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ABSTRACT 

The Cretaceous Eagle Ford Shale (EFS), located in south Texas, is one of the latest 

up and coming unconventional shale plays in North America. It extends from the US/Mexico 

border in west Texas, to east Texas just west of Louisiana. The Eagle Ford has been long 

identified for its excellent source rock characteristics, and especially as a source for 

hydrocarbons in the Austin Chalk (among other formations).  However, since the emergence of 

other North American unconventional shale plays (e.g., the Bakken Fm. in the Williston Basin), 

operators have begun focusing on the EFS as a potential reservoir. Petrohawk drilled the first 

well to produce from the EFS in 2008 and since then, production has been dramatically 

increasing, and its reserves potential are known throughout the industry.  

The Eagle Ford Shale consists of a mixture of marlstones and limestones that range in 

abundance and thicknesses throughout its vertical and lateral extent. Its depositional environment 

is interpreted to be a marine shelf margin. The EFS is underlain by the Buda Limestone and is 

overlain by the Austin Chalk. Difficulties with core and well-log correlations in the Eagle Ford 

are common because of similarities in visual appearance and log character. Recent studies of 

other shale plays (Marcellus, Vaca Muerta, Niobrara, Haynesville, among others) demonstrate 

that elemental chemostratigraphy can aid with well-to-well correlations, and can be used to 

interpret depositional environmental proxies. 

For this study, two cores and associated cuttings (for one of the cores) were analyzed 

using the Bruker-Tracer III-SD ED-XRF instrument to determine elemental concentrations. 

Cores and cuttings were provided by Statoil and therefore, well names, locations, and depths 

were not given in this study for data sensitivity reasons. The cores included lithologies both 
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above (Anacacho and Austin Chalk) and below (Buda) the EFS to determine formation 

boundaries.  

Within the EFS, five chemostratigraphic zones were identified using elemental 

concentrations and depositional environment proxies, coupled with core descriptions. The zones 

were correlated from core to core to show that although some minor differences were present, 

correlations were possible using elemental concentrations. Correlations between core and 

cuttings from a single well were also performed. Results showed that cuttings do not resolve 

fine-scale trends elemental variations, but overall major trends were identified and correlated 

between the core and cuttings. 

Depositional environment proxies identified using elemental concentrations included 

those related to detrital sediment input and paleoredox conditions. Detrital input was interpreted 

using various ratios of Ti, Si, Al, Zr and Nb to identify coarsening-upward and fining-upward 

sediment successions. Such chemostratigraphic relationships represent changes in clay-sized 

particles (Al and Nb), relative to coarser-grained sediments (incorporating Si, Ti and Zr) 

associated with detrital sources. This study suggests that the EFS cores were not significantly 

comprised of detrital sediment. Paleoredox conditions were interpreted for the EFS from trace 

metal enrichment factors. Analysis showed that bottom-water oxygenation conditions at the time 

of deposition varied between suboxic and anoxic/euxinic. Suboxic conditions were predominant 

in the lower EFS, and anoxic/euxinic conditions existed in the upper EFS, and were most likely 

related to the Cretaceous Oceanic Anoxic Event II.  

Positive covariance between total organic carbon (TOC) and molybdenum (Mo) 

concentrations has been described and detailed in numerous papers (e.g., Sageman et al., 2003; 
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Algeo and Lyons, 2006; Brumsack, 2006; Tribovillard et al., 2006; Algeo et al., 2007; Algeo and 

Rowe, 2012). The present study also showed that the EFS demonstrates the same positive 

covariance between TOC and Mo. Total organic carbon was calculated using Mo concentrations 

obtained by ED-XRF analysis to try and predict areas of higher TOC values.  

Companies have typically been producing from the lower EFS because of its high 

marlstone abundance, a lithology recognized as the principal source for organic matter. 

However, this study shows that the middle to upper section of the EFS could potentially 

represent a more productive zone. The upper section contains high TOC values (6-8 wt.%), 

calculated from Mo concentrations, and also has a higher abundance of limestone beds that aid in 

increasing the brittleness factor for hydraulic fracturing. Therefore, this section of the EFS has 

the potential to be a better target zone for companies producing in the EFS. 
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1.0 INTRODUCTION 

 

The Eagle Ford Shale (EFS) is one of the largest resource plays in U.S. onshore 

unconventional petroleum systems. It covers 11 million acres in south Texas, from the border of 

Mexico to the East Texas Basin in southeast Texas, just west of the Louisiana border (Figure 1.1) 

(Fan, 2011). Since its discovery in 2008 by Petrohawk in La Salle County, the Eagle Ford has 

become a major formation for oil, condensate and dry gas production. 

Although many companies are producing in the EFS, understanding its depositional 

environments, stratigraphic correlations, and target zone identification is still an ongoing process. 

Companies are investing to better understand these aspects of the EFS to better optimize 

production and recovery of the hydrocarbons. The lithology of the EFS is characterized as 

interbedded marlstones and limestones, but many studies have proven that this formation has a 

range of lithologic and 

geochemical heterogeneity at 

different scales (Dawson, 2000). 

In order to characterize the EFS, it 

is critical to understand these 

heterogeneities at these various 

scales. This study will develop an 

approach to chemostratigraphic  

 

 

Maverick Basin 

East Texas Basin 

Figure 2.1: Map showing the extent of the Eagle Ford Shale across 

south Texas (orange). The Eagle Ford extends from the Mexico/USA 

border in the Maverick Basin (red circle) to the east Texas Basin (green 

circle). Modified from Pioneer Natural Resources. 
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characterization and correlation based on elemental analyses using a handheld x-ray fluorescence 

(XRF) spectrometer and determine paleoenvironment proxies, such as water bottom oxygen 

levels, based on trace metal concentrations. 

1.1 Geochemistry 

Geochemical analyses using x-ray fluorescence (XRF) has been used in industry for 

quantitative interpretations, but in recent years this technique has shifted towards stratigraphic 

correlations based off of the minuet changes and shifts seen in the sediments chemistry (Rowe et 

al., 2012). The data recorded for interpretations from instruments that use x-ray fluorescence is 

yielded in the form of elemental concentrations. 

1.1.1 Analyses 

The elements recorded are split into two categories, major and trace metals. Major 

elements such as silica (Si), aluminum (Al) and calcium (Ca), give some indication as to the type 

of sediment being deposited (Ca indicates calcite present). Trace metals include such elements as 

molybdenum (Mo), uranium (U), or vanadium (V) and can give the indications of water bottom 

conditions such as oxygen levels at the sediment-water interface. Enrichment factors (EF) 

calculated for the trace metals in comparison to the “average shale” (outlined by Wedepohl 

1991) help define if a shale is enriched in a certain element which can lead to determining the 

probable state of oxygen levels (oxic-anoxic/euxinic) during deposition. The factors that can 

influence enrichment of trace metals in sediments depend on detrital siliciclastic deposition, 

primary productivity rate and organic matter provenance (Tribovillard et al., 2006). The changes 

in the variations of elemental concentrations collected by the XRF instrument can be used as a 

proxy for interpreting the state of the environment and sediment input during deposition. 
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 Understanding the proxies that influence organic matter deposition and accumulation 

is crucial to locating areas of high organic-carbon (OC) rich zones. The three main proxies as 

described by Sageman et al. (2003) are: primary photosynthetic production (rate at which carbon 

is exported for the surface waters), bacterial decomposition (rate at which C02 is remineralized 

in sediments and surface waters), and bulk sedimentation rate (dilution due to detrital influx 

which buries the organic matter). Each one of these proxies can be reflected, roughly, by changes 

in ratios and concentrations of specific element combinations such as Ti/Al, Si/Al and V+Cr 

which will be further explained in this study. The EFS contains OC throughout its lithology due 

to its noticeably excellent source rock capabilities. However, identifying locations within the 

EFS for horizontal well placement means locating where the zones of higher total organic carbon 

(TOC) are located which can lead to greater production numbers. Using the proxies as a guide to 

determine the specific ratios and concentration of elements can lend to outlying target zones of 

higher TOC for better horizontal well placement. 

1.1.2 Objective and Purpose 

The main objective of this study is to complete a chemostratigraphic correlation of the 

EFS between two cores and characterize its depositional environment. The purpose of this study 

is to use a handheld XRF spectrometer to collect elemental data on two separate wells using core 

and cuttings for target zone identification and depositional environment interpretations. One 

approach is to perform elemental correlations from core to cuttings on a single well. The other 

correlation for this study will be performing an elemental chemostratigraphic correlation 

between two separate EFS cores. The two cores are Statoil/Talisman owned wells within the EFS 

play located in separate counties (La Salle and Live Oak) approximately 60 miles apart. A third 
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objective of this study is to use elemental concentrations and ratios of elements as indicators of 

the environment during deposition.  

Using handheld XRF for chemostratigraphy is a relatively recent technique used in the 

petroleum industry, especially in unconventional shales where lithostratigraphic correlations are 

difficult. It is likely that most shales are not deposited solely by pelagic or hemipelagic 

suspension settling, as normally believed. Rather, many studies have shown that water bottom 

chemistry and currents play a large role in depositional processes that cause variability, 

lithologically and chemically, within these fine-grained lithologies (e.g., Fairbanks and Ruppel, 

2012). While still relatively new, elemental chemostratigraphic correlation has been applied to a 

variety of unconventional “shale” plays around the world, including the Marcellus Shale (Lash 

and Blood, 2011), the Vaca Muerta Formation (Nawratil et al., 2011), the Barnett and 

Haynesville Shales (Rowe and Hughes, 2010), and the Niobrara Formation (Nakamura et al., 

2013). Determining depositional environment proxies such as oxygen levels (oxic-anoxic) and 

detrital sediment input has been covered by numerous authors (Sageman et al., 2003, 

Tribovillard et al., 2006, Algeo et al., 2007, and Brumsack, 2006), but few studies have been 

applied to the Eagle Ford Shale.   

1.1 Eagle Ford Geology 

The Eagle Ford Shale (EFS) stratigraphy and structural controls has been widely studied 

and analyzed since the 1970’s. Most of the work has come from outcrop studies in the Del Rio, 

Texas area along Highway 90 outcrops.  
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1.2.1 Stratigraphy 

The EFS is late Cretaceous in age, ranging from 99-89 Ma (Cenomanian-Coniacian based 

on the 2013 ICS timescale). It was deposited during cycles of transgression and regression of the 

Cretaceous Western Interior Seaway on a shelf margin marine environment (Figure 1.2). Bottom 

currents and gravity flows had a major effect on lateral extent of facies and overall heterogeneity 

of the stratigraphy within the EFS (Dawson and Almon, 2010). The EFS unconformably overlies 

the Buda Limestone, and thus represents a change from shallow marine to a deeper marine 

setting (Donovan and Staerker, 2010). The Austin Chalk overlies the Eagle Ford, across what is 

considered by most to be a disconformable contact (Dawson and Almon, 2010). A generalized 

stratigraphic column for south Texas is shown in Figure 1.3.  

Although the Eagle Ford is called a shale, it is more appropriately a marl or marlstone, 

because of its high calcite content. It generally consists of about 40-60% calcite, 10-30% quartz, 

and 0-20% clay (smectite and kaolinite), along with accessory minerals such as pyrite, glauconite 

and phosphate (Dawson, 2000). Overall, it is an interbedded marlstone and limestone with 

changes in thicknesses and abundances between these two lithologies both vertically and 

laterally. Informally, the Eagle Ford is separated into two units, a lower and upper member. The 

Lower Eagle Ford is the main target for production and typically has higher TOC values (3-9%). 

Higher TOC is related to a higher percentage and greater thickness of marlstone beds in 

comparison to the limestone beds. The Upper Eagle Ford has a higher proportion of organic-poor 

limestone beds, with TOC ranging from 0% towards the top to as high as 4% in some areas 

(Hentz and Ruppel, 2010).  
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Figure 1.2: Paleogeographic reconstruction of the Cretaceous Western Interior Seaway 

during Eagle Ford deposition (Late Cretaceous). Outlined in red is the extent of the Eagle 

Ford Shale, shown in a marine shelf-margin setting. The Denver-Julesburg (DJ) and 

Powder River (PR) basins are also shown. Modified from 

http://www2.nau.edu/rcb7/namK85.jpg. 

 

Figure 1.3: Late Cretaceous stratigraphy of southwest Texas. The Eagle Ford is highlighted 

in green, and is underlain by the Buda limestone and overlain by the Austin Chalk. 

(Chesapeake Energy PPT, 2010). 

 



7 
 

1.2.2 Structure 

Principal regional structural elements that influenced deposition of the Eagle Ford were 

the Maverick Basin, San Marcos Arch, East Texas Basin, Sabine uplift, and two major reef 

trends (Edwards/Stuart City and Sligo shelf margins) (Figure 1.4). The Eagle Ford thins from 

around 200-300 ft in the Maverick Basin to the west, eastward across the San Marcos Arch (50 

ft), where the Upper Member thins out completely (Figure 1.5). The Lower Member thickens 

again northeastward into the East Texas Basin to around 200 ft. The Edwards and Sligo reef 

trends follow the same strike as the Eagle Ford, and in most areas thinning occurs on top of them 

(Hentz and Ruppel, 2010). The overall trend of the Eagle Ford is slightly dipping into the Gulf of 

Mexico, resulting in surface outcrops to the northwest and greatest depths in the subsurface to 

the southeast at around 15,000 ft. The Eagle Ford at these great depths does not produce any 

hydrocarbons because the high temperatures have cooked away any hydrocarbons originally 

present. 

1.2.3 Petroleum System  

The Eagle Ford Shale is a self-sourcing reservoir that is classified as an inverted 

petroleum system. It has long been known to be a productive source rock for other formations in 

south Texas, such as the famous Austin Chalk that has been producing for over 50 years. The 

EFS is now considered a reservoir as well, because modern completion technologies allow for 

the tight (e.g., 0.001 millidarcy) rock to be fractured. The inverted petroleum system is 

considered unconventional in the fact that water occurs at shallower depths, and oil, condensate, 

and dry gas occur at progressively greater depths (Figure 1.6). Forces of expulsion create high 

pressures during maturation of the kerogen. Resulting overpressuring drives out water and forces 

oil and gas into tight pore spaces. Porosities range from 8-18% and permeabilities are extremely 
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tight, ranging from about 1 to 800 nanodarcies (Mullen, 2010). The kerogen type is mostly Type 

II (marine), and some Type III (plant derived) (Fan et al., 2011). 

 

 

Figure 1.4: Paleogeograhic map of south Texas showing major structural features that 

influenced deposition of the Eagle Ford Shale. The two main basins in the area are the 

Maverick Basin to the west, and the East Texas Basin to the northeast (not shown). Eagle 

Ford deposition spans the region to the east of the San Marcos Arch and to the west of the 

Sabine Uplift. Two major reef margins (Edwards and Sligo) are shown by the blue lines. 

(Chesapeake Energy PPT, 2010). 
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Figure 1.5: Cross section showing the changes that occur within the Eagle Ford system 

from the southwest in the Maverick Basin to the northeast in the East Texas Basin. The 

cross section shows a thinning of the Upper Eagle Ford Shale over the San Marcos Arch, 

and Woodbine sands introduced from a deltaic environment to the northeast (Hentz and 

Ruppel, 2010). 

 

Figure 1.6: Map showing the inverted petroleum system that occurs in the Eagle Ford 

Shale. The oil window in the north is at shallower depths. The system then grades into the 

condensate window, and then into the dry gas window at the deepest part of the play (Fan 

et al., 2011). 
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2.0 METHODS 

2.1 Core and Cuttings Information 

 This study on the Eagle Ford Shale consisted of core and cuttings provided by Statoil. 

Therefore, all specific locations, well names and associated depths for the core and cuttings 

cannot be given for data sensitivity reasons. The core data used for data collection consisted of 

two wells, one located in La Salle County and the other located in Live Oak County. Each well 

cored through the full EFS and the stratigraphically higher Austin Chalk and lower Buda 

formations. Both cores were half-slabbed to provide a flat surface for readings to be taken on. 

Cuttings provided for this study were from four separate wells; two of the wells contained 

cuttings from the lateral section of the wells; one of the wells, both the pilot and lateral cuttings 

were provided; the last well, cuttings from the cored well in La Salle County were used. The 

three lateral wells in this study came from the Karnes/DeWitt Counties of the EFS play. The 

cuttings were supplied in small sample envelope bags of approximately 1-2 grams.  Intervals for 

the cuttings sampled varied depending on the type of well (ex. pilot versus production) and the 

location of where the cuttings were taken from in the drilling process (vertical versus lateral).  

2.2 ED-XRF Methodology 

The ED-XRF instrument provided for this study by Statoil was the Bruker Tracer III-

SD model (Figure 2.1).   
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2.2.1 Instrument Overview 

 

Figure 2.1: Bruker Tracer III-SD hand-held ED-XRF used for data collection. 

The Bruker Tracer III is a portable model that allows for an individual to take readings on 

any surface to obtain elemental concentration data. The elemental concentration is recorded in 

weight percent (wt.%) and parts per million (ppm) depending on the amount of the element 

present in the sample. The Bruker Tracer differs from other models of handheld XRF 

instruments because of its capability to see the elemental spectra while data is being collected. 

This allows for a more precise representation of the elemental concentrations because it reads 

and records the elemental concentrations based off the spectral peaks (Figure 2.2) Specifics for 

the Bruker include a rhodium based material x-ray tube and a silicon detector sampling window 

(SiPIN).   
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Figure 2.2: Spectral peaks illustrated by the software while data analyses is occurring. 

Each peak can be highlighted to show the element it represents. The x-axis is the energy in 

keV recorded by the instrument and the y-axis is the count rate for that specific energy 

level (element). 

 

  Depending on the instrument set-up, it can read various elements from major 

elements (Al, Si, S, P, Fe) to trace metals (Mo, V, Cu, U). Table 2.1 breaks down the elements 

recorded by major setting and trace metal setting. 

Table 2.1: Elements read by ED-XRF 

Major Elements Si, Mg, Al, Na, P, S, K, Ca, Ba, Ti, V, Cr, 

Mn, Fe, Co, Ni, Cu, Zn 

Minor (Trace) Elements Ca, Ba, Ti, Cr, Mn, Fe, CoNi, Cu, Zn, Ga, 

As, Pb, Th, Rb, U, Sr, Y, Zr, Nb, Mo 

 

  Two separate settings, low-energy and high-energy, were used to capture the broad 

spectra of major and trace elements for this study (Figure 2.3). The first setting applied (low-
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energy) captured the major elements in the sample. The instrument was set to 15 kV, and the 

current set to its highest value (23A). The volts control the color of light allowed into the 

instrument; the lower energy setting allows for the lighter elements such as Ca, Si, and Al to be 

captured by the instrument. The current controls the intensity in which the x-rays are shot at the 

sample. The major element set-up also included a vacuum hooked up to the instrument. The 

vacuum reduced the amount of outside air between the sampling window and the detector. The 

second setting applied collected the trace metals data for this study. It included the same current 

setting (23A) but increased the volts to 40kV to increase the color of light spectra allowed in to 

be able to read the heavier weight trace metals. This setting did not require a vacuum to be 

hooked up to the instrument because the heavier trace metals do not attenuate in the short 

distance to the detector. However, it did require a yellow filter to be placed in the instrument to 

eliminate the lower, lighter elements (major elements) from reaching the detector. Each 

instrument was set-up to run for one minute data recording time. The one-minute was chosen 

based on previous studies done by Kaiser and Rowe (Kaiser and Rowe, 2012) that show that 

after 45 seconds, the elemental concentrations do not vary drastically.  

2.2.2 ED-XRF Basics 

 XRF is a nondestructive method of collecting elemental data from rock samples. It 

uses x-rays to excite electrons in the inner atomic shells to create vacancies filled by electrons 

falling from the outer orbit. This causes a surplus of energy that is emitted by a secondary pulse 

of photons that is recorded by the detector in the XRF machine. Each element gives off a specific 
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Figure 2.3: Data collection setup using the two Tracer systems for data collection. 

The instrument on the right was used for major elements. The sample was then 

transferred to the XRF on the left to collect trace element data. 

wavelength, or fluorescence energy, that is collected and recorded as a relative abundance, or 

counts (Weltje and Tjallingii, 2008). There are two separate types of XRF spectrometers, energy-

dispersive (ED) and wavelength-dispersive (WD). WD-XRF records element-specific 

wavelengths of energy and is therefore more precise, but it requires significant sample 

preparation and down time between readings, whereas ED-XRF does not. ED-XRF collects an 

energy spectrum that is characteristic of the elements in question (Kaiser and Rowe, 2012).  

Analysis is rapid and sample preparation is minimal (hence the benefits of using ED-XRF). 

Using ED-XRF to analyze mudrocks is highly effective because each major element can be 

associated with a specific mineral. In the case of calcium and magnesium, these elements give an 

excellent indication that there is limestone or dolomite present within the sample. Some elements 

can also provide additional information about the depositional environment such as redox-
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sensitive trace metals that also correlate with bottom water oxygen conditions (Kaiser and Rowe, 

2012).  

2.2.3 Mudrock Calibration 

Calibrating the ED-XRF instrument is essential to ensuring the validity and accuracy 

of the data provided in this study. For the Bruker-Tracer specifically, the mudrock calibration is 

required to convert the collected data into weight percents. A suite of 90-reference materials of 

matrix specific mudrocks were developed for the major and trace elements (Rowe et al., 2012). 

The calibration sample includes the following 90 mudrock standards: 7 Devonian-Mississippian 

Ohio Shale, 20 Pennsylvanian Smithwick Formation of Central Texas, 27 Devonian-

Mississippian Woodford Formation of West Texas, 15 Late Cretaceous Eagle Ford of South 

Texas, 16 Mississippian Barnett Formation of North Texas, and 5 international (Rowe et al., 

2012). The 90 reference materials were grounded into a fine powder and set in a slide (Figure 

2.4). The standard was analyzed every morning and afternoon before data collection occurred. 

Running the standard showed the accepted elemental concentrations for mudrocks in the Bruker 

spectral software. The calibration, when completed, outlined the elements found using the ED-

XRF for unknown samples. Low energy calibrations (majors) listed the following elements: Mg, 

Al, Si, P, S, K, Ca, Ba, Ti, V, Cr, Mn and Fe. High energy calibrations (trace metals) listed the 

following elements: Ni, Cu, Zn, Th, Rb, U, Sr, Y, Zr, Nb and Mo.  
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Figure 2.4: Powdered mudrock sample analyzed for calibration purposes with the ED-

XRF. 

 

2.2.4 Core Data Collection 

The ED-XRF instrument requires a flat surface for data analysis so half-slabbed core was 

used for this study. Intervals of six inches were marked on the cores using white stickers (Figure 

2.5). The core was analyzed from the Austin Chalk through the entire EF to the Buda. Near 

contact zones between the Austin Chalk/EF and EF/Buda, intervals tightened up to almost every 

inch to narrow down the exact location of contacts. The white stickers marking the sampling 

areas on the core were also used for naming convention and for determination of depths within 

the core. Each of the stickers had a number written on it that correlated with the distance away 

from the top of the core box in inches. Most core boxes that had six inch interval spacings started 

with a sticker one inch from the top of the box. 
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Figure 2.5: Sampling intervals for core box of every six inches. White stickers on 

right side of core indicate location of analysis. 

Two Bruker Tracer’s were set-up for the data collection process. The first instrument had 

settings to collect major elements; the second instrument had settings to collect trace metals. At 

each marked interval, core was placed on the ED-XRF flat surface down lining up the sticker at 

the edge to ensure that the same spot was hit on the core for both majors and trace metals.  One 

of the issues that can be encountered when taken measurements directly from core is the 

cleanliness of the core. When core is taken, drilling mud is used to help cool down the coring bit. 

This drilling mud contains chemicals that can be left over on the core. Therefore, each core piece 

needed to be washed and cleaned with water before analyzed using a rag. Determination on 

whether the core was properly cleaned could be picked out by spikes of chlorine spectral peaks. 

If chlorine peaks existed, the core was rewashed and then analyzed again. Another issue 

encountered is if the core piece was too long to stay balanced on the ED-XRF. A foam pad was 
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rigged to hold the extended part of the core piece off the instrument to ensure it was lying flat 

against the detector (Figure 2.6). Argon spectral peaks were detected by the instrument if the 

core piece was not directly flat against the detector because argon exists within the atmospheric 

air. 

 

Figure 2.6: Foam pad used to balance longer core slabs to ensure that the core was 

lying flat against the detector. 

The process for core data collection included: measuring and marking out sample 

intervals using the white stickers; cleaning the core piece at the sampling interval with water; 

analyzing it first with the machine set for major element data collection; then, transferring the 

sample over to the trace metals machine for analyses.  

2.2.5 Cuttings Data Collection 

 The process for analyzing the cuttings in this study was similar to the process 

described above for the cores. Again, two instruments were set up, one with the settings for 

major element identification and the other for trace metals (Figure 2.7). Intervals for the cuttings 
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varied based on the type of well (production versus pilot) and where within the well they were 

taken from (vertical versus lateral). Cuttings taken for a pilot well consisted of 10ft spacing 

between each sample taken by the mud logger.  Production wells contained two different cutting 

sample intervals depending on where the cuttings were taken from; vertical sections every 20ft, 

and laterals every 30ft. For the pilot well with the correlating core, every sample bag was 

analyzed; the production wells, every other sample bag were analyzed. Approximately one gram 

of the cuttings were poured onto special sampling trays that allow for the x-rays to reach the 

cuttings without interference. The tray would then be transferred over to the other instrument to 

analyze the same spot. In the pilot well, to test the preciseness of the data concentrations taken 

on cuttings, three trails were ran on one sample interval with each of the two instruments. 

Cleanliness of the cuttings is also an issue for data analyses. Drilling mud is used to transfer the 

cuttings from the bottom of the hole to the surface. The drilling mud can add elements that do 

not exist within the rock such as chlorine and bromide.  

 

Figure 2.7: Data collection setup for cuttings samples. The instrument pictured is for the 

major elements with a vacuum set-up. One gram of the cuttings were placed on special 

plastic trays for analyses. 
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3.0 RESULTS 

3.1 Core Description 

Two cores were the focus of this geochemical study. Both cores include the full section 

of the EFS, stratigraphically overlying Austin Chalk Formation, and underlying Buda Formation. 

Core #1 has a total of 267 feet of core. Austin Chalk is a calcareous-rich, light-gray mudstone. 

Beds of darker laminated marlstones are present throughout the core but become more 

condensed near the EFS contact. Pyrite nodules appear sporadically in the Austin Chalk.  

Bioturbation is present in most areas and Inoceramus fossils occur throughout, but are mostly 

contained in the marlstone beds. Ash beds appear in randomly spaced intervals and the beds 

range from less than one inch up to five inches thick. Most of the ash beds are present higher in 

the formation. The contact between the Eagle Ford and Austin Chalk in this core appears 

gradational. The Austin Chalk becomes darker in color and more marl rich with fine laminations 

as it grades into the EFS.  

The EFS in Core #1 contains a member known as the Kamp Ranch Member. The Kamp 

Ranch is recognizable by the presence of pyritized ooids. Overall, the EFS is composed of a 

mixture of limestones (light gray) and marlstone beds (dark gray). The EFS contains greater 

amounts of limestone beds in the upper portion and they decrease in abundance down the core. 

Limestone beds in the lower portion of the core were distributed in greater intervals but were 

generally thicker. The limestones were either concretions or had gradational contacts. Fossils 

present in the EFS were mostly Inoceramus, along with forams and radiolarians that have been 

replaced with calcite, giving the unit its finely laminated nature. Ash beds do exist sparsely and 

are mostly contained in the upper portion of the EFS. Phostphatic lags are common and are 

comprised of phostphate nodules and abundant fossils. The EFS becomes marlier, darker in color 
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and pyrite content increases toward the Buda contact. The last ten feet of the EFS becomes a 

homogeneous dark marlstone without laminations. The contact between the EFS and the Buda is 

sharp and is burrowed into and infilled with EFS. The Buda is a highly bioturbated light gray 

limestone.  

 Core #2 has a total of 286.5 feet of core. It contains the formation stratigraphically 

above the Austin Chalk, called the Anacacho Formation. The Anacacho is a highly bioturbated 

limestone with abundant ash beds. The contact between the Anacacho and the Austin Chalk was 

an abrupt contact that was outlined by the presence of glauconite. The Austin Chalk in this core 

is only ten feet thick, but is still a light-gray calcareous-rich mudstone. Fossils of broken 

Inoceramus and pyrite are present in the Austin Chalk. The contact between the Austin Chalk 

and the EFS is noticeably different in this core than Core #1. This contact is sharp rather than 

gradational. Borings filled in with Austin Chalk occur in the EFS just below the contact, 

suggesting a hardground was present. The EFS in this core is also a calcareous-rich interbedded 

marlstone and limestone. For the upper thirty feet of core, the EFS is marlstone rich with only 

three limestone beds present. Limestone beds increase in abundance to every two feet, to the 

bottom one hundred feet of core. Sporadically spaced limestone beds with finely laminated 

marlstones were documented until the contact with the Buda. Marlstones dominate and become 

homogeneous, losing their finely laminated nature in the bottom twelve feet of the EFS. Natural 

fractures infilled with calcite are present in two locations within the EFS in this core. The contact 

with the EFS and Buda is again sharp, with pyrite content increasing toward the contact. 
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3.2 ED-XRF Analyses 

Results of this study focus on the geochemical plots and trends associated with the major 

elements and trace metal concentrations recorded by the Bruker Tracer III-SD portable x-ray 

fluorescence instrument. All elements were recorded in weight percent (wt.%), but the trace 

metals were converted to parts per million (ppm.). Plots and graphs were made in Microsoft 

Excel.  

3.2.1 Major Elements 

The major elements that were selected to plot for trends and chemostratigraphic 

interpretations were: aluminum (Al), silicon (Si), calcium (Ca), iron (Fe), sulfur (S), 

phosphorous (P) and potassium (K). The elemental concentrations were plotted versus depth to 

display the changes in the elemental concentrations through the core (Figures 3.1, 3.2). Major 

shifts occurred, as expected, when crossing formation boundaries in both cores. The transition in 

Core #2 from the Anacacho to the Austin Chalk was outlined by a sharp decrease in 

concentrations of Al, Si, Fe, S, and K. An increase in the Ca content was also noticed in the 

Austin Chalk. The contact between the Austin Chalk and the EFS in Core #2 shows a drastic 

increase in Al, Si, Fe, S and K, and a major decrease in the Ca concentration. The EFS and Buda 

contact is very distinct as shown by the sharp increase in Ca and a drop-off in all other major 

elemental concentrations. Core #1 did not show this same drastic change in elemental 

concentrations between the Austin Chalk and the EFS contact. However, an increase in the Al, 

Si, Fe, S and K with a slight decrease in the Ca concentration is represented similar to the shifts 

in Core #2 across this contact. The EFS and Buda contact in Core #1 show the same variable 

shifts in elemental concentrations as seen in Core #2, with a drastic increase in Ca and a decrease 

in all other major elements. 
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Figure 3.1: Major elemental concentrations for Core #1 plotted versus depth. Formation 

boundaries outlined in black lines.  
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Figure 3.2: Major elemental concentrations for Core #2 depicting the changes in the 

concentrations versus depth. Formation boundaries are outlined (black). 

 

3.2.2 Trace Metal Enrichment Factors 

The trace metals used in this study to show the trends and changes that occur down the 

cores were: molybdenum (Mo), manganese (Mn), uranium (U), nickel (Ni), zinc (Zn), vanadium 

(V), and copper (Cu). Trace metal concentrations are usually expressed in terms of their 

enrichment factors (EF’s). EF’s are the enrichment or depletion of an element relative to an 

“average shale” composition and concentrations of elements based on the study of Wedepohl 

(1971) as shown in Table 3.1. The average shale, defined by Wedepohl (1971), has low organic 
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matter and total organic carbon (TOC) values less than 1%. To normalize the concentrations, 

aluminum content is used because of its ability to be minutely affected by biological or 

diagenetic processes, and is deposited into the system by detrital origins (Brumsack, 2006). EF’s 

are calculated as follows: 

    
       

  
 
      

  
       

  
 
             

 

Table 3.1: Average shale composition for various trace metals as determined by Wedepohl, 

1971 (red box) (Tribovillard et al., 2006). 

 

If EF is less than 1, then the element is depleted in comparison to the average shale and, if the EF 

is greater than 1, than the element is enriched relative to the average shale (all normalized to Al).  

 EF values for trace metals can only be evaluated within the EFS. All other formations 

are not considered, by definition, a shale. Therefore, EF’s calculated for these formations 

(Anacacho, Austin Chalk and Buda) would yield incorrect values. Focusing on the EFS, values 

of EF’s in both cores for all trace metals (Figure 3.3, 3.4), except Mn, are enriched significantly 

in comparison to the average shale. Mn varies from slightly enriched (barely greater than 1) to 

depleted through the entire cores. Even though the entire EFS in both cores are enriched in the 
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trace metals, some sections show higher EF’s than others. The upper 10-20 ft and the lower 10 ft 

of the two cores have lower EF values compared to the rest of the EFS. Core #1 contains a 90 ft 

section (9225-9315 ft) with high EF’s in all the trace metals. In Core #2, that section of high 

EF’s decreases to 55 ft thick. Core #2 EF values gradually decrease downward to the contact 

with the Buda. Core #1, on the other hand, contains a section lower in the core with high EF’s 

spanning approximately fifteen feet. Overall, the EF’s in both cores are enriched with all of the 

trace metals considered, except Mn. 

 

Figure 3.3: Enrichment factors (EF's) calculated for trace metals in Core #1 (only EFS is 

shown). Values greater than 1 are enriched in comparison to an average shale, and values 

less than 1 are depleted. 
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Figure 3.4: EF's calculated for the trace metals in Core #2 (only EFS shown). Values 

greater than 1 are enriched and values less than 1 are depleted in comparison to an average 

shale. 

 

 To analyze how trace metal concentrations change in each formation, we are only 

going to look at specific concentrations without normalizing the values with EF’s (Figure 3.5, 

3.6). Trace metals in the Anacacho are relatively low in comparison to the EFS, except for U and 

Mn. The Mo concentration is below detection limits in the Anacacho Formation. Both cores 

show the same changes and trends across the Austin Chalk and Buda Formations. The Austin 

Chalk in both cores shows a slightly lower trace metal concentration for all the trace metals than 
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the EFS, except a higher concentration of Mn. The transition into the EFS from the Austin is not 

a gradual shift, but a sharp increase in all of the trace metals besides Mn. The Buda has very low 

trace metal concentrations, but does show an increase in the concentration of Mn. Again, this 

contact is a sharp drastic change from the EFS to the Buda. 

 

Figure 3.5: Concentrations of trace metals (ppm) in the entire Core #1. Black lines indicate 

formation boundaries. 
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Figure 3.6: Trace metal concentrations (ppm) for Core #2. Entire core section is shown to 

illustrate trends and shifts that occur across formation contacts (black lines). 

 

3.2.3 Cuttings 

Cuttings analyzed in this study came from the same well as Core #1. Each sample bag for 

the cuttings represented a ten foot interval; therefore, the cuttings samples analyzed for the 

elemental values represent concentrations homogenized over that ten foot interval. The EFS is 

not a homogeneous formation at any scale, especially at a ten foot scale, so the elemental 

concentration plots should not be able to depict the fine-scale changes that the core 
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Eagle 
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concentrations can illustrate. However, cuttings analysis can show major trends and changes that 

might occur in the EFS. Both major and trace elemental concentrations (as enrichment factors) 

are shown in Figure 3.7 for the cuttings from Core #1. 

 

 

Figure 3.7: Elemental concentration plots for cuttings from Core #1. Both major elements 

and trace metal EF down core plots are shown. 
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From the graphs of the elemental concentration values for the cuttings, major trends can 

be identified within the EFS. Formation boundaries appear to be in the proper place when 

relating the concentrations, but values for the major elemental concentrations are significantly 

lower compared to the core. 

3.2.4 Factor Analysis 

Understanding the geologic controls on elemental distributions in the sediments is crucial 

for interpreting concentration trends in major and trace elements. One method for assessing 

elemental associations based on depositional proxies is to use principal component analysis 

(PCA), or factor analysis (Ratcliffe et al., 2012). These methods are mathematical applications 

for grouping diverse data sets by similarities. PCA reduces the two dimensional data into one 

dimensional by plotting a best fit line through all the points. Stata was the software used to run 

the PCA and factor analyses. Mean normalization was performed on the data to ensure that all 

the elemental data had a comparable range of values.  

Figure 3.8 shows the factor analysis results plotted for Core #1 and Core #2. Factors 1 

and 2 for Core #1 account for 74% of the variation within the data. For Core #2, Factors 1 and 2 

account for 64% of the variation within the data for the elemental concentrations.  

Three distinct groups are outlined in the factor analysis plots for both cores (Figure 3.8).  

These have been interpreted to relate to terrigenous origin (Group 1), authigenic enrichment 

(Group 2), and carbonate-related elements (Group 3). Group 1 elements (including Si, Al, Na, 

and K) are associated with transported and deposited sediment from a terrigenous source (river, 

wind, hemipelagic, etc.). Group 2 elements (including Fe, Mo, V, and Ni) are most likely related 

to authigenic processes such as diagenesis and redox reactions. Group 3 elements (including Ca, 
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Mg, and Sr) are associated with carbonate minerals. Some of the elements, such as U and P, do 

not fall into any of the groups.   

 

 

Figure 3.8: PCA graphs of Factors 1 and 2 for Core #1 (top) and Core #2(bottom). Three 

groups were established: Group 1(terrigenous input), Group 2(authigenic enrichment), and 

Group 3(carbonate elements).  
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3.2.5 Cross-Plot Analysis 

Elemental cross plots were generated to establish relationships between elements. For the 

following graphs, aluminum is plotted on the abscissa. Plotting elements versus Al can help 

determine if an element is related to terrigenous input, because of its high connection to detrital 

origins and low mobility during diagenesis. If a positive correlation with Al is observed for the 

element, it can be assumed that the element is primarily of detrital origin (Tribovillard et al., 

2006). Thus, a positive correlation with Al suggests that those elements are not related to 

paleoredox conditions (Tribovillard et al., 2006). For Core #1, cross plots include data from both 

the core and cuttings to illustrate that similar relationships exist. Cross plots of the trace metals 

versus Al all illustrate that there are no positive correlations. This indicates that the trace metals 

are probably not from a terrigenous source and can be used for interpreting paleoredox 

conditions. Cross-plots in Figure 3.9 are trace metals and 3.10 is major elements versus Al. 
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 Plotting Al against major/minor elements can indicate associations with clay minerals 

(Moran, 2013). Al in the core/cuttings is most likely a proxy for clay content. If the element has 

a positive linear relationship to Al, it most likely is associated with clay, and if the element does 

not have a linear relationship then it has little to no association with clay. Trend lines are 

illustrated on these cross plots to show any variability in the data. 

Figure 3.9: Cross plots representing trace 

metals versus Al. If a positive correlation 

exists, then the element has a terrigenous 

origin. Core #1 with associated cuttings and 

Core #2 are plotted all together. 
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Figure 3.10: Cross plots generated for 

elements versus Al for clay association 

purposes. If a positive correlation exists, the 

element is most likely related to clay 

minerals. Trend lines are plotted to 

represent variation in the data. 
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For elemental cross plots in Figure 3.10, Si, Ti, Fe, and K have positive correlations with 

Al in both cores, likely indicating their association with terrigenous-sourced clay minerals. Some 

deviations from the perfect 1:1 ratio exist, indicating a possible separate source for some of the 

elements. Potassium has two separate trends of data within Core #2, indicating two possible 

different minerals associated with this element in the core. Silicon has some spread from the 

trend line, which may indicate different sources for this element into the sediments (e.g., quartz 

and clays). Calcium has a negative relationship to Al. This relationship translates to different 

origins for these elements. Aluminum is deposited into the system from a terrigenous source 

(predominantly clays), while Ca is associated with the deposition/production of the carbonates. 

3.2.6 TOC vs. Molybdenum 

The positive correlation that exists between total organic carbon (TOC) and molybdenum 

(Mo) concentrations has been described and detailed in numerous papers: (Sageman et al., 2003; 

Algeo and Lyons, 2006; Brumsack, 2006; Tribovillard et al., 2006; Algeo et al., 2007; Algeo and 

Rowe, 2012). Molybdenum concentrations can be used for paleoredox proxies because in 

reducing/anoxic conditions, an enhanced amount of Mo is transferred to the sediments (Algeo et 

al., 2007). These conditions are also conducive for high TOC concentrations. TOC values were 

reported for each of the cores by CoreLab. Forty-nine measurements were taken (23 from Core 

#1, and 26 from Core #2) including not only in the EFS, but also the in Austin Chalk and Buda 

Formations.  Total Organic Carbon and Mo concentration values were matched by depth and 

plotted against each other. Figure 3.11 shows the cross plot of TOC versus Mo and clearly 

illustrates a positive correlation between the two variables. As Mo concentration increases in 

these two cores, TOC values, in general, increase. 
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Figure 3.11: TOC vs. Mo cross plot. Values for both cores are plotted together 

 

3.2.7 Detrital Input Analysis 

The amount of terrigenous material deposited into a system can be graphically 

represented from major elements associated with detrital origins (Ratcliffe et al., 2012). Detrital 

input into a basin is an important factor in dilution or preservation of organic matter, but can also 

be used as a proxy for proximity of the basin to land (sea-level rise/fall). The elements that are 

most commonly linked to detrital origins, based on the factor analysis plots (Group 1), are Al, Ti, 

K, Nb and Zr. Silicon is not included because it can also be associated with biogenic quartz.  For 

Core #1, factor analysis indicated that Si could be grouped into Group 1 (terrigenous origin) or 

Group 2 (authigenic enrichment) (Figure 3.8). Plots that show relationships for Zr/Nb and Si/Al 

(Figures 3.12, 3.13) can be used as proxies for grain size. This is because Zr and Si are 
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commonly associated with silt-sized grains (quartz and zircon), and Al and Nb are commonly 

associated with clay minerals (Ratcliffe et al., 2012). Using Ti/Al (Figure 3.12, 3.13) is another 

graphical representation of detrital input into the system. Titanium, in most pelagic marine 

sediments, is predominantly brought into the basin by eolian processes (Sageman et al., 2003).  

 

Figure 3.12: Detrital dilution/input graphs for Core #1. All graphs can be used for grain 

size proxies. Trends could highlight zones of increased terrigenous input into the system 

(high values), or proximity to land. 
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Figure 3.13: Detrital dilution/input graphs for Core #2. All graphs can be used for grain 

size proxies. Trends could highlight zones of increased terrigenous input into the system 

(high values), or proximity to land. 

 

Trends within the detrital input plots illustrate some mixed relationships. Transitioning 

into the EFS from the Austin Chalk, the Ti/Al graph shows a slight decrease, in comparison to 

the Si/Al that show a very slight overall increase, and the Zr/Nb graph that depicts a dramatic 

increase in value in both cores. The EFS has very little fluctuation in the detrital input based on 

the elemental ratios. There is a slight increase in all of the elemental ratios as you go farther 

down the cores in the EFS. The lower section shows a decrease in the Si/Al and Zr/Nb, but an 
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increase in the Ti/Al plot. The transition from the EFS into the Buda has major fluctuations due 

to the extremely low Al content present in the Buda.  

3.2.8 Gray Scale and Limestone Beds 

Core descriptions and elemental concentrations indicate that there are numerous 

limestone beds within the EFS. The limestones do not give an accurate representation of the 

shale elemental content because of their high calcite fraction. In the ratio and elemental plots 

down the cores, spikes of high Ca and low concentration values in all other elements (including 

trace metals) indicate the presence of limestone beds. Elemental data for these limestones are not 

indicative of the background shale elemental concentrations important for this study. In order to 

eliminate the limestone beds to show the average shale elemental concentrations, a gray scale 

was developed based on core descriptions. Elemental sampling locations may have analyzed 

limestone beds, and the gray scale is intended to help identify those locations. Numerical values 

for gray scale determinations represent visual shades of gray of the sampled bed.  A 1-3 scaling 

was used, with 3 being the lightest gray (and thus most likely a limestone bed). The gray scale 

was then plotted next to Ca/Al ratio, Al, and Mo plots. Limestone beds should coincide with high 

Ca/Al ratios. Figure 3.14 plots gray scale for both cores, only within the EFS. Gray scale 

matches with peaks in Ca/Al ratios and troughs in Al concentrations, indicating a good visual 

identification of the limestone beds. For both cores, there is a higher frequency of limestone beds 

in the upper half of the EFS, with fewer beds in the lower third of the section.  
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Figure 3.14: Plots identifying limestone beds in Core #1 (top) and Core #2 (bottom), only 

within the EFS. Gray scale is interpreted from the core description based on bed color. A 

numerical value of 3 is for light gray and 1 is for dark gray. Blue lines indicate identified 

limestone beds. 
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Figure 3.14, cont.: Plots identifying limestone beds in Core #1 (top) and Core #2 (bottom), 

only within the EFS. Gray scale is interpreted from the core description based on bed 

color. A numerical value of 3 is for light gray and 1 is for dark gray. Blue lines indicate 

identified limestone beds. 
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Limestone beds have been correlated with elemental data in Figure 3.14. Analysis of 

background shale concentrations requires eliminating the limestone bed elemental concentrations 

from the data. Figure 3.15 illustrates shale elemental concentrations with the limestones 

removed, significantly reducing variability in concentration values that were attributed to the 

limestone beds. With the limestone beds removed from the data, elemental values are more 

indicative of the background shales. Again, these plots only show the EFS and do not include the 

upper or lower bounding formations. 

 

Figure 3.15: Background shale plots depicting elemental concentrations that have 

eliminated the values for the limestone beds. The actual elemental concentration plots are 

located next to the background shale plots to illustrate the differences. Core #1 is located on 

top and Core #2 is located on the bottom. 
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Figure 3.15, cont.: Background shale plots depicting elemental concentrations that have 

eliminated the values for the limestone beds. The actual elemental concentration plots are 

located next to the background shale plots to illustrate the differences. Core #1 is located on 

top and Core #2 is located on the bottom. 
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3.3 Chemostratigraphy 

Chemostratigraphy uses elemental concentrations to identify zones in core that have 

similar elemental characteristics. Those zones are then used to correlate from well to well. This 

study will focus on identifying zones using the elemental concentration depth plots to correlate 

from Core #1 to Core #2. Also, correlation will be done from Core #1 to its associated cuttings.  

3.3.1Chemostratigraphic Zones 

The first step in correlating using chemostratigraphy is to isolate zones based on 

elemental concentrations. Zones can be identified by sections of high concentrations, sections of 

low concentrations, or sections of highly variable changes in elemental values. For this study, 

elemental concentrations and ratios used include: Al, Si, Ca, Fe, Mo, Ni, V, Ti/Al, Si/Al and 

Zr/Nb (Figure 3.16-3.18). Each of the two cores was assessed individually. The zones picked in 

the Core #1 were plotted at the same depths as the associated cuttings, for comparison and 

correlation purposes. The chemostratigraphic zones are confined to only the EFS, and do not 

include the Anacacho, Austin or Buda Formations. Table 3.2 outlines the elemental 

characteristics for the major elements, trace metals and detrital-ratio plots. 
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Figure 3.16: Five chemostratigraphic zones identified for Core #1, based on trends and 

changes in the elemental concentrations. Only the EFS is used for the 

chemostratigraphy. 
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Figure 3.17: Four chemostratigraphic zones identified for Core #2, based on trends and 

changes in the elemental concentrations. Only the EFS is used for the chemostratigraphy. 
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Figure 3.18: Chemostratigraphic zones from Core #1 (Fig. 3.16) have been overlain on the 

associated cuttings elemental profiles for comparison. 
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Table 3.2: Elemental characteristics of chemostratigraphic zones 

 

 

 

 

 

 

 

 

 

 

 

 

 

Zone Major Elements Trace Elements Detrital Plots 

Red Low Al, Si and Fe; 

High Ca 

Low values of EF’s (slightly 

enriched to depleted) 

Low values in Si/Al 

and Ti/Al; Higher 

values of Zr/Nb  

 

Blue Overall higher Al, 

Si and Fe; Lower 

Ca, but all fluctuate 

Highest EF values (enriched) Higher values at the 

bottom  

Yellow High Al, Si and Fe; 

Low Ca 

Low values of EF’s (slightly 

enriched to depleted) 

Increase from top to 

bottom (coarsening-

upwards) of Si/Al and 

Ti/Al; Increase in 

Zr/Nb 

Green  

(Core #1 

only) 

Low Al, Si and Fe; 

High Ca 

High EF values (enriched) Increase from top to 

bottom (coarsening-

upwards) of Si/Al and 

Ti/Al; Decrease in 

Zr/Nb 

Orange High Al, Si and Fe; 

Low Ca 

Low EF’s (slightly enriched 

to depleted at bottom) 

Low values of all 

detrital ratio plots 



50 
 

3.3.2 Core to Core Correlation 

One of the main purposes of this study is to correlate chemostratigraphic zones from Core 

#1 to Core #2. Chemostratigraphic zones were identified based on concentrations of the major 

elements, trace metal EF’s, and detrital ratio plot values. Note that these cores are 60 miles apart 

and no seismic data was incorporated in this study to identify any structural aspects that could be 

affecting the EFS (i.e. faults or thinning over structural highs). Instead, this study focuses solely 

on changes seen in the elemental concentrations and how they relate between the cores.  

 To correlate from Core #1 to Core #2, because zones have already been identified in 

the previous section for most of the elements, only Al, Ca, EF-Mo and Zr/Nb were used to 

represent the major elements, trace metal EF’s, and detrital-ratio plots (Figure 3.19). Plots were 

hung using the top of the EFS as the datum. The EFS in Core #1 is only 150 ft, in comparison to 

Core #2, where the EFS is 210 ft thick.  

 The first chemostratigraphic zone in the EFS is colored red. This zone has low major 

elemental concentrations (Al, Si, and Fe) and higher Ca, extremely low to depleted trace metal 

EF’s, and low values of detrital ratios. Correlation of this zone from Core #1 to Core #2 matches 

very well, except for the higher detrital ratio values in Core #2. This zone is approximately 20 ft 

thick in Core #1 and is about 33 ft in Core #2.  

The blue chemostratigraphic zone is characterized by high variability in the major 

element concentrations, the highest values in the Eagle Ford for the trace metal EF’s, and overall 

higher values of detrital ratios. This zone shows very similar characteristics in both cores, 

although the values do decrease for the trace metal EF’s in the bottom 60 ft of Core #2. In Core 

#1, the blue zone is 80 ft thick, and 122 ft thick in Core #2.  
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Chemostratigraphic zones indicated by yellow in the EFS plots have consistently higher 

values for major elements of Al, Si and Fe, (except for Ca which significantly decreases), along 

with very low to depleted values of trace metal EF’s. The detrital Zr/Nb plot in this zone shows a 

slight increase, but there is a decrease in the other two detrital ratio plots. Thickness of the 

yellow chemostratigraphic interval for Core #1 is 25 ft., and increases to 41 ft. in Core #2 (Fig. 

2). The green chemostratigraphic zone depicts similar traits to the blue zone, with high 

variability in major elemental concentrations and high trace-metal EF’s, but does not have high 

detrital ratio values. The green zone is only present in Core #1, because a marked increase in 

trace-metal EF’s is not present in Core #2. The green chemostratigraphic zone thickness is 

eighteen feet in Core #1. The lowermost orange zone in the EFS shows an increase in major 

elements (except for Ca), and a decrease in trace metal EF’s, with no change in detrital ratio plot 

values. Characteristics of the orange zone are consistent between both cores. Thickness of the 

orange zone in Core #1 is approximately eight feet, and it is approximately nine feet thick in 

Core #2.  

3.3.3 Core to Cuttings Correlation 

Correlating chemostratigraphic zones from core to cuttings within the same well can be 

used to gauge application of XRF elemental data to wells that do not contain core (i.e., cuttings 

only). While cuttings average elemental concentrations over a 10 ft. interval (compared to core 

analysis intervals every six inches), it is important to evaluate the utility of cuttings analysis for 

comparison.  
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Figure 3.19: Chemostratigraphic correlation between Core #1 (left) to Core #2 (right). Datum is 

the top of the EFS. Chemostratigraphic zones were identified by elemental concentrations and 

their variability. Only Al, Ca, EF-Mo and Zr/Nb plots were used to show correlation to 

represent the major elements (Al, Ca), trace metal EF’s (EF-Mo), and detrital input plots 

(Zr/Nb). 
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Core #1 was evaluated first, because of its small-scale sampling interval. 

Chemostratigraphic zones were then compared to the cuttings plots. Elemental concentration 

plots for the well cuttings were kept at the same scale as those for the core. As with the core-to-

core correlation, only Al, Ca, EF-Mo and Zr/Nb elemental plots were used to represent major 

element, trace metal EF’s, and detrital ratio plots. 

 Figure 3.20 compares Core #1 with its associated cuttings elemental indicators. 

Colored zones are kept at the same scale in both plots. Major trends in elemental data variability 

are evident. The uppermost red zone shows high Ca concentrations in association with both low 

Al and low EF-Mo values. The blue zone highlights high trace metal EF-Mo values in both 

traces. The yellow zone shows a decrease in Ca and increase in Al with depth, along with very 

low EF-Mo values. The green zone has an increase in the EF-Mo and Ca values, with an 

associated decrease in Al and detrital ratio values. All of elemental concentration shifts that 

occur between zones in the core occur further down in the cuttings chemostratigraphic zones. 

Reasons for this will be discussed later in this study. 

 3.3.4 Correlation with Gamma Ray Logs 

While identifying elemental chemostratigraphic zones can be useful, relating those zones 

to well log data can be applicable to other wells drilled in the EFS. Gamma ray logs are acquired 

for almost every well drilled; thus, relating chemostratigraphic zones to gamma ray log 

characteristics may be useful for other wells drilled in the EFS. Statoil supplied gamma ray 

curves for the study two wells.  
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Figure 3.20: Chemostratigraphic zone correlation between Core #1 (left) and its associated 

cuttings (right). Zones were identified in Core #1 for cuttings comparison. 
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Chemostratigraphic zones identified for both cores were depth matched to the gamma ray 

logs (Figure 3.21). A vertical line has been drawn on the gamma ray log and represents 50 

American Petroleum Institute (API) units. This line is used for reference and lithologic purposes 

that will be discussed later. The uppermost red chemostratigraphic zone at the top of the EFS has 

very low gamma ray values for Core #2, but stays consistently around the 50 API line for Core 

#1. The blue zone for the gamma ray in both cores shows a high frequency of values fluctuating 

back and forth across the 50 API line. The yellow zone stays consistent along the black 50 API 

line, especially in Core #1. The green zone that only exists in Core #1 shows gamma ray values 

greater than 50 API. The lower orange zone has very high gamma ray values around 100 API 

units. Matching the gamma ray log values to the elemental concentration plots is not 

straightforward. In areas of low gamma ray values, major element concentration values are low 

(except for Ca), trace metal EF’s are slightly enriched to depleted, and detrital input indicators 

are low. When gamma ray values are high, major elemental concentrations are high except Ca, 

trace-metal EF’s vary but are in general medium to high, and detrital input ratio values are low. 
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 Figure 3.21: Chemostratigraphic zones overlain with gamma ray well 

log values for both cores (Core #1 top, Core #2 bottom). The vertical 

line on the gamma ray plot represents 50 API units for reference. 
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4.0 DISCUSSION 

 

4.1 Relating Elemental Concentrations to Core Description 

 One of the most important aspects of geology is relating the collected data, such as 

well logs, seismic, or other device used to characterize a rock, to the physical description of the 

core/rock samples. Recognizing why a lithology produces a certain type of reading or 

measurement can allow for a better understanding of the formation and a more comprehensive 

application to similar rock types around the world. The EFS is an interbedded limestone and 

marlstone with heterogeneous bed spacing. The spacing and abundance of these beds, in addition 

to depositional controls, should affect the responses seen in the elemental concentrations.  

4.1.1 Major Elements 

 In general, the limestone beds are thicker and more abundant in upper section of the 

EFS. The major elemental concentrations should reflect the difference in the frequency of 

limestone beds throughout the formation. Ash beds are also present within the EFS that could 

have a significant impact on the major elements being deposited. In areas of high limestone 

concentration, there should be an increase in the Ca content, with a decrease in all other major 

elements. The marlstone beds are calcareous, although not as Ca-rich as the limestones. 

Additionally, the marlstone beds are clay-rich and should show higher amounts of elements 

associated with the clay minerals (Al, Fe, K, etc.). Therefore, a correlation may be inferred 

between the amount of limestone and marlstone beds from the core description and the observed 

major elemental concentrations. Factor analysis graphs were run on the elemental concentrations 

in each of the chemostratigraphic zones to classify and determine the possible origins based on 

the following plotted groups: Group 1 (terrigenous), Group 2 (authigenic), and Group 3 

(carbonates). 
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 Core #1 contains four limestone beds in the upper-most red chemostratigraphic zone 

and Core #2 contains five limestone beds. Responses in the major elemental concentrations show 

that the Ca is 25-30 wt.%, higher than expected in this zone. Pure limestones (CaCO3) have 

40wt.% Ca. This upper section of the EFS seems Ca rich without a significant amount of 

limestone beds present. This is most likely due to the fine laminations seen in the marlstones 

(Figure 4.1). The fine laminations are composed mostly of calcitized forams, inoceramid 

fragments and radiolarians (Breyer et al., 2013). This upper section also contains lower amounts 

of all the other major elements. A reading collected on an ash bed in this zone in Core #1 shows 

high amounts of Al, Si and K and a slight increase in the Fe and S (Figure 4.9). Since ash beds 

must contain high amounts of these elements, it can be deduced that a major spike in these 

elements should correspond to ash beds. The Fe and S show a substantial increase in their 

content due to the high amount of pyrite present in this zone. Black light photos from were used 

for Core #1 to outline ash beds. No black light photos were taken for Core #2 so identification of 

ash beds was more difficult in this core. The Kamp Ranch Member in Core #1 is named for the 

pyritized ooids (Figure 4.1) that are found in some parts of the EFS. After the Kamp Ranch, the 

S and Ca concentrations increase overall while all other major elements exhibit a decrease in 

concentration. Core #2 does not contain the pyritized ooids of the Kamp Ranch. Based on the 

similar increase in S and Ca elemental concentrations that are observed in the Kamp Ranch, its 

approximate location  was inferred in Core #2 (Figure 4.9). Furthermore, a large P peak just 

below the Kamp Ranch in Core #1 is also observed in Core #2, most likely caused by a 

phosphate lag. The factor analysis graphs (Figure 4.2) are inconclusive in this zone. 
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Figure 4.1: Core #1 photo on the top 

left depicting the upper 10 ft of the 

EFS. The red line indicates the 

inferred contact between the Austin 

Chalk and the EFS. The yellow box 

indicates the ash bed analyzed and 

the blue circle locates the Kamp 

Ranch member. The pyritized ooids 

in the Kamp Ranch is shown closer 

up on top right then through a 

microscope on bottom right. Core 

#2 photo to the bottom left shows 

the finely laminated nature of the 

upper EFS marlstones. 
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The blue chemostratigraphic zone in the EFS shows a higher abundance of limestone 

beds. The limestone beds, as described in the core, have spacing of approximately every two feet 

in Core #1 and every five feet in Core #2. Core #1 shows a consistent Ca concentration of 20 

wt.% in this zone. Within this zone, the EFS transitions to a more evenly interbedded succession 

of limestone and marlstone. The marlstones lose their finely laminated nature and become 

homogeneously dark gray in color (Figure 4.3). Calcium values in Core #2 display a convex 

curve, with relatively low values at the top and base of this zone and relatively high values in the 

center (Figure 4.9). The other major elements respond in the opposite manner, illustrating a 

concave shape. More abundant laminations in the marlstones in the middle of this zone may 

account for the relatively high Ca concentrations (Figure 4.3). This zone contains the highest 

abundance of ash beds in Core #1 and all identified ash beds in Core #2. The reworking of the 

ash beds into the sediments could explain the overall increase in the major elemental 

concentrations (excluding Ca). A reading was taken on two ash beds in Core #2 that show 

similar elemental concentrations as the ash bed analyzed in Core #1 (Figure 4.9). The factor 

Figure 4.2: Factor analysis on the elements in the red chemostratigraphic zone. Separating 

the elements into the terrigenous and authigenic groups is difficult in this zone. Core #1 is on 

the left and Core #2 is on the right. Group 1(terrigenous input), Group 2(authigenic 

enrichment), and Group 3 (carbonate elements). 

GROUP #1 

GROUP #3 

GROUP #3 
GROUP #2 

GROUP #1 GROUP #3 

GROUP #2 
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analysis for the blue zone show clear breaks for distinct grouping of the elements in Core #2, but 

Core #1 the elements all plot in the same area (Figure 4.4).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3: Core photos depicting the blue 

chemostratigraphic zone of the EFS. Core #2 

photos are on top and Core #1 photo is on 

the bottom. The photos on the right depict 

the interbedded limestones and marlstones 

that show the homogeneous marlstone beds 

with low visibility of the laminations. The 

photo on the top right depicts the area of the 

blue zone with higher Ca concentration and 

marlstone beds that are more identifiably 

finely laminated. 
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The yellow chemostratigraphic zone is almost completely devoid of limestone beds, as 

illustrated by the elemental concentrations and core description (Figure 4.5). In Core #1, there is 

only one limestone bed present at the bottom section of this zone, and in Core #2 there are two 

limestone beds present, one in the middle and one at the bottom. The Ca content decreases in this 

zone, with an increase in Al, Fe and K. The composition of the EFS is dominated by marlstones, 

which may account for the increase in these elements. The marlstones contain the clay minerals 

that are present in the EFS. These elements are strongly associated with the clay minerals, as 

illustrated by the positive correlation observed in the cross-plots. A large influx of terrigenous 

material (clay) could have starved the basin of carbonate input, resulting in higher amounts of 

marlstones and very few limestone beds. At the bottom of this zone in Core #1, a large reworked 

ash bed can be seen in the black light photos and is represented by the high peaks in all the major 

elements, except Ca and P. This is the only ash bed that exists below the blue zone in both cores. 

In factor analysis graphs for this zone, Si and Fe, which usually appear in Group #1 

(terrigenous), fall into Group #2 (authigenic). Silicon, as seen previously, seems to be a mixture 

GROUP #2 GROUP #1 

Figure 4.4: Factor analysis graphs for the blue chemostratigraphic zone in the EFS. Core 

#1 (left) has a high cumulative accountability data percentage (81%), but elements plots 

close together. Core #2 (right) has a 71% data accountability for the factors plotted and 

elements plot in specified groups. Group 1 (terrigenous input), Group 2 (authigenic 

enrichment), and Group 3 (carbonate elements). 

GROUP #3 

GROUP #2 

GROUP #1 

GROUP #1 

GROUP #3 

GROUP #2 
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Figure 4.4: EFS depicting high abundant marlstones that exist in the yellow 

chemostratigraphic zone. Fine laminations are not easily visible in this section. Core #1 is 

on the right and Core #2 is on the left. 

Figure 4.5: Factor analysis graphs for the yellow chemostratigraphic zone. Groups in this 

zone are conclusive for elements besides U. Core #1 had a 62% and Core #2 had a 61% 

for data accountability. Group 1 (terrigenous input), Group 2 (authigenic enrichment), 

and Group 3 (carbonate elements). 

of terrigenous input and authigenic enrichment. This could be evidence for why there is no 

observed increase in the Si content in this zone. Curiously, the Fe in this zone plots in Group #2, 

implying that its association to clay minerals is not as strong as expected. Therefore, the origin of 

Fe in this zone is not exclusively sourced from clay minerals. 
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 The green chemostratigraphic zone is interpreted only in Core #1. It has the same 

elemental concentrations and core description as the blue zone. The core contains five limestone 

beds within the 15 ft zone in the EFS (Figure 4.6). The Ca content increases slightly in this area. 

The other major elemental concentrations in this zone behave similarly to the blue zone with no 

major shifts present. The marlstones in this section are finely laminated in comparison to the blue 

zone, where laminations were not easily visible. This zone was not identified in Core #2 because 

the limestone beds are mostly absent below the blue zone. The appearance of the green zone in 

Core #1 may be the result of structural features, such as a repeating section caused by faulting. 

Factor analysis conducted on the elements in this zone account for 68% of the variability in the 

data (Figure 4.6). Elements plot in their proper locations in comparison to the overall EFS factor 

plots.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6: Green chemostratigraphic zone in Core #1. Core photo (right) illustrates equal 

amounts of limestones to marlstone beds. Marlstones show finely laminated nature. Factor 

analysis plot (left) depicts elements plotting in their proper groups. Group 1 (terrigenous 

input), Group 2 (authigenic enrichment), and Group 3 (carbonate elements). 
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GROUP #2 

GROUP #1 
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 The orange chemostratigraphic zone located at the basal ten feet of the EFS is clay 

rich. The core in this zone is composed of very dark gray to black looking marlstones that do not 

display visible fine laminations (Figure 4.7). Pyrite content increases significantly in this zone. 

The pyrite nodules increase in size and density within approximately six inches of the Buda 

contact. The major elemental concentration plots agree with the core description. The Ca content 

decreases immediately in this zone due to the lack of limestone beds and laminations. The 

dominant marlstone composition coincides with the higher Al and K content. The visible pyrite 

nodules in this zone are supported by the high concentrations seen in Fe and S plots. Factor 

analysis graphs for the orange zone are highly inconclusive for grouping the elements (Figure 

4.8). However, Fe and S plot very close to each other for the first time which concludes that the 

pyrite in this zone is most likely authigenic and not derived terrigenous sources. 

4.2 Cuttings vs. Core Trends 

 The trends outlined in the elemental concentrations of the cuttings generally match 

those seen in the core. As a result of higher resolution in core data, trends observed may be more 

noticeable than those derived from cuttings data. The cuttings elemental values represent an 

average of the concentrations over a 10ft. interval. Therefore, an average of the elemental 

concentrations of the core data over a 10 ft interval should result in similar trends to those seen in 

the cuttings. Specific major elements and trace metals from the core data were averaged over 10 

ft intervals to try and duplicate the cuttings data trends (Figure 4.10). This hypothesis was only 

tested on Core #1 because cuttings were not available for Core #2. 
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Figure 4.7: Core photos of the bottom orange chemostratigraphic zone in the EFS. This 

zone doesn't contain any limestones and is rich in pyrite nodules, especially near the Buda 

contact (red circle). Core #2 photo (right) contains the Buda contact (blue line). 

Figure 4.8: Factor analysis plots for the orange chemostratigraphic zone in Core #1 (right) 

and Core #2 (left). The origin groups are not labeled in these plots because elements do not 

group in a similar manner as compared to the other factor analysis plots. 
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Figure 4.9: Chemostratigraphic zones outlined in the major elements for the EFS. The 

readings taken on the ash beds in Core #1 (top) and Core #2 (bottom), are represented by a 

yellow line. The Kamp Ranch seen in Core #1 and inferred in Core #2 is outlined by the 

blue line. All ash beds in the cores are depicted by a red X. Gray scale is also plotted to 

illustrate the limestone beds present in the EFS. 
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Figure 4.10: Elemental concentrations plots depicting the cuttings and Core #1 data for 

specific major and trace metals. For the core, a 10-ft average (red line) was applied to the 

data to try and duplicate the 10ft. sample intervals for the cuttings. The cuttings data seems 

to be off by a factor and need to be shifted down. 

 

 Elemental concentrations for the core and cuttings, along with calculated averages for 

the core data, were superimposed on each other in Figure 4.10. Due to a slight offset in the trends 

between cuttings and core elemental concentrations, the cuttings data was shifted down by 

approximately ten feet (Figure 4.11). After applying these changes, the trends seen in the 

cuttings elemental concentrations better match the calculated 10ft averages of the core data. 
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Figure 4.11: Specific major elements and trace metals plotted for Core #1 and the cuttings 

associated with it. Also, the core data that was averaged over 10ft. to try and match 

cuttings trends. The cuttings elemental concentrations were shifted down ten feet to better 

match the core trends. 

  

 The observed offset of the cuttings data in Figure 4.10 may be tied to several factors, 

but is likely tied to human error. Since cuttings depths are approximated from the time it takes 

for a sample to be transported from the drill bit to the surface, it is plausible that inaccuracy 

during mud logging may be the source of the human error. Other issue  
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4.1.1 Using Cuttings for Elemental Interpretations 

Matching core and cuttings trends, as illustrated previously in this study, has implications 

for wells in the EFS that lack core data. One well was analyzed with the ED-XRF that only 

contained cuttings samples. The well is owned by Statoil and the location and name of this well 

cannot be given for reasons regarding data sensitivity. The well was a pilot well that was later 

drilled horizontally for production. Using the same elements, we can try and infer the same 

trends in this well that contains only cuttings (Figure 4.12).  

 

Figure 4.12: Elemental concentration plots for the well that only contains cuttings. The 

same elemental plots used in Core #1 to compare cuttings and core trends are used to try 

and infer similar trends. The black formation boundary was given by Statoil, and the red 

contact lines are inferred contacts from the elemental concentrations. 

Figure 4.12 illustrates the elemental concentrations plotted against depth for the unknown 

well that contained only cuttings data. It was reported that this did not penetrate the entire EFS to 

the Buda contact. Looking at the elemental concentrations, the Buda could have possibly been 

drilled in this well. This depth was estimated because of the increase in Ca content accompanied 
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by a decrease in the Al, which would be expected at the EFS-Buda contact. Curiously, the Mo 

concentration is anomalously high, which may be an error associated with the ED-XRF.  

The Austin-EFS contact given by Statoil is at 13860ft. This depth is either incorrect or 

the cuttings are not registered to the correct depth. The contact, based on the elemental 

concentrations, should be at higher because of the high Ca content and low Al and trace metal 

concentrations. The cuttings for this well seem inconclusive to draw the same elemental 

concentration trends illustrated by the two cores. 

4.3 Depositional Environment 

 The main focus of this study is to interpret proxies for depositional environment 

based on the elemental concentrations. The types of proxies that will be discussed and 

interpreted are: detrital input, paleoredox conditions, and sequence stratigraphy. The detrital 

input is an important factor in understanding burial and dilution of organic matter and can be 

measured using ratio plots of major elements. The same ratios can also be used to infer changes 

in relative sea level. Paleoredox conditions at the water bottom during deposition can give 

insight into oxygen levels and preservation potential of organic matter by using trace metal EF’s. 

Using sequence stratigraphy to determine depositional sequences and relative sea level can be 

difficult in mudrocks and shales, but the use of elemental concentrations and ratios may help 

outline specific environmental proxies used for delineating these sequences (Ver Straeten et al., 

2011).  
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4.3.1 Detrital Input 

 Sedimentation in a basin can occur in a number of ways, such as fluvial, eolian, volcanic, 

or pelagic deposition. Fluvial and eolian processes that deliver sediment into a basin can usually 

be attributed to changes in relative sea level. Pelagic deposition into a basin usually coincides 

with climate conditions affecting seasonal blooms of microscopic organisms. Modern data shows 

that organic matter preservation increases with increasing bulk sedimentation rate, but most 

ancient epeiric seaways (i.e. WICS during EFS time) seem to accumulate organic-rich shales 

under low bulk sedimentation rates (Sageman et al., 2003). Using the factor analysis graphs for 

the overall EFS has demonstrated that Al, Ti, Zr, Nb and Si coincide with the terrigenous input 

group (Group #1). Using elemental ratios of Ti and Si to Al can be interpreted to identify 

possible changes in detrital sediment input into the basin (Sageman, et al., 2003). Titanium found 

in dominantly pelagic marine sediments is attributed to eolian sources, while terrigenous input of 

Si into a basin likely has a fluvial or volcanic origin (Sageman et al., 2003). These proxies can 

also be used to interpret periods of relative sea level rise and fall. An increase in the Ti with 

respect to Al can reflect relative sea level fall because more eolian sediments should be deposited 

closer to the shoreline (Figure 4.13). The Si/Al ratio should increase relative to Ti/Al ratio 

because the source for Si can be associated with detrital clay and biogenic quartz that can be 

transported deeper into the basin. 
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Figure 4.13: Detrital input diagram depicting Ti and Si to Al ratio values corresponding to 

distance from shoreline. Ti/Al (eolian) increases closer to basin and Si/Al is relatively 

higher further into the basin because Si can be sourced from processes that deposit deeper 

into the basin. Modified from Sageman et al., 2003. 

Zr/Nb ratios were also plotted with the Ti/Al and Si/Al detrital plots. Zirconium 

concentrations represent the zircon grains that are only associated with terrigenous sources, 

whereas Nb concentrations are related to clay minerals, specifically illite (Ratcliffe, 2012). 

Additionally, Si/Al and Zr/Nb ratio plots can be used to infer grain size. Aluminum and Nb are 

largely associated with clay sized particles, compared to Si and Zr which correspond to silt-sized 

particles (quartz and zirconium grains). Grain size trends outlined by these two ratio plots can 

also be used as a proxy for relative sea level changes. Generally, coarser grains are 

predominantly deposited closer to the shore whereas finer grains are deposited further basinward. 

Sequences of coarsening-upward packages in the Si/Al and Zr/Nb plots can define a regression 

in sea level because it implies that there is a higher flux of coarser grain sediments.  The 

limestone beds were eliminated from the elemental data using the gray scale. The three ratio 

plots for each of the cores are outlined in Figure 4.14. 
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Figure 4.14: Detrital input ratio plots for Core #1 (top) and Core #2 (bottom). Plots include 

formations above and below EFS to extend interpretations outside of the EFS. 

Chemostratigraphic zones in the EFS are also plotted. Outlined are coarsening (black) and 

fining-upwards (red) packages. 
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 Figure 4.14 illustrates the elemental detrital ratio trends in both of the cores. 

Transitioning from the Austin Chalk to the EFS, ratio plots depict mixed results. The Zr/Nb 

shows extremely low to zero values in the Austin, unlike the Si/Al plot, which shows an increase 

in values. The Ti/Al ratio in the Austin shows varied results between the two cores. Core #1 does 

not display any significant changes across the contact, while Core #2 shows a major decrease in 

values transitioning from the EFS to the Austin. The mixed results of the detrital plots across the 

contact between these formations could be attributed to elements present in the Austin and the 

disconformable boundary that exists between the formations throughout the basin. In Core #1, 

the Austin Chalk is at least 215 ft thick, and in Core #2 the Austin thins drastically to 10 ft. 

Applying the ratio plots to the Buda Formation yields unreliable results because its lithology is a 

limestone that contains little to no clay (low Al and Nb concentrations).  

Focusing on the EFS, some trends are outlined by the detrital plots. Minor coarsening- 

and fining-upward packages are outlined in the Si/Al and Zr/Nb plots throughout the EFS. The 

bottom orange, green and yellow zones in both cores illustrate two distinct coarsening-upward 

packages in the Si/Al plots and a large coarsening-upward package in the Zr/Nb plot. The Ti/Al 

is interpreted to have a major fining-upward sequence in the bottom three zones of the EFS. The 

rest of the EFS show minor coarsening and fining packages for the Si/Al and Zr/Nb plots. The 

Ti/Al depicts one coarsening-upward package at the bottom of the blue zone, after which values 

remain consistent up to the Austin Chalk contact. These trends can be related to three different 

factors: detrital influx, grain size and relative sea level.  

Interpreting these trends as a proxy for changes in relative sea level depends on 

coarsening- and fining-upward packages outlined. Two different interpretations based on the 

observed packages may be deduced. According to Ratcliffe (2012), Si/Al and Zr/Nb ratio plots 
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can be used to infer a relationship between relative sea level and grain size. The two plots in 

Figure 4.14 show coarsening-upward packages at the base of the EFS followed by minor fining-

and coarsening-upward packages up to the Austin Chalk contact. This can be interpreted as 

relative sea level fall at the base of the EFS and fluctuating relative sea level through the upper 

portion. Sageman (2003) uses the Ti/Al and Si/Al plots to interpret changes in relative sea level. 

Figure 4.13 depicts his interpretation on how these two plots correlate to relative sea level 

changes. His analysis is based on the concentration of Ti in the system. Since Ti can generally be 

associated with eolian deposits, proximity to land (sea level drop) corresponds with higher Ti 

concentration in the sediments. The coarsening and fining-upward packages in the EFS for these 

two plots illustrate a relative sea level rise at the base of the EFS as shown by the fining-upward 

trend in the Ti/Al ratio. Near the contact between the yellow and blue chemostratigraphic zone, 

the Ti/Al plot shows a coarsening-upwards package. This possibly means that relative sea level 

fell during this time. The Ti/Al plot does not show any more significant shifts in value in the 

upper portion of the EFS and into the Austin. Based on information provided in literature and 

basic knowledge of carbonate systems, Sageman’s plots for interpreting relative changes in sea 

level from elemental concentrations seems more appropriate than Ratcliffe’s plots, as Ratcliffe 

used predominantly siliceous mudrocks in his studies. Since the Buda limestone was deposited in 

shallower water (carbonate shelf) than the EFS, one would expect to see a relative sea level rise 

across the formation boundary.  

The three plots in Figure 4.13 that illustrate detrital influx in the EFS do not show any 

overwhelming trends. The EFS is a predominantly pelagic carbonate mudrock that may not have 

had significant detrital input during the time of its deposition. One interesting feature that does 

appear in the Si/Al plot is the two very distinct coarsening-upwards packages at the base of the 
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EFS. The packages are much more prominent in Core #1, and a sharp decrease at the top of each 

package is evident. This illustrates a slight influx of detrital material into the basin during this 

time. Generally, these packages outline a relative increase in Si concentrations compared to Al. 

The Al is mostly associated with detrital clay content while Si in the EFS could be the result of 

volcanic, detrital quartz or some diagenetic effects. Interestingly, these packages in the core 

grade from little to no limestone beds present at the base to comprising almost half the lithology 

present at the top. Therefore, the Si/Al trend within these packages could represent changes in 

the amount of limestone beds present, because limestones correspond to extremely low 

concentrations in Al. Furthermore, the Si may also be associated with some diagenetic alteration 

or pelagic rain that does not significantly decrease its concentration when limestones are being 

deposited. This could explain why Si is located in both the authigenic and terrigenous factor 

groups. Conclusively, these packages are probably influenced by a slight influx in detrital 

material as well as an authigenic source (i.e. diagenetic or pelagic) of Si. 

These detrital ratio plots are excellent in outlining areas of sediment input into a basin for 

siliciclastic dominated deposits such as the Devonian deposits in the Appalachian basin 

(Sageman et al., 2003) or the Haynesville Shale in Louisiana (Ratcliffe, 2012), but the EFS is a 

carbonate dominated shale with almost no siliciclastic sediments. The most likely source of 

detrital material in the EFS is clay-sized particles that make-up the marlstones.  
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4.3.2 Paleoredox Conditions and Organic Matter Content from Trace Metals 

 Determining paleoredox conditions involves interpreting the oxygen levels in the 

water at the time of deposition (Tribovillard et al., 2006). Conditions can be divided into oxic, 

suboxic and anoxic. Anoxic conditions can also be further divided into nonsulfidic and sulfidic; 

sulfidic (euxinic) conditions occur when hydrogen sulfide is present in the water column. 

Suboxic conditions occur when oxygen concentrations in the water column are very low and 

hydrogen sulfide is confined to pore waters below the sediment-water interface (Tribovillard et 

al., 2006). Oxic conditions allow for abundant marine organisms to thrive, which leads to the 

degradation of organic matter (Tribovillard et al., 2006). Most oxic conditions can easily be 

categorized and recognized by the amount and type of bioturbation (organism burrows) present. 

The EFS has little to no visible bioturbation present, so it can be assumed that conditions during 

its deposition were suboxic to anoxic. Concentrations of specific redox-sensitive trace metals (U, 

V and Mo) can help in discerning the difference between euxinic and anoxic conditions. These 

elements are utilized for paleoredox interpretation because of their immobility during diagenesis 

and low vulnerability to secondary sources. In general, U and V are enriched under denitrifying 

conditions and Mo accumulates in sulfate-reducing conditions. These constraints can make it 

possible to distinguish whether areas of euxinic (enrichment in all three elements), or anoxic 

conditions (enrichment in only U and V) existed at the time of deposition. Depending on the 

trace metals present (specifically Ni and Cu) and their enrichment in the sediments, they can also 

be used as a proxy to interpret organic matter abundance. High concentrations in Ni and Cu can 

indicate high organic matter deposition, because they are dominantly delivered to the sediment 

with organo-metallic compounds (Tribovillard et al., 2006). Figure 4.15 outline the paleoredox 

conditions interpreted from the EF of the trace metals. 
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Figure 4.15: Trace metal EF plots for Core # 1 (top) and Core #2 (bottom) with 

chemostratigraphic zones outlined. The brackets on the depth side depict interpreted 

paleoredox conditions in the EFS. Blue (suboxic), black (anoxic) and red (euxinic). 
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 Inferred paleoredox conditions for the EFS in this study are presented in Figure 4.15. 

The enrichment factors (EF’s) for U, V and Mo help outline paleoredox conditions and Ni and 

Cu can illustrate areas of high organic matter deposition. As previously mentioned, most of the 

EFS is enriched in trace metals (EF > 1.0). This suggests that the EFS was deposited under 

anoxic to euxinic conditions and contains high amounts of organic matter. In both cores, the base 

shows low EF values in all trace metals, possibly correlating to suboxic conditions and lower 

organic matter content. The green chemostratigraphic zone in Core #1 contains high EF values 

for Mo, V and U as well as high Ni and Cu concentrations, indicating possible euxinic conditions 

and high organic matter being deposited. The blue chemostratigraphic zone of the EFS in both 

cores contains the highest trace metal EF’s. The paleoredox conditions can be interpreted as 

euxinic, containing high amounts of organic matter. The bottom half of the blue zone in Core #2 

has lower amounts of trace metal EF’s, which could be interpreted as a range of euxinic to 

suboxic conditions; however, due to the low EF concentrations, suboxic conditions were more 

likely present. The top ten to twenty feet of the EFS show depleted EF values for Mo but 

enriched EF values for V and U, corresponding to anoxic conditions. The organic matter should 

be relatively low in this zone because of the low EF values for Ni and Cu. Although 

interpretations can be made for paleoredox conditions during sediment deposition, these trace 

metals cannot help deduce whether these conditions occurred at or above the sediment-water 

interface.  

 The EFS paleoredox conditions can be classified as anoxic to suboxic. The trace 

metal concentrations found within the middle section of the EFS depict euxinic conditions at the 

time of deposition. Organic matter deposition was highest in the middle blue chemostratigraphic 

zone based on the Ni and Cu EF values. Therefore, the area of expected highest organic content 
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and its greatest preservation potential would be found in the blue zone, based on organic matter 

accumulation and paleoredox conditions. One major event is recorded in the upper portion of the 

EFS that could explain the higher amounts of trace metal EF’s. The oceanic anoxic event 

(OAEII) deposited anoxic black shales worldwide, including in the EFS. These anoxic black 

shales were deposited at this time because of high carbon dioxide, increased volcanic activity, 

high rates of marine productivity and eustatic sea level rise (Algeo and Rowe, 2012). The high 

EF values recorded by the trace metals in the blue chemostratigraphic zone could be caused by 

OAEII.  

4.4 Production Zones 

 Predicting zones of high production can be difficult due to a number of factors that 

influence the overall production of a well. Since this study focuses on geochemical data and core 

descriptions, the factors used to predict these zones will be trace-metal concentrations and 

lithology. Trace-metal concentrations, specifically high concentrations of Mo, have been used as 

a proxy to predict zones of high TOC. The lithology described from the core can lend to 

distinguishing areas of higher brittleness potential. Limestone is more brittle and prone to 

fracturing compared to marlstones as a result of its mineralogy. Thus, areas with a higher 

percentage of limestone beds should be more prone to fracturing. 

4.4.1 Predicting TOC from Mo Concentration 

 Molybdenum concentration can be used as an essential tool in predicting TOC. 

Sageman (2003) proposed a strong correlation exists between Mo concentration and TOC 

accumulation based on the relationship between Mo concentration and paleoredox conditions. 

Algeo (2006) states that Mo in oxic conditions is conserved in seawater because of its unreactive 
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state MoO4
2-

. However, in anoxic conditions, Mo is easily transferred to the sediments by 

absorption or solid intake from iron-sulfides. The trace metal plots used to interpret the 

paleoredox conditions demonstrated that euxinic/anoxic conditions were likely present during 

EFS deposition. The positive correlation between TOC and Mo was demonstrated for the two 

EFS cores by cross-plotting the two variables. 

To semi-quantitatively predict TOC values, a regression line was plotted to calculate 

TOC values from Mo concentration (Figure 4.16). The equation that represents the regression 

line for the polynomial (y= -0.001x
2
 + 0.1527x + 0.8541) and linear line (y= 0.0698x + 1.8923) 

can be used to calculate TOC values by substituting the Mo concentration values in for the 

variable x. A polynomial line showed a better fit for the data (higher R
2
 value), because it is 

unrealistic for TOC values to continue to increase linearly with extremely high Mo 

concentrations. A linear regression line was also plotted to allow for comparison with other 

studies that propose a relationship between Mo and TOC (Algeo et al., 2006; Algeo et al. 2007). 

Calculations for calculated TOC from the polynomial and linear regression equations using Mo 

concentrations are shown in Figure 4.17.  

The TOC values calculated were then plotted against the depth to visual illustrate how the 

TOC changes through the cores. Although the polynomial regression line had a better fit to the 

data, there were some inconsistencies. The inflection point for the polynomial is around 70ppm 

for the Mo concentration, so any concentrations exceeding that value would not correspond to 

higher TOC values (max TOC at 6.7%). This is not observed in Core #1, as most of the Mo 

concentrations in the trace metal rich zone contained values greater than 70ppm and 
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Figure 4.16: TOC vs. Mo concentration plot for both cores analyzed. There are two lines 

plotted: polynomial and linear regression trends. The equations can be used to semi-

quantitatively calculate TOC values based on Mo concentrations. The R
2
 value illustrates 

the fit of the regression lines to the data (R
2
=1.0 would mean the line perfectly fits the 

data). 
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Figure 4.17: Calculated TOC based on Mo concentrations for Core #1 (top) and Core #2 

(bottom). TOC values were calculated using regression polynomial equation (right) and 

linear equation (left) obtained from the cross-plot in Figure 4.16. 
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TOC values higher than 6.7 wt.%. The linear regression equation, when TOC was calculated, 

looked identical to the Mo concentration plots for the two cores. This is not a realistic scenario 

because the trends in the Mo are not going to match the TOC exactly. Another inconsistency in 

both equations concerns the calculation of TOC for lower Mo concentrations, as neither trend 

intersects the origin. The lowest possible value for TOC in the polynomial equation is 0.86 wt.% 

and 1.8923 wt.% for the linear equation. This is unrealistic because areas of 0 wt.% TOC do 

exist in the limestone beds in the EFS. The most realistic fit that would represent TOC values 

based on Mo concentration incorporates two separate linear trends (Figure 4.18). For Mo 

concentrations greater than 40ppm, TOC values flatten out and do not increase in the same linear 

trend. Therefore, the use of two separate linear trends is the best plausible situation to represent 

the relationship between the Mo and TOC. Figure 4.19 displays calculated TOC values from the 

two trend linear regression equations shown in Figure 4.18. At first glance, the TOC down-hole 

plot successfully incorporates the polynomial and linear equations used in Figure 4.18. It reflects 

the behavior of the polynomial function in that TOC values do not significantly increase after a 

certain Mo concentration value (40ppm); additionally, the down-hole plot lacks a maximum 

TOC inflection point, similar to that of the linear equation.  

 Figure 4.19 displays calculated TOC values from the two trend linear regression 

equations shown in Figure 4.18. At first glance, the TOC down-hole plot successfully 

incorporates the polynomial and linear equations used in Figure 4.18. It reflects the behavior of 

the polynomial function in that TOC values do not significantly increase after a certain Mo 

concentration value (40ppm); additionally, the down-hole plot lacks a maximum TOC inflection 

point, similar to that of the linear equation.  
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Figure 4.18: TOC versus Mo concentration plot showing the two separate linear regression 

trends and associated equations for those lines.  
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Figure 4.19: Calculated TOC values for Core #1 (right) and Core #2. TOC values 

were calculated from Mo concentrations by using the two linear regression equations. 

Actual TOC values were plotted next to the calculated for trend comparisons. 
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Comparing the actual TOC values to the calculated TOC values in Figure 4.19 reveals 

that some flaws that exist with this method of calculating TOC from Mo concentrations. Possible 

error could stem from the sampling interval that a company used to take their TOC readings from 

the core. The company has a specific process for analyzing TOC from core. This process utilizes 

a six inch section of the core every ten feet for sampling and tests. From the six inch section 

collected, a one inch cylindrical sample is used for geochemical testing. Previous discussions 

have shown that using a 10ft. interval does not account for the amount of heterogeneity that 

exists in the EFS. Figure 4.20 demonstrates the heterogeneity that exists in a ten foot interval as a 

result of the broad intervals and thicknesses of the marlstone and limestone beds that compose 

the EFS. Since the limestone beds will have significantly lower values of TOC than the 

marlstones, the location of each one inch sample collected by the company will have an impact 

on the resulting TOC value. 

 

 

 

 

 

 

 

Figure 4.20: Ten foot core interval of the EFS depicting the heterogeneity that exists 

and the variability of the limestone and marlstone beds thickness and spacing. The red 

box indicates a six inch interval that might be used for tests. 
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4.4.2 Chemostratigraphic Production Zones 

 As a result of its high TOC values, the lower marlstone-rich section of the EFS has 

been a primary target for petroleum exploration and production. This study suggests, however, 

that targeting and landing horizontal wells in this lower zone may not be the best choice for a 

number of reasons. Although it does contain some of the highest TOC values in the EFS, it lacks 

the abundant limestone beds observed higher up in the formation that can add to the brittleness 

factor of the rock for hydraulic fracturing purposes. The two wells analyzed for this study show 

that the higher TOC values may actually be found in the middle to upper portion of the EFS. The 

lower marlstone-rich zone in the EFS corresponds to the yellow chemostratigraphic zone 

designated in this study. It has a very low amount of limestone beds and curiously very low 

amounts of trace metals, specifically Mo concentration. Based on the previous section, Mo 

concentration can be used as a good proxy for TOC values. Therefore, this section may have 

lower TOC values than the blue chemostratigraphic section. The blue chemostratigraphic section 

described in this study contains the highest concentration of limestone beds, which occur 

approximately every two to five feet. The marlstones in this zone have higher amounts of Ca 

compared to the lower yellow zone, likely the result of its more distinct laminations. The 

marlstones are more calcareous in this zone which could also aid in the brittleness factor. 

Likewise, this zone also contains the highest trace metal EF’s. Mo concentration is consistently 

very high in the blue zone in both wells. The actual TOC values measured are also still relatively 

high, averaging 4-6 weight percent in the blue zone. In the EFS, the marlstone beds contain the 

rich organics. Although, the TOC average in the marlstone-rich yellow chemostratigraphic zone 

is slightly higher than the blue zone, the yellow zone shows low amounts of trace metals that 

usually correlates to low amounts of TOC. This yellow chemostratigraphic zone could have 

contained higher amounts of oxygen levels (suboxic) compared to the blue zone, which showed 
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high EF’s for the trace metals. The organic matter is still preserved in the yellow zone even with 

the higher amounts of oxygen levels. The organic matter might have been preserved due to of an 

influx of detrital material. The detrital plots showed a coarsening upwards package in the Si/Al 

for the yellow zone, which could indicate that there was a high influx of clay from a terrigenous 

source during this time in the EFS. The high amounts of trace metals found in the blue 

chemostratigraphic zone could be caused by the oceanic anoxic event (OAEII) that occurs within 

the upper EFS. The OAEII  

 Consequently, the blue chemostratigraphic zone could be a new target in the EFS. In 

Core #1, the higher amounts of trace-metals are found within the lower forty feet, whereas in 

Core #2 this trend is found within the upper forty feet (Figure 4.21). This zone has the potential 

to produce a higher amount of hydrocarbons due to the high abundance of limestone beds and the 

calcareous-rich marlstones that create a higher brittleness factor and could aid in further 

penetration of the hydraulic fractures into the reservoir. 
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Figure 4.21: Chemostratigraphic zones outlined on trace metal EF plots and gray scale 

plot. Brackets outline the possible new target in the EFS. The blue zone contains high trace 

metal EF's that could correlate to higher TOC values. Also higher abundance of limestone 

beds depicted by the gray scale plot could correlate to higher overall brittleness and could 

increase the hydraulic fracture penetration into the reservoir. 
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5.0 SUMMARY AND FUTURE WORK 

 This study performed a geochemical analysis using a portable Bruker Tracer III-SD    

ED-XRF on two cores and cuttings for the Eagle Ford Shale (EFS). The elemental 

concentrations collected by the ED-XRF were divided into two distinct types of elements, major 

and trace elements. Trace elements were converted to enrichment factors (EF) to identify areas 

of enriched or depleted concentrations in the EFS. Core descriptions were also incorporated in 

this study to help visually characterize the EFS and relate lithologic characteristics to the 

elemental concentrations. The main results from this study were: 

 Identifying and describing chemostratigraphic zones, 

 Interpreting depositional environment proxies, and  

 Predicting TOC values from Mo concentrations. 

5.1 Summary  

Core descriptions and elemental concentration plots were both used to identify 

chemostratigraphic zones in the EFS. Five zones were identified on the basis of elemental 

concentrations in Core #1, and four zones were picked in Core #2.  These zones were color 

coded to show their differences in lithologies, elemental concentrations, and trace-element 

enrichment factors (EF).  

1) The uppermost red zone contains characteristically high Ca concentrations, and very low 

trace metal EF’s (slightly enriched to depleted), accompanied by a low abundance of 

limestone beds and a high abundance of calcareous marlstones. 
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2) The blue chemostratigraphic zone contains moderately low, to low concentrations of 

major elements, the highest EF values (highly enriched) for the trace metals, and 

approximately equal abundance of limestone to marlstone beds. 

3) The yellow zone in the EFS has high concentrations of major elements (except for Ca), 

very low EF values (slightly enriched to depleted) for trace metals, and is dominated by 

marlstone with only a few limestone beds. 

4) The green zone is only identified in Core #1 because of its characteristically higher 

concentration for Ca and high EF values for the trace metals (enriched), and a high 

proportion of limestone beds. 

5) The lowermost orange chemostratigraphic zone had characteristically high major element 

concentrations (except Ca), very low EF values (depleted) of trace metals, coarsening-

upward packages shown by Si/Al and Ti/Al ratios, and is dominated by dark, clay-rich 

marlstones.  

Paleoredox conditions, degree of detrital input, and sequence tracts were interpreted for 

the EFS from elemental concentrations and ratios. Paleoredox conditions in the EFS were most 

likely suboxic to anoxic/euxinic, as interpreted through the presence of enriched concentrations 

of the trace metals. High EF values for all the trace metals in the blue zone is interpreted as 

representing euxinic conditions, and most likely coincides with the worldwide Oceanic Anoxic 

Event II. Detrital input during deposition of the EFS, based on Si/Al, Ti/Al and Zr/Nb ratios, 

indicates low amounts of detrital sediment input. However, two coarsening-upward packages 

shown by the Si/Al plot at the base of the EFS, could indicate possible detrital input fluxes into 

the basin. As a caution, the detrital-related ratios may not fully identify detrital input into the 

system because the plots used were for siliciclastic-dominated basin deposits. The EFS has very 
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little to no siliciclastic sediments, and is dominated by carbonates and clays. The main source of 

detrital sediment in the EFS is most likely clay-sized particles that cannot easily be differentiated 

by the commonly used detrital-ratio plots. 

 Total organic carbon (TOC) exhibits a positive relationship with Mo concentration. 

Although most previous authors have produced a single linear regression line relating TOC and 

Mo, it can clearly been seen in the EFS data that two separate trends exist. Using Mo 

concentrations, TOC was calculated in the two cores from the two regression equations. 

Although the calculated TOC did not match actual measured TOC values, the same trends can be 

observed between the two showing higher values in the upper/middle blue chemostratigraphic 

zone to the yellow zone. 

 Since its discovery in 2008 by Petrohawk, most companies have been targeting the 

lower marlstone-rich zone of the EFS, which correlates to the yellow chemostratigraphic zone in 

this study. These are marlstones within which higher amounts of organic matter were deposited, 

and therefore possess the higher TOC values. However, this study suggests that the upper/middle 

section of the EFS, the blue chemostratigraphic zone, may have overall higher TOC values, even 

though the lithology contains a significantly greater proportion of limestone beds. The higher 

trace metal EF’s in the blue zone, compared to the slightly enriched to depleted values of the 

yellow zone, likely suggest higher TOC values in the blue zone. The U, V and Mo trace metals 

were highly enriched in the blue zone, which is interpreted as having been deposited in euxinic 

bottom-water conditions.  In comparison, the slightly enriched to depleted values of U, V and 

Mo in the yellow zone indicate suboxic conditions. The higher Ni and Cu EF values in the blue 

zone, compared to the yellow zone, may also indicate higher organic matter input into the blue-

zone sediments.  
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The greater abundance of limestone beds may also contribute to better reservoir 

characteristics within the blue zone, because the limestone beds increase the brittleness factor of 

the lithology, which is significant for better hydraulic fracturing. Overall, the blue zone has the 

potential to be a new target for companies to attain higher production values in the EFS. 

5.2 Future Work 

 Elemental concentrations obtained from the two cored wells provided by Statoil were 

useful in applying basic elemental relationships to determine depositional environment 

interpretations. However, two wells are certainly not representative of the entire basin of 

deposition for the EFS, and therefore obtaining elemental concentrations on other wells in the 

EFS play would be helpful for applying these interpretations basin wide.  

 Core descriptions were compared to the elemental concentrations to identify their 

relations to one another. However, core descriptions are commonly vague and subjective for 

mudrocks. Expanding lithologic descriptions with the use of standard petrography should further 

help identify the relationship between lithology and elemental properties. 

Comparing elemental concentrations to other down-hole well logs, such as resistivity, 

sonic, bulk density and others, could enhance recognition of chemostratigraphic zones 

interpreted from elemental data and lithologic descriptions. These relationships could then be 

applied to other wells that do not have core available.  

Application of chemostratigraphic zonation to other wells in the basin would aid in 

further refined EFS correlations; for example, the green chemostratigraphic zone was only 

present Core #1.  Additional wells across the basin could therefore be used to identify these 

stratigraphic variations.  
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Finally, investigating the oil-production properties of the blue chemostratigraphic zone 

would indicate if higher trace metal EF’s (such as Mo) actually correlate to higher TOC values, 

and if the limestone bed abundance increases the hydrocarbons being produced through their 

enhanced fracturing.   
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