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ABSTRACT 

 

 The Woodford Shale is considered one of the main source rocks in the Permian Basin, 

west Texas and has recently become a target for shale gas exploration.  A high-resolution 

geochemical dataset has been developed from a continuous Woodford Shale core from Pecos 

County, TX, both to characterize compositional variations within the shale, important for well 

completions, and to assess how sea-level changes influence redox conditions, biologic 

productivity, and sedimentation rate.  Integration of the high-resolution geochemistry with a 

detailed sequence stratigraphic interpretation of the same interval demonstrates that the organic 

and inorganic chemistry of the shale changes systematically with sea-level fluctuations.  

Formation-scale geochemical variations are related to long-term regression caused by slow 

tectonic processes.  The key components used to interpret both the sequence-scale and formation-

scale geochemical variations include: total organic carbon (TOC), terrigenous organic matter, Al, 

Mo, V, P, quartz, clay, feldspar, dolomite, and apatite. 

 In the studied core, the Woodford Shale was influenced by both carbonate and 

siliciclastic deposition, based on antithetic variation in silicate- and carbonate-associated 

elements.  Carbonate material likely was sourced from a relatively proximal platform, possibly 

related to the Diablo Platform. 

 The relationship between Mo and TOC indicates that the Woodford Shale was deposited 

in a silled-basin environment.  Barriers to open ocean circulation may have included both the 

Concho Arch and the Diablo Platform.  The sill(s) had a varying influence on water column 

chemistry, depending on sea-level.  At sea-level lowstands, the sill restricted open ocean 

circulation causing relatively reducing conditions to develop.  During sea-level transgressions, the 

sill continued to restrict circulation, allowing relatively reducing conditions to be maintained.  At 

sea-level highstands, the sill was no longer an effective barrier and enhanced circulation increased 

oxygenation in the water column. 

 Proxies for biologic productivity and dilution also varied with sea-level changes.  During 

lowstands and transgressions, biologic productivity increased due to high nutrient supply from 

nutrient recycling in a relatively reducing water column.  During highstands, biologic 

productivity decreased due to a lower nutrient supply, as nutrient recycling was less effective in a 

more oxygenated water column.  Dilution varied from high during lowstands to low during 

transgressions and then back to high during the late highstands.  These variations are the result of 

changes in sedimentation rate as the sediment source moved basinward and landward, during 

regressions and transgressions, respectively. 
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 Additionally, the Woodford Shale spans the Frasnian-Famennian boundary (F-F) of the 

Devonian, which has been geochemically characterized around the world.  In this study, the F-F 

coincides with the boundary between the traditional upper and middle Woodford Shale units, as 

signaled by: an upward decrease in TOC, abundant phosphate nodules at and above the boundary, 

and the presence of increased terrigenous organic matter. 

 Formation-scale variations show that long-term regression lead to a continuous upward 

increase in water mass restriction, resulting in an upward decrease in water column oxygenation 

from the bottom of the Woodford Shale through the middle Woodford Shale.  The transition from 

the middle to upper Woodford Shale suggests conditions became more oxidizing, possibly 

associated with a transition to dominantly biosiliceous productivity, which would have reduced 

oxygen demand.  Biogenic silica content appears to increase upward through the entire formation.  

The upward increase in flux of biogenic silica may have diluted the detrital sediments, causing an 

apparent upward decrease in clay and feldspar content. 

 The results of this study suggest that the upper half of the middle Woodford Shale is the 

best target for shale gas, as it has high TOC, high quartz content, abundant marine-derived 

organic matter, and low clay content. 
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CHAPTER 1 

INTRODUCTION 

 

 Black shales have long been of interest to geologists, whether for understanding their 

deposition, which is important for sequence stratigraphic studies, or for their role as a source of 

hydrocarbons.  This perspective, however, typically considered black shale intervals as 

homogenous units.  However, it has been shown that there are compositional variations within 

black shale intervals (Arthur and Sageman 2005; Bohacs et al. 2005; Sageman and Lyons 2005; 

Tribovillard et al. 2005; Tyson 2005).  Recently, black shales have become significant for the 

petroleum industry as unconventional resources, termed shale gas, the best-known of which is the 

Barnett Shale of Texas.  Developing these resources can be difficult because black shales have 

extremely low permeability and development success of these plays is dependent upon both the 

organic and inorganic composition of the shale.  This has created a need for a detailed 

understanding of the stratigraphic and geochemical variations within black shales. 

 Recent research on the stratigraphy of black shales has shown that sequence stratigraphic 

concepts can be applied to black shale intervals and identification of significant surfaces is 

possible (Schieber 2004; Schieber 1998).  This sequence stratigraphic approach may provide a 

detailed understanding about sea-level changes within black shale intervals.  Recent research has 

focused on determining the depositional controls of organic-rich black shales (Bohacs et al. 2005; 

Tribovillard et al. 2005; Tyson 2005) using both organic and inorganic geochemistry.  There is a 

long-standing controversy over whether black shale deposition was controlled by high production 

or anoxic conditions (Pedersen and Calvert 1990; Demaison and Moore 1980).  More recently, it 

has become understood that there are three dominant controls on organic carbon deposition 

(production, dilution, and preservation) and that it is the interplay of these three controls that lead 

to the accumulation of organic-rich fine-grained sediments (Bohacs et al. 2005; Tyson 2005; 

Schieber 2003).  Although they all contribute to organic carbon deposition, the three controls are 

strongly interdependent and are also heavily influenced by sea-level fluctuations (Arthur and 

Sageman 2005; Bohacs et al. 2005; Tribovillard et al. 2005; Tyson 2005; Schieber 2003). 

 While the relationship between dilution and sea-level is straightforward, at least with 

regard to clastic sedimentation, the relationship between production, preservation and sea-level is 

more obscure.  Production relies on nutrient supply, which can be influenced by sea-level 

changes.  A basinward shift of the sediment source from a lowering of sea-level can provide 

increased supply of nutrients from continental runoff to enhance productivity levels (Sageman 
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and Lyons 2005).  On the other hand, sea-level rise may increase nutrient supply by decreasing 

sedimentation rate, which, in turn, allows increased nutrient recycling from organic matter 

remineralization (Arthur and Sageman 2005), depending on the preservation conditions.  

Preservation is determined by the redox conditions in the water column and the water column 

height.  At lower sea-level, the water column is shorter, exposing the organic matter to less 

degradation as it settles.  However, water column mixing reaches deeper in a shorter water 

column, leaving it likely to be oxidizing over the entire water column height and leaving the 

organic matter exposed to degradation at the sediment-water interface (Arthur and Sageman 

2005).  At higher sea-level, the water column is thicker, exposing the organic matter to greater 

degradation as it settles.  However, at high sea-level, it is more likely to have a reducing portion 

of the water column, where vertical water column mixing does not reach to resupply oxygen, 

which reduces the exposure to degradation through part of settling and at the sediment-water 

interface (Arthur and Sageman 2005).  Productivity also effects preservation by changing the 

demand for oxygen. 

 These three controls on organic carbon deposition can also influence the inorganic 

composition of black shales.  This leads to the premise of this study: that stratigraphic sequences 

should have both organic and inorganic geochemical expression in a black shale. 

 The Woodford Shale in the Permian Basin has long been considered an important source 

of hydrocarbons within this basin (Comer 1991; Galley 1958).  More recently, the Woodford 

Shale has become a target for shale gas exploration.  Previous studies of the Woodford Shale in 

the Permian Basin have focused on low-resolution stratigraphy and geochemistry in an effort to 

understand it as a source rock (Comer 1991; Ellison 1950).  This has left the need for high-

resolution stratigraphic and geochemical analyses to provide significant information on locating 

the best shale gas resources. 

 The Woodford Shale of the Permian Basin is a particularly good example for testing the 

premise of this study for several reasons: (1) it is a thick black shale interval (up to 600 ft/183 m) 

with no clear connection to a shoreline; (2) it is widespread in the Permian Basin; (3) to date, no 

significant unconformities are known to be present within the interval; and (4) it is coeval with a 

number of Upper Devonian black shales (Antrim, Chattanooga, Ohio, New Albany, Bakken and 

Exshaw shales), some of which have been shown to express sea-level cycles (Sageman et al. 

2003). 

 The objective of this study is to integrate high-resolution organic chemistry, organic 

petrology and inorganic chemistry with an independently-formulated sequence stratigraphic 

interpretation, in order to develop a model of the overall geochemical signatures of system tracts 
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and sequences within the Woodford Shale.  This high-resolution geochemical dataset includes a 

number of frequently-used proxies for production, dilution and preservation.  These, in turn, 

provide a means of interpreting the influence of sea-level fluctuations on depositional controls.  

Ultimately, the results of this study will provide valuable information on how source rock quality 

and shale gas resource potential vary within one black shale interval. 
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CHAPTER 2 

GEOLOGIC BACKGROUND 

 

 The Permian Basin has become the common location name used for the large oil and gas 

province that occupies western Texas and southeastern New Mexico (Dutton et al. 2005).  It is 

also the name that represents the paleogeography of this location during the Permian period 

(Dutton et al. 2005).  During the Late Devonian, the time of Woodford Shale deposition, this area 

was occupied by the Tobosa Basin (Comer 1991; Galley 1958).  To avoid confusion, the term 

Permian Basin will be used in referring to the location of the oil and gas province in which the 

Woodford Shale is being studied here, while the term Tobosa Basin will be used for referring to 

the paleogeography of this area during the Late Devonian. 

 

 

 

2.1  Paleogeography 

 The Woodford Shale was deposited during the Frasnian-Famennian stages of the Late 

Devonian (Meyer and Barrick 2000; Comer 1991; Ellison 1950).  During this time, sea-level was 

100+ meters above present day (Haq and Schutter 2008) and a significant portion of the North 

American continent was flooded by epeiric seas and saw widespread deposition of black shales 

(Figure 2.1; Arthur and Sageman 2005; Sageman and Lyons 2005).  This includes the 

downwarped, intracratonic Tobosa Basin (Dutton et al. 2005; Galley 1958) in which the 

Woodford Shale was deposited. 

 The physiography of the Tobosa Basin (Figure 2.2) had several positive paleo-

topographic features, but the specific location and height above or below sea-level of some of 

these features is poorly constrained.  The Pedernal Massif forms the northwestern margin of the 

basin (Figure 2.2).  This was part of the emergent land of the Trans-continental Arch (Perkins et 

al. 2008; Blakey 2007; Comer 1991), which was the main source of terrigenous sediment into the 

Tobosa Basin (Comer 1991).  The Concho Arch formed the northeastern margin of the basin 

(Figure 2.2; Comer 1991).  Some paleogeographic reconstructions show the Concho Arch as 

emergent land (Comer 1991), while others show it as shallowly submerged (Algeo et al. 2007) 

and still others do not show any topographic high in this area (Perkins et al. 2008).  In this study, 

it is assumed the Concho Arch was a positive topographic feature that separated the Tobosa Basin 

from the Arkoma basin in Oklahoma, which may have been emergent or at least at fairly shallow 

water depths.  The Diablo Platform is thought to have formed the southwestern margin of the  
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Figure 2.1.  Paleogeographic reconstruction of the Late Devonian in North America (Modified 

from Blakey 2007). 

 

 

 

Figure 2.2.  Paleogeographic map of the Late Devonian Tobosa Basin showing the main positive 

topographic features: Pedernal Massif (part of the Trans-continental Arch), Concho Arch and the 

Diablo Platform. (Modified from Comer 1991). 
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basin (Figure 2.2; Comer 1991), but the evidence for this is tenuous, and some reconstructions do 

not show this feature (Perkins et al. 2008; Algeo et al. 2007).  When shown, the Diablo Platform 

is near the shelf margin and given that carbonate production was widespread in the Middle 

Devonian (as evidenced by the underlying Thirtyone Formation; Copper 2002), it is possible this 

feature persisted as a remnant shelf-margin carbonate platform during Woodford Shale 

deposition. 

 The Tobosa Basin was located at approximately 15-20°S latitude and was positioned 

along the west margin of the North American craton (Figure 2.1; Perkins et al. 2008; Blakey 

2007; Comer 1991).  Reconstructions of ocean circulation indicate that surface currents migrated 

in an east-southeast to northwesterly direction (north-northeast to southwest present-day) across 

the basin (Figure 2.3), mostly due to trade winds and the Coriolis effect (Perkins et al. 2008; 

Comer 1991).  The Perkins et al. (2008) reconstruction suggests the current traces the edges of the 

Pedernal Massif.  The Concho Arch could represent a major barrier to these currents, if it was 

emergent or at a very shallow depth below sea-level. 

 Sea-level changes during Woodford Shale deposition (Figure 2.4) are documented at two 

scales: long-term 1
st
 or 2

nd
 order cycles; and short-term 3

rd
 or 4

th
 order cycles.  On the long-term 

scale, the Late Devonian was a time of regression, likely the result of slow changes in tectonic 

processes that affect the capacity of the world‟s ocean basins (Haq and Schutter 2008).  On the 

short-term scale, there are 16 cycles  

 

 

Figure 2.3.  Palegeographic map of the Late Devonian Tobosa Basin showing the dominant 

direction of surface current circulation (Modified from Comer 1991). 
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Figure 2.4.  Sea-level changes during the Late Devonian show a long-term regressive trend and 

16 short-term cycles. (Modified from Haq and Schutter 2008) 

 

(or sequences) projected for the entire Late Devonian (Haq and Schutter 2008).  These short-term 

cycles are likely the result of glacio-eustatic sea-level changes (Myers and Milton 1996).  Meyer 

and Barrick (2000) and Comer (1991) suggest epeirogenic uplift, related to tectonic activity of the 

Antler and Acadian orogenies on the continental margins, occurred in the Tobosa Basin area 

during the Late Devonian, which would lead to long-term regression in relative sea-level as well. 

 The deep parts of the Permian Basin accumulated more than 22,000 ft (7 km) of sediment 

and sedimentary rocks (Hansom and Lee 2005).  Since its deposition, the Woodford Shale of the 

Permian Basin has been buried to significant depths (at least 12,000 ft (3.7 km), in the study 
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area).  From the end of the Devonian through the Mississippian the Permian Basin subsided and 

accumulated a thick sequence of carbonate sediments and shales (Hansom and Lee 2005; Amthor 

and Friedman 1992).  In the Pennsylvanian, continental collision created the Marathon-Ouachita 

fold and thrust belt, which subdivided the Permian Basin into three geographic features: the 

western Delaware Basin (where the focus of this study lies), the Central Basin Platform and the 

eastern Midland Basin (Dutton et al. 2005; Hansom and Lee 2005).  From the time of the 

collision through the Early Permian rapid subsidence occurred in the Delaware Basin (Hansom 

and Lee 2005; Amthor and Friedman 1992).  Subsidence and sediment accumulation continued 

through the Late Permian, after which time the basin saw little sediment accumulation or tectonic 

activity until the latest Mesozoic (Hansom and Lee 2005).  The western margin of the Delaware 

Basin was uplifted by the Laramide orogeny that took place during the late Cretaceous and early 

Tertiary (Hansom and Lee 2005).  This uplift explains the relatively high thermal maturities 

found at relatively shallow depths in this area (Barker et al. 2005).  Basin and Range extension 

followed the end of the Laramide orogeny in the Oligocene (Hansom and Lee 2005).  Thermal 

maturity data indicates that in the Delaware Basin the Woodford Shale has achieved both the oil 

and gas windows (Pawlewicz and Henry 2006), and that depths to these windows are greatest in 

the eastern Delaware Basin (Barker et al. 2005). 

 

 

 

2.2  Stratigraphy 

 The Woodford Shale (Figure 2.5) overlies a major regional unconformity and rests on the 

Thirtyone Formation or other Devonian carbonate rocks throughout the Permian Basin (Comer 

1991).  The Woodford Shale is capped by another, relatively minor unconformity and 

Mississippian carbonate rocks (Comer 1991). 

 The internal stratigraphy of the Woodford Shale has been divided, informally, into three 

units since the subsurface study by S. P. Ellison Jr. (1950).  These units (upper, middle and lower) 

were differentiated based on lithology and log characteristics, especially radioactivity (Comer 

1991).  The lower Woodford Shale has the lowest radioactivity, is chert-rich, calcareous and has 

the most restricted areal distribution (Figure 2.6; Ellison 1950).  The middle Woodford Shale has 

the highest radioactivity, is a black calcareous shale, and has the widest areal distribution (Figure 

2.6; Ellison 1950).  The upper Woodford Shale has an intermediate radioactivity, is a black shale 

and has an areal distribution intermediate between that of the lower and middle Woodford Shale 

(Figure 2.6; Ellison 1950). 
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 The most detailed stratigraphic analysis of the Woodford Shale in the Permian Basin was 

carried out by Comer (1991) who defined two lithofacies: black shale and siltstone.  The black 

shale lithofacies is parallel-laminated, organic matter- and pyrite-rich, illitic, and fine-grained.  

The black shale lithofacies was deposited under dominantly pelagic, anaerobic conditions.  The 

siltstone lithofacies has uniformly silt-sized grains of subequal fractions of dolomite and quartz 

and is organic matter-poor, and pyrite-rich.  The siltstone lithofacies displays normal grading, 

climbing ripple cross stratification and soft-sediment deformation, vertically organized into 

partial Bouma sequences.  Therefore, the siltstone lithofacies is interpreted to have been 

deposited largely by turbidites, under dysaerobic conditions. 

 Correlation of these lithofacies by Comer (1991) indicated that the siltstone, which was 

noted to be dominantly a basal unit, was equivalent to the lower Woodford Shale of Ellison 

(1950) and that the black shale was equivalent with the middle and upper Woodford Shale of 

Ellison (1950).  Detailed well log correlations done by Comer (1991) indicated that the Woodford 

Shale is the most complete and typically contains all three of Ellison's (1950) units in the deepest 

parts of the Tobosa Basin.  In other areas, the lower or upper Woodford Shale is commonly 

absent (Comer 1991).  The black shale lithology was the most widely distributed, whereas the 

siltstone was restricted to the north and to the basin depocenter (Comer 1991). 
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Figure 2.5.  Stratigraphic column of the Mississippian and Devonian of the Permian Basin 

(Modified from Comer 1991). 
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Figure 2.6.  Type section of Woodford Shale in the Permian Basin (Modified from Ellison 1950). 
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CHAPTER 3 

STRATIGRAPHY OF RELIANCE TRIPLE CROWN #1 CORE 

 

 As part of this collaborative study, the stratigraphy of the Reliance Triple Crown #1 

(RTC1) core (Figure 2.2) was described and interpreted by Nikki Hemmesch (PhD student, 

Colorado School of Mines; Hemmesch and Harris 2009).  Her work is essential for interpreting 

the geochemical analyses obtained during the course of this project.  The following summary is 

based on extensive personal communication with Hemmesch. 

 

 

 

3.1  Lithofacies 

 The RTC1 Woodford Shale core contains five lithofacies, including two equivalent to 

Comer‟s.  These lithofacies stack in a clearly repeating pattern which can be interpreted within a 

sequence stratigraphic framework.  These five lithofacies are: (1) massive carbonate; (2) black 

shale; (3) siltstone; (4) massive grey mudstone; and (5) laminated carbonate.  The presence of 

abundant carbonate in the core indicates this Woodford Shale section was deposited in a mixed 

siliciclastic-carbonate system.  Table 3.1 provides a summary of the lithofacies descriptions and 

interpretations that follow.  Core photos and thin sections photos of each lithofacies are shown in 

Figure 3.1. 

 

 

 

3.1.1  Massive Carbonate Facies 

 This lithofacies consists of light grey to tan, structureless beds of clay- to silt-size 

carbonate sediment, typically less than one foot thick.  Mud clasts and occasional bioclast 

material are locally present.  Mud clasts tend to be elongate and rounded and are suspended 

throughout the beds.  Flame structures generally occur at the top of the beds.  The layers are 

bounded by abrupt top and bottom contacts.  These features suggest this facies represents the 

distal portion of debris flows, which may have been the result of slope failure or erosion on a 

nearby carbonate platform. 
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Table 3.1.  Summary of lithofacies description and interpretation. 

 

 

 

 

3.1.2  Black Shale Facies 

 This lithofacies consists of black, parallel-laminated claystone, with abundant pyrite 

content; this is equivalent to Comer‟s (1991) black shale lithofacies.  Laminae dominantly occur 

as planar layers that are ≤1mm thick, but wavy and discontinuous laminae are also present.  

Rounded mud clasts and chert/phosphate nodules are also present in certain intervals.  Pyrite 

occurs as disseminated particles, large nodules, and layers.  Fractures that show bed offset are 

also prevalent in the black shale beds.  Carbonate content is minor in this facies.  Characteristics 

of this lithofacies suggest it was deposited in deep, quiet waters where pelagic material could 

accumulate. 
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Figure 3.1.  Core (A, C, E, F, H) and thin section (B, D, G, I) photos of each lithofacies.  (A & B)  

Massive carbonate lithofacies.  (C & D)  Black shale lithofacies.  (E) Siltstone lithofacies.  (F & 

G)  Massive grey mudstone lithofacies.  (H & I)  Laminated carbonate lithofacies. 
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3.1.3  Siltstone Facies 

 This lithofacies consists of light-tan, parallel-laminated sediment containing at least 50% 

silt-size quartz or carbonate and is equivalent to Comer‟s (1991) siltstone lithofacies.  No 

bioclasts, mud clasts or chert/phosphate nodules are present in this lithofacies.  Based on these 

characteristics, it is hypothesized that this sediment was transported to the basin by periodic 

bypass of carbonate platforms and was deposited by turbidity currents. 

 

 

 

3.1.4  Massive Grey Mudstone Facies 

 This lithofacies consists of light grey, structureless beds of clay-sized siliciclastic 

sediment.  Bioclasts, mud clasts, chert/phosphate nodules and pyrite are absent.  The base of these 

beds is characterized by a scour surface or very abrupt contact.  The massive nature indicates 

rapid deposition.  This facies can be interpreted as the base of a Bouma sequence, as indicated by 

the abrupt basal contact and structureless nature, and therefore indicates turbidite deposition.  

Although alternate interpretations are possible, the base of a Bouma sequence seems to fit best 

with the currently available data. 

 

 

 

3.1.5  Laminated Carbonate Facies 

 This lithofacies consists of light grey, parallel-laminated clay- to silt-sized carbonate 

sediment.  No bioclasts, mud clasts, chert/phosphate nodules, or pyrite are present.  Contacts are 

abrupt and there are occasional climbing ripple structures.  These characteristics indicate this 

facies represents the upper portion of a partial Bouma sequence and was deposited from turbidity 

flows.  Like the massive carbonate facies, these turbidity flows were likely sourced from a nearby 

carbonate platform which was in a state of overproduction leading to shedding of carbonate 

material. 

 

 

 

3.2  Sequence Stratigraphic Interpretation 

 The five lithofacies in the core (Figure 3.2) are clearly organized into systematic stacking 

patterns.  The base of a sequence is defined by the abrupt appearance of the massive carbonate 

facies, overlain by the black shale facies.  An interval of alternating laminated carbonate and 

black shale facies overlies the black shale facies.  Occasionally, the massive grey mudstone and 

siltstone facies substitute for the laminated carbonate facies in portions of this interval.  Overlying 
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the interval of alternating laminated carbonate and black shale facies, the stacking pattern repeats 

with the massive carbonate facies.  These facies cycles range in thickness from ~20-60 ft, and the 

cycles tend to be thicker in the top portion of the core.  A total of 8 complete cycles can be 

delineated in the RTC1 core, with incomplete portions of 2 additional cycles.   

  This stacking pattern can be interpreted in terms of sea-level changes (Hemmesch and 

Harris 2009).  A representative stratigraphic sequence has been selected based on the observed 

patterns in the core (Figure 3.3).  The massive carbonate facies, interpreted as debris flow 

deposits, is interpreted to be a good indicator of sea-level fall.  Debris flows represent rapid 

down-slope movement that may result from erosion or instability of a platform caused by 

regression.  The overlying black shale facies is interpreted to have been deposited during the 

subsequent transgression, which would allow low energy, fine-grained and pelagic deposition in 

the basin depocenter.  The overlying package of alternating laminated carbonate and black shale 

facies is interpreted to represent highstand deposition, when inactive periods of low energy 

deposition (black shale facies) are punctuated by turbidity flows (laminated carbonate facies) 

caused by oversteepening of the carbonate platform.  Siliciclastic turbidity flows also locally 

occur in the highstand. 

 This organization of lithofacies and their interpretation provides the sequence 

stratigraphic framework with which the geochemical data will be integrated.  Ten sequences were 

delineated in the RTC1 core (Figure 3.2).  Lowstand systems tracts are thin, which is common for 

carbonate-related systems (Coniglio and Dix 1992; Sarg 1988).  Significant accumulations of 

black shale facies are found in the transgressive systems tracts.  Highstand systems tracts are the 

thickest, especially in the upper half of the core. 

 Larger-scale lithofacies variability can also be observed.  The massive carbonate 

lithofacies is more predominant at the base and top of the core, where it occurs in thicker 

accumulations (Figure 3.2).  The black shale facies is most abundant in the middle of the core, 

between 13,000 and 12,850 ft.  The abundance of the siltstone and massive grey mudstone facies 

is fairly low for most of the core, except in sequence 8 where they are most concentrated, 

especially the siltstone facies.  The laminated carbonate facies is most abundant just above 13,050 

and 12,850 ft. 
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Figure 3.2.  Distribution of the five lithofacies in the RTC1 core alongside the full sequence 

stratigraphic framework developed based on Figure 3.3. 
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Figure 3.3.  A best representative sequence of the facies stacking pattern in RTC1. (Figure 

courtesy of and modified from Nikki Hemmesch). 
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CHAPTER 4 

DATA SET AND METHODOLOGY 

 

 The RTC1 core included 286.5 feet (87.3 m) of Woodford Shale out of a total Woodford 

Shale thickness of 342 feet (104.2 m) in the well (84% recovery from the Woodford Shale).  The 

core was sampled at approximately a 1.5 foot (0.5 m) interval, yielding a total of 168 samples.  

Some samples were subdivided based on the presence of significant surfaces within the sample or 

on easily identifiable changes in lithofacies, yielding a total suite of 184 samples.  On average, 

samples are 0.4 feet long (12 cm), with a range from 0.2 to 1.15 feet (6-35 cm) long (most long 

samples were subdivided).  The samples were slabbed from a 4-inch (10 cm) diameter core; most 

are 0.2 feet (6 cm) wide on average. 

 The 184 sample suite was developed into a full data set of geochemical and petrologic 

information comprising: 166 Rock-Eval pyrolysis analyses, 25 organic petrology analyses, 5 

organic concentrates analyses, 75 whole-rock geochemistry analyses, and 23 XRD/mineralogy 

analyses.  The sample distribution is shown on Figure 4.1. 

 

 

 

4.1  Organic Geochemistry: Rock-Eval Pyrolysis and TOC Analysis 

 One hundred sixty-six samples were analyzed for Rock-Eval pyrolysis.  Baseline 

Resolution, Inc. Analytical Laboratories analyzed the samples using standard Rock-Eval 6 

instrumentation to determine their S1, S2, S3 and Tmax values, from which hydrogen index (HI) 

and oxygen index (OI) were calculated (Tissot and Welte 1984; Espitalié et al. 1977).  Total 

organic carbon (TOC) was analyzed by Leco instrumentation. 

 

 

 

4.2  Organic Petrology 

 Twenty-five samples were selected for oganic petrologic analysis, based on the sequence 

stratigraphic framework developed by Nikki Hemmesch.  The majority of the samples were 

concentrated in three sequences, at the top (sequence #9), middle (sequence #7) and bottom 

(sequence #2) of the cored intervals.  Samples within the sequences were selected to represent  



 

22 

 

Figure 4.1.  RTC1 core description and sequence stratigraphic framework illustrating the 

distribution of sample points for each type of analysis. 
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each systems tract and to provide an even distribution through the sequence.  Additional samples 

were chosen between the three sequences (Figure 4.1). 

 Organic matter was studied under reflected light at a magnification of 500x using 

polished mounts of crushed whole-rock samples (see Appendix B for full description of sample 

preparation).  Identification of different types of organic matter was made on the basis of 

morphology and reflectance.  The mounts were examined systematically and all types of organic 

matter present were noted and tallied.  Tallies were then used to calculate the ratio of terrigenous-

derived particles to marine-derived particles. 

 

 

 

4.3  Organic Concentrates 

 From the 25 organic petrology samples, five samples were selected to have their kerogen 

isolated to provide further information on any amorphous organic matter (AOM) present, based 

on different organic matter assemblages as observed in the reflected light organic petrography.  

The isolated kerogens were prepared at Humble Geochemical Services by acid digestion using 

70% HF acid to demineralize each sample.  Kerogens were then dispersed in glycerin on thin 

sections and had cover slips placed over them.  The AOM was examined in transmitted light. 

 

 

 

4.4  Whole-Rock Geochemistry: ICP-MS 

 Seventy-five samples were chosen for whole-rock major, minor, and trace element 

analysis in order to provide a relatively even sample distribution through the core and to represent 

each lithofacies (Figure 4.1).  Acme Analytical Laboratories Ltd. prepared and analyzed the 

samples using Inductively Coupled Plasma Mass Spectrometry (ICP-MS) and Leco (for Total C 

and Total S) for 60 major, minor and trace elements (Table 4.1).  Sample preparation included 

pulverizing samples until 85% of the material passed through a 200 mesh (74µm), creating 2 

splits (1 for ICP-MS and 1 for Leco), and dissolving the crushed material for ICP-MS using 

lithium metaborate/tetrabortate fusion and dilute nitric acid.  Additionally, another separate split 

of sample was digested in Aqua Regia and analyzed by ICP-MS for precious and base metals. 

 As an external check on the accuracy of the geochemical data, 4 of the 75 samples were 

re-sampled from the powders returned by Acme and sent back for re-analysis as blind duplicates.  

The accuracy is good; differences between the two sets of analyses are at or very near the 

detection limits given for each variable (Table 4.2).  One sample sent for re-analysis has a large 

pyrite nodule in it, and this sample has the worst reproducibility in the results, especially in the 
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minor and trace elements like Mo, Zn, U, Sr, and As.  Also, this sample has a >3.5 wt.% 

difference in SiO2.  Some elements showed significant inconsistency across all 4 samples, for 

example Zn and P2O5.  It is unclear if these discrepancies are the result of sample preparation 

error, instrument error or other factors. 

 

Table 4.1.  List of elements analyzed on ICP-MS and the units in which they were reported. 

Elements Units 

SiO2, Al2O3, Fe2O3, MgO, CaO, Na2O, K2O, TiO2, P2O5, MnO, 

Cr2O3, Total C, Total S, LOI (H2O+CO2) 
weight % 

Ba, Be, Co, Cs, Ga, Hf, Nb, Rb, Sn, Sr, Ta, Th, U, V, W, Zr, Y, La, 

Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Mo, Cu, Pb, 

Zn, Ni As, Cd, Sb, Bi, Ag, Au, Hg, Tl, Se, Sc 

ppm 

 

The whole-rock geochemical data were analyzed with three statistical techniques (factor 

analysis, hierarchical cluster analysis, and stepwise linear regression) using Minitab statistical 

software (See Appendix B for more descriptive information on these statistical methods).  In 

geochemical applications, factor analysis is used to reduce a large elemental data set into a 

number of groups of associated elements (factors).  The factor analysis was run multiple times, 

testing different combinations of variables including elements, elemental ratios, organic carbon, 

and Rock-Eval pyrolysis results. 

In geochemical applications, cluster analysis identifies groups of samples that share 

similar compositions (Howarth and Sinding-Larsen 1983).  The cluster analysis was run on the 

geochemistry data multiple times using different parameters (e.g. normalization, defining number 

of clusters, defining a similarity cutoff) and on datasets that included and excluded TOC data.   

In geochemical applications, stepwise linear regression can be used to derive a series of 

variables with decreasing degrees of correlation with one elemental variable.  In this case, it was 

used to determine what combinations of elements or elemental ratios best predicted TOC values. 
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Table 4.2.  Comparison of original (1) and blind duplicate (2) geochemical analyses of four 

samples. 
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4.5  XRD & LPNORM 

 Twenty-three samples (Figure 4.1) were selected from the 75 samples used for whole-

rock geochemical analysis for mineralogical analysis by X-Ray Diffraction (XRD) on the basis of 

the results of the cluster analysis of the geochemical data.  The cluster analysis defined 10 

compositional groups, and at least two samples were selected for XRD analysis from each cluster. 

 Samples were prepared for both bulk mineralogy (using random powder mounts) and 

clay mineralogy (using oriented clay mounts) (Moore and Reynolds 1997).  Although it is often 

recommended that organic matter be removed from samples prior to XRD analysis because it can 

cause high background noise, broad peaks and prevent proper dispersal (Moore and Reynolds 

1997), a comparison of each sample with and without organic matter shows that the samples with 

organic matter provide the best data.  The samples without organics had patterns that were 

complicated by extra halite peaks (a result of the organic matter removal process, Appendix B) 

and diminished dolomite and pyrite peaks.  For this reason, all bulk and clay mineralogy data 

presented here were determined from samples with organic matter. 

Difficulties were encountered when attempting the „Millipore filter transfer method‟ 

(Moore and Reynolds 1997) for creating oriented clay mounts.  A series of XRD analyses on one 

sample were undertaken.  From the results of these analyses, it was determined that no loss of 

data occurs by running the samples while still on the filter membrane.  For this reason, all 

oriented clay mounts were analyzed on the filter membrane. 

Five of the twenty-three samples were analyzed further for information on the presence 

of smectite clay in the samples.  The five samples (on filter membranes) were placed in ethylene 

glycol desiccators for 48 hours and then re-analyzed on the XRD. 

XRD analysis provided qualitative information on the mineral composition of the 

samples.  This qualitative data was used as input into the linear programming normative analysis 

code, LPNORM (de Caritat et al. 1994).  LPNORM utilizes the mineral composition data from 

the XRD, together with the whole-rock geochemical data to determine the normative mineralogy 

of each sample.  The LPNORM calculation was applied to all 75 samples which were analyzed 

for whole-rock geochemistry, using the full suite of minerals identified in the 23 XRD samples.  

The „minimize slack variables‟ option was used to have the most control over which minerals 

were present or absent in each sample.  The normative mineralogy calculated totaled to within 5% 

of 100 for all but 2 samples, one of which was the sample that contained the large pyrite nodule.   
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CHAPTER 5 

RESULTS 

 

 Results presented here describe geochemical variations at three scales of observation: (1) 

at the formation-scale of the Woodford Shale in the RTC1 core (~300 ft/91.4 m); (2) at the scale 

of the lower, middle and upper Woodford Shale units (~100 ft/30.5 m); and (3) at the sequence-

scale (~40 ft/12 m). 

 

 

 

5.1  Organic Geochemistry 

 TOC, HI and OI distributions through the RTC1 core are shown in Figure 5.1, displayed 

next to the gamma-ray profile for the well.  Core depths have been shifted to correlate to the 

gamma-ray log.  Total organic carbon (TOC) provides a measurement of the abundance of 

organic matter in rock samples.  TOC values in the RTC1 core range from 0.71 to 10.66 wt %, 

with a mean value of 5.05 wt % for all lithofacies (approximately 0.5% higher than the mean 

reported by Comer (1991) for his black shale lithofacies in the Woodford Shale).  The gamma-ray 

log shows a good overall correlation with the TOC data, with discrepancies probably due to either 

inaccuracy in correlating core depths to log depths or to the fact that the gamma-ray log samples a 

larger depth range than the core samples (Figure 5.1).  The gamma-ray log was used to subdivide 

the core interval into upper, middle and lower Woodford Shale units as described above based on 

radioactivity of the formation, using the Woodford Shale nomenclature by Comer (1991) and 

Ellison (1950).  The lower Woodford Shale, from 12,981-13,100 ft (3,956.6-3,992.9 m), has 

relatively low mean TOC of 4.32% and exhibits a very erratic character (standard deviation of 

2.58%), with both very high (>7%) and low (<3%) TOC‟s over vertical distances of 3-10 ft (1-3 

m) (Figure 5.1).  This depth range contains both the highest and lowest TOC values observed.  

The middle Woodford Shale (12,787-12,981 ft/3,897.5-3,956.6 m) has a higher mean TOC value 

of 5.59%, less variability (standard deviation 1.07%) and contains 3 cycles, each around 50-60 ft 

thick (15-18 m), overlain by a decreasing trend of 10 ft (3 m) leading into the upper Woodford 

Shale.  The base of these 3 cycles starts with a peak in TOC close to 8%, then TOC gradually 

decreases for about 20-30 ft (6-9 m) upward to approximately 4%, then gradually increases again 

back to the next peak in TOC around 8% at the top of the cycle.  The uppermost cycle is less 

apparent on the TOC profile than on the gamma ray curve; TOC values here are relatively 

uniform, as indicated by the red TOC curve that has averaged the values over a 30 ft (9  
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Figure 5.1.  Distribution of TOC, HI, OI, and the organic matter ratio (TOM/SH) through the 

RTC1 core, with gamma ray, facies distribution, sequence stratigraphic interpretation and the 

three Woodford Shale units delineated.  Red lines through the TOC, HI and OI data represent a 

running average of the parameters over a 30 ft (9 m) interval.  The vertical line 1 on the organic 

matter ratio graph shows where the proportion of marine-derived material is equal to that of the 

terrestrial-derived material.  Bars to the left of the 1 indicate dominance of marine-derived 

material.  Bars to the right of 1 indicate dominance of terrestrial-derived material. 
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m) interval (Figure 5.1).The upper Woodford Shale (12,758-12,787 ft/3,888.6-3,897.5 m) is 

characterized by relatively low TOC (3.91% mean), and also exhibits a somewhat erratic 

character (standard deviation 1.52%), varying between relatively high (6%) and low (3%) TOC‟s 

over fairly small depth changes (~3-7 ft/1-2 m) (figure 5.1). 

 TOC values change systematically with respect to individual stratigraphic sequences in 

the core (Figure 5.1).  Sequence 7 provides a good example of the changes in TOC associated 

with a sequence (Figure 5.2).  There is a significant drop in TOC immediately above the sequence 

boundary (SB-red).  The lowstand systems tract (LST-grey) is characterized by generally 

increasing TOC values, as is the lower half of the transgressive systems tract (TST-green).  TOC 

values start to decrease towards the top of the TST and decreases through the highstand systems 

tract (HST-orange).  Some minor variations to this pattern occur: (1) the drop in TOC occurs at or 

slightly below the SB in other sequences; (2) some LSTs do not show a clear trend of upward 

increasing TOC, although distinguishing a trend in several cases is difficult because the LST is so 

thin; (3) the upward trend of increasing TOC in the TSTs persists to the top of the TST in some 

sequences. 

 

 

Figure 5.2.  Systematic changes in TOC, HI, and OI in the best representative sequence of the 

RTC1 core.  Red horizontal line – sequence boundary; Blue line – maximum flooding surface; 

Gray box – lowstand systems tract; Green box – transgressive systems tract; Orange box – 

highstand systems tract. 

 

 The hydrogen index (HI) and oxygen index (OI) are often used as indicators of organic 

matter type in source rocks, based on the modified van Krevelen diagram (Peters 1986; Espitalié 

et al. 1977).  Low HI and high OI values are indicators of terrestrial organic matter (Type III and 

Type IV), while high HI and low OI values are indicators of marine- or lacustrine-derived algal or 

bacterial organic matter (Type I and Type II).  However, high thermal maturity can greatly 
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restrict the usefulness of HI and OI as a predictor of organic matter type, because with increased 

maturity both HI and OI decrease causing the pathways of the different organic matter types to 

converge near the origin on the modified van Krevelen diagram (Lewan et al. 2002; Peters 1986; 

Espitalié et al. 1977).  In the RTC1 core, HI values are all low, ranging from 39-94 mg HC/g 

TOC, with a mean of 70 mg HC/g TOC.  The HI distribution through the core (Figure 5.1) can be 

described by two general trends.  From 13,038 ft (3,974 m) to 12,833 ft (3,911.5 m), HI values 

show a generally decreasing trend, with a small exception between 12,930-12,890 ft (3,941-3,929 

m) where HI values increase upward.  From 12,833 ft (3,911.5 m) to the top of the core (12,758 

ft/3,888.6 m), there is a distinct increase in HI values.  No apparent correlation exists between the 

TOC and HI data (Figure 5.3). 

 HI does not appear to behave systematically with respect to stratigraphic sequences 

(Figure 5.1; Figure 5.2).  This is probably the result of high thermal maturity, such that HI values 

have shifted toward the origin (Lewan et al. 2002; Peters 1986; Espitalié et al. 1977).  Thus, these 

samples no longer retain an HI signature of the original organic matter. 

 

 

Figure 5.3.  A cross-plot of TOC and HI shows no correlation between these two parameters in 

these samples.  This is interpreted to be the effect of high thermal maturity. 

 

 The OI values are also quite low in the RTC1 core, ranging from 1 to 33 mg CO2/g TOC, 

with a mean of 5 mg CO2/g TOC.  Figure 5.1 illustrates the distribution of OI in the core.  

Samples from the lower Woodford Shale have a higher average OI than samples from the rest of 

the core and OI values decrease upward.  The lower and upper Woodford Shale have a higher 
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variability in OI values, especially the lower Woodford Shale.  OI data from the middle 

Woodford Shale also displays three cycles, similar to the TOC data.  However, they are much 

more subtle and have the opposite trend of the TOC cycles (Figure 5.1).  These trends suggest 

that OI and TOC are negatively correlated, which is confirmed by a cross-plot of these parameters 

(Figure 5.4) 

 Unlike HI, OI does change systematically with position in a stratigraphic sequence, 

inverse to that of TOC, but its expression is more subtle than that of TOC because OI has lower 

variability.  Sequence 7 best illustrates the changes in OI (Figure 5.2).  The pattern of change for 

OI can be summarized as follows: a peak at the sequence boundary; a decreasing trend upward in 

the LST; a decreasing trend in most of the TST; an increasing trend over the transition from TST 

to HST; and an increasing trend through the HST. 

 

 

Figure 5.4.  A cross-plot of TOC and OI shows there is a negative correlation between these 

parameters, which suggests that OI has preserved the signature of the type of organic matter 

originally deposited. 

 

 

 

5.2  Organic Petrology 

 Reflected light microscopy of the 25 crushed whole-rock samples revealed 2 distinct 

types of organic matter (OM).  The first consists of structured forms of OM, either vitrinite or 

inertinite.  A clear distinction between these two macerals in these samples was difficult, so they 

are combined into a single category of terrigenous-type organic matter (TOM), as they both 

exhibit structure indicative of land-derived material (Figure 5.5; Taylor et al. 1998). 
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 The second type of organic matter is characterized by varying morphologies of solid 

hydrocarbons (also known as: “solid bitumen”, “migrabitumen”, “pyrobitumen”, “dead oil”, 

“asphalt”, and “exsudatinite”) (Taylor et al. 1998; Landis and Castano 1995).  These 

morphologies (pictured in Figure 5.6) are characterized by moderate reflectance (medium gray) 

with the following geometries: pore-filling (Figure 5.6 A & B); in situ – geometry resembles that 

of possible pre-cursor macerals (Figure 5.6 C & D); laminar (Figure 5.6 E); and faunal relic-

filling (Figure 5.6 F & G).  The pore-filling type can have a blob-like form (Figure 5.6 A) or can 

appear more intergranular, especially between dolomite rhombs (Figure 5. 6B).  The in-situ type 

either forms masses that have a granular and laminated texture from mineral inclusions (similar to 

bituminite maceral forms; Figure 5.6 C), or forms larger masses that are part of the rock matrix 

(also similar to some types of bituminite; Figure 5.6 D).  The laminar geometry occurs in thin, 

elongate strands that sometimes have dark gray-black angular reflections within them (similar to 

the poor-filling geometry) (Figure 5.6 E).  Faunal relic-filling type occurs mostly surrounding the 

edge of the relic as small intergranular-looking fillings (Figure 5.6 F) and only rarely as a 

complete filling within the relic (Figure 5.6 G). 

 The solid hydrocarbons in these samples were determined to be indigenous, non-migrated 

forms, based on three characteristics: (1) they occur with intergranular, moldic and some stratal 

filling types of primary porosity (figure 5.6 A-B, E-G), as opposed to vein or fracture filling 

(Landis and Castano 1995); (2) some occurrences reflect characteristics of possible precursor 

macerals (bituminite) (figure 5.6C-D), suggesting that some solid hydrocarbons have not left the 

site of the original kerogen (see Taylor et al. 1998 and Stasiuk 1993 for comparable 

photomicrographs of precursor macerals); and (3) the occurrence of the solid hydrocarbons is 

ubiquitous within a thick (300 ft/91.4 m), low permeability, thermally mature source rock; it is 

unlikely than the bitumen could have migrated from adjacent reservoirs or source rocks into such 

a low permeability rock (Landis and Castano 1995; Comer and Hinch 1987).  Indigenous solid 

hydrocarbons within source rocks are considered residual indicators of hydrocarbon generation 

(Landis and Castano 1995; Jacob 1993; Thompson-Rizer 1987) and internal migration (Comer 

and Hinch 1987).  Although bitumen in pore spaces requires some amount of migration, 

according to Jacob (1993) this distance of migration could be as small as a few microns.  Based 

on the presence of possible precursor macerals and the low permeability nature of the rock, it is 

assumed that the migration distances of the solid hydrocarbons are minimal (smaller than the 

depth range of an average sample, 0.4 ft/12 cm).  Therefore, the solid hydrocarbons present are 

taken to represent the level of hydrocarbon generation within the sample interval.  The exact 

origins of solid hydrocarbons are not well understood.  However, Jacob (1993) indicates they  
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Figure 5.5.  Reflected light photomicrographs of organic matter illustrating the structure 

indicative of land-derived material.  Photos A and C are better preserved pieces that also have 

bitumen (darker grey reflecting) filling inside the pores of the structure.  Photos B, D, and E are 

fragmented pieces of land-derived material; these are the kinds of organic matter observed that 

made it difficult to distinguish between intertinite and vitrinite. 
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Figure 5.6.  Reflected light photomicrographs of the various forms of solid hydrocarbons 

observed.  Photo A shows the most common form of pore-filling type.  Photo B shows the 

intergranular pore-filling geometry between carbonate crystals, which appear fuzzy and sunken-

in.  Photo C shows an in-situ type geometry that is granular and laminated looking, similar to 

some bituminite macerals.  Photo D shows another in-situ type geometry where the solid 

hydrocarbons are more like part of the rock matrix.  Photo E shows the laminar type of geometry 

that are thin but long and often seem to parallel bedding.  Photo F is the most common form of 

faunal relic filling type geometry where the solid hydrocarbons are intergranular-looking but 

make a sort of rim around the relic.  Photo G is the more rare form of faunal relic-filling in which 

the whole relic is filled with intergranular-looking solid hydrocarbons. 
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predominantly originate from marine organic matter, mainly algae.  Given this and the fact that 

the Woodford Shale is marine, the solid hydrocarbons present are assumed to have been derived 

from marine organic matter. 

Some samples also contained small amounts of faunal relics, which appear as non-

reflective, structured, often circular features (Figure 5.6 F & G).  These were not significantly 

abundant in any sample relative to the abundance of the reflective organic matter.  Where present, 

these relics are associated with solid hydrocarbons in the forms described above (Figure 5.6 F & 

G). 

Five isolated kerogen strew mounts were examined by transmitted light microscopy.  The 

kerogen in these samples occurred in two forms: coarse (> 0.1 mm) opaque masses (Figure 5.7 D) 

and fine (<< 0.1 mm) opaque particles (Figure 5.7 E).  The fine particles are likely a mixture of 

small intertinite or vitrinite macerals and smaller forms of solid hydrocarbons.  The fine particles 

made it impossible to observe the kerogen at a magnification any higher than 100x because not 

enough light was able to pass through or between the fine particles, thereby limiting better 

observation of the nature of this material.  The coarse opaque masses are likely a mixture of 

amorphous organic matter (AOM) and larger forms of solid hydrocarbons.  In all 5 samples the 

kerogen was entirely opaque (Figure 5.7 A), except for a few dark brown masses (Figure 5.7 B) 

and halos around the opaque kerogen (Figure 5.7 C).  It has been shown that with increasing 

thermal maturity, AOM becomes increasingly opaque (Robison et al. 2000; Tyson 1995; Burgess 

1974).  On the other hand, staining from hydrocarbons can also cause the kerogen to be opaque 

(Whitaker et al. 1992).  Because nearly all of the material was opaque, distinguishing between 

solid hydrocarbons and AOM was difficult.  However, some of the coarse material has enough 

resemblance in form to immature AOM (Figure 5.7 F) to conclude that at least a portion of the 

opaque kerogen is AOM.  This further supports the conclusion that the solid hydrocarbons 

present were derived from marine organic matter. 

 The distribution of the organic matter types through the core is presented as a ratio of the 

terrigenous-derived organic matter (TOM) to the marine-derived solid hydrocarbons (SH) (i.e. 

TOM/SH) and is shown in Figure 5.1.  Ratios greater than 1 indicate the dominance of TOM, 

while ratio values less than 1 indicate the dominance of SH, and a value of zero indicates that no 

TOM was present.  All samples contained at least some SH.  As seen in Figure 5.1, the top 60 ft 

(18 m) of core is dominated by TOM, while the rest of the Woodford Shale is dominated by SH.  

Although the location of the transition between TOM-dominated and SH-dominated samples 

cannot be narrowly defined (12,820-12,845 ft/3,907.5-3,915.1 m) due to a low sampling density 

in the area, this transition clearly occurs below the boundary between the upper and middle 
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Figure 5.7.  Transmitted light photomicrographs of isolated kerogen samples.  Photo A illustrates 

that the kerogen is dominantly opaque.  Photo B shows a dark brown mass which was rare to find.  

Photo C shows a halo of dark brown around an opaque mass, which was also very rare.  Photo D 

illustrates the coarse fraction of the opaque kerogen, which is a mixture of AOM and solid 

hydrocarbons.  Photo E illustrates the fraction of the opaque kerogen that was fine (<<0.1mm).  

Photo F illustrates the coarse opaque kerogen that has a resemblance in form to that of AOM. 
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Woodford Shale, as recognized in the gamma ray and TOC data. 

Systematic changes in the TOM/SH ratio with respect to systems tracts can be observed 

in the three sequences analyzed.  Trends in the LST and TST are best represented in sequence 7 

(Figure 5.8).  The trend in the HST is best represented in sequence 2, since sequence 7 does not 

contain any samples in the HST (Figure 5.8).  Although the ratio does not change drastically, 

there seems to be an increase of the terrestrial component from bottom to top of the sequences 

(bars shift to the right), relatively modest through the LST and TST and more significant in the 

HST. 

 

 

Figure 5.8.  Systematic changes in TOM/SH ratio are shown for the systems tracts of 

sequences 7 and 2.  The vertical line at 1 on the graph shows where the proportion of marine-

derived material is equal to that of the terrestrial-derived material.  Bars to the left of the 1 

indicate dominance of marine-derived material.  Bars to the right of 1 indicate dominance of 

terrestrial-derived material. 

 

 

 

5.3  Inorganic Geochemistry 

 Results of the whole-rock geochemical analysis are presented in the context of the three 

statistical analyses: factor analysis, hierarchical cluster analysis, and stepwise linear regression.  

Also, the distributions of four significant elemental ratios, as identified from the statistical 

analyses, are discussed. 
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5.3.1.  Results of Factor Analysis 

 Factor analysis was carried out to identify common patterns among elements and to 

simplify the representation of geochemical variations.  The factor analysis identified 6 factors that 

explain 83.9% of the variance in the data.  Figure 5.9 illustrates how the geochemical data is 

distributed between the 6 factors, to what degree the elements correlate with each factor, and the 

percent variance that each factor explains.  Elements with correlation coefficients between 0.50 

and -0.50 were not considered significant enough to be included in any factor.  Factor 1 includes 

Al2O3, K2O, TiO2, Rb, Th, Zr, and many rare earth elements (REEs), all of which are strongly, 

positively correlated with Factor 1.  These elements are associated with siliciclastic minerals 

(clays and feldspars).  No elements have a significant negative correlation with Factor 1. 

 

 

Figure 5.9.  Results of the factor analysis gave 6 factors that explained 83.9% of the variability in 

the data.  Correlation coefficients are shown for each element.  Elements with correlation 

coefficients less than 0.50 are not shown. 

 

Factor 2 includes MgO, CaO, MnO, InorgC, SiO2, TOC and Mo, many of which are 

associated with carbonate minerals.  The elements MgO, CaO, MnO, and Sr, along with loss on 

ignition (LOI) and inorganic carbon (InorgC) are all strongly, negatively correlated with Factor 2.  
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In contrast, SiO2 is strongly, positively correlated with Factor 2, indicating the carbonate and 

quartz vary antithetically.  The fact that other elements contained in siliciclastic minerals (e.g. K, 

Na, Al, Ti) do not correlate with this factor indicates that quartz abundance is decoupled from 

other siliciclastic minerals.  TOC is positively, though more moderately, correlated with Factor 2, 

suggesting that carbonate deposition is associated with low rates of organic carbon burial.  Mo, U 

and Ni are also positively correlated with Factor 2; these redox-sensitive elements indicate that 

high rates of carbonate deposition and low rates of organic carbon burial are associated with more 

oxidizing conditions.  Lastly, the shared positive correlation between TOC, some redox-sensitive 

elements and SiO2, along with the decoupling of Si from the other siliciclastic elements suggests 

quartz deposition occured in relatively reducing conditions and that the silica in the Woodford 

Shale is most likely biogenic in origin rather than detrital. 

Factor 3 is negatively correlated with some metals (Zn, Ag, Se), some redox-sensitive 

elements (V and Cd), and P2O5.  The correlation with P2O5 suggests this factor is associated with 

the authigenic apatite seen in SEM (Figure 5.10).  This factor, therefore, seems to represent the 

fixation of particular trace metals in authigenic phases, one mechanism for the enrichment of 

trace-metals in thick black shale successions (Arthur and Sageman 1994).  Factor 4 is positively 

correlated with total carbon (TotC), Mo, LOI, and As.  This factor illustrates that there is a 

relationship between the presence of carbon (TotC) and the gases lost when the samples are 

heated (LOI).  It is likely that Mo correlates with this factor because of its absorption onto organic 

carbon (part of TotC) as demonstrated in Factor 2.  Factor 5 is strongly negatively correlated with 

iron (measured as Fe2O3) and sulfur content (TotS), essentially reflecting pyrite content.  The fact 

that no other elements correlate with Factor 5 indicates that pyrite behaves independently, 

showing no relationship to redox conditions.  Factor 6 is moderately positively correlated with 

Ba.  Although barium does not meet the correlation coefficient cutoff mentioned above, it has the 

highest correlation coefficient in this factor.  Factor 6 illustrates that barium behaves 

independently, despite the fact that it is commonly considered a productivity indicator. 

In Figure 5.11 the distribution of Al2O3 (representing the behavior of Factor 1), MgO 

(representing the behavior of negatively correlating elements of Factor 2), SiO2 (representing the 

behavior of positively correlating elements of Factor 2), V (representing the behavior of Factor 

3), Mo (representing the behavior of Factor 4), and Ba (representing the behavior of Factor 6) are 

presented.  Factor 5 is not presented here because the pyrite content will be discussed in the 

mineralogy results below.  Al2O3 (a proxy for the siliciclastic minerals) shows a gradual upward 

decrease in concentration, from > 10% in the lower Woodford Shale to < 5% in the upper 

Woodford Shale.  MgO (a proxy for carbonate minerals) distribution is characterized  
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Figure 5.10.  Scanning Electron Microprobe (SEM) image of a thin section showing the apatite as 

well formed authigenic crystals clumped together, which form part of a mixed phosphate-silica 

nodule found in the upper Woodford Shale. 

 

by a generally low concentration (< 3%) where carbonate content is dispersed in the sample, but 

has distinct peaks (> 5%)where carbonate-rich beds occur.  In contrast to MgO, SiO2 has a 

generally high concentration throughout the core (> 60%) and increases upwards (from ~65% to 

~80%), with distinct drops in concentration at the points where MgO peaks.  SiO2 varies inversely 

with Al2O3.  V has the highest concentrations (> 200ppm) in the upper and lower Woodford 

Shale, and in the bottom 30 ft (9 m) of the middle Woodford Shale.  The rest of the middle 

Woodford Shale has much lower concentrations of V (< 300ppm).  Mo concentration varies more 

than V.  Generally, Mo has a lower concentration (< 50ppm) in the upper and lower Woodford 

Shale and higher (> 50ppm) in the middle Woodford Shale, similar to the TOC distribution.  

However, the Mo content varies in a cyclic nature through the majority of the core with several, 

sharp upward increases followed by gradual decreases in the concentration.  Ba is characterized 

by a background level (~1,000ppm) with distinct and dramatic spikes in concentration to no less 

than 5,000 ppm and even as high as almost 2% (20,000ppm).  Ba concentration does not have 

distinct character changes between the three Woodford Shale units. 

 Figure 5.12 illustrates variation in these oxides and elements in a stratigraphic sequence.  

Sequence 7 shows the patterns in Al2O3, MgO and SiO2 best, while sequence 4 best illustrates the 

patterns in V, Mo, and Ba.  Values of Al2O3 increase through the LST and peak in the early TST, 

at which point they begin to decrease.  This decrease continues through to the early HST, where 

Al2O3 reaches its minimum and then gradually increases up into the LST.  MgO increases through 
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Figure 5.11.  The distribution of significant parameters from each factor of the factor analysis and 

their relation to the sequence stratigraphy are shown.  (Color scheme the same as in Figures 5.2) 
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Figure 5.12.  Systematic changes in the significant oxides and elements of the factor analysis are 

evident.  Sequence 7 best illustrates the systematic changes for Al2O3, MgO and SiO2.  Sequence 

4 best illustrates the changes in V, Mo and Ba.  (Color scheme the same as in Figure 5.2) 

 

the LST, decreases through and reaches its minimum values in the TST.  In the HST, MgO starts 

low, increases through the middle of the systems tract and then decreases up to the sequence 

boundary (SB-red).  The LST has upward decreasing SiO2.  Values of SiO2 increase through the 

TST and commonly peak at or near the maximum flooding surface (MFS-blue).  The HST has 

initially decreasing SiO2; it then reaches its minimum values and gradually increases up to the 

SB.  Vanadium is high in the LST and early TST.  It then decreases through the remainder of the 

TST and early HST, reaches its minimum values, and then increases up the rest of the HST.  

Molybdenum begins high and decreases through the LST, TST and early HST.  It then increases 

through the late HST and up to the beginning of the LST.  Mo reaches both its minimum (near the 

MFS) and maximum (near the SB) values in the HST.  Changes in the concentration of Ba are not 

as systematic as the other parameters, although Ba peaks occur only in the LST and HST.  These 

trends for systems tracts and stratigraphic sequences are generally valid for each sequence in the 

core, with minor exceptions in each element. 
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5.3.2.  Results of Hierarchical Cluster Analysis 

Hierarchical cluster analysis defined 10 groups of samples of distinct geochemical 

composition.  The results of the cluster analysis are given as a dendrogram (Figure 5.13).  Each 

branch of the dendrogram (labeled A-I in Figure 5.13) separates groups of clusters based on a 

distinct geochemical difference between the groups.  The first branch (A) separates Cluster 8 with 

high Al2O3 (>8%) and low Mo (<70ppm) content from all of the other clusters.  The next branch 

(B) separates Clusters 1, 2, 3, 9, and 10 from Clusters 4, 5, 6, and 7, based on their V content.  

Samples of Clusters 1, 2, 3, 9, and 10 have higher relative V content when compared to samples 

with similar Al2O3 content of Clusters 4, 5, 6, and 7. 

All 10 clusters can be differentiated chemically.  Cluster 2 has higher Al2O3, Fe2O3 and 

TotS than Clusters 1 and 3.  Cluster 3 has higher Al2O3 and lower P2O5 than Cluster 1.  Clusters 1 

and 3 can also be distinguished by their redox sensitive element concentrations.  Both have low 

Mo (< 30ppm) but Cluster 3 has high V (> 1000ppm), while 1 has fairly low V (< 400ppm).  

Cluster 4 can also be differentiated from 5 by its greater MgO and CaO content.  Cluster 8 has the 

highest Al2O3 (> 9%) and K2O (> 3%) content.  Cluster 9 is most similar to Cluster 2, but has less 

SiO2, more MgO and CaO, and lower Mo, U and V.  Cluster 10 has the lowest SiO2 (< 25%) and 

the highest MgO (> 15%) and CaO (> 20%) content. 

 

 

Figure 5.13.  Cluster analysis dendrogram showing the 10 clusters and the major groups of 

clusters.  Each colored vertical line that reaches the base represents one sample.  Branches are 

labeled A-I, and can be defined by a difference in geochemical composition between the clusters 

on each side of the branch. 
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 Figure 5.14 shows how these clusters are distributed through the core and summarizes the 

geochemical composition of each cluster.  Clusters 1, 2 and 3 are confined to the upper Woodford 

Shale, except for one Cluster 1 sample that occurs at the bottom of the core.  These three clusters 

have fairly high SiO2 (> 70%) and high P2O5 (> 1%).  Clusters 4 and 5 are concentrated within 

the middle Woodford Shale, with only a few outliers in the upper and lower units.  Both of these 

clusters have slightly lower SiO2, and higher Al2O3 than Clusters 1-3, Cluster 5 more so than 4.  

Cluster 6 has samples scattered through the middle unit and one in the lower Woodford Shale.  It 

is characterized by the highest SiO2 concentrations (> 80%), low Al2O3 (< 3%) and very low 

MgO (< 1%) and CaO (< 0.5%).  Cluster 7 is comprised of only one sample that lies toward the 

bottom of the middle Woodford Shale.  This sample contains a very large (~1 cm thick) nodule of 

pyrite.  It is geochemically distinct from the rest of the samples because of its very high Fe2O3 (> 

25%) and TotS (> 20%).  Clusters 8, 9 and 10 are mostly confined to the lower Woodford Shale 

with the exception of a few samples of Cluster 8 at the bottom of the middle unit.  These three 

clusters have low SiO2 (<65%) content. 

 It is important to note that these clusters do not demonstrate a relationship with the short-

term systems tracts and sequences.  The samples of each systems tract do not cluster to the 

exclusion of the samples from other systems tracts.  Instead, the distribution of clusters seems to 

be related to the formation-scale geochemical variation. 

 

 

 

5.3.3.  Stepwise Linear Regression 

The stepwise linear regression analysis was carried out to define what element in the 

whole-rock geochemical dataset was the best predictor of TOC values.  The regression indicated 

that Mo is the best predictor of TOC values with an R
2
 value of 0.564.  Although this is not an 

exceptionally high degree of correlation, all elemental predictors after Mo increase the R
2
 by 

increments less than 0.05 and therefore do not have great significance.  A cross-plot of Mo vs. 

TOC demonstrates the correlation between these parameters (Figure 5.15). 

 Additionally, differences in the relationship between Mo and TOC were noted for 

different systems tracts, as well as for the upper, middle and lower Woodford Shale units.  The 

slope of the linear trend on a TOC vs. Mo plot of all samples is 15.9 (Figure 5.16).  However, the 

slope on the TOC vs. Mo plots varies significantly for the systems tracts and Woodford Shale 

units (Figure 5.17).  The slopes for the Early and Late LST are 21.7 and 14.7, respectively (Figure 

5.17).  The slopes for the TST and HST are 12.2 and 16.5, respectively (Figure 5.17).  For the 

Woodford Shale units, the slope decreases from 17.4 in the lower unit to 14.7 in the middle unit  
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Figure 5.14.  The distribution of the 10 clusters through the core shows that some clusters are 

restricted to particular Woodford Shale units.  The table at right is a summary of the 

compositional differences between the clusters. 
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Figure 5.15.  A cross-plot of TOC and Mo shows a positive correlation between these parameters, 

in agreement with the results of the stepwise linear regression. 

 

 

 

Figure 5.16  TOC vs. Mo crossplots of all the RTC1 data.  Degree of correlation (R
2
) and the 

slope (m) are shown. 

 

and to 11.6 in the upper unit (Figure 5.17). 

 Also, the Mo/TOC ratio was calculated and its distribution in the RTC1 core is shown in 

Figure 5.17.  The ratio values vary from 0.5x10
-4

 to 26x10
-4

.  Generally, the ratio has an upward 

decreasing trend over the formation, with the exception of an interval in the lower Woodford 

Shale where values drop significantly.  The lower Woodford Shale is characterized by a split 
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Figure 5.17  Distribution of the Mo/TOC ratio in the RTC1 core along with TOC vs. Mo 

crossplots for each of the Woodford Shale units and each systems tract indicate predominantly a 

semi-restricted environment. 
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between more moderate ratio values  (10-20x10
-4

) and low ratio values (<10x10
-4

).  The middle 

Woodford Shale is characterized by generally moderate ratio values, with very few diversions to 

low values.  The upper Woodford Shale is characterized by generally low ratio values, with one 

huge excursion to a high ratio value (>25x10
-4

).  Additionally, there is distinct cyclicity in this 

ratio, especially through the middle Woodford Shale.  This cyclicity follows the trends seen in 

slope changes in the systems tracts.  There is a peak in the ratio in the late HST or early LST, 

followed by a fairly steady decline in the ratio through the LST and TST.  Sometimes the 

decrease continues into the first part of the HST.  Typically, however, the ratio increases through 

the HST.  This general pattern is fairly consistent over the formation.  However, there are 

diversions, especially in sequence 2 of the lower Woodford Shale. 

 

 

 

5.3.4.  Key Elemental Ratios 

The results of these statistical analyses have brought to light certain elements which merit 

further examination, specifically, TOC, Mo, V, P2O5.  The covariation of TOC and Mo in Factor 

2 and the independent covariation of V and P2O5 in Factor 3 (Figure 5.9) suggest that Factor 2 is 

controlled by one depositional mechanism while Factor 3 is controlled by another, despite the fact 

that both increased Mo and V contents are typically considered to be indicators of more reducing 

conditions (Sageman and Lyons 2005).  Because of this decoupling between Mo and V, the 

distribution of Mo/Al, V/Al and TOC/P ratios through the core are discussed (Figure 5.18).  

Normalizing Mo and V by ratioing them with Al reduces the effects of sedimentary dilution.  The 

TOC/P ratio has also been used previously in the literature (Algeo and Ingall 2007; Mort et al. 

2007) as a redox indicator, with high values indicating more reducing conditions. 

 The Mo/Al distribution is similar to the distribution of Mo alone (Figure 5.11) in the 

upper and lower Woodford Shale, being generally lower than the middle Woodford Shale.  

However, the distribution of Mo/Al and Mo through the middle Woodford Shale are different; 

Mo/Al peaks around 55x10
-4

 at 12,945 ft, then gradually decreases upward to values around 

15x10
-4

 at 12,890 ft, and then ramps back up to another peak at 55x10
-4

 at 12,820 ft.   

The V/Al distribution also can be described in the same manner as V alone (Figure 5.11).  

Tthe V/Al ratio is low (< 1x10
-2

) between 12,805 and 12,945 ft, most of the same depth range as 

the large Mo/Al cycle (Figure 5.18).  Distribution of TOC/P is almost the complete inverse of 

V/Al, being generally low (< 90) in the lower Woodford Shale and bottom 30 ft (9 m) of the 

middle Woodford Shale, very low (< 10) in the upper Woodford Shale and high (> 100) through  
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Figure 5.18.  The distribution of three significant ratios in the RTC core. 
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the middle Woodford Shale; transitions between these units are abrupt.  At the very bottom of the 

core there is one sample that has a TOC/P ratio > 2,000, but without nearby samples it is difficult 

to give context to such a dramatically high value.  It is also noteworthy that many of these 

geochemical transitions do not coincide with stratigraphic subdivisions of the Woodford Shale. 

 Figure 5.19 illustrates the best representation of how these ratios change within a 

sequence.  Mo/Al and V/Al have the same trends through the systems tracts.  They decrease 

through the LST and TST and reach their minimum values at or near the MFS.  They then 

increases through the HST.  TOC/P has the opposite trend through the systems tracts.  It increases 

through the LST and TST and reaches its maximum at or near the MFS.  It then decreases 

through the HST and reaches its minimum at or near the SB.  Sequence 7 best exemplifies the 

changes in and TOC/P ratios, while sequence 4 best exemplifies the changes in Mo/Al and V/Al.  

 

 

Figure 5.19.  Systematic changes in Mo/Al, V/Al and TOC/P relative to the sequence 

stratigraphy. 

 

 

 

5.4  Mineralogy 

 The bulk mineralogy (wt%), as calculated by LPNorm of the whole-rock geochemistry 

samples is shown in Figure 5.20.  XRD analysis identified a total of 10 mineral phases in  
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Figure 5.20.  The calculated mineralogy of all the whole-rock geochemical samples is shown 

along with the previously defined Woodford Shale units and sequence stratigraphy of this section.  

Systematic changes in mineralogy can be observed, though not all systems tracts are represented 

in the mineralogy. 
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the suite of samples.  The majority of the samples are dominated by quartz, although its 

abundance decreases with increasing depth in the core.  As suggested by the factor analysis and 

thin section observations, this quartz is interpreted to be predominantly biogenic in origin.  Four 

carbonate mineral phases were identified: dolomite, calcite, magnesite (MgCO3), and norsethite 

(BaMg(CO3)2).  Dolomite is the dominant carbonate phase in most samples and accounts for up 

to 77% of the mineralogy.  Typically, however, the dolomite content is approximately 10%.  

Calcite occurs in only 3 samples at the base and only in significant amounts (22%) in one sample.  

Magnesite is present throughout, though typically in small quantities (< 4%).  Norsethite is 

present only in samples with Ba content > 3,000ppm, indicated by Ba peaks in Figure 5.11.  

Magnesite and norsethite are likely diagenetic phases.  Pyrite is ubiquitous, ranging in content 

from 1-41%, and averaging 4%.  One sample (of the 23 XRD samples) at 13,014.3 ft (3966.8 m) 

also contained marcasite along with the pyrite.  However, marcasite has the same mineral formula 

as pyrite, and therefore is not identified separately by LPNORM.  Some samples that were 

analyzed for whole-rock geochemistry but not analyzed by XRD may also contain marcasite 

along with the pyrite.  Apatite is present in significant quantities (3-19%) in the top 30 ft (9 m) of 

the core.  It is absent through the middle Woodford Shale and is present in small quantities (1%) 

in the lower Woodford Shale.  Two feldspar minerals were identified: albite and orthoclase.  

Neither of these feldspars are likely pure end-members.  However, these end-members had the 

closest matching peaks on the XRD patterns.  Without other analyses to determine exact 

composition, their end-member compositions were used in the LPNORM calculations.  Albite is 

ubiquitous, ranging in content from 1-7%, averaging 3%.  Orthoclase content ranges from 1-5%, 

averages 1% and is more abundant lower in the core.  Orthoclase is completely absent in the 

upper Woodford Shale. 

 The last phase identified by XRD analysis is interpreted as a single mixed-layer clay 

mineral composed of at least 90% illite component and no more than 10% smectite component, 

based solely on interpretation of XRD patterns.  In some samples, the XRD patterns indicate the 

smectite content in this mixed-layer clay is < 5%.  Better control on the smectite content from 

XRD interpretation is not possible because changes between XRD patterns on air-dried and 

glycolated samples are minimal, which is the method for determining mixed-layer clay 

compositions involving smectite (Moore and Reynolds 1997; Reynolds 1980).  It is also possible 

that the diffraction peak identified as the mixed-layer clay could represent a mixture of discrete 

illite and a mixed-layer illite-smectite clay that has up to 30% smectite (Heller-Kallai and Kalman 

1972).  However, the mixture in sum would still have <10% smectite.  Because LPNORM 

calculations using a mixture of discrete illite and an illite-smectite mixed-layer would be quite 
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difficult to set up, the mineralogy calculations were done assuming a single mixed-layer illite-

smectite that must have <10% smectite, which is a reasonable assumption, given the Woodford 

Shale‟s age and burial depth. 

 The LPNORM calculations were done by assuming ideal formulas for illite and smectite 

and constraining the smectite content to be less than 1/9
th
 of the illite content (or <10% of the 

total of illite plus smectite).  Then the calculated amounts of illite and smectite were added 

together to represent the percentage of the mixed-layer clay.  The percentage of smectite alone 

was used to represent the percentage of the mixed-layer clay that is expandable.  Some samples 

contain pure illite clay; in other words, they do not have any of the expandable component 

smectite, according to the LPNORM calculations.  Illite/smectite content in the samples ranges 

from 2-40 wt% and averages 17 wt%.  Higher concentrations of illite/smectite occur in the lower 

half of the core, 12,970-13,039 ft (3,953.3-3,974.3 m).  The content of the expandable component 

of the mixed-layer in the samples ranges from 0-4 wt% and averages 2 wt% and is most abundant 

where the illite/smectite mixed-layer clay is most abundant because of the constraint used to 

represent the mixed-layer clay composition in LPNORM. 

The upper Woodford Shale is characterized by high quartz (avg. 73%), low illite/smectite 

(avg. 8% illite), low pyrite (avg. 2%), low dolomite (avg. 5%), low orthoclase (avg. 0%) and high 

apatite (avg. 6%) content.  The middle Woodford Shale is characterized moderate quartz (avg. 

66%), moderate illite/smectite (avg. 15% illite), high pyrite (avg. 5%), low dolomite (avg. 4%), 

and moderate orthoclase (avg. 1%).  The lower Woodford Shale is characterized by low quartz 

(avg. 50%), high illite/smectite (avg. 22%), moderate pyrite (avg. 4%), high dolomite, 

particularly in the lower 100 ft (30.5 m) (avg. 12%), and high orthoclase (avg. 2%). 

Some systematic changes can also be seen in the mineralogy at a sequence scale, best 

exemplified by Sequence 7 (Figure 5.21).  Quartz content decreases through the LST and 

subsequently increases through the TST and HST.  Illite/smectite and the two feldspars generally 

have the same behavior in the systems tracts.  They increase in the LST, decrease in the TST and 

early part of the HST, and then increase through the remainder of the HST.  The carbonate 

minerals are more abundant in the early LST and the HST.  Pyrite is most abundant in the TST.  

Most of the apatite occurs in the HST (though none is present in sequence 7), with minor 

occurrences in the LST, and is absent in the TST.  These systematic changes can generally be 

applied throughout the core, with minor exceptions. 

 The clusters (discussed above in section 5.3.2.) can also be defined mineralogically.  A 

representative mineralogy for each of the 10 clusters is shown in Figure 5.22.  Clusters 1-3, which 

are confined to the upper Woodford Shale, are distinguished from other clusters by their apatite 
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content.  These three clusters are distinguished from each other easily.  Cluster 1 has the greatest 

amount of apatite and dolomite/calcite, and least amount of clay minerals.  Cluster 2 has the most 

clays and pyrite, and the least quartz and carbonate.  Cluster 3 has the most quartz and magnesite, 

and the least amount of apatite in this group.  Clusters 4-5, which are mostly confined to the 

middle Woodford Shale, are distinguished from the remaining clusters by their moderate quartz 

(60-70%) and clay content (10-15%).  Between the two, cluster 4 has the greater quartz and 

dolomite, and lesser clay content.  Cluster 6 has a few samples scattered between the middle and 

lower units, and is very distinct from the other clusters by its very high quartz content (>85%).  

Cluster 7 has only one sample that contains a large pyrite nodule.  Therefore, its mineralogy is 

distinguished by having approximately 40% pyrite.  Clusters 8, 9 and 10, which are mostly 

confined to the lower unit, are distinguished by their low quartz content (<60%).  Distinction 

between each of these three clusters can be readily made.  Cluster 8 has the most feldspars and 

clay content, and very little to no carbonate.  Cluster 9 has the most quartz and a moderate 

amount of both dolomite and clays.  Cluster 10 has the most dolomite and the least quartz and 

clay content.  Figure 5.23 and Figure 5.24 show a number of these mineralogical features that can 

be seen in thin sections, including the biogenic quartz. 

 

 

Figure 5.21.  Systematic changes in mineralogy in the best representative sequence. 
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Figure 5.22.  The mineralogy of each cluster defined in the cluster analysis is distinct. 
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Figure 5.23.  Photomicrographs of mineralogic features.  Numbers in the upper right-hand corner 

indicate the cluster number of that sample from which the picture was taken.  Photo A (plane-

light) highlights the authigenic apatite laths that are clumped in radial bundles.  Photo B (plane-

light) shows a similar radial and lath-like structure but these crystals are much larger and it is not 

clear if they are apatite.  Photo C (cross-polars) contains a number of small circular biogenic 

features that are all filled with quartz.  Photo D (cross-polars) is another view of the nodule from 

Photo A that shows chalcedony and dolomite are also present.  Photo E (plane-light) shows a 

portion of a fracture that is filled with quartz (at the edges), then dolomite (pale orange), calcite 

(red-from stain) and some porosity (blue stain).  Photo F (cross-polars) contains two fractures; 

one to the left filled with dolomite only and one to the right that is lined with quartz crystals and 

ultimately filled with calcite.  Photo G (plane-light) shows the texture of a dolomite layer.  Photo 

H (cross-polars) shows dolomite rhombs that are more dispersed. 
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Figure 5.24.  Photomicrographs of mineralogic features.  Numbers in the upper right-hand corner 

indicate the cluster number of that sample from which the picture was taken.  Photo A (cross-

polars) contains a nicely-preserved radiolarian that is filled with quartz and surrounded by 

dolomite.  Photo B (plane-light) shows some small elongate spikes that may be sponge spicules 

(another source of biogenic quartz).  Photo C (plane-light) contains lots of pyrite including what 

looks like a large clump framboids.  Photo D (plane-light) shows deformation of layers 

underneath a large pyrite nodule.  The nodule has clearly warped the layers below it and created 

porosity (blue) by doing so.  Photo E (plane-light) illustrates layers of alternating composition 

between less clay- and organic matter-rich (light) and more clay- and organic matter-rich (dark).  

Photo F (plane light) shows a less distinctly laminated texture with some pyrite (black) and 

possibly detrital quartz (small white blebs). 
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CHAPTER 6 

DISCUSSION 

 

 The data collected during the course of this study provides information on: the 

paleogeography of the Tabosa Basin during Devonian time; the role of sills in influencing 

geochemical changes with changing sea-level; longer-term geochemical changes that result from 

higher-order sea-level changes; the approximate depth of the Frasnian-Famennian boundary in 

Woodford Shale successions; and source rocks and shale gas exploration. 

 

 

 

6.1  Paleogeography 

 Previous work on the paleogeography in the Tabosa Basin suggests that during Woodford 

Shale deposition in the Devonian the basin was at least partially restricted by the Diablo Platform 

to the southwest and the Concho Arch to the northeast but remained connected with the open 

ocean in the southeast corner of the basin (Figure 2.2; Comer 1991), although support for the 

presence of the Diablo Platform is tenuous.  Evidence from the sedimentalogic and stratigraphic 

analysis of the RTC1 core supports a semi-restricted basin. 

The two main types of carbonate lithofacies present in the RTC1 core, massive carbonate 

and laminated carbonate, are clear indicators of a nearby carbonate platform, which could act as a 

sill to the basin.  The massive carbonate lithofacies is interpreted to be debris flow deposits shed 

from a carbonate platform or possible reef (the source of the carbonate material) during lowstands 

(Hemmesch and Harris 2009).  The laminated carbonate lithofacies is interpreted to represent the 

distal portions of turbidity flows from shedding of a carbonate reef or platform during highstands 

(Hemmesch and Harris 2009), when carbonate production was high (Sarg 1988).  Although these 

interpretations invoke a platform, they do not require that the platform lie in a position (south-

southwest) that restricts water circulation in the basin (Figure 6.1; whether the platform is located 

or oriented as shown in Figure 6.1A or 6.1B is speculative).  A location near the Pedernal Massif 

in the northwest (Figure 6.1A) would greatly restrict basin-ward deposition of siliciclastic 

material originating from the Pedernal Massif (the nearest emergent land and part of the Trans-

Continental Arch; Comer 1991), especially during transgressions.  The Woodford Shale core in 

this area has abundant siliciclastic material (clays and feldspars) throughout, which suggests the 

carbonate platform does not lie to the northwest.  However, it is possible the siliciclastics  
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Figure 6.1.  Paleogeographic map illustrating two possible locations for a carbonate platform.  

Map B is the more likely option because of its proximal nature to the RTC1 well (modified from 

Comer 1991). 
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enter the basin during lowstands, when they could break through the reef, and are subsequently 

moved and reworked during transgressions and highstands.  A northwesterly location would also 

require that the carbonate debris flows and turbidites were transported significant distances, in 

order for distal portions to be found in the RTC1 core.  Additionally, carbonate reefs or platforms 

tend to form at shelf margins (Sarg 1988), which would place the platform in this case in the 

south-southwest (Figure 6.1B). 

The Concho Arch could also have played a significant role in restricting circulation, if 

ocean circulation patterns paralleled the Trans-Continental Arch as suggested by Perkins et al. 

(2008).  It is possible that the Concho Arch was a feature with enough positive relief to disrupt 

circulation into the basin during lowstands, and also low enough that during subsequent 

transgressions and highstands, circulation was renewed (Figure 6.2). 

 Other well-known examples of ancient and modern silled-basins that have black shale 

deposits include the Cretaceous Western Interior Seaway (Slingerland et al. 1996), the Jurassic 

Central European epicontinental basin (Rohl and Schmid-Rohl 2005) and the Black Sea (Arthur 

and Sageman 2005).  These provide excellent examples to compare the effects of sills on changes 

in sediment geochemistry at different stands of sea-level. 

 

 

 

6.2.  Silled-basins, Organic Carbon Deposition & Geochemistry 

 Sills can have a great influence on the chemistry of the water column that lies within the 

semi-restricted basin.  This influence varies between high and low sea-level stands.  At lower sea-

level, there is a short water column at the crest of the sill (or possibly none if sea-level drops 

enough to sub-aerially expose the sill).  With a short water column, the sill is an effective barrier 

at restricting circulation with the open ocean.  On the other hand, at higher sea-level, the sill has a 

tall water column above it, and the sill may no longer form a barrier to open ocean circulation, at 

least to shallow or mid-depth currents. 

 Water column chemistry plays a key role in controlling whether organic carbon 

deposition is possible.  Of the three main controls (preservation, production and dilution), water 

column chemistry accounts for two (preservation and production). 

 The sill plays an important role in affecting each of the three controls on organic carbon 

deposition and therefore the geochemistry of the shale.  Each control will be discussed in terms of 

how it is affected by sill height and the geochemistry of the shale at each of the three systems 

tracts. 
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Figure 6.2.  Paleogeographic maps illustrating how the positive Concho Arch feature may have 

influenced differences in circulation into and through the basin as a function of sea-level change 

(based on circulation map of Perkins et al. 2008; paleogeography modified from Comer 1991). 
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6.2.1.  Preservation and Deposition of Redox-Sensitive Trace Metals 

 Preservation depends on the redox conditions of the water column and, if reducing 

conditions exist, the extent of the water column that is reducing and therefore conducive to 

organic matter preservation.  During lowstands in a semi-restricted basin (Figure 6.3 A), the 

platform restricts circulation with the open ocean and encourages reducing conditions to develop 

by restricting renewed oxygen supply.  For example, Slingerland et al. (1996) suggested that a 

shallow sill separating the Tethys Ocean from the Cretaceous Western Interior Seaway led to a 

poorly ventilated waterbody in the Seaway.  Water column mixing within a silled-basin during 

lowstands is likely restricted to shallow wave- and wind-induced mixing that cannot increase 

oxygen supply at great depths.  `Rohl and Schmid-Rohl (2005) suggested that shallow wave- and 

wind-induced mixing allowed conditions to remain reducing in the deep depocenters of the 

Central European epicontinental basin leading to deposition of organic-rich sediments.  In the 

Black Sea example, anoxia develops due to a combination of high productivity and density 

stratification, which limits down-mixing of oxygenated surface waters.  The density stratification 

results from a high input of freshwater from continental runoff, while the input of saline ocean 

water over the sill is minimal, creating a freshwater lid (Arthur and Sageman 2005). 

 Lowstands not only restrict the flux of oxygen to the water column, but also restrict the 

supply of trace metals to the „sub-basin‟ by limiting rejuvenation from the open ocean.  This is 

significant because some trace metals are used as proxies for redox conditions.  In a silled basin, 

the interpretation of these redox-sensitive trace metals (for example Mo and V) is more 

complicated than is the case for the open ocean; their deposition not only relies on redox 

conditions, but also on the rate of resupply (Algeo et al. 2007; Algeo and Lyons 2006; Algeo 

2004; Lyons et al. 2003).  On the other hand, the deposition of organic carbon may depend 

primarily on redox conditions, though this deposition is also a function of productivity (which 

can, in turn, influence the redox conditions).  Thus, the geochemical signature of a lowstand in a 

silled-basin is an initial increase in trace metal concentration in the sediments that are deposited 

when the conditions become reducing, followed by a steady decline as the concentration of trace 

metals in the water column decreases, without replenishment from the open ocean (Algeo et al. 

2007; Algeo and Lyons 2006; Algeo 2004).  An increase in reducing conditions leads to less 

degradation of organic matter settling through the water column, which may lead to an increase in 

the organic matter that gets deposited during the course of the lowstand, depending on dilution 

and productivity levels.  Organic matter that degrades in the water column releases P that is then 

available to be recycled back to surface waters to create a positive feedback for productivity 

(Algeo and Ingall 2007; Mort et al. 2007; Tribovillard et al. 2006; Arthur and Sageman 2005). 
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Figure 6.3.  Schematic diagrams illustrating how redox conditions, productivity and detrital flux 

are influenced by sea-level change in a semi-restricted basin. 

 

 During early stages of transgressions in a silled-basin (Figure 6.3 B), the sill continues to 

restrict circulation and replenishment of trace metals, but this restriction becomes less effective as 

sea-level rises and creates a greater connection to the open ocean.  However, as suggested by the 

silled-basin “transgressive chemcocline” model, put forth by Rohl and Schmid-Rohl (2005), if the 

rate of sea-level rise was slow, then stagnation may continue throughout the transgression, 

reducing conditions continue to flourish within the silled-basin, and no renewed supply of trace 

metals are available.  The rate of sea-level rise is important because if it rises quickly, the sill 

becomes less effective earlier on in the transgression.  However, if sea-level rises slowly, the sill 

does not lose effectiveness until later in the transgression.  The geochemical signature of a slow 

transgression is a continued decrease in redox-sensitive trace metals, because sequestration of 
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these elements exceeds the supply (Algeo et al. 2007; Algeo and Lyons 2006; Algeo 2004).  

Organic carbon undergoes less degradation when settling through a still increasingly reducing 

water column, while phosphorus continues to be recycled to surface waters and increases 

productivity.  The geochemical signature of a rapid transgression is an increase in redox-sensitive 

trace metals, due to more rapid resupply of these elements from the open ocean.  Organic carbon 

deposition decreases from increased oxygenation of the water column, which causes greater 

degradation during settling. 

 During highstands in a silled-basin (Figure 6.3 C), the influence of the sill is minimal.  

Renewed circulation with the open ocean for the majority of the highstand provides a renewed 

supply of oxygen, which lowers the position of the chemocline in the water column.  However, it 

is still possible that the deepest waters remain reducing, or the chemocline occurs at or below the 

sediment-water interface (SWI).  The supply of trace metals also increases as a result of 

circulation across the sill (Algeo et al. 2007; Algeo and Lyons 2006; Algeo 2004).  In the late 

highstand, when sea-level passes from rising to falling, the sill once again begins to restrict water 

circulation and oxygen and trace metal supply.  The geochemical signature of an early highstand 

has a significant decrease in organic carbon deposition because resupply of oxygen causes the 

chemocline to lower, allowing greater degradation of the organic matter as it settles.  The late 

highstand, on the other hand, has an increase in organic carbon deposition because the lowering 

of sea-level begins to restrict oxygen supply causing the chemocline to rise and organic carbon 

degradation to decrease.  Trace metals may increase or decrease depending on if the bottom-

waters are reducing or not. 

 

 

 

6.2.2.  Organic Productivity and Nutrient Delivery 

 Production levels depend primarily on the supply of nutrients, which can be delivered via 

exchange with the open ocean (when the sill is deep and not an impediment), nutrient recycling 

(phosphate recycling), and fluvial runoff.  The principal sources of nutrients can be completely 

different for different settings and basins.  Arthur and Sageman (2005) suggest nutrient recycling 

during transgressions was the dominant delivery system for the Devonian Appalachian Basin.  

Slingerland et al. (1996) suggest the most important delivery system for the Cretaceous Western 

Interior Seaway was the flux of nutrient-rich bottom water across the sill during highstands.  For 

the Black Sea, Arthur and Sageman (2005) suggest fluvial runoff is the most important nutrient 

delivery system, coupled with nutrient recycling from periodic upwelling. 
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 Proxies for productivity, such as those used in this study (TOC/P, TOM/SH and biogenic 

quartz), can be difficult to interpret due to effects both from dilution and redox conditions.  

During lowstands (Figure 6.3 A), decreasing exchange (due to a shallow sill) limits nutrient 

replenishment from the open ocean and hinders productivity.  However, phosphate recycling 

(from increasing reducing conditions, see above) and fluvial runoff are still possible sources of 

nutrients during lowstands in a silled-basin.  Consequently, lowstand productivity may be either 

enhanced or hindered, depending on which of these mechanisms provides the principal supply of 

nutrients.  The Black Sea example suggests high supply of nutrients from runoff can enhance 

productivity, when supply is limited from the open ocean (Arthur and Sageman 2005). 

 During slow transgressions (Figure 6.3 B), the supply of nutrients from exchange with 

the open ocean remains limited.  This leaves fluvial runoff and/or nutrient recycling to be the 

dominant delivery mechanisms.  Nutrient recycling likely occurs given the maintained reducing 

conditions (see discussion above).  In the Devonian Appalachian Basin, nutrient recycling is 

interpreted to have been the dominant delivery mechanism (Arthur and Sageman 2005).  During 

rapid transgressions, the supply of nutrients likely comes from increased exchange with the open 

ocean as the sill becomes a less effective barrier.  Nutrient recycling is less likely because the 

water column likely becomes increasingly oxidizing from increased oxygen supply as the sill 

becomes a less effective barrier. 

 During highstands (Figure 6.3 C), circulation from the open ocean water renews both the 

supply of nutrients and oxygen.  Phosphate recycling decreases due to the increase in 

oxygenation, thereby promoting authigenic apatite deposition.  Nutrients may continue to be 

supplied by fluvial runoff throughout the highstand.  Unless enough nutrients were supplied for 

production to offset the resultant increase in water-column oxygenation, less organic matter will 

get preserved in the sediment.  This may lead to difficulties in interpreting proxies for 

productivity. 

 

 

 

6.2.3.  Dilution 

 Dilution is a function of sedimentation rate (clastic and carbonate), which is, in turn, 

influenced by the rate of continental erosion, production of carbonate material and proximity to a 

carbonate source.  Location within a basin also plays an important role in determining 

sedimentation rate, as sedimentation rate decreases with distance from the source of the sediment.  

Clearly, sea-level changes can also affect sedimentation rate, drawing the source of sediment 

basin-ward or landward with each regression or transgression (respectively). 
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 Sills are likely only to affect sedimentation rates during lowstands and highstands, when 

they are shallow and less stable.  However, a sill‟s effect on sedimentation rate depends on the 

rock types comprising the sill and also the distance from the sill.  In this case, both the Concho 

Arch and the Diablo Platform are inferred to have acted as sills (along with the possible carbonate 

platform extending south-east from the Diablo Platform). These sills lose stability during 

lowstands, resulting in debris flow deposition.  During highstands carbonate production is high, 

causing carbonate shedding and turbidity flows (Sarg 1988). 

 During lowstands (Figure 6.3 A), the shoreline shifts basinward.  This shift brings more 

detrital sediments basinward (Emery and Myers 1996), thereby increasing the detrital 

sedimentation rate.  Dilution from sill sediments being deposited in the basin is also high during 

lowstands.  During transgressions (Figure 6.3 B), shoreline moves landward.  This shift traps 

detrital sediment in the near-shore environment of the basin margins (Emery and Myers 1996), 

thereby decreasing detrital sedimentation rate in the deeper parts of the basin.  Sill sediment 

dilution is at a minimum during transgressions.  During highstands (Figure 6.3 C), shoreline 

initially continues to move landward, although at a slower rate than in transgressions, and to trap 

detrital sediment at the basin margins (Emery and Myers 1996).  The second half of the highstand 

is marked by falling sea-level when the shoreline begins moving basinward again and bringing 

with it increased detrital sediment into the basin (Emery and Myers 1996).  Dilution from sill 

sediments is high throughout highstands. 

 

 

 

6.3.  Geochemical Signatures of Stratigraphic Sequences in a Silled-Basin 

 The results presented in Chapter 5 have shown that the geochemistry of the Woodford 

Shale varies systematically in conjunction with changes in sea-level, indicated by systems tracts 

and sequences.  A summary of the geochemical signatures through one cycle of sea-level change 

(one sequence) and each systems tract is shown in Figure 6.4. 

 

 

 

6.3.1.  Redox Proxies 

 Based on previous studies, Mo/Al, V/Al and TOC/P can be used to interpret redox 

conditions, where high values in all three ratios indicate more reducing conditions (Algeo and 

Ingall 2007; Mort et al. 2007; Tribovillard et al. 2005; Algeo et al. 2004; Rimmer 2004; Lyons et 

al. 2003; Joachimski et al. 2001).  Although these ratios are good indicators of changes in redox 

conditions, it is difficult to identify specific thresholds for these ratios that delineate the redox 
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zones, due to different provenance and different water chemistry between basins and through time 

(Riquier et al. 2005; Rimmer 2004; Lyons et al. 2003;).  Therefore, this study focuses on relative 

changes in redox conditions.  However, it should be emphasized that the Mo/Al and V/Al ratios 

are dominantly higher than average black shale values (Figure 5.18; Rimmer 2004; Vine and 

Tourtelot 1970).  Previous studies have shown that all three of these ratios tend to have high 

values in more reducing conditions (Algeo and Ingall 2007; Mort et al. 2007; Tribovillard et al. 

2005; Algeo et al. 2004; Rimmer 2004; Lyons et al. 2003; Joachimski et al. 2001).  The Mo/Al 

ratio is even more enriched in euxinic conditions, where the presence of S helps to bind Mo in the 

sediment (Algeo and Lyons 2006; Tribovillard et al. 2006; Tribovillard et al. 2005; Algeo and 

Maynard 2004; Rimmer 2004; Lyons et al. 2003).  However, in the case presented here the trends 

in Mo/Al, and V/Al are exactly opposite of the TOC/P proxy, exemplifying why previous studies 

have recommended not relying on a single redox proxy (Tribovillard et al. 2006; Algeo and 

Maynard 2004; Rimmer 2004; Lyons et al. 2003), but rather using multiple proxies to better 

understand changes in redox conditions. 

 

 

Figure 6.4.  Graphic summary of the geochemical signatures of one full sequence.  The signatures 

are generalized to represent increasing and decreasing trends, except the far right column.  This 

column is even more generalized for these three minerals, to show the relative abundance of the 

three minerals in each systems tract. 
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 The discrepancy between these redox proxies can be explained if the core lies in a silled-

basin.  In the LSTs, Mo/Al and V/Al ratios initially increase as conditions become reducing, but 

then steadily decline as the supply of Mo and V decreases (Figure 6.4 and 5.19), without 

replenishment from water circulation (Algeo et al. 2007; Algeo and Lyons 2006; Algeo 2004).  

Organic carbon deposition increases with increasing reducing conditions in the water column.  

Phosphorus is released from the organic matter that does get degraded.  It gets recycled and does 

not get deposited as authigenic phases in the sediment (Algeo and Ingall 2007; Mort et al. 2007; 

Tribovillard et al. 2006).  This leads to the generally increasing TOC/P ratio (Figure 6.4 and 5.19) 

seen in the LSTs in the RTC1 core. 

 In the TSTs, Mo/Al and V/Al ratios in the sediment continue to decrease (Figure 6.4 and 

5.19) because sequestration of these elements exceeds supply (Algeo et al. 2007; Algeo and 

Lyons 2006; Algeo 2004).  In the upper part of TSTs, near the MFS, the Mo/Al and V/Al ratios 

reach a minimum and begin to increase, indicating that conditions remained reducing in the 

bottom-waters but Mo and V flux to the basin increased (the result of the beginning of renewed 

circulation and cessation of stagnant conditions within the silled-basin).  The TOC/P ratio, 

continuing in an opposite trend from Mo/Al and V/Al, increases in the TSTs and peaks at or near 

the MFS and begins to decrease (Figure 6.4 and 5.19).  Increasing organic carbon deposition 

supports the idea of continued reducing conditions and suggests increasingly more reducing 

conditions (Joachimski et al. 2001).  P continues to get recycled to surface waters and increases 

productivity.  The decrease in organic carbon deposition at the top of the TSTs (Figure 6.4 and 

5.19) supports a change in redox towards more oxic conditions, which could result from renewed 

circulation in a silled-basin setting.  However, Mo/Al and V/Al ratios suggest bottom waters are 

still dominantly reducing.  Therefore, the decrease in organic carbon is likely related to a decrease 

in the height of the reducing water column.  If the thickness of the oxygenated water column 

increases, then the organic matter settling through the water column has more exposure to oxygen 

and opportunity for degradation, resulting in less organic carbon preserved in the sediment. 

 In the HSTs, there is an increase in the Mo/Al and V/Al ratios (Figure 6.4 and 5.19), 

suggesting a renewed supply of Mo and V from enhanced circulation above the sill.  The trend in 

these ratios also suggests the bottom-waters remained reducing during highstands.  At the top of 

the HSTs, or bottom of the LSTs, the Mo/Al and V/Al peak and begin to decrease (Figure 6.4 and 

5.19), signaling a change in circulation over the sill as sea-level drops.  A decrease in TOC/P 

(Figure 6.4 and 5.19) also suggests there was circulation of more oxygenated waters across the 

sill during highstands.  The TOC/P ratio decreases indicating less organic matter is getting 

preserved in the sediment and suggesting that the portion of water column that is oxygenated has 
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continued to increase.  Also, higher proportions of authigenic P-bearing minerals (apatite) can be 

found in the HSTs.  Because the formation and deposition of authigenic apatite occur at the 

chemocline in unconsolidated sediment (Algeo and Ingall 2007; Tribovillard et al. 2006), its high 

abundance suggests that the chemocline was at or near the sediment-water interface (SWI) for at 

least some portion of time during highstands.  Although this may seem at odds with the Mo/Al 

and V/Al ratios suggesting reducing conditions in the bottom-waters, it is possible that the 

chemocline is at the SWI and the pore-waters in the sediment below are reducing causing the 

increase in Mo and V deposition (Algeo and Maynard 2004; Rimmer 2004; Lyons et al. 2003).  

Meyers et al. (2005) suggests Mo enrichment occurs predominantly at or below the SWI, even 

when the overlying water column is euxinic. 

 

 

 

6.3.2.  Mo-TOC Relationship 

 Additional support for a silled-basin comes from the relationship between Mo and TOC.  

As noted in the results, Mo and TOC have a positive correlation with an R
2
 of 0.5642 (Figure 

5.15).  Algeo et al. (2007) showed that the slope of the linear trend through a TOC (wt%) vs. Mo 

(ppm) crossplot can be related to the degree of restriction between a marine basin and the open 

ocean.  Low slopes (<10) indicate a great degree of restriction, while higher slopes (>25) indicate 

open exchange with the ocean (Algeo et al. 2007).  This relationship is a function of the rate of 

resupply of Mo to the water column (Algeo et al. 2007).  In highly restricted environments, the 

Mo resupply rate is very low, resulting in a low ratio (<10x10
-4

) of Mo:TOC (Algeo et al. 2007).  

In non-restricted environments, there is no restriction to the rate of resupply, resulting in a high 

(>25x10
-4

)Mo:TOC ratio (Algeo et al. 2007).  The slope of the trend for all the RTC1 data is 15.9 

(Figure 5.16), suggesting there is a moderate degree of restriction between the basin in which the 

RTC1 core was deposited and the open ocean throughout deposition. 

 Each systems tract exhibits a different relationship between TOC and Mo (Figure 5.17), 

suggesting that their compositions were a consequence of varying restriction during sea-level 

cycles.  For the TOC vs. Mo plots, the samples of the LSTs were split into two groups: Early LST 

(samples taken from the lower half of the LST, most within the lowermost 2 feet (0.6 m) of the 

LST), and Late LST (samples taken from the upper half of the LST).  These two categories have 

drastically different slopes in their crossplots (Figure 5.17), 21.7 for the Early LST and 14.7 for 

the Late LST.  Slopes for the TST and HST crossplots are 12.2 and 16.5, respectively (Figure 

5.17).  Systematic changes in the Mo:TOC ratio through the systems tracts mimic the changes 

seen in slope values: peak in the early LST, followed by decreasing values in the late LST and 
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TST, and increasing in the HST.  The slopes and Mo:TOC ratio suggest: (1) during early 

lowstands, the Mo supply of the water column had not yet been depleted, though the basin was 

restricted; (2) during the course of the lowstand, the supply was increasingly diminished, with, at 

most, limited resupply due to circulation restriction; (3) during transgressions there is a continued 

increase in circulation restriction (in agreement with the “transgressive chemocline” model of 

Rohl and Schmid-Rohl (2005)); and (4) during highstands circulation restriction decreased.  

Relative to lowstands and transgressions, the highstands were likely considerably more 

oxygenated and more Mo supply may have been available.  However, because conditions were 

less reducing, smaller amounts of organic matter got deposited.  This allowed supply of Mo to 

exceed sequestration and lead to a build up of Mo in the water column.  As indicated by the high 

slope of the Early LST and peak in Mo:TOC ratio, the supply of Mo remained high in early 

lowstands.  Then, as Mo was deposited through the early lowstands, the supply of Mo was 

gradually depleted without replenishment because circulation had been restricted by the shallow 

sill. 

 

 

 

6.3.3.  Productivity Proxies 

 The most frequently used productivity proxies are P and Ba (Tribovillard 2006; Bohacs et 

al. 2005).  However, when Ba is used as a proxy, it is typically bound in barite (BaSO4), as 

opposed to norsethite (BaMg(CO3)2).  The depositional mechanisms for these two minerals 

require different water chemistry (Böttcher 2000; Morrow and Ricketts 1988; Morrow and 

Ricketts 1986; Hood et al. 1974), and one cannot assume that Ba in norsethite is a productivity 

proxy equivalent to Ba in barite because aspects other than productivity of water chemistry may 

have a greater control on norsethite deposition.  Norsethite is the only known Ba-bearing mineral 

in the RTC1 samples.  Therefore, Ba is not relied upon for indicating productivity levels.  TOC 

may depend on productivity but cannot be used alone as a proxy due to the other variables that 

can affect its deposition.  However, the TOC/P ratio is thought to be a more useful indicator of 

productivity (Algeo and Ingall 2007; Mort et al. 2007).  Many workers have associated higher P 

values with increased productivity (Algeo et al. 2004).  However, it is important to distinguish 

what phase(s) the P is found in.  RTC1 samples contain P in authigenic apatite (Figure 5.10).  

Previous workers (Algeo and Ingall 2007; Mort et al. 2007; Tribovillard et al. 2006) have shown 

that when the redox boundary is at or below the sediment water interface, P is bound in the 

sediment by the formation of authigenic apatite; thus higher amounts of P bound in authigenic 

apatite are associated with lower levels of productivity that leave the water column more 
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oxygenated.  In contrast, high levels of productivity cause the redox boundary to move into the 

water column, releasing P from organic matter in the water column and recycling it back to the 

surface waters; this results in little authigenic apatite in the sediment (Algeo and Ingall 2007).  

The TOC/P ratio will therefore be low when productivity is low and higher P is bound in the 

sediments, and it will be high when productivity is high and P is recycled within the water 

column. 

 Abundance of SiO2 and quartz can also prove useful as a productivity proxy where 

biosiliceous activity is dominant (Ross and Bustin 2006; Schieber et al. 2000).  The factor 

analysis suggests that SiO2 in the RTC1 core is derived mostly from biogenic quartz.  Thin 

sections photos confirm that much of the quartz is biogenic in origin (Figure 5.23 C, Figure 5.24 

A & B). 

 Within this dataset, changes in the organic matter ratio (TOM/SH) may also indicate 

changes in marine productivity, in addition to indicating changes in detrital sedimentation.  

Higher productivity may lead to a greater amount of marine organic matter preserved, which can, 

in turn, lead to a greater amount of solid hydrocarbons (assuming sufficient maturity).  This 

would lower the TOM/SH ratio.  These proxies –TOC/P, biogenic quartz, and TOM/SH – do not 

always suggest the same changes in productivity, likely due to the fact that redox and 

sedimentation can also affect their behavior. 

 In the LSTs, quartz decreases and TOM/SH and TOC/P increases (Figure 6.4, 5.8, 5.19, 

and 5.21).  The TOM/SH ratio likely increases due to an increase in detrital sedimentation rate 

and TOM flux.  The TOC/P trend suggests productivity increased during lowstands.  Increased 

nutrient supply likely came from enhanced nutrient recycling in a more reducing water column. 

 In the TSTs, the three proxies all increase (Figure 6.4, 5.8, 5.19 and 5.21).  The increases 

in TOC/P ratio and quartz content suggest productivity increased during transgressions.  The 

increased productivity and reduced oxygen levels provided a water column conducive to nutrient 

recycling, which created a positive feedback mechanism for productivity.  Nutrient recycling was 

likely the dominant supply of nutrients during transgressions. 

 During highstands, the data suggest that productivity was either fairly stable or decreased, 

in spite of the fact that circulation could have provided more nutrients.  The TOM/SH ratio and 

quartz content increase, while the TOC/P ratio peaks in the middle of the HSTs then decreases 

(Figure 6.4, 5.8, 5.19, and 5.21).  The decrease in TOC/P could have been due to decreased 

productivity or if productivity was stable and the supply of oxygen was greater than the demand, 

then more of the water column became oxidizing, leaving less organic matter preserved in the 

sediment.  The decrease could also have been due to less efficient recycling of phosphate, 
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allowing more phosphate to have accumulated in the sediment.  The increase in TOM/SH ratio 

could have been due to decreased productivity or to increased flux of TOM towards the end of the 

highstands, when sea-level began to drop and the detrital sedimentation rate increased.  

Increasing quartz content in the HSTs (Figure 5.21) seems to contradict the prospect of 

productivity stability or decrease.  However, in the highstands, the data shows that SiO2 had the 

same behavior as Al2O3 (Figure 5.12).  This suggests that quartz in the highstands was associated 

with detrital clays, indicating the quartz in the highstands was influenced more by detrital 

sedimentation than biologic productivity.  Some biogenic quartz may be present in the 

highstands, but the trend of increasing quartz is directly related to increased detrital sedimentation 

rate.  The HSTs also contain the most authigenic apatite, in comparison to the other system tracts, 

which supports a model of lowered levels of productivity and a more oxygenated water column. 

 

 

 

6.3.4.  Dilution Proxies 

 Proxies for detrital sedimentation rate available in this study are the abundance of clays 

and feldspars, and the TOM/SH ratio.  Previous workers often use Al or Ti as the main proxies 

for detrital sedimentation, precisely because they are dominantly found in detrital clays and 

feldspars (Meyers et al. 2005; Sageman and Lyons 2005; Tribovillard et al. 2005; Rimmer 2004).  

The factor analysis shows that Al and Ti load into Factor 1 with the same correlation coefficient 

(Figure 5.9), indicating these are equivalent proxies in this dataset.  This study will focus on Al as 

a proxy for detrital sedimentation.  Changes in the abundance of vitrinite and inertinite (TOM) are 

also directly related to detrital sedimentation (Taylor et al. 1998; Robison et al. 1996). 

 In the LSTs, clays, feldspars and the TOM/SH ratio increase (Figure 6.4, 5.8 and 5.21), 

indicating that detrital sedimentation rate increased.  In the TSTs, the feldspars and TOM/SH 

ratio decrease (Figure 6.4, 5.8 and 5.21).  The clays increase initially, but decrease for the 

majority of the TSTs (Figure 6.4 and 5.21).  The clay content may have initially increased when 

the rate of transgression was still relatively low at the beginning of transgressions and shoreline 

had not yet moved significantly landward.  All three of these proxies indicate detrital 

sedimentation rate decreased during transgressions. 

 In the first half of the HSTs, clays and feldspars decrease (Figure 6.4 and 5.21) while 

transgressions continue at a gradually slower rate and sedimentation rates remain low.  Then, in 

the top half of the HSTs, they increase (Figure 6.4 and 5.21) when sea-level begins to fall and 

sedimentation rate increases.  The TOM/SH ratio (Figure 6.4 and 5.8) increases in the HSTs.  The 

increase in the first half of HSTs is likely the result of decreased productivity and decreased 
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preservation.  In the second half of the HSTs, increased detrital sedimentation increased the flux 

of TOM, thereby increasing the TOM/SH ratio. 

 

 

 

6.4.  Frasnian-Famennian Boundary 

 Deposition of the Woodford Shale is generally designated as Late Devonian, based on 

conodonts identified by Ellison (1950).  The Late Devonian spans the Frasnian and Famennian 

stages, which on a eustatic sea-level curve spans the IIb through IIf T-R cycles (Figure 6.5; Algeo 

et al. 2007; Savoy and Mountjoy 1995; Johnson et al. 1985).  The boundary between these stages 

(F-F) represents one of the major mass extinction events recorded in geologic history (Turgeon et 

al. 2007; Pujol et al. 2006; Averbuch et al. 2005; Riquier et al. 2005; Over 2002; Racki et al. 

2002; Joachimski et al. 2001; Bratton et al. 1999).  The Woodford Shale, then, should record this 

event.  A number of workers have made efforts to characterize diagnostic geochemical changes 

across the F-F boundary, especially using trace metals and TOC (Pujol et al. 2006; Averbuch et 

al. 2005; Riquier et al. 2005; Racki et al. 2002; Bratton et al. 1999).  Many studies have noted the 

presence of “Kellwasser” horizons, which are black shale intervals easily identified among the 

coarser, lighter colored, often carbonate-rich surrounding lithologies, immediately below the F-F 

(Pujol et al. 2006; Averbuch et al. 2005; Riquier et al. 2005; Over 2002; Racki et al. 2002; 

Joachimski et al. 2001).  Identification of these horizons becomes difficult, at best, in cases where 

the whole Frasnian-Famennian section is black shale.  In these cases, trace metals and TOC can 

provide a means of identifying the F-F boundary, if biostratigraphy and geochronology are not 

available. 

 Several workers have noted that, leading up to the F-F, a eustatic sea-level rise caused a 

decrease in detrital sedimentation, and an increase in anoxia or an increase in productivity 

(Turgeon et al. 2007; Pujol et al. 2006; Riquier et al. 2005; Over 2002; Racki et al. 2002; 

Joachimski et al. 2001; Bratton et al. 1999).  During this eustatic sea-level rise, the Kellwasser 

horizons were deposited and are therefore typically characterized by high TOC and enriched 

redox-sensitive trace metals (Pujol et al. 2006; Averbuch et al. 2005; Riquier et al. 2005; Racki et 

al. 2002; Bratton et al. 1999).  On the eustatic sea-level curve, the F-F boundary itself represents a 

large, though short-lived, sea-level fall (Figure 6.5; Algeo et al. 2007; Savoy and Mountjoy 1995; 

Johnson et al. 1985).  This boundary, then, is characterized by increased detrital sedimentation, 

and a decrease in anoxia or decrease in productivity, signified by low TOC and normal trace 

metal concentrations (Pujol et al. 2006; Averbuch et al. 2005; Riquier et al. 2005; Racki et al. 

2002; Bratton et al. 1999).  Other important characteristics of the F-F boundary are an abrupt 
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appearance and abundance of phosphate nodules as well as an increase in the abundance of 

terrigenous organic matter (Pujol et al. 2006; Averbuch et al. 2005; Racki et al. 2002; Joachimski 

et al. 2001).  Based on these criteria, it is proposed that the F-F boundary in the RTC1 core 

coincides with the boundary between the upper and middle Woodford Shale units (Figure 5.1, 

5.11, 5.18, and 5.20).  The conflicting criterion in this interpretation is the terrigenous organic 

matter, which increases significantly about 15 ft (4.6 m) below the upper-middle Woodford Shale 

boundary.  Confirmation of the location of the F-F boundary via biostratigraphy, geochronology, 

or stable isotopes is recommended. 

 

 

Figure 6.5.  Eustatic sea-level curve for the Late Devonian, when the Woodford Shale was 

deposited.  The F-F boundary is marked by a significant sea-level fall (Modified from Algeo et al. 

2007). 

 

 

 

6.5.  Longer-Term Sea-Level Changes & Core-Length Geochemical Variation 

 Changes in sea-level represented by the sequences identified by N. Hemmesch and 

described above are likely third- or fourth-order cycles.  Cycles of these orders have durations of 
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0.01-0.5 million years (4
th
) and 0.5-3 million years (3

rd
) (Myers and Milton 1996).  Since no 

geochronology data is currently available on the RTC1 core, this is based on previous work 

(conodont biostratigraphy) that shows the Woodford Shale was deposited during the Late 

Devonian, Frasnian through Famennian (Meyer and Barrick 2000; Ellison 1950).  Most recent 

age dating of this time period (Kaufmann 2006) suggests deposition of the Woodford Shale lasted 

approximately 23 m.y.  With 10 sequences identified in the RTC1 core, the average duration of 

each sequence was approximately 2.3 m.y.  Each sequence, therefore, can be thought of as a 

third-order cycle.  These lower-order cycles are superimposed on higher-order (1
st
 and 2

nd
) cycles.  

First and Second-order cycles are >50 m.y. and 3-50 m.y. long in duration, respectively (Myers 

and Milton 1996).  Haq and Schutter (2008) recently published sea-level curves for the entire 

Paleozoic Era, which shows the Late Devonian as experiencing a higher-order (1
st
 or 2

nd
) 

continuous sea-level fall (Figure 2.4), immediately following a highstand at the Middle- to Late-

Devonian transition.  This interpretation agrees with the conclusions of Meyer and Barrick 

(2000), based on conodont biostratigraphy, that the Woodford Shale of the Permian Basin was 

deposited during a eustatic sea-level fall, a perhaps surprising conclusion, as many automatically 

associate black shale deposition with transgression. 

 The core-length geochemical variations, summarized in the “Results” section, show the 

influence of this long-term regression, with changes from higher-frequency cycles superimposed.  

These variations are discussed in terms of redox, production and dilution proxies. 

 The redox proxies (Mo/Al, V/Al, TOC/P) have the least-straightforward relationship with 

long-term regression.  The distributions of these three proxies can all be divided into three trends 

(see Results for a full description).  At the formation-scale, V/Al and TOC/P have opposing 

trends, reflecting that V and P co-vary, which is indicated by the mutual loading of V and P into 

Factor 3 of the factor analysis (Figure 5.9).  If the V is being deposited along with authigenic 

phosphate in oxygenating waters, then an increase in V/Al should be associated with a decrease in 

TOC/P and opposite trends in these two ratios indicate the same shift in redox conditions.  These 

two ratios show that redox conditions are changing from relatively oxidizing in the lower 

Woodford Shale and base of the middle Woodford Shale to relatively reducing in the middle 

Woodford Shale and then back to relatively oxidizing in the upper Woodford Shale (Figure 5.18).  

The initial transition from relatively oxidizing to relatively reducing conditions resulted from the 

lowering of sea-level, which restricted circulation and limited oxygen supply, while also possibly 

enhancing productivity from increased nutrient recycling.  The second transition back to 

relatively oxidizing conditions does not obviously fit with the regression.  Based on a model of 

continued sea-level fall, circulation continued to be restricted at this point, so a different 
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mechanism must be causing the increase in oxygenation.  This mechanism could be a change in 

productivity.  Although there is a continued supply of nutrients from phosphate recycling, 

productivity may have transitioned from being dominantly organic carbon-based to dominantly 

biosiliceous, possibly triggered by increased delivery of nutrients and silica from increased 

continental weathering, as suggested by Averbuch et al. (2005).  This transition would have 

changed the water column geochemistry by reducing the oxygen demand, and bringing back 

oxidizing conditions.  Other workers have noted an increase in continental weathering (Racki et 

al. 2002; Joachimski et al. 2001; Algeo et al. 1995) and biosiliceous productivity (Pujol et al. 

2006; Racki et al. 2002) during the Late Devonian in Europe. 

 Mo/Al ratio also indicates two main transitions in redox conditions (Figure 5.18), but is 

clearly influenced by other factors, such as the resupply of Mo, sediment supply, and Fe supply 

(Meyers et al. 2005).  The Mo/Al ratio is generally lower in the upper and lower Woodford Shale, 

where the conditions are suggested to have been more oxidizing.  There is a distinct Mo/Al peak 

in the lower part of the middle Woodford Shale, around 12,945-12,950 ft (Figure 5.18), that 

coincides with the first redox transition indicated by the other two ratios.  This Mo/Al peak, like 

the other ratios, suggests conditions changed from relatively oxidizing to relatively reducing, with 

abundant Mo available in the water column.  The change in water chemistry at this point can be 

attributed to the long-term sea-level fall, which restricts circulation and oxygen supply. 

 Above the Mo/Al peak (~12,945-12,950 ft), there is a gradually decreasing trend up to 

around 12,890 ft, followed by a stable interval with little change in the ratio up to around 12,850 

ft (Figure 5.18).  These two trends probably reflect steady drawdown of the Mo supply during 

relatively reducing conditions in a silled-basin, until a balance is reached between the Mo that is 

available through minimal resupply and the Mo that is being deposited.  From 12,850 to 12,820 

ft., there is a gradually increasing trend (Figure 5.18).  If conditions have remained reducing 

throughout the middle Woodford Shale, as suggested by TOC/P and V/Al, then this increase in 

Mo/Al may result from increased resupply of Mo and decreased circulation restriction.  Because 

the long-term sea-level changes suggest one continuous sea-level fall (Figure 2.4), the change in 

circulation restriction must be the result of something else.  The lithofacies in this interval of 

increasing Mo/Al (Figure 5.18) are dominantly deposited by turbidites and debris flows.  This 

suggests there may have been significant failure of the sill during this time.  If sill failure was 

significant enough to have reduced its effective height, this may have lead to the increase in Mo 

resupply. 

 From the Mo/Al peak at around 12,820 ft, the ratio decreases into and through the upper 

Woodford Shale.  The decrease was likely related to the transition back to relatively oxidizing 
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conditions, renewed stability of the sill (as indicated by lithofacies changes) and continued sea-

level fall, which restricted resupply of Mo.  Despite restriction, the conditions become relatively 

oxidizing again because of a transition to biosiliceous productivity (Averbuch et al. 2005). 

 The relationship between Mo and TOC also reflects long-term regressive conditions.  The 

slope of TOC vs. Mo for the lower, middle and upper Woodford Shale (Figure 5.17) decreases 

systematically upward, from 17.4 in the lower Woodford Shale to 14.7 in the middle Woodford 

Shale and to 11.6 in the lower Woodford Shale, indicating an increasing degree of circulation 

restriction during deposition of the formation.  The Mo:TOC ratio also has a generally decreasing 

upward trend (Figure 5.17).  This trend fits with regressive conditions in a silled-basin, as the 

lowering of sea-level will make the sill shallower and a greater barrier to circulation with the 

open ocean. 

 Productivity is closely tied in with redox conditions.  The changes in productivity proxies 

clearly show the influence of long-term regression.  Both the amount of biogenic quartz and the 

TOM/SH ratio continuously increase upward at the formation-scale (Figure 5.1, 5.11, and 5.20).  

Together these suggest that organic carbon-based productivity is declining (indicated by decrease 

in SH), while biosiliceous productivity is becoming increasingly more dominant.  Averbuch et al. 

(2005) suggested that widespread continental uplift (possibly the cause of the regression) during 

the Late Devonian likely lead to higher rates of continental weathering, which in turn delivered 

increased amounts of nutrients and silica to the ocean.  This increase could have prompted 

biosiliceous production to take precedence towards the end of the Frasnian and into the 

Famennian (Averbuch et al. 2005). 

 Dilution and sedimentation rate proxies also show long-term variation.  The clays and 

feldspars continuously decreased upward through the core (Figure 5.20), while the TOM/SH ratio 

increased upward (Figure 5.1).  The trend in clays and feldspars is opposite to what is expected 

during a regression, as the flux of siliciclastics would be expexted to increase as the source of 

detrital sediments shifted basinward.  However, increased flux of biogenic silica may have diluted 

the clay and feldspar contents, causing an apparent decrease in the flux of these minerals upward 

through the core.  The reality of such a decrease in flux is unknown, as age dating and 

sedimentation rate calculations have not yet been done on the RTC1 core.  Dilution by biogenic 

silica also would have effected organic carbon and Mo deposition.  No clear signal of dilution by 

biogenic silica is evident in the trends of TOC and Mo.  However, organic carbon and Mo 

deposition are affected by other factors, in addition to dilution, which may be obscuring any 

signal of the effects of dilution. 
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 The increase in the TOM/SH ratio near the top of the middle Woodford Shale was likely 

due to increased delivery of TOM to the basin during regression.  Also, decreased organic 

carbon-based productivity during this time may have caused the ratio to increase. 

 

 

 

6.6.  Implications for Source Rock and Shale Gas Research 

 This study shows that, within one black shale interval, chemical composition changes 

significantly and systematically; these changes are sufficient to have a substantial influence on 

source rock quality, on mechanical properties of the shale, and, therefore, on the potential for 

shale gas development.  The systematic nature of the compositional changes suggests the 

application of sequence stratigraphy to black shales may provide predictive power in assessing 

source rock quality and shale gas resource potential changes within the shale. 

 In the case of the Woodford Shale in the Permian Basin, integrated stratigraphy and 

geochemistry indicates the best source rock quality lies in the middle Woodford Shale, where 

TOC values are highest and an abundance of solid hydrocarbons confirms high generating 

potential of this area.  The upper Woodford Shale has lower source rock quality due to the very 

abundant TOM, which has less hydrocarbon-generating potential. 

With respect to shale gas resource potential, formations with the best source rock quality 

also have the best potential for generating gas, assuming a sufficient (gas-generating) thermal 

maturity is reached.  TOM can also generate gas, if sufficiently buried (Tissot and Welte 1984), 

meaning the upper Woodford Shale may also be important for shale gas resources in the deepest 

parts of the basin.  However, marine-derived kerogen (Types-I and II) generates larger volumes 

of gas per gram of organic carbon than terrigenous-derived, Type-III kerogen (Lewan and Henry, 

2001). 

Production from a shale gas resource is also influenced by the inorganic composition of 

the shale.  Because shales have low permeability, most shale gas resources must be fractured in 

order to produce.  Quartz and carbonate-dominated lithologies are more brittle and respond better 

to induced fracturing, while clay-dominated lithologies are more ductile and may also have clays 

that swell on contact with drilling fluids.  Because the Woodford Shale in the RTC1 well contains 

a small amount of mixed-layer clays throughout the core and because the mixed-layer is very 

illitic (<4% expandable component, smectite), this problem should not be significant.  In this 

Woodford Shale section, quartz-rich lithologies are most abundant in the upper Woodford Shale, 

and to a lesser extent in the middle Woodford Shale.  The upper Woodford Shale, however, has 

very abundant TOM at lower TOC‟s, making generation of significant amounts of gas less likely.  
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This means that probably the best shale gas resource lies in the top half of the middle Woodford 

Shale, where there is a significant abundance of quartz and high hydrocarbon generation 

potential, indicated by high amounts of solid hydrocarbons and a low TOM/SH ratio. 

 Integration of sequence stratigraphy and geochemistry and subsequent lateral correlations 

could prove to be a very helpful method to improve the understanding of the Woodford Shale on 

a basin-wide scale.  Additionally, application of integrated geochemistry and sequence 

stratigraphy on black shales in other basins and of different ages may help to gain a more detailed 

understanding of how sea-level controls geochemical composition within the shale. 
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CHAPTER 7 

CONCLUSIONS 

 

 Based on the geochemical analyses of the Woodford Shale presented here, the following 

may be concluded: 

 Indications from changes in trace metal geochemistry relative to sea-level changes, as 

well as from sedimentological features, suggest the Woodford Shale of the RTC1 core 

was deposited in a silled-basin.  The barrier may have been a carbonate platform, 

possibly located along the south-southwest margin of the Tabosa Basin and is possibly a 

south-easterly extension of the Diablo Platform. 

 The geochemical composition of the Woodford Shale changes systematically with sea-

level changes, reflecting the three controls (preservation, production and dilution) on 

organic carbon deposition.  This means that sequences and systems tracts have unique 

geochemical signatures. 

 The key geochemical components vary with respect to stratigraphic sequences: (1) 

Organic components: TOC/P increases through the LST and TST, and decreases in the 

HST; TOM/SH increases through all three systems tracts.  (2) Trace metal components:  

Mo/Al and V/Al decrease through the LST and TST, and increase in the HST.  (3) 

Mineral components: quartz decreases in the LST, and increases in the TST and HST; 

clays and feldspars increase in the LST and bottom of the TST, decrease through the rest 

of the TST and bottom of the HST, and increase through the rest of the HST; dolomite is 

abundant in the LST and HST, with small amounts in the TST; norsethite and apatite are 

moderately abundant in the LST, not present in the TST and are very abundant in the 

HST. 

 The three controls on organic carbon deposition change systematically with respect to 

stratigraphic sequences, as inferred from the geochemical variables: (1) Preservation: 

more reducing conditions existed during lowstands and transgressions from restricted 

circulation; and more oxidizing conditions existed during highstands when circulation 

was not restricted.  (2) Production: productivity increased during lowstands and 

transgressions due to high nutrient supply from nutrient recycling; and productivity 

decreased during highstands due to decreased nutrient recycling from a more oxygenated 

water column.  (3) Dilution: sedimentation rate increased during lowstands, as shoreline 

moved basinward and sill instability resulted in debris flows; sedimentation rate 

decreased during transgressions, as shoreline moved landward and the sill was stable; 
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sedimentation rate decreased initially during early highstands, but increased when the 

shoreline began to move basinward again, and sill instability resulted in dilution from 

turbidity flows. 

 The Frasnian-Famennian boundary appears to coincide with the upper-middle Woodford 

Shale boundary based on these significant geochemical changes: decrease in TOC; 

appearance of abundant phosphate nodules above; and abundant terrigenous organic 

matter above.  Decreasing Mo/Al also suggests this is the location of the F-F boundary. 

 Geochemical variations over the length of the Woodford Shale in the RTC1core are the 

result of long-term sea-level fall during the Late Devonian.  The regression caused a shift 

from relatively oxidizing to relatively reducing conditions near the middle-lower 

Woodford Shale boundary.  Mo-TOC relationships show a continuous shift towards 

greater water mass restriction, imposed by a shallowing of the sill.  Also, increased 

continental weathering carried Si and P to the oceans possibly causing a shift from 

organic carbon-based production to biosiliceous production.  This change in production 

reduced oxygen demand, allowing redox conditions to return to a more oxidizing regime 

in the upper Woodford Shale.  The upward increase in flux of biogenic silica may have 

diluted the detrital sediments and caused an apparent decrease in the flux of detrital clays 

and feldspars. 

 In the cases of thick black shale successions, such as the Woodford Shale, it is important 

to understand how geochemistry changes within it.  This is because the geochemistry of 

black shales has a big impact on their suitability as source rocks and shale gas resources.  

The geochemical changes in the Woodford Shale indicate that the top half of the middle 

Woodford Shale makes the best source rock and shale gas resource based on high TOC, 

abundant quartz and marine-derived, high hydrocarbon-generating potential organic 

matter. 

 

Possibilities/recommendations for future work include: high-resolution stable isotope 

geochemistry; geochronology, using Re-Os isotopes and/or biostratigraphy; higher resolution 

organic petrology and vitrinite reflectance studies; and comparison of the inorganic chemistry 

with borehole tools that measure inorganic chemical composition. 
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