upon correlations of log-

signatures on a well-by-well basis, using data that was not normalized. Correlation of 

log-signatures in these instances required a comparison of log-signatures to a shale 

baseline for each well and visual recognition of log shapes (i.e. blocky, spikey) in order 

to match similar signatures. High resolution cross sections (well spacing 1-2 km) were 

also created (B. 9), and used digital logs normalized to regional high and low gamma ray 

values reported by Romans (2003) We incorporated models for reciprocal sedimentation 

established for the Permian section of the Delaware Basin (Kerans and Kempter 2002) 
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and concepts of highstand shedding as presented by Glaser and Droxler (1991) in order to 

subdivide the stratigraphy. This method fits well within the stratigraphic framework 

established for the stratigraphy of Permian Composite Sequence 9 by Kerans and Fitchen 

(1995) and Hurd (2014), and emphasizes the accumulation of carbonate-rich strata during 

times of platform submergence, encompassing the late transgressions and ensuing 

highstand regressions.  

Results 

Rock Type – Log Calibration 

Three log-facies recognized in outcrop and subsurface datasets for this study include: 

carbonates, calcareous shales, siliceous shales, and sandstones.  

Siliceous Shales - In outcrop black, fissile, carbonate-poor lithologies shales (<10% 

carbonate wt. %) exhibit log signatures with an average GAPI values of 130 (B. 10). This 

association is similar to those identified in previous log-core calibrations by Asmus 

(2012) which proposed a mean value of 106 GAPI for siliceous shale facies in the 

Avalon, and studies by Stolz (2014)which associated spikey, high gamma ray signatures 

with intervals dominated by fissile quartz and clay-rich deposits (<50 wt.% carbonate) . 

In the present study, a lower cutoff value of 100 GAPI is used to identify with intervals of 

rock in the subsurface which are dominated by carbonate poor, fissile shales, similar to 

those observed in outcrop.  

Carbonates - In outcrop, carbonates from both the channelized LSI and unconfined LSI 

facies associations are recognized with blocky, relatively low gamma ray signatures (30-

54 GAPI, B. 10). Log patterns observed in outcrop resemble “massive” carbonate facies 
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of the Avalon (>50% carbonate wt.%) identified by Stolz (2014). Log-core calibrations 

by Asmus (2012) reported a wider range of GAPI values in bed-by-bed visual 

descriptions of Avalon cores from Eddy and Lea County, with an average value of 59 

GAPI for carbonate-dominated fabrics from cored intervals. In the present study, an 

upper cutoff value of 60 GAPI is used to identify carbonate-rich (>50 % carbonate) 

intervals in the subsurface. 

Calcareous Shales- Fissile to laminated mixed carbonate-clay-and siliceous deposits 

identified in outcrops exhibit log signatures greater than 60 GAPI (B. 10). Although XRD 

analyses of rock types associated with this log-facies was limited compared to other rock-

types, these deposits consistently demonstrated values of carbonate content less than 10 

wt. %.  Similar mixed-lithology deposits (argillaceous mud-dominated dunham fabrics) 

identified in studies by Asmus (2012) exhibited average gamma ray values of 69 GAPI. 

In the present study, intervals dominated by calcareous shales are identified between a 

lower cutoff of 60 GAPI and 100 GAPI. 

Sandstones - Sandstones identified in outcrop and previous subsurface studies in the 

Delaware Basin (i.e., Montgomery 1997) exhibit blocky gamma ray signatures and 

average values of ~50 GAPI (B. 10). Subsurface studies by Montgomery (1997) also 

noted blocky, high-conductivity signatures associated with sandstone-rich intervals. 

Sandstones were tentatively mapped in the subsurface through the recognition of blocky 

gamma ray signatures intermediate to the carbonate and calcareous shale log-facies, 

along with blocky high-conductivity and low-resistivity values. The confidence in 

identifying sandstone-dominate intervals in the subsurface was lower compared to the 
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other log facies due to the subjectivity in identifying intermediate gamma ray signatures 

and the strong influence of formation fluid on conductivity log signatures.  

PCS9 Outcrop to Subsurface Stratigraphic Framework 

Outcrop to subsurface correlation of the Cutoff Formation and Avalon trend benefitted 

from the integration of handheld gamma ray data, existing stratigraphic frameworks for 

the Permian section in the Guadalupe Mountains (i.e., Kerans and Fitchen 1995; Hurd 

2014) and previous studies performing outcrop to subsurface correlations in the study 

area (Romans 2003; Amerman et al. 2011). Studies by  Amerman et al. (2011) and 

Romans (2003)  focused upon detailed correlation of outcropping strata of the Brushy 

Canyon and youngest Cutoff Formation (G4 highstand) in the Guadalupe and Delaware 

Mountains to nearby wells and provided a key framework for identifying the upper 

contact of Permian Composite Sequence 9 in the subsurface (B. 11).  The current study 

proposes  that the base of Permian composite sequence 9 be picked at the boundary 

between a blocky gamma ray signature corresponding to a carbonate-rich interval 

referred to in drilling operations as the “Middle Avalon carbonate” and an overlying 

serrated, high gamma ray signature which is associated with a mixed carbonate and shale 

interval which includes strata of the upper Avalon and the upper Bone Spring trends (B. 

11, Stolz 2014).Although the confidence in picking this surface is lower near the center 

of the basin and across the structural flexure of the Huapache Monocline, it can be picked 

with a high level of confidence in many of the wells in the Northern part of the dataset. 

Using this framework, Permian Composite Sequence 9 represents a 500 – 700 ft interval 

on the toe of slope and basin floor, which exhibits apparent onlap to the north onto a 
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landward thickening interval dominated by carbonate facies (B. 12, B. 13 ). This 

architecture is consistent with the stratigraphic framework proposed by Hurd (2014), 

which recognized an apparent onlap of  PCS9 slope deposits onto the buried Leonardian 

platform-LSI, and a dramatic thickening of this interval downdip of the relict L6 platform 

(B. 7 ). Well log correlations were integrated with previous studies by Amerman et al. 

(2011) and regional seismic lines in order to identify the trend of the LSI created by the 

relict L6 margin in the Northern Delaware Basin (B. 9). 

Channelized LSI Facies Association, L7 – G4 LST, upper Avalon and upper Bone Spring 

The interval of the Cutoff Formation encompassing the L7 – G4 LST represents a time 

when bedrock channels near the relict shelf margin (dip angles ~15-20 degrees) served as 

conduits for carbonate-rich sediment gravity flows and depocenters for organic rich-

shales (B. 14). Sediment gravity flows funneled through bedrock channels accumulated 

basinward of the LSI as channel-levee-fan complexes. Sandstones also accumulated 

along and basinward of the LSI intermittently during sea level lowstands of the L7 and 

G4 HFS (B. 6).  

On the basin floor, deposits associated with the L7- G4 LST demonstrate alternating 

patterns of shale and carbonate accumulation, which become increasingly shale-rich 

basinward from the toe-of-slope. At a distance of 25 km from the LSI, 75% of the Upper 

Avalon is composed of carbonate deposits (B. 15, n=12 wells). These deposits exhibit 

thicknesess of 25 – 40 m and are separated between 10 m thick shale-rich intervals. High 

resolution correlation of log signatures (1 – 2 km well spacing) suggests that these 

deposits are compensationally stacked between shale-rich intervals, and exhibit 
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dimensions of 50 m thickness and 40 km width. Basinward, at a distance of 50 km from 

the LSI, the average carbonate content of the L7 – G4 LST interval decreases to 30%.  In 

this area carbonate-rich deposits are substantially thinner and exhibit a pronounced 

decrease in lateral continuity.  The decrease in lateral continuity of carbonate deposits 

from Northeast to Southwest in Eddy County is consistent with geometries of carbonate-

rich deposits shown in net-shale and gross-isopach maps created by Stolz (2014)and are 

interpreted as an indication of carbonate-rich submarine fan-systems. Similar 

architectures have been documented in silciclastic systems of the Karoo basin by 

Hodgson (2009) which demonstrate elongate, laterally discontinuous, hyrbrid event 

deposits on the distal fringe and off-axis positions of submarine fans. 

Unlike carbonates-rich intervals, sandstones associated with the G4 LST (the Avalon 

Sand) demonstrate an increase in thickness in the basinward direction. Gross-isopach 

maps of sandstones associated with the G4 LST indicate a north-to-south thickening and 

lateral expansion of sand-rich deposition, with the thickest and most laterally continuous 

accumulations occurring at a distance of 50 km from the LSI. This geometry is 

interpreted as a north-to-south transport direction of sand-rich gravity flows in Eddy 

County, parallel to transport directions inferred for the younger Brushy Canyon (Romans 

2003) and Bell Canyon (Dutton et al. 2003) intervals in previous studies. 

Buried LSI Facies Association, G4 highstand, Upper Cutoff 

During the G4 highstand (upper Cutoff), fine-grained carbonates filled bedrock channels 

incising the LSI. These deposits were continually transported downslope by unconfined 

mass-transport events initiating along exhumed dips of the relic carbonate platform. The 
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combined influence of erosion by sediment gravity flows sourcing the Brushy Canyon 

Formation and offlap of MTDs comprising the G4 highstand contribute to thickening of 

this interval basinward along the slope (B. 7). 

Like the L7 – G4 LST, basin floor deposits associated with the G4 highstand demonstrate 

a basinward decrease in the abundance of carbonate relative to shale-rich deposits; 

however, the percentage of carbonate comprising the interval remains high across the 

study area (B.17). At a distance of 25 km from the LSI, carbonate content of the G4 

highstand is 89%.In this area, carbonates exhibit thickness of 45 m, separated between 5 

m thick intervals of shale. Stacking patterns of individual deposits are highly 

amalgamated and difficult to discern in high resolution well-log cross sections. 

Basinward, at a distance of 50 km from the LSI carbonate deposits remain abundant, 

representing 73% of the G4 highstand. In this area, carbonate deposits thin, but maintain 

lenticular geometries. The increase in percentage of carbonate comprising the G4 

highstand compared to the L7 – G4 LST is consistent with patterns of increasing 

carbonate sedimentation represented within slope deposits of the Cutoff Formation (B. 7). 

Although a combination of seismic, dip-meter, and core data are required to confirm this 

hypothesis, a basinward transition from thick and highly amalgamated carbonate deposits 

to thin, lenticular deposits is attributed to a transition in accumulation patterns from 

stacks of soft-sediment deformed MTDs in proximal settings to unconfined, more 

turbulent flows in distal settings. Similar depositional models have been proposed for 

modern mass-transport deposits of Kitimat Fjord by Prior et al. (1984) and ancient mass-

transport deposits by Meckel (2010). 
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Summary 

The study above proposes an outcrop-to-subsurface correlation, which links the 

outcropping LSI-modified slope system represented by the Cutoff Formation to the 

basinal upper Avalon, upper Bone Spring, and upper Cutoff intervals in the subsurface. 

During the L7 – G4 LST, channels incising the LSI served as conduits for sediment 

gravity flows which accumulated basinward in the form of channel-levee complexes and 

fan systems. The percentage of carbonate deposits comprising this interval decreases 

significantly basinward from the toe-of-slope, as carbonate-rich intervals comprising 

submarine fan systems decrease in thickness and lateral continuity. Sandstones deposited 

during the G4 LST demonstrate the thickest accumulations at distances of 50 km from the 

LSI in the study area, and were likely sourced from north-to-south feeder systems during 

early Guadalupian time. In the G4 highstand, a pronounced increase in the volume of 

carbonate sediment shed to the slope and basinal system resulted in the filling of bedrock 

channels near the LSI, downslope shedding of mass-transport complexes, and widespread 

basinal accumulation of carbonate deposits across the basin-floor. Further investigation 

of seismic, core, and image log data from the basinal Avalon and Upper Cuoff trends 

would substantially improve the understanding of how changes in which sediment 

dispersal patterns across the LSI influenced patterns of accumulation along the basin 

floor. 
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Appendix B Figures 

 

B.1.- Seismic-scale stratal patterns and sedimentological processes associated with 
carbonate slope systems possessing a large-scale inflection in slope angle below the shelf 
break (LSI). In this model, the increase in slope angle is facilitated by the presence of a 
drowned carbonate platform. Processes of bypass, erosion, channelization, and slope 
failure are expected to be concentrated near the LSI. Basinward of the LSI, the oldest 
stratigaphic units onlap inherited topography of the relic carbonate platform. Localized 
channel / levee / fan systems and mass transport deposits (MTDs) may also occur in this 
area. 
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B.2. Sequence Stratigraphic Framework  for the late Leonardian to middle Guadalupian 
Series of the Guadalupe Mountains, modified from Kerans and Kempter (2002) with 
zoom in emphasizing the LSI created by the relic Late Leonardian (L6) platform. The 
field area for outcrop study of the Cutoff Formation is surrounded by the red-dotted line 
and indicated by the red arrows. 
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B.3: Map of the west Texas and southeast New Mexico region, illustrating the location of 
San Andres, Bone Spring, and Avalon fields within the Delaware Basin relative to Cutoff 
Formation outcrops that were studied for this work. 
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B.4. DEM of the Brokeoff and Guadalupe Mountains Region (A) with zoomed in view 
showing the location of the field study area and canyon names along the Western 
Escarpment of the Guadalupe Mountains National Park (B). Permian CS9 margin from 
Kerans and Fitchen (1995). For the scale-bar illustrating the dip-parallel distance from 
the relic L6 / Victorio Peak shelf margin, the origin is projected along-strike from 
Shumard Canyon. Dashed-lines with arrows illustrate along-strike projections to the 
scale-bar for Shumard Canyon and the most downdip extent of the study area at Rest 
Area Gully. Depositional settings of the LSI environment are illustrated in “B” using the 
following abbreviations: L6 S.M. = the relic L6 shelf margin.    
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B.5. Stratigraphic column for a portion of the Lower and Upper Permian section in the 
Delaware Basin. 
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B.6. Illustration of bedrock channels incising the LSI in Shumard Canyon. A) Outcrop 
photograph generated from 3-dimensional photogrammetry. B) Map of bedrock channels 
incising the LSI and their associated fill architecture. 
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B.7. Facies associations of the LSI-modified slope environment represented within 
outcrops of the Cutoff Formation (L7 – G4 HFS. 
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B.8. Simplified stratigraphic framework for the Cutoff Formation showing facies 
associations and position of high-frequency sequences from Hurd (2014) within outcrops 
in the Guadalupe Mountains National Park. 
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B.9. Well-log dataset used for performing subsurface studies of the PCS9 stratigraphy in 
the Delaware Basin. Block box and orange shape indicate the Guadalupe and Delaware 
Mountain Ranges. The outcrop study area is located in the Guadalupe Mountains 
National Park. Red dotted box encircles the main study area for the investigation 
described herein and shown in greater detail in Fig. 10. 
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B.10. Study area for detailed subsurface mapping in the Northern Delaware Basin, with  
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structure map for the top of the G4 LST. Letters indicate cross sections which are shown 
in the following figures. 
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B.11. Cross-plot illustrating the relationship between carbonate (wt. %) as determined 
from XRD analyses and total gamma ray signature determined from hand-held gamma 
ray surveys collected along outcrops in of the Cutoff Formation in the Guadalupe 
Mountains. Carbonate facies of the channelized LSI (L7 – G4 LST) and buried LSI (G4 
highstand) facies associations are represented together within this plot as the “carbonate” 
log facies and exhibit similar log-signatures. 
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B.12. Idealized cross section illustrating outcrop to subsurface correlation of a 
representative gamma ray curve for the Cutoff Formation (L7 – G4 HFS) to Avalon and 
Upper Cutoff strata in the subsurface. See map in Fig. 9 for the location of the cross 
section. 
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B.13. Regional cross section illustrating apparent onlap of PCS9 stratigraphy onto a 
landward thickening carbonate-rich interval interpreted as the relic Leonardian platform. 
Older deposits are also shown in this cross section and include: Bone Spring Carbonates, 
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Bone Spring Sandstones, and the Lower Avalon shale. See map in Fig. 9 for the location 
of the cross section. 
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B.14. Isopach map showing gross-thickness of the L7 – G4 LST. Decreasing thickness of 
the interval landward toward the relic L6 margin-LSI is associated with onlap and 
truncation along the relic L6 margin (indicated by red arrows), similar to observations 
made by Hurd (2014) for outcropping stratigraphy of PCS9 in the Guadalupe Mountains. 
Note the southwest-northeast trend of landward thinning, which is parallel to the trend of 
the relic L6 margin-LSI. Dotted yellow lines indicate locations of well-log cross sections 
shown in this study. 
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B.15.. Interpreted outcrop photograph of channel-form scour and measured section in 
Stratotype Canyon. This arcuate erosional scour incising the Bone Spring Formation is 
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interpreted as a bedrock channel based upon the channel-form incision of relic L6 slope 
deposits and onlap of younger Cutoff Formation stratigraphy (see red half-arrows). 
Measured section, handheld gamma ray, and spectral gamma ray data were integrated in 
WellCad software. See Fig. 7 for facies association colors. 
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B.16. Representative cross section and gross isopach map illustrating the architecture of 
the G4 LST sandstone deposits (Avalon Sand). Red arrows indicate interpreted transport 
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direction of sandstone-rich gravity flow deposits sourcing the sandstones accumulation 
near the “Sand XS” cross section. See Fig. 12 for facies colors. 
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B.17. Depositional models for the L7 – G3 HFS and G4 highstand in the Delaware Basin 
based upon high resolution well log cross sections (C,D,and E in Figure 9). Depositional 
models illustrate the LSI-modified slope environment and the basin floor. below. 
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