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Abstract 

Crude oils are enriched in a variety of metals (e.g., vanadium, nickel and molybdenum). Advances 

in instrumentation and research now allow the exploration of more trace elements and unconventional 

stable isotopic compositions of these metals in oils (e.g., V, Ni, and Mo). Crude oils appear ideal to 

investigate metal isotope biogeochemistry due to their accessibility and global occurrence. Stable isotopes 

are subject to mass dependent stable isotope fractionation, which is driven by the differences in chemical 

and physical properties of the atoms arising from the relative mass difference of a given element. 

Biodegradation, maturation, valence states/redox conditions can all induce fractionation among vanadium 

isotopes resulting from the differences in coordination chemistry and bond strength. In this study, a 

relatively recently developed unconventional stable method of obtaining the precise isotope ratio of 51V/50V 

was used to analyze for the first time the V isotope ratios of thirteen bulk rock shale samples and seven 

extractable organic matter (EOM) samples. These samples are from a core drilled from the La Salle county, 

TX in the Eagle Ford Shale. High concentrations and enrichments of metals are shown in the bulk rock 

shale where high total organic carbon, TOC, also prevails, which appears to indicate highly euxinic 

conditions. While the metal concentrations are important, the metal ratios, V/Ni and V/(V+Ni), are also 

important as they are suggested to be paleoenvironmental indicators. The bulk rock shale and EOM 

samples show very high V/(V+Ni) ratios (~0.9), which is indicative of very anoxic or euxinic (sulfidic) 

conditions. However, the V/Ni ratio has variations in the bulk rock shale, EOM and the oil.  

The  51V/50V of the bulk rock shale and EOM samples shows variability and disparity throughout 

the core. The deepest samples of the bulk rock and EOM show similar values of approximately -0.7‰ +/- 

0.2‰, which are close to bulk silicate earth (BSE). However, the EOM samples diverge away from BSE 

values, and become isotopically lighter up hole. On the other hand, the bulk rock shale samples become 

isotopically heavier up hole. There lies an array of fractionation processes that could be causing the 

disparity in isotopic composition between the bulk rock shale and EOM. The fractionation processes 

include the vanadium speciation and redox conditions at the sea bottom, fractionation during diagenesis, 

progressive kerogen-crude oil transformation, progressive crude oil expulsion, and catagenesis-related 

crude oil demetallation. 
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CHAPTER 1 

INTRODUCTION: 

1.1 Petroleum System Elements and Processes 

 Oil and gas plays consist of both petroleum system elements and processes that 

must all be present and operative in order for there to be an active play. The petroleum 

elements include: source rock, overburden rock, reservoir rock, migration route, seal 

rock, and the trap (Magoon, 1988). The source rock is a rock with abundant hydrocarbon 

prone organic matter. The overburden rock is the rock lying above the source rock. The 

reservoir rock is the rock in which the oil and gas migrates and accumulates. The 

migration route includes the avenues in the rock through which the oil and gas move 

from the source rock to the trap. The seal rock is an impermeable rock through which oil 

and gas cannot move effectively, and the trap is a structural and stratigraphic location 

which acts as a focus for the oil and gas into an accumulation. The petroleum system 

processes work in conjunction with the petroleum system elements. The petroleum 

system processes include generation, migration, accumulation, preservation, and timing 

(Magoon, 1988). Generation is the process of source rock burial at high temperatures and 

pressures during which conversion of organic matter or kerogen to hydrocarbons takes 

place. The migration process is the upward and lateral movement of hydrocarbons from 

the initial location of the source rock to the final location, the trap. The accumulation 

process includes the quantity of hydrocarbons moving into the trap faster than the 

quantity of hydrocarbons leaking out of the trap. The preservation process deals with the 

hydrocarbons remaining in the reservoir and not being subjected to destruction by 

biodegradation and water washing. Lastly, the timing process lends to the trap forming 
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either before and during hydrocarbon migration. All of the petroleum system elements 

and processes must be present in order for an oil accumulation to occur (Magoon, 1988).  

More recent advancements indicate the petroleum system can occur in either a 

conventional or unconventional play (Magoon, 1988). A conventional play occurs when 

each petroleum system element and process resides as its own entity and oil/gas is 

extracted laterally by the natural pressure from the wells from a reservoir where oil has 

migrated and accumulated. An unconventional petroleum system occurs when the source 

rock, reservoir rock, and trap are all one in the same. If retrieving oil is scarce by 

conventional ways, an unconventional method can be used. This includes drilling 

downward, drilling horizontally and subjecting the rock to sufficient pressures by 

“fracking.” This allows oil and gas to flow from very tight, low-porosity shales and 

sandstones that would not be possible with conventional drilling and recovery techniques. 

 

1.2 Trace Element Geochemistry of Crude Oil  

Vanadium, Nickel and Sulfur  

 Petroleum consists of major components of hydrogen and carbon with lesser 

amounts of nitrogen, sulfur, and oxygen. These five elements make up the organic 

molecules of oil. Crude oil also consists of an inorganic component comprising largely of 

molecules containing vanadium (V), nickel (Ni), and other trace metals (Aleshin et al., 

1984; Amorim et al., 2007). Abundances of vanadium and nickel in oil vary depending 

on the redox conditions, the degree of organic preservation, and metal replenishment 

from the overlying water column and abundance of the accumulated organic matter at the 

depositional site (Emerson & Huestes, 1991). Metal enrichment is highest in 
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euxinic/anoxic environments where organic matter preservation tends also to be highest, 

and tends to be lowest in oxic environments. Therefore, the concentrations of vanadium 

and nickel are dependent on source rock composition, depositional environment, basin 

type, and organic matter type, which all contribute to preservation of certain high metal 

contents (Lewan & Maynard, 1982; Lewan, 1984; Barwise, 1990). In 1990, Barwise 

presented a classification scheme relating vanadium, nickel, and sulfur content to source 

rock lithology and depositional environment. The highest metal abundances commonly 

exist in marine environments where sea-bottom anoxia often exists, while metal 

abundances decrease significantly in terrigenous oxic conditions. The abundances of 

these metals can also be influenced by secondary processes of maturation, 

biodegradation, and crude oil migration. For example, Barwise (1990) indicated that 

nickel and vanadium metal concentrations vary with API gravity.  

Metal abundance is high in low API gravity, or low maturity crudes, whereas at higher 

thermal maturities and higher API, metal abundances decrease. The loss of metals with 

increases of thermal maturation could be due to source rocks subjected to high 

temperatures over time, resulting in a process called demetallation (Constantinides et al., 

1959).  However, although abundances of metals are subject to change due to secondary 

processes, the V/Ni, Ni/V and V/(V+Ni) ratios stay fairly constant for lower degrees of 

maturity due to the structural similarities among compounds containing vanadium and 

nickel, ie. until very high maturities are reached (Ro=~1) (Lewan, 1980). The V/Ni and 

V/(V+Ni) ratios have been used to characterize depositional environment, 

redox conditions as well as oil-source rock and oil-oil correlations (Moldowan et al., 

Nickel 
(ppm) 
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1986; Barwise 1990; Sundararaman et al., 1993; Galarraga et al., 2008). Furthermore, 

geochemical signatures of Ni/V>2 often indicate lacustrine terrigenous oxic source rocks, 

while Ni/V<2 indicate marine carbonate anoxic source rocks (Barwise, 1990).  In crude 

oil, vanadium occurs mainly as vanadyl ions (VO2+) of organometallic porphyrins and 

non-porphyrins. Porphyrin structures are initially derived from plant precursors such as 

chlorophyll (Treibs, 1934, 1936; Lewan, 1984; Baker and Palmer, 1987; Lipiner et al., 

1988; Louda et al., 1998). The proportionality of Ni and V in petroleum are controlled by 

Eh-pH conditions, sulfur availability, and source rock lithology (Lewan & Maynard, 

1982; Lewan, 1984). 
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Lewan, in 1984, established an oil classification scheme consisting of three regimes 

(Figure 1.2.1). Regime one represents vanadium occurring as a quinquivalent anion 

where vanadyl cations are not available for metalation into the sediment. On the contrary, 

nickelous cations are available for metalation giving rise to an overall low V/(V+Ni) 

ratio, and low sulfur content. In regime two, vanadyl and nickelous cations are available 

for metalation. In basic (high pH) conditions, nickelous cations dominate for metalation 

Figure 1.2.1: Three Regimes comparing Eh vs pH for vanadium and nickel 

speciation. Regime one (green) indicates Ni ions for metalation over V ions. 

Regime two (yellow) indicates Ni and V ions available for metalation depending 

on pH conditions. Regime three (red) indicates V ions available for metalation 

over Ni due to sulfate reduction. (Redrafted from Lewan, 1984). 
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due to the vanadyl ions being hindered by hydroxide ions. In acidic (low pH) conditions, 

hydroxide ions do not hinder vanadium, therefore allowing for vanadyl and nickelous 

cations to be available for metalation. The V/(V+Ni) ratio is usually ~0.1 to 0.5 (Lewan, 

1984). Lastly, in regime three vanadyl ions are available for metalation, but nickel is 

hindered by reduced sulfate. In this regime, sulfate is reduced by sulfate reducing bacteria 

and nickelous cations have an affinity to bind to the reduced sulfur (and Ni-sulfide 

production). This results in high V/(V+Ni) and high sulfur content in the crude oil. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2.2: Three Regimes comparing V/(V+Ni) ratio and sulfur content. Regime one 

(green) indicates high sulfur content and high V/(V+Ni). Regime two (yellow) indicates 

low sulfur and variable V/(V+Ni). Regime three (red) indicates low sulfur and low 

V/(V+Ni). (Redrafted from Lewan 1984; Whisman and Cotton 1971). 
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In anoxic conditions marine conditions, VO(II) porphyrins predominates over Ni(II) 

porphyrins due to the fact that in oxygen depleted environments, the bacteria carry out 

sulfate reduction and bottom waters become H2S rich. Sulfate is reduced and nickel binds 

to the free sulfur, leaving vanadium to bind with the free-base porphyrins and other 

organometallic complexes in the sediment. In other words, there is a positive correlation 

with sulfur % and vanadium abundance in oils (Barwise, 1990; Figure 1.2.2). On the 

contrary, in oxic environments, Ni(II) porphyrins predominates over VO(II) porphyrins. 

Hydroxides in basic conditions hinder the vanadium from binding to the porphyrins and 

other organometallic complexes, leaving the nickel available for metalation of the 

porphyrins and organometallic complexes.  

 

1.3 Vanadium Stable Isotopes 

 While abundances of metals can reveal information about depositional 

environment, source rock lithology and organic matter type, stable isotope analysis of 

vanadium could provide additional information, but these studies are in their infancy 

(Ventura et al., 2015; Gao et al., 2017). Transition metal stable isotopes have a 

correlation between ocean oxygenation and redox related changes in global oceans 

(Anbar et al., 2007). Oxygenation in oceans changes over time with oxygen consumption 

dependent on carbon-rich organic matter from the photic zone, and oxygen supply 

resulting from water circulation and mixing. Ocean oxygenation is therefore linked with 

carbon cycling and global climate.  

Stable isotope analysis of the metals in crude oils has been of high interest due to 

the fact that crude oils contain high amounts of transition metals: e.g., V, Ni, Mo 



8  

characterized by multiple stable isotopes. Crude oils are important to study stable isotope 

biogeochemistry due to their availability, and global occurrence (Ventura et al., 2015). 

They represent one of the most extensive reservoirs of sedimentary organic matter from 

the past with oils sourced from ancient high organic matter source rocks (Ventura et al., 

2015). 

Stable isotopes differ from radiogenic isotopes because they are subjected to 

mass-dependent fractionation, which is driven by the differences in chemical and 

physical properties of atoms (Hoefs, 2008). Vanadium fractionation is affected by a 

variety of different processes such as phases/species, valence states, mineral absorption, 

biological activity, biodegradation, and thermal maturity (Gao et al., 2017). It is also 

shown that V isotope fractionation occurs within different species of the same valence 

state with changes in bond lengths and coordination numbers (Wu et al., 2015).  

Fractionation can occur in vanadium due to the multiple valence states (V+2, V+3, 

V+4, V+5) in aqueous environments and consequently isotopic ratios are very sensitive to 

redox conditions (Ventura et al., 2015). Vanadium follows a two-step reduction process 

which can lead to the formation of separate vanadium carrier phases of differing 

solubilities under varying depositional environments (Tribovillard, 2006). V+2 

compounds are reducing agents, while V+5 compounds are oxidizing agents. In oxygen 

enriched environments, V(V) exists and forms soluble HVO4
2- and H2VO4

2-. As oxygen 

becomes depleted in anoxic environments, V(V) is reduced to V(IV) and forms vanadyl 

ions, and insoluble hydroxides (VO(OH3), VO(OH)2). V(V) and V(IV) are both surface 

reactive and are subjected to adsorption processes (Tribovillard, 2006; Gao et al., 2017). 

Depending on the pH of the water and the vanadium stability, V will adsorb to differing 
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compounds. For example, V(V) being both soluble and mobile, adsorbs to iron and 

manganese oxides, and clay minerals leading to high vanadium concentrations in 

seawater (Wu et al., 2015). In euxinic environments, consisting of high sulfur and no 

oxygen, the presence of H2S causes the V(IV) to be reduced further to V(III), which 

precipitates as V2O3 and V(OH)3. Changes in redox reactions can cause fractionation of 

vanadium. These redox reactions affect metal speciation and reactivity to reducing and 

oxidizing agents, therefore vanadium isotopic fractionation of trace metals in crude oils 

could have the potential to trace depositional or post sedimentary environments to 

understand the biogeochemical cycles that lead to oil formation. 

Secondly, fractionation between phases/species are controlled primarily by the 

valence state and binding chemistry. Species with shorter bonds, V-O in this case, tend to 

be enriched in the heavier isotope (Schauble et al., 2001; Wu et al., 2015). In this case, 

vanadium occurring as V+5 is enriched in the heavier isotope relative to V+3 (Schauble et 

al., 2001; Wu et al., 2015). As valence state increases, the bond length decreases, and the 

bond strength increases. This applies to most redox related elements such as Cu, Fe, and 

V (Wu et al., 2015).  

 Fractionation can also occur between the same species, but differing coordination 

numbers and structure. For example, in 2015, Wu et al., discovered that significant 

isotopic fractionation occurred between vanadium occurring as a +5 valence state and a 

four-fold coordination cluster, and vanadium occurring as a +5 valence state and a six 

fold coordination cluster. On the contrary, when the valence state and coordination 

number were the same, the fractionation was very minimal (Wu et al., 2015).  
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In addition, biodegradation and thermal maturation can induce isotopic 

fractionation in crude oils. Pr/nC17 values as well as gas chromatogram distributions of 

light organic compounds can indicate biodegradation (Gao et al., 2017). Bacteria in both 

aerobic and anaerobic environments utilize nutrients and alter petroleum. Microbial 

activity can also induce changes of the species and coordination geometries of vanadium 

ions (Gao et al., 2017). The lighter, lower molecular weight vanadium complexes are the 

first attacked by the bacteria, leaving the higher molecular weight complexes more 

resistant to attack. The pristine V isotopic compositions can be significantly modified by 

biodegradation in which the V/V+Ni has a very restricted value with large variation in 

51V. In terms of maturation, as source rocks are subjected to higher pressures and 

temperatures, thermal maturity increases. During this process, labile portions of crude 

oils begin to crack and concentrations of metals decrease. This process of demetallation 

that occurs can cause porphyrin compounds in crude oil to change type, or decompose the 

metallo-porphyrins, which can lead to free cations that can be occluded into asphaltenes 

or form a metal sulfide that gets trapped in asphaltene micelles (Filby, 1994). The 

exchange and transformation of vanadium between different species can induce 

fractionation resulting from changing bonding strengths among structures. Decreases in 

51V with increasing thermal maturity could be a result of demetallation loss of 51V or 

preferential incorporation of 50V into the organometallic complexes (Peters and 

Moldowan, 1993; Gao et al., 2017; Figure 1.3.1). Lastly, fractionation can also occur due 

to biological activity as vanadium is an essential growth trace element for many plants 

and animals. Therefore, the vanadium isotopic composition can be used to track the 

source or type of biomass (Gao et al., 2017).  



11  

 

 

-1.8

-1.6

-1.4

-1.2

-1

-0.8

-0.6

-0.4

-0.2

0

0.1 0.12 0.14 0.16 0.18 0.2

V
an

ad
iu

m
 I

so
to

p
ic

 C
o
m

p
o
si

ti
o
n

Tricyclic Index

51V vs.Tricyclic Index

Gao et al., 2017-oils

 Figure 1.3.1: Vanadium Isotopic Composition vs thermal maturation. 51V 

becomes lighter with increasing thermal maturity. (Redrafted from Gao et al 

2017). 
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1.4 Previous Vanadium Isotopic Work 

 In 2015, Ventura et al., was one of the first to measure vanadium isotope 

compositions of crude oils. Discovered in the study was the fact that in crude oils, 

vanadium isotopic compositions have tremendous variability. He proposed that the data 

distinguishing two distinct clusters comprise oils with isotopically light compositions and 

most likely sourced from terrestrial siliciclastic rocks, and a cluster composing of 

isotopically heavy compositions most likely sourced from carbonate marine rocks 

(Ventura et al., 2015). It was therefore realized that 51V denotes that the isotopic 

compositions in unaltered crude oils are most likely inherited from the vanadium present 

during time of deposition. He further verified this concept by comparing metal 

concentration to the 51V for vanadium (Ventura et al., 2015). Once again, two distinct 

clusters were recognized, where samples more enriched in the heavier 51V tend to have 

igher metal concentrations comprising of the carbonate marine samples. Samples 

depleted in the heavier 51V tend to have lower metal concentrations comprising more of 

the terrestrial siliciclastic samples (Figure 1.4.1). This indicates that the isotopic 

signatures are inherited from the primary source which controls the metal  

availability or the accumulation of heavy isotopes with metal enrichment during 

diagenesis.  
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Gao et al., 2017 measured vanadium isotopic compositions of a different set of 

crude oils and found similar correlations. There was a first order positive correlation 

between the vanadium isotopic composition and the redox parameter, V/(V+Ni) in 

unaltered samples (Gao et al., 2017; Figure 1.4.2). Samples enriched in heavier vanadium 

isotope compositions exhibit higher V/(V+Ni), while samples depleted in the heavier 

vanadium isotope compositions show a lower V/(V+Ni) (Gao et al., 2017; Ventura et al., 

2015; Figure 1.4.2). Vanadium fractionation was also analyzed for a set of oils from a 

single oil field, which indicated that both biodegradation and maturation affect not only 
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vanadium concentration, but isotopic signatures as well. Biodegradation fractionates the 

vanadium isotope composition to both heavier and lighter values (Gao et al., 2017). 

Maturation affects the isotopic signature by fractionating to lighter values with increases 

in thermal maturity.  
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Figure 1.4.2: Positive slope correlation between the V/(V+Ni), redox 

parameter, and the vanadium isotopic composition.  The lighter 51V 

corresponds with lower V/(V+Ni), and the heavier 51V corresponds with 

higher V/(V+Ni) (Redrafted from Ventura et al., 2015; Gao et al., 2017). 
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In 2017, Gao et al., compared isotopic data to that of Ventura et al., 2015, 

alongside high-temperature mafic and ultramafic rock data (Figure 1.4.3). The 2017 study 

showed wider isotopic compositions comparatively to the other study. In the Ventura et  

al., 2015 study, sulfur was not accounted for and removed by column chromatography 

before vanadium was measured, which could alter results and lend lighter isotopically. 

Figure 1.4.3: Crude oil data alongside Terrestrial and Extraterrestrial vanadium 

isotopic data (Klein and Langmuir, 1987; Fisk and Kelley, 2002; Wanless et al., 

2012, Gannoun et al., 2012; Prytulak et al., 2013; Nielsen et al., 2014; Gale et al., 

2014; Ventura et al., 2015; Wu et al., 2016; Schuth et al., 2017; Redrafted from 

Gao et al., 2017; Wu et al., 2018) 
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Contrary to low temperature crude oils, terrestrial and meteorite reservoirs show a much 

more restricted  51V value. Mass fractionation is inversely related to temperature (Gao et 

al., 2017). The higher the temperature, fractionation diminishes to zero.  Therefore, high 

temperature mafic/ultramafic rocks display a restricted isotopic range centered near the 

Bulk Silicate Earth (BSE) composition compared to low temperature crude oils (Urey, 

1947; Prytulak et al., 2013). 

 

1.5 Samples 

 Seven extractable organic matter and thirteen shale bulk rock samples from a core 

(~120 ft) located in La Salle county of the lower Eagle Ford Shale were analyzed. The 

samples consist of a set of extractable organic matter which is assumed to be “frozen oil” 

in the rock and a set of bulk rock shales which are described as laminated sedimentary 

rock formed from mud and clays. The samples were chosen in order to obtain a broad 

spectrum through the whole 120 ft cored interval. The EOM samples were limited to only 

seven samples based on the higher vanadium content suitable for V extraction. Low 

concentrations of vanadium in the EOM limits vanadium isotopic analyses, because 

higher quantities of extraction are needed. The bulk rock shale samples have very high 

vanadium concentrations allowing for easier analyses. 
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CHAPTER 2 

GEOLOGIC SETTING 

2.1 Eagle Ford Shale, Texas 

The Eagle Ford Shale is, by definition, an unconventional reservoir. The source 

rock, reservoir rock, and trap are within the same formation.  In order for the 

hydrocarbons to be expelled, hydraulic fracturing (fracking), a process where the 

reservoir undergoes large 

amounts of fluid pressure, is 

implemented to fracture the 

rocks.  Although categorized 

as an unconventional 

reservoir, the Eagle Ford has 

generated and expelled oil in 

a conventional manner, and 

that oil has migrated to the 

Austin Chalk reservoirs 

where it is produced today 

(Dawson et al., 1995). Thus, 

it is both a conventional 

source rock and an 

unconventional source-rock 

reservoir. 

Figure 2.2.1: Lithostratigraphy of the western Eagle 

Ford Shale. The Eagle Ford shale lies above the 

Buda Limestone formation and below the Austin 

Chalk formation. (Redrafted from Hentz and Ruppel, 

2010). 
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The Eagle Ford Shale extends from the Mexican border in West Texas, through 

Austin, Waco into northwestern Texas, and ending in Louisiana (Hentz and Ruppel. 

2010). The Eagle Ford Shale was deposited at the upper Cretaceous Cenomanian- 

Turonian boundary and lies underneath the Austin Chalk and above the Buda Limestone 

Formation (Hentz and Ruppel, 2010; Figure 2.2.1). The Eagle Ford shale has two distinct 

depositional intervals: the upper Eagle Ford Shale and the lower Eagle Ford Shale. The 

lower transgressive Eagle Ford Shale consists of a low energy, anoxic environment 

dominated by fossiliferous, little bioturbated high organic carbon shales (Murphy et al., 

2013; Donovan and Staerker, 2010). Laminations present throughout rocks show very 

quiet water conditions with the absence of storms or disruptions. They also indicate the 

absence of sediment mixing or the involvement of extensive organism activity (Mcgarity, 

2013). The upper regressive Eagle Ford Shale consists of a high stand system tract, where 

the accumulated sediment rates surpass the sea level rise (Martin et al., 2011). Forming at 

the upper Cretaceous boundary, two separate anoxic events occurred. The more recent 

anoxic event occurred during extremely warm oceans and an increase in atmospheric 

carbon dioxide due to the greenhouse effect (Martin et al., 2011). The increase in carbon 

dioxide resulted in an increase in organic material (Martin et al., 2011). This led to the 

laminated black shales present throughout the lower transgressive interval in the Eagle 

Ford, while the upper Eagle Ford is interpreted to have been deposited in a more near-

shore environment (Martin et al., 2011). 

While the Eagle Ford Shale shows considerable variation in depositional 

environment, both depth and thickness throughout the shale play change as well 
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(Hammes et al., 2016). Starting with the variations in depth, the northwest section of the 

play shows depths starting at around 1,500 feet and stretching towards the southeast with 

elevations reaching to depths of 14,000 feet (Hammes et al., 2016, Figure 2.1.2). 

Thickness variations show more abrupt changes throughout the Eagle Ford Shale (Figure 

2.1.3). The thickness is the smallest near the Frio, Atascosa, and Wilson counties in the  

Figure 2.1.2: Eagle Ford Shale formation depth map. The depth of the formation 

increases as you migrate from the northwest to the southwest. The depths increase from 

around 1,400 ft in the northwest to >14,000 feet in the southeast (Modified from Hammes 

et al., 2016) 

 

Study Area 
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north with ranges of about 20-100 feet (Hammes et al., 2016; Figure 2.1.3). However, to 

the northwest of the play near the Maverick basin, the thicknesses become >200 ft 

(Hammes et al., 2016). In addition, to the south the thicknesses increase to nearly 350 ft 

in parts of La Salle, McMullen and Karnes counties (Hammes et al., 2016; Figure 2.1.3). 

It is also important to note that the Eagle Ford Shale formation dips to the southeast  

Figure 2.1.3: Lower Eagle Ford Shale formation thickness. The highest thicknesses 

(>200 ft) exists near the Maverick Basin, and in portions of La Salle, McMullen, and 

Karnes counties.). Thicknesses vary in other portions of the formation ranging from 20 

ft to 400 ft. (Modified from Hammes et al., 2016). 

 

Study Area 
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toward the Gulf of Mexico (Harbor, 2011). As the Eagle Ford formation dips to the 

southeast, it is evident that the sediments become more mature with depth, crossing 

through several hydrocarbon generation zones (U.S. Energy Information Administration, 

2010; Figure 2.1.4) Hydrocarbon generation is partitioned into five zones based on 

vitrinite reflectance.  Zone one incorporates the biochemical methane generation and dry  

 

Figure 2.1.4: The Eagle Ford Shale map showing that migration from the northwest 

section of the play to the southeast, thermal maturation increases. The most thermally 

immature sediments include the northern most section of the play (green) and the most 

thermally mature sediments include the most southerly portion of the play (red) (Modified 

from U.S. Energy Information Administration, 2010). 
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gas; zone two includes dry and wet gas; zone three consists of the peak oil generation 

zone; zone four includes condensates mixed with wet and dry gas; zone five includes dry 

gas (dead carbon) (U.S. Energy Information Administration, 2010). Migrating from one 

zone to the next in ascending numerical order, the vitrinite reflectance increases showing 

the most thermally mature sediments in the most southern portion of the play (U.S. 

Energy Information Administration, 2010; Figure 2.1.4).  

The Eagle Ford Shale includes several geological features across the play. The 

Maverick Basin in the far western portion of Texas. Secondly, the San Marcos Arch  

 

Study Area 

Figure 2.1.5: Eagle Ford Shale formation map showing the splitting of the two reef 

systems: Edwards and Sligo near the study area of La Salle county. The splitting of 

the two reef systems creates a structural low in the middle, the Hawkville Trough. 

(Modified from U.S. Energy Information Administration, 2014). 

N 
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serves as an extension of the Llano Uplift in the northern portion of the play and 

results in thinning of the Eagle Ford in the region.  Two separate embayments are 

prominent: The Houston embayment and the Rio Grande embayment. The Houston 

embayment includes east of the San Marcos Arch and the Rio Grande embayment 

includes west of the San Marcos Arch. The Sligo and Edwards Reef Margin mark the 

southern boundary of the Eagle Ford and structurally influences the Rio Grande 

embayment.  

The area of research lies in the La Salle county, part of the Rio Grande 

embayment. In this area the Sligo and Edwards reef margins were originally one reef 

system, split into two (U.S. Energy Information Administration, 2014; Figure 2.1.5). The 

splitting of the two reef systems creates two structural highs with a lower silled basin in 

between, the Hawkville Trough. The deep, weakly restricted Hawkville Trough basin 

along with high sedimentation rates created very thick sections and high organic content 

between the two reef margins (Donovan and Staerker, 2010; Gardner et al., 2013; Figure 

2.1.5). The Edwards Reef margin and the Sligo Reef margin formed during times of high 

sea level rise followed by drops in sea level which created oxygen depleted, anoxic 

environments in the weakly restricted basin due to lower nutrient-rich sediment supply 

(Donovan and Staerker, 2010). Areas of very high total organic carbon along with a high 

content of redox related trace metals are evident in portions of the lower Eagle Ford shale 

(Donovan and Staerker, 2010).  

The core studied in this work is from the lower Eagle Ford Shale in the Hawkville 

Trough between the two reef systems of the La Salle County (Figure 2.1.5).  
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CHAPTER 3 

METHODS 

Extractions, Digestions, Multi-step Liquid Chromatography, MC-ICPMS 

Vanadium consists of only two stable isotopes: 51 V (99.75%) and minor 50 V 

(0.24%). Prior to 2015, V isotopic compositions were measured using thermal ionization 

mass spectrometry (TIMS) (Premovic et al., 2002). Unfortunately, the analytical 

uncertainty was high due to polyatomic and isobaric interferences of chromium and 

titanium as well as the lack of a good reference standard (Gao et al. 2017). In 2015, 

Nielsen et al., proposed a new high precision analysis of vanadium isotopes, while 

correctly accounting for fractionation and interferences of Cr and Ni. The new method 

required analysis on a Multi-Collector Inductively Coupled Plasma Mass Spectrometry 

(MC-ICP-MS) and the creation of a column chemistry separation technique. V isotopes 

are now possible with precisions of 0.10% (2) in silicate matrices (Nielsen et al., 2011, 

2014, 2016). In 2017, Gao et al., proposed a new method taking sulfur interferences into 

account due to interferences with V isotopes and 49Ti (Gao et al., 2017). To ensure that 

sulfur has been successfully removed for analysis, a multistep liquid chromatography 

procedure with combined cation and anion exchange columns was presented for crude oil 

and silicates (Gao et al., 2017). Although a precise method has been designed, high 

precision measurement in crude oils is a still a challenge today due to their heavy organic 

matrix, high sulfur content and variability, and low mass fractions of V in some samples 

(e.g., mature crude oil). 
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3.1 Sample preparation 

Analysis of both EOM and bulk rock shales requires powdering of the bulk rock 

using a jaw crusher and a shatter box.  This is followed by separating an aliquot of the 

powder for EOM extraction and an aliquot for bulk rock measurement. For extraction of 

organic matter, 100 g of the sample was used and crushed to pieces in the skull crusher.  

For the organic matter, the EOM samples were introduced into the shatter box to 

grind the sample into a fine powder and weighed (referred to as “extracted”; Table 3.1.1). 

Dichloromethane (DCM) was added to a flask and the sample in a styrofoam thimble and 

set up in the extraction. The process took around a week as the temperature reaches the 

boiling point of the DCM and the organic matter was completely extracted. The thimbles 

were removed and dried overnight. Next, the flask was introduced into the rotary 

evaporator (rotovap) to remove the solvent from the sample and to isolate the EOM. 

Lastly, the EOM was transferred into small glass vials along with DCM (referred to as 

“vial+bitumen”; Table 3.1.1). The vials were set on a hot plate to evaporate the DCM 

prior to the digestion process. The sample bitumen was then weighed prior to the 

microwave digestion process. The EOM samples after DCM evaporation weighed near 

1g each (Table 3.1.1). 

Table 3.1.1: EOM samples ending up with ~1g of bitumen after organic matter extraction 

Sample Native(g) 
Extracted  

(g) 

Vial+Bitumen 

(g) 
Vial (g) 

Bitumen 

(g) 

8 101.46 99.19 13.82 12.75 1.069 
16 94.17 91.38 14.04 12.79 1.248 

18 94.74 92 14.17 12.88 1.286 

22 99.05 95.71 14.35 12.8 1.548 

26 91.96 87.51 14.67 12.92 1.751 
30 103.13 99.43 14.84 12.8 2.044 

44 100.93 98.32 13.64 12.85 0.79 
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3.2 Digestion (EOM) 

Crude oils have a very heavy organic matrix that causes polyatomic and isobaric 

interferences. Therefore, a mineralization procedure was developed to destroy organic 

structures in the EOM and oil with strong oxidizing acids in pressurized vessels with the 

single reaction chamber microwave digestion system using the Milestone Ultrawave 

Single reaction chamber (SRC) microwave system (Casey et al., 2016; Wang et al., 2014, 

Figure 3.2.1).  In the EOM digestion process, the EOM samples were pipetted out of the 

Figure 3.2.1: Milestone Ultrawave Single reaction chamber (SRC) microwave system 
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glass vials into the digestion tubes. DCM was added to each of the glass vials in order to 

ensure that the EOM was completely removed from the vial and into the tubes. The 

milestone Ultrawave holds five quartz glass sample tubes at a time. The digestion tubes 

with samples were first placed on the hot plate at 40 ºC for 20 min to ensure that the 

DCM is completely evaporated. Then 1 mL of 16 N HNO3, 1 mL of 12 N HCl, 1 mL of 

H2O2 were added to do a pre-digestion for about 10 min and then 4 mL of 16 N HNO3 

were added prior to microwave digestion. The sample tubes were then loaded into the 

single reaction chamber for microwave digestion. The tubes were loaded into a 

cylindrical shaped Teflon container where the tubes were submerged into a tub of 130 

mL of H2O, and 5 mL 16 N HNO3. After tubes were securely in place and the machine 

was locked, the pre-programmed method selection of “Long Condensate.mpr” was 

selected for EOM samples (Table 3.2.1).   



29  

Table 3.2.1: Ultrawave Microwave Digestion Long Condensate.mpr and Rock 

Digestion.mpr temperature/pressure 

 

 

 

 

 

 

 

 

 

 

 

The pressure gauge was opened slowly until 40 bars were met, and the digestion 

process started. Once digestions were complete and samples were cooled and 

depressurized, the samples were returned from the tubes into clean PFA beakers and the 

digestion tubes were rinsed thoroughly with 2% HNO3  and then decanted to the beakers 

to ensure that all the digested material was transferred into the new PFA beakers. The 

sample in the beakers were dried down. After dry-down, 10 mL of 2% HNO3 was added 

to the beakers, capped and left on the hot plate overnight at 100 ºC. The samples were 

then transferred into glass test tubes. If the EOM samples have a milky white color, they 

are centrifuged for ~30-45 min to separate the wax precipitate from the clear liquid.  The 

sample was then taken from the test tube and returned back to the beakers, leaving behind 

 Long Condensate.mpr  

Time (min) Temperature ºC Pressure (bar) 

10 min 0-100 0-150 

5min 100 150 

5min 120 150 

10 min 180 150 

10 min 180 150 

10 min 250 150 

45 min 250 150 
 Rock Digestion.mpr  

Time (min) Temperature ºC Pressure (bar) 

5 min 150 150 

5 min 180 150 

10 min 250 150 

30 min 250 150 

5 min 230 150 

5 min 250 150 

30 min 250 150 
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the solid precipitate produced from the centrifuge. The samples were dried down once 

again, and 6N HCl was added to the beakers before column chemistry begins. 

 

3.3 Digestion (Bulk Rock) 

 For the whole rock powder, samples were loaded into Teflon digestion tubes and 

weighed.  The Teflon tubes rather than quartz glass are required for the use of HF acids to 

digest whole rock powders. First, 100 mg of weighed powder was transferred into PFA 

beakers for a pre digestion step with 2 mL HF and 1 mL HNO3. They were placed on a 

hot plate overnight at 120 ºC. The solutions were dried down and 2 mL HF and 2 mL 

Aqua Regia (HNO3 and HCl) were added into the beakers and transferred to the Teflon 

Digestion tubes. The Teflon Digestion tubes were placed into the single reaction chamber 

for microwave digestion. The tubes were loaded into a cylindrical shape Teflon container 

where the tubes are submerged into a tub of 130 mL of H2O, and 5 mL 16N HNO3. The 

microwave digestion was conducted using the pre-set “rock digestion.mpr (Table 3.2.1).  

When the digestion process was complete, the sample solutions were transferred 

into the PFA beakers that were originally used and washed with 2% HNO3 to ensure 

complete recovery of the sample. The samples were dried down on a hot plate at 110 ºC. 

2 mL 16 N HNO3 was added and put back on hot plate to dry down. Once the sample was 

completely dried, another 1 mL of 16 N HNO3 was added and dried down again. Then, 2 

mL of 12 N HCl was added and the sample capped and left on hot plate at 110 ºC 

overnight. The cap was removed, dried down again and then 1 mL 16 N HNO3 was 

added. This process was repeated three times. Next, 4 mL 8 N HNO3 was added, capped 

and cooked for 2-3 h until the solution was clear. Lastly, an acid cleaned 125 mL LDPE 
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bottle was obtained, and labeled with sample numbers. The capped bottle was weighed, 

and then samples were transferred into the bottle. The  

solution was in 2% HNO3. Once the solutions were in 2% HNO3, a concentration check 

was performed on the samples in order to determine the amount of vanadium solution to 

use in column chemistry to obtain about 4-5 ug/g of V. The required amount of sample 

solutions were then dried down once again and 2 ml HNO3, was added before column 

chemistry began. 
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3.4 Vanadium Purification by Column Chemistry (EOM and Bulk Rock) 

 

 

In order to precisely analyze vanadium isotopes, V in the prepared samples needs 

to be pre-concentrated and separated from other elements by liquid chromatography.  A 

chemical purification process containing a multi-step liquid chromatography process with 

combined cation and anion columns was used to isolate vanadium from sulfur, titanium, 

chromium, and other major elements for vanadium isotope analysis (Gao et al., 2017; 

Figure 3.4.1). 

 

Figure 3.4.1: Liquid Chromatography Cation and Anion Column Chemistry 
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3.5 First Column Chemistry 

 The first column was used to remove sulfur along with major and trace elements. 

Before the resin was loaded into the columns, it was leached with 6N HCl. The 1 mL of 

wet Bio-Rad AG 50W X-12 cation exchange resin was inserted into the column and 

washed with 3 mL of 6 N HCl and 3 mL of Milli-Q H2O. The resin was then conditioned 

with 3 mL 0.2 N HCl. The 2 mL sample was loaded into the column in 0.2 N HCl onto 

the resin. The resin was washed with 4 mL of Milli-Q H2O and 4 mL of 0.2 N HCl to 

remove the S and major elements. Lastly, the vanadium was washed out of the column 

with 11 mL of 1 N HCl. Sulfur along with other cations (Mg, Ca, Fe, Al, Si, and Cr) were 

all separated from the vanadium by being held in the resin due to higher distribution 

coefficients (Gao et al., 2017). A portion of the collected solution was measured using the 

ICP-MS QQQ to ensure that vanadium was near ~100% completely recovered. The 

samples were dried down repeatedly three times in reducing 6N HCl to reduce V5+ to 

V4+. 

 

3.6 Second Column Chemistry 

 The second column was used to separate titanium from vanadium. The 1 mL of 

anion exchange resin AG1 X8 was loaded into the columns and cleaned with 10 mL of 1 

N HCl. The resin was then conditioned with 5 mL of 2 N HF. The 2 mL sample was then 

added to the column in 2 N HF, and the vanadium was washed out with 18 mL of 0.3 N 

HCL in 1 N HF. The sample was dried down repeatedly three times in 16 N HNO3 to 

oxidize V to V5+. 
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3.7 Third Column Chemistry 

 The third column was used to further purify V from the rest of the cations, mainly 

K and minor Cr remaining in the vanadium. The 1 mL AG1 X8 resin was washed with 5 

mL of 2 N HNO3 and 3 mL of Milli-Q H2O, and then conditioned with 3 mL of 0.01 N 

HNO3/3% H2O2. The 2 mL sample was loaded into the column in 0.01 N HNO3/ 3% 

H2O2. The cations do not absorb onto the resin due to the formation of a polyvandate 

complex inside the anion exchange resin particles with a matrix of weak acid containing 

H2O2, so the vanadium stays inside the resin while the cations are washed through. 

Finally, 10 mL of 0.01 N HNO3/3% H2O2 was added to wash down all cations before the 

14 mL of 1 N HNO3 was added to wash out the purified vanadium from the column. The 

samples were dried down repeatedly three times in 2% HNO3. 
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3.8 Elemental Analysis 

3.8.1 ICP-MS  

 

Concentrations of major elements, V, Ni, and S were determined by the triple 

Quadrupole (QQQ) ICP-MS after each column chemistry (Figure 3.8.1).   Each time the 

sample was run through the column (three times in all), a concentration check was 

enforced.  This is to ensure that vanadium isn’t lost and that the major elements and S are 

removed. The recovery rate of vanadium in the EOM and bulk rock samples averaged 

between 99-100%. The 8800 Agilent Triple Quadrupole ICP-MS consists of an ionization 

source, a collision cell, and two quadrupole mass filters.  The sample enters into the 

ionization source and the first quadrupole mass filter, Q1, is the primary m/z selector 

Figure 3.8.1: Agilent 8800 ICP-MS 
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where ions that do not exhibit the m/z ratios other than what is selected will not be able to 

penetrate Q1. Q2, is also known as the collision cell. This is where fragmentation of the 

sample occurs in an inert gas, argon in this case.  Due to the collisions in argon with the 

analyte, a daughter ion is produced.  After the collision cell, the fragmented ions travel 

into the Q3, quadrupole mass filter where m/z selection occurs once again. The triple 

quadrupole is a scanning instrument so it detects ions one m/z at a time.  
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3.8.2 Multi collector Inductively Coupled Mass Spectrometer 

 

 For vanadium isotope analysis, the high resolution Nu Plasma II Multi Collector 

Inductively Coupled Mass Spectrometer at the University of Houston was used (Gao et 

al., 2017; Figure 3.8.2). The bulk rock shale and EOM samples were introduced through 

a nebulizer at a concentration of 700 ng/g of V in 2% HNO3 (Gao et al., 2017). Samples 

were bracketed by a 700 ng/g in house standard (IVU) (Gao et al., 2017).  

  

Figure 3.8.2: Nu Plasma II MC-ICP-MS- University of Houston 
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During the analysis, the samples were introduced into the inductively coupled 

plasma, which stripped off electrons creating positively charged ions. Once the ions were 

produced, they were accelerated and focused to produce a beam. The ion beam passed 

through an energy filter and then through a magnetic field where the ions were separated 

by their mass to charge ratio. The mass resolved beams were then directed into collectors 

where the ion beams were measured simultaneously. Isotopic compositions were first 

calculated relative to the UH in house standard (51VUH) in parts per thousand, 51V= 

1000x[(51V/50Vsample/51V/50VIVU)-1], and then converted relative to the (51VAA) in parts 

per thousand, 51V= 1000x[(51V/50Vsample/51V/50VAA)-1] (Nielsen et al 2011; Gao et al., 

2017). The solutions with 700 ng g-1 V and an uptake rate of 40 ul min-1 yielded a 51V 

intensity of about 40-45 volts (Gao et al., 2017). Masses 49, 50, 51, 52 and 53 were also 

collected to examine isobaric interferences on 50V. Isobaric interferences from Ti and Cr 

on minor V were corrected by monitoring masses 49 and 53 with values of 0.9725 for 

50Ti/49Ti and 0.4574 for 50Cr/53Cr (Niederer et al., 1985; Shields et al., 1966).  
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3.9 Accuracy and Precision 

 When performing isotopic analysis, it is important to use a variety of standards in 

order to check for accuracy and precision. Precision is replicating the standard multiple 

times and maintaining a value 2sd of 0.3 or less, and accuracy has to do with the mean 

value of the standard replications similar to the already published value. To measure the 

vanadium isotopic composition of the EOM and bulk rock shale, three different types of 

USGS standards were used: rock (basalt), oil, and pure vanadium solution (Table 3.9). 

Table 3.9: USGS standard data (Wu et al., 2016; Nielsen et al., 2011; Gao et al., 2017) 

Sample 

Frequency 
Standard 

Standard 

Type 
51V 2 sd published 2sd 

n=3 BCR-2 Basalt -0.78 0.09 -0.78 0.08 

n=3 BIR-1 Basalt -0.97 0.14 -0.92 0.09 

n=5 RM8505 Oil 0.03 0.40 -0.02 0.3 

n=13 AA* V Solution -0.06 0.22 0  

n=13 BDH* V Solution -1.35 0.34 -1.19 0.12 

n=13 BDH** V Solution -1.29 0.34 -1.19 0.12 
       

* Calibrated with 

UH Vanadium 
     

** Calibrated by 

AA Vanadium 
      

  

The USGS standards used include BCR-1 (basalt), BCR-2 (basalt), RM8505 (oil), 

AA (pure vanadium solution), and BDH (pure vanadium solution). The rock samples 

were used with the bulk shale samples because they are the most similar standard to a 

bulk shale rock, and the oil sample was used with the EOM samples because EOM is 

most similar to oil.  

 In terms of accuracy and precision, BCR-1 and BCR-2 were both used three 

times. For BCR-2 the mean 51V value was -0.78 with a 2 error of 0.09. Precision was 
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almost identical with the published 51V value of -0.78 and 2 error or 0.08 (Wu et al., 

2016). For BCR-1 the mean 51V value was -0.97 with a 2 error of 0.14. Precision was 

almost identical with the published 51V value of -0.92 and 2 error or 0.09 (Wu et al., 

2016). The oil, RM8505, was used five times. The mean 51V value was 0.03 with a 2 

error of 0.4. Precision was very high with the published 51V value of -0.02 and 2 error 

or 0.3 (Gao et al., 2017). The pure vanadium solutions were used thirteen times each. The 

pure vanadium solutions usually give the best results as they lack metals that can cause 

interferences in measurement and consist of just vanadium. The vanadium solution, AA, 

has a mean 51V value of -0.06 with a 2 error of 0.22. Precision was very high with the 

published 51V value of 0 (Nielsen et al., 2011). The vanadium solution, BDH, was first 

calibrated with the UH vanadium. The mean 51V value was -1.35 with a 2 error of 

0.34. The published 51V value of -1.19 and 2 error of 0.12 (Nielsen et al., 2011). BDH 

was then calibrated with the AA standard with a mean value of 51V of -1.29 and 2 of 

0.34.  

 Overall, both the accuracy and precision for the USGS standards and pure 

vanadium solutions were very high. The standard values were very reproducible and 

showed low errors when compared to published USGS data values.  
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CHAPTER 4 

EOM & BULK ROCK SHALE TRACE ELEMENT AND ISOTOPIC ANALYSES 

DISCUSSION 

4.1 Vanadium Isotopic Analysis 

 Performing vanadium isotopic analysis on both the EOM and the bulk rock shale 

came about after examining trends in trace element concentrations and certain metal 

ratios such as V/Ni, V/(V+Ni), and vanadium and molybdenum enrichment factors in the 

shale. Metals such as V and Mo each have more than a single isotope and are in high 

abundance in shales and sometimes crude oils specifically, leading to new types of 

unconventional isotopic analysis for shales, EOM, and crude oils (Ventura et al., 2015; 

Gao et al., 2017). To date, there are two studies of vanadium isotopic work that have been 

performed on a set of global crude oils from different parts of the world (Ventura et al., 

2015; Gao et al., 2017). Ventura et al., 2015 studied crude oils from sedimentary basins 

located in Russia, Kuwait, Venezuela Brazil and the U.S. Gao et al., 2017 studied crude 

oils from sedimentary basins in Venezuela, Russia, U.S., and oils from off the island of 

Barbados. This study represents the first time that both bulk rock shale and their 

associated extractable organic matter (EOM) have been analyzed from any hydrocarbon 

play.   
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4.2 Sample Data- Bulk Rock and EOM in the Eagle Ford Shale 

 
Table 4.2.1: Bulk shale data. Each sample includes the depth (ft) of sample, the TOC, the 

vanadium concentration (µg/g), the V/Ni ratio, and the V/(V+Ni) ratio 

Rock (shale) Depth (ft) 
Leco TOC 

(wt%) 
V (µg/g) V/Ni V/(V+Ni) 

EP8 17.23 3.41 385 8.4 0.89 

EP16 39.2 5.37 877 9.9 0.90 

EP18 44.69 4.99 854 8.6 0.89 

EP22 55.69 6.28 540 5.2 0.83 

EP24 61.18 6.06 649 7.4 0.88 

EP26 66.67 6.39 577 6.8 0.87 

EP28 72.16 7.59 713 6.4 0.86 

EP30 77.65 7.73 1056 6.9 0.87 

EP32 83.1 1.82 155 8.0 0.88 

EP34 88.64 6.6 529 6.5 0.86 

EP36 94.08 6.5 546 5.8 0.85 

EP38 99.6 5.84 363 5.3 0.84 

EP44 116.06 3.69 252 4.8 0.82 
 

 

Table 4.2.2: EOM data. Each sample includes the depth (ft) of sample, the TOC, the 

vanadium concentration (ng/g), the V/Ni ratio, and the V/(V+Ni) ratio 

 
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

EOM Depth (ft) V (ng/g) V/Ni V/(V+Ni) 

EP 8 17.23 1437 8.2 0.89 

EP 16 39.2 3345 29 0.97 

EP 18 44.69 2026 18.8 0.95 

EP 22 55.69 1634 24.7 0.96 

EP 26 66.67 4742 5.9 0.86 

EP 30 77.65 3481 41.2 0.98 

EP 44 116.06 3436 10.4 0.91 
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4.3 Vanadium Metal Concentrations 

 

Vanadium and molybdenum have high concentrations in the studied shales. These 

enrichments typically correlate with high organic matter preservation and more reducing 

conditions, thus their abundances and ratios are very important to examine (Trivobillard 

et al., 2006; Algeo et al., 2012; Takahashi et al., 2014; Table 4.2.1). In Figure 4.3.1, the 

bulk rock shale data show that vanadium abundances change downhole with depth. The 

depth profiles do not display the true depth, but are a modified distance down core. 

Rather than reporting true depth, 0 ft marks the top of the core, and 120 ft marks the 

bottom of the core. Vanadium abundances in shales vary from roughly 400 µg/g at the 

top of the core to 800-1000 µg/g in the middle section, returning to lower concentrations 

of 225 µg/g at the bottom of the core. The total organic carbon (TOC) diagram in shale is 

plotted alongside the vanadium abundance diagram. As shown, the high abundances of 

vanadium in the bulk rock coincide with high TOC. Figure 4.3.2 shows a similar pattern 

of bulk rock shale data for molybdenum. Molybdenum concentrations vary from roughly 

18 µg/g at the top of the core, climbing to concentrations of 100 µg/g in the middle 

section, and returning to lower concentrations of 20 µg/g at the bottom of the core 

(Figure 4.3.2). Molybdenum also shows high abundances in the middle section of the 

core where the TOC is high (Trivobillard et al., 2006; Algeo et al., 2012; Takahashi et al., 

2014).  

 In Figure 4.3.3, EOM vanadium concentrations are plotted against depth. EOM 

sample concentrations are significantly lower than the high values (155 µg/g to 1056 

µg/g) in the bulk rock shale. The EOM samples exhibit vanadium concentrations of 

(1437 ng/g to 4742 ng/g) (Table 4.2.2). There does not seem to be a distinct increase in 
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vanadium concentration in the middle of the core as seen in the vanadium and 

molybdenum bulk rock shale data. This could be due to the fact that overall, the kerogen 

or EOM have lesser amounts of vanadium than the bulk rock shale or EOM has evolved 

as a crude oil expulsion event occurred or maturity increased. Also, the EOM samples do 

not show a correlation with high concentrations coinciding with higher TOC values.   

 The oil produced from the borehole is extremely mature with very low 

concentrations of metals. The source rock with the oil with high thermal maturity, 

~Ro=1.1, has vanadium concentrations of only 20 ng/g, even much less than the EOM 

(eg., personal communication). However, a less mature oil with similar (V/V+Ni) 

characteristics and ratios in the La Luna shales from Venezuela deposited at about the 

same time as Eagle Ford Shale, RM 8505, has very high metal concentrations. (Gao et al., 

2017). This suggests that less mature oils expelled from the Eagle Ford shales with 

similar V/V+Ni may have been more enriched.   

 Combining the three possible reservoirs of V in the bulk shale, siliciclastic 

component, EOM component, and kerogen component in the rock, it is evident that the 

the EOM component now contains extremely minor vanadium and the crude oil produced 

(Well) has even smaller amounts.    
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Figure 4.3.1: Bulk rock shale vanadium (µg/g) vs depth (ft) alongside TOC vs depth 

(ft).  Lower vanadium concentrations dominate the top and bottom of the core, with 

enrichments in the middle sector for the shales. The higher concentrations coincide 

generally with the >5 TOC. Depth profiles display a modified depth, not true depth.  
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Figure 4.3.2: Bulk rock shale molybdenum (µg/g) vs depth (ft) alongside TOC vs 

depth (ft) Lower molybdenum concentrations dominate the top and bottom of the 

core, with enrichments in the middle sector for the shales. The higher 

concentrations generally coincide with >5TOC.  Depth profiles display a modified 

depth, not true depth. 
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Figure 4.3.3: EOM vanadium (ng/g) vs depth (ft) alongside TOC vs depth (ft). There does 

not seem to be a correlation between higher EOM concentrations and higher TOC. Depth 

profiles display a modified depth, not true depth.   
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4.4 Vanadium Concentrations vs TOC 

 

 Vanadium and molybdenum metal concentrations and enrichments generally 

correlate with the high total organic carbon interval (Figure 4.4.1; Figure 4.4.2). This 

correlation has also been observed in other locations (Trivobillard et al., 2006; Algeo et 

al., 2012; Takahashi et al., 2014). As shown in Figure 4.4.1 and Figure 4.4.2, there is a 

positive correlation between the highest concentrations of vanadium and molybdenum in 

the bulk rock shale with the TOC  
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Figure 4.4.1 Bulk rock shale vanadium (µg/g) vs TOC. There is a positive correlation 

between vanadium concentration and TOC. 
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 Figure 4.4.2 Bulk rock shale molybdenum (µg/g) vs TOC. There is a positive correlation 

between vanadium concentration and TOC. 

 

 

4.5 V and Ni Fractionation 

In addition to the mass fractions of metals, it is also important to examine the 

ratios of metals such as V/Ni and V/(V+Ni) in the oil, EOM and shale, which have been 

related to Eh-Ph and redox conditions during deposition and early diagenesis of the shale 

(Lewan 1984). V/(V+Ni) or V/Ni is often used as a paleoenvironmental redox proxy for 
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crude oil, with higher V/(V+Ni) values indicating the most reducing conditions and lower 

V/(V+Ni) values indicating more oxidizing conditions  (Lewan, 1984; Ventura el al., 

2015; Gao et al., 2017). The paleoenvironmental indicator indicating reducing or 

oxidizing conditions is only true if the only factor controlling the ratio is redox 

conditions. However, the type of free base porphyrin that is eventually metallated at the 

seabottom is also a controlling factor, as are others. There are many first order controlling 

conditions on the ratio besides redox.  

In Figure 4.5.1, the V/(V+Ni) is plotted against depth for both the bulk rock shale 

and EOM. As shown in Figure 4.5.1 the V/(V+Ni) values do not vary much between the 

EOM and bulk rock shale. The V/(V+Ni) value is relatively high and similar for EOM 

(0.77-0.99) and for shale (0.82-0.91).  Since V/(V+Ni) is a paleoenvironmental indicator 

of the depositional environment, high V/(V+Ni) ratios can indicate very reducing 

conditions (Lewan, 1984; Gao et al., 2017). The bulk rock shale and EOM samples 

exhibiting this high ratio indicates Eh/pH conditions of a very sulfidic environment. 

In Figure 4.5.2, V/Ni is plotted against depth for both the bulk rock shale and 

EOM. The V/Ni ratio does vary in the EOM and bulk rock shale. The bulk rock shale 

exhibits V/Ni ratios within a narrow range from (4.8-9.9) and the EOM exhibits V/Ni 

ratios within a much wider range of (3.3- 41.2). The bulk rock shale and EOM not only 

show differences between the two, but also large variation between individual samples of 

EOM and bulk rock shale. In addition, the crude oil produced from the drill hole also 

shows much lower values than the bulk shale values.  

In Figure 4.5.3, although similar, the V/Ni is plotted against the V/(V+Ni) for 

both the EOM and bulk rock shale samples and of course are well correlated. In the 
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Figure 4.5.3, the bulk rock shale samples plot within a narrow range of variation in 

V/(V+Ni) and V/Ni. The EOM samples plot with not much variation in V/(V+Ni), yet 

somewhat higher than the bulk shale composition, but with large variation in V/Ni.  Also 

plotted on the diagram are two oils. One is from the borehole drilled in the Eagle Ford 

where samples were collected (Well), which is the very mature oil producing today, and 

exhibits extremely low V/(V+Ni) (.02) and V/Ni ratios (.03). The second oil is RM 8505, 

is a NIST standard reference material -- Venezuela crude oil -- that is, in turn, immature 

and has similar ratios of  V/(V+Ni) (.89) and V/Ni ratios (8.0) to the Eagle Ford Shale 

sample ratios analyzed here and its source rock, the Venezuelan La Luna Formation. The 

La Luna Formation was deposited during the same peak in Cretaceous sea level, and has 

the same approximate age as the Eagle Ford sampled here. RM 8505 is a high V 

immature crude oil, which we assume may be similar to the early crude oils expelled 

from the Eagle Ford Shale based on their similar V/Ni and V/(V+Ni). 

Within Figure 4.5.3, all the samples plot on a forced correlated parabolic line with 

the EOM samples showing the highest V/Ni ratios, the bulk rock shales and RM 8505 

plotting in the middle, and the mature produced Well oil exhibiting the lowest V/Ni ratio, 

apparently severely fractionated with respect to the EOM and shale ratio values. This 

difference could indicate oil-expulsion fractionation events between the early oil and 

EOM/kerogen, which created the large observed variations in the V/Ni ratios.  
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Figure 4.5.1: Bulk rock shale and EOM depth vs V(V+Ni). The bulk rock shale 

and EOM show very similar V/(V+Ni) ratios ~0.9. Depth profiles display a 

modified depth, not true depth. 
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 Figure 4.5.2: Bulk rock shale and EOM depth vs V/Ni. The V/Ni ratio 

shows variation between bulk rock shale and EOM and within bulk rock 

shale and EOM. Depth profiles display a modified depth, not true depth. 
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4.6 Vanadium Isotopes 

 

Following trace element data and the trends associated with metal concentrations 

and elemental ratios, vanadium isotopic analyses for both shales and EOM are presented 

on selected samples in the core downhole. Vanadium isotopic analyses require very 

intensive sample preparation involving chromatographic methods previously outlined. 

While elemental abundances provide important information, they are prone to such 

uncertainties such as water content and variations in initial source concentration (Gao et 

al., 2017), so it is of interest to combine both elemental data with isotopic data (Figure 

4.6.1; Table 4.6.1; Table 4.6.2).  In order to perform vanadium isotopic analysis, the 

samples were selected based on adequate vanadium content and obtaining a  

broad spectrum of samples throughout the core to create downhole profiles. There are 

fewer EOM samples analyzed than bulk shale due to the fact that the EOM samples had 

very low vanadium concentrations; some too low to analyze without very large and 

multiple solvent extractions of the same samples. In order to measure the 51V, you need 

around 1 microgram of vanadium to run a sample once. 
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Table 4.6.1: Bulk rock shale sample, depth (ft), V (µg/g) and  51V 

Rock (shale) Depth (ft) V (µg/g)  51V 

EP8 17.23 385 -0.15 

EP16 39.2 877 -0.21 

EP18 44.69 854 -0.23 

EP22 55.69 540 -0.14 

EP24 61.18 649 -0.6 

EP26 66.67 577 -0.23 

EP28 72.16 713 -0.6 

EP30 77.65 1056 -0.71 

EP32 83.1 155 -0.87 

EP34 88.64 529 -0.55 

EP36 94.08 546 -0.85 

EP38 99.6 363 -0.57 

EP44 116.06 252 -0.39 

 
 

 

Table 4.6.2: EOM sample, depth (ft), V (ng/g) and  51V 

EOM Depth (ft) V (ng/g)  51V 

EP 8 17.23 1437 -0.96 

EP 16 39.2 3345 -1.56 

EP 18 44.69 2026 -2.28 

EP 22 55.69 1634 -1.71 

EP 26 66.67 4742 -1.15 

EP 30 77.65 3481 -1.08 

EP 44 116.06 3436 -0.74 
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Figure 4.6.1 shows the isotopic data for both the bulk shale and EOM samples 

plotted against core depth. The BSE (bulk silicate earth), modern-day seawater, and a less 

mature oil with similar (V/V+Ni) characteristic from Venezuela deposited at about the 

same time as Eagle Ford Shale (La Luna Source - RM 8505 crude oil), are plotted as 

reference lines (Prytulak et al., 2013; Gao et al., 2017; Wu et al., 2019). As shown in the 

figure 4.6.1, the bulk shale and EOM samples show a very wide range of values. The 

EOM values range from 51V (-2.28±-0.3‰ to -0.74±0.3‰) and the bulk shale values 

range from 51V (-0.87±0.3‰ to -0.14±0.3‰). Therefore, the EOM samples tend to be 

more isotopically light values and the bulk shale samples tend to be more isotopically 

heavy values.  
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The reason for the very wide range of values associated with the EOM and bulk 

shale is due to the fact that stable isotopic fractionation is inversely related to 

temperature. As stated previously, organic matter and shales in the Eagle Ford samples 

analyzed have progressed from low temperature depositional and diagenetic processes to 

processes related to compaction, thermal and high maturity, i.e., increases from very low 

to higher temperature catagenesis in the oil window (~50°-150 °C) (Figure 4.6.2; Tissot 
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Figure 4.6.1: Vanadium Isotopic Analysis of bulk rock shale samples and EOM 

samples. The references used are bulk silicate earth (BSE), the immature oil, RM 8505, 

and modern day seawater. Depth profiles display a modified depth, not true depth. 

(Prytulak et al., 2013; Gao et al., 2017; Wu et al., 2019) 
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& Welte, 1984; Hunt, 1996; Seewald, 2003).  Thus, crude oils are formed at low 

temperatures (Ro =1.1) compared to many other earth materials so far analyzed for their 

V isotope compositions.  These other materials are dominated by high temperature rocks.  

It is therefore not surprising that a larger variation or fractionation is observed for the 

bulk shale and EOM compositions analyzed here when compared to their high 

temperature counterparts (igneous and metamorphic rocks). At very high temperatures, 

the isotopic fractionation would diminish to near zero.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6.2: Timing of organic products generated during burial in sedimentary basins. 
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4. 7 Terrestrial and Extraterrestrial Isotopic Data 

 
Figure 4.7.1, shows the bulk shale and EOM vanadium isotopic data analyzed in 

this study (top two rows) with vanadium isotopic data from all sources available at this 

time. As shown, the crude oils, EOM and bulk shale show the largest variability.  

Terrestrial sources, including mid ocean ridge basalt (MORB), altered oceanic crust 

(AOC), ocean island basalt (OIB), continental flood basalts, mantle peridotites, 

manganese nodules, arcs, and meteorites show more restricted values due to lower 

Figure 4.7.1: All recorded terrestrial and extraterrestrial vanadium isotopic data. 

(Klein and Langmuir 1987; Fisk and Kelley 2002; Wanless et al., 2012, Gannoun et 

al., 2012; Prytulak et al., 2013; Nielsen et al., 2014; Gale et al., 2014; Ventura et al., 

2015; Wu et al., 2016; Schuth et al., 2017; Gao et al., 2017; Wu et al., 2019) 
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amounts of fractionation, as they are high temperature sources. In general, they each have 

a much narrower range of values. MORB values range from 51V (-0.8‰ to -1.04‰).  

AOC values range from 51V (-0.71‰ to -1.16‰). OIB values range from 51V (-0.7‰  

to -1.3‰), continental flood basalts range from 51V (-0.7‰  to -0.9‰), peridotites range 

from 51V (-0.3‰  to -1.4‰), manganese nodules range from 51V (-1‰  to -1.65‰), 

and Arcs range from 51V (-0.65‰  to -0.85‰) (Klein and Langmuir, 1987; Fisk and 

Kelley, 2002; Wanless et al., 2012; Gannoun et al., 2012; Prytulak et al., 2013; Nielsen et 

al., 2014; Gale et al., 2014; Ventura et al., 2015; Wu et al., 2016; Schuth et al., 2017; Gao 

et al., 2017; Wu et al., 2019). The terrestrial sources are also very similar to the value of 

BSE 51V (-0.7±0.2‰) (Prytulak et al., 2013). The extraterrestrial meteorites are grouped 

in two separate arrays. The group with isotopically lighter values, circled in blue, is the 

vanadium isotopic data from Nielsen et al 2013., and indicates the first published values.  

But in 2018, Nielsen published new meteorite data taking into account the large sulfur 

interference pointed out in Gao at al., 2017 based on a new chromatography method. 

After taking sulfur into account, the meteorite values become heavier isotopically 51V (-

1.2‰) than the original data set (Nielsen et al., 2018).  Lastly, the modern seawater 

values from Wu et al., 2019 are plotted showing that the present-day oceans are very 

homogenous with values near 51V (+0.2±0.12‰). Whether the seawater values are 

appropriate for the Cretaceous depositional period of the Eagle Ford is questionable, but 

the average value is plotted simply for a reference point of possible seawater 

compositions.  
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The spread of vanadium isotope values in the Eagle Ford shale observed here (a 

single drill hole) shows greater variation than any other data sets presented in Figure 

4.7.1 and is similar to the wide variation in the combined global crude oil data sets of 

Ventura et al., 2015 and Gao et al., 2017. The higher temperature terrestrial and 

extraterrestrial data shows a narrower range of isotopic variation and exhibits slight 

isotopic fractionation mainly due to redox conditions, volatilization, partial melting, and 

magmatism processes (Prytulak et al., 2013; Nielsen et al., 2014; Wu et al., 2019).   

 

4.8 Downhole variations of Bulk Rock and EOM isotopic compositions 

In Figure 4.8.1, the bulk shale and EOM show an overall trend. The deepest 

samples show bulk shale and EOM values somewhat similar to one another, and similar 

to Bulk Silicate Earth (BSE) values.  In the upper portions of the core, bulk shale and 

EOM values seem to diverge from one another (Figure 4.8.1). The EOM values become 

isotopically lighter than BSE and the bulk shale values become isotopically heavier than 

BSE up section in the hole. The bulk shale values in the lower core are very similar to the 

BSE value of 51V -0.7±0.2‰ (Prytulak et al., 2013). In the upper core, the bulk shale 

values become isotopically heavier and diverge away from Bulk Silicate Earth (BSE). 

Figure 4.8.1 suggests there is possible fractionation that could be occurring 

causing the EOM and bulk rock shale samples to exhibit more highly disparate values. 

The bulk rock shale and EOM samples show almost identical vanadium isotopic 

composition in the deep portion of the core, which are also very similar to BSE. 

Migrating up core, the bulk rock shale values become isotopically heavier and the EOM 

values become isotopically more significantly lighter. Fractionation processes causing 
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this difference could be due to speciation and bonding at the sea bottom, fractionation 

due to oil formation by heating, fractionation due to oil expulsion of early formed crude 

oils, and/or during the process of catagenesis with demetalation. 
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Figure 4.8.1: Vanadium Isotopic Analysis of bulk rock shale samples and EOM 

samples. The references used are bulk silicate earth (BSE), the immature oil, 

RM 8505, and modern day seawater. Depth profiles display a modified depth, 

not true depth.  (Prytulak et al., 2013; Gao et al., 2017; Wu et al., 2019) 
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CHAPTER 5: 

DISCUSSION: 

 The relationship between vanadium and total organic carbon (TOC) is evident by 

their strong correlation in marine shales of the Eagle Ford. The correlation likely reflects 

the affinity of vanadium to organic matter and the favorability of depositional conditions 

that favor preservation of organic matter in partitioning dissolved vanadium from 

seawater to shales. During petroleum generation, vanadium organic complexes can 

migrate with petroleum out of the shale, but it appears that a significant amount of 

vanadium is retained either in refractory organic matter (kerogen) or authigenic clay 

minerals.  The results presented here are the first vanadium isotopic analysis performed 

on both EOM and bulk rock carbonaceous marine shale. They indicate that there are large 

and significant variations between EOM and bulk shale vanadium isotope compositions. 

Therefore, fractionation processes that are causing these differences need to be examined 

and understood.  Before addressing the possible fractionation processes that could be 

causing the differences, I examined the vanadium reservoirs that could be involved in 

both the enrichments and depletions in vanadium abundances and/or isotopic 

fractionations. The organic matter–rich shales may be regarded as an open system with 

respect to seawater, pore fluids, oil formed and oil expulsed. The vanadium now within 

the EOM and bulk shale may have involved vanadium exchanged within several 

reservoirs: seawater, pore waters, oxides, authigenic and detrital clay, kerogen, and 

progressively formed in situ (EOM) and extracted oil and fluids.  The geochemical 

processes such as reduction/oxidation, adsorption, and complexation during deposition, 

diagenesis, burial and hydrocarbon formation and expulsion, and their effects on 



65  

vanadium transport and accumulation are not completely established. The three primary 

sources of vanadium in shales are 1) the detrital fraction derived from continental 

weathering of terrigeneous material, 2) a biologic fraction assimilated by organisms 

during their life cycle and retained following degradation in the water column and within 

sediments, and 3) an authigenic fraction that can reflect redox processes during early 

diagenesis (Cole et al., 2017).  The authigenic fraction is likely largely responsible for 

hyper-enrichments of vanadium in the Eagle Ford shales (Cole et al., 2017).  

 

5.1 Reservoirs of Vanadium 

Fractionation processes can cause vanadium to change or transform from one 

reservoir entity to another. Vanadium can reside in: seawater, pore water, detrital 

siliciclastics, EOM (movable oil), kerogen (organic matter), or in the already extracted oil 

and pore fluids (Figure 5.1.1).  Below, a brief review of what is known about each of 

these reservoirs and transformations will be described in relation to vanadium 

abundances and isotopic compositions.  
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Figure 5.1.1: Cartoon depicting the reservoirs containing vanadium: seawater, pore 

fluids, EOM, kerogen, shale, or already expulsed fluids. 
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Seawater Reservoir 

Vanadium enters the oceans mainly by riverine transportation. The overall 

vanadium concentration of the ocean is rather homogenous and low ~2 ng/g (Wu et al., 

2019; Wedepohl, 1971; Gao et al., 2017). The residence time of vanadium is 50 kyr, 

much longer than the mixing rate of the oceans (Tribovillard, 2006; Gao et al., 2017). In 

oxic waters, vanadium exists as soluble V(V), but as waters become anoxic, and in some 

cases euxinic (high H2S), vanadium is reduced to V(IV) and forms vanadyl ions (Lewan, 

1984). Further reduction of V (IV) to V (III) under even more elevated H2S activities  

 (exceeding 0.29 mM) in bottom or pore waters is possible. This may lead to hyper-

enrichments of V consistent with reduction to V(III) (Breit and Wanty, 1991).  If 

vanadium is in its reduced state, the vanadyl ions can form strong bonds with organic 

molecules (e.g., porphyrins) at the sea bottom or within the sediments, and be further 

buried. Thus reduction, adsorption, diffusion and complexation of dissolved vanadium 

favor addition of vanadium to sediments rich in organic matter.   

  

Organic Matter Evolution 

Vanadium can be bound to organic matter as well as siliciclastics. The vanadium 

existing in both components (organic matter and siliciclastics) together are measured as 

the bulk shale composition reported in chapter 4. Over time, as the bulk shale is buried 

and heated, the organic matter is first transformed to kerogen.  As the kerogen is 

progressively buried, it is transformed to hydrocarbons of oil and gas.   As oil is formed, 

increasing pore pressures could lead to several stages of expulsion from the system.  As 

hydrocarbons are expulsed and kerogen is transformed to EOM progressively during 
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catagenesis, EOM may be of variable composition as early V enriched and isotopically 

heavier oils yield to V poor and V-isotopically lighter oils or EOM. This movable EOM 

and residual kerogen left behind are components of the bulk rock analysis presented.  

With burial, the residual kerogen and rock are subjected to higher temperatures. As the 

organic matter reaches higher maturities and temperatures, a further process of 

demetallation will also occur. The high temperatures create the cracking of more complex 

vanadium-bearing organic molecules releasing vanadium metal ions. During the 

demetallation process, vanadium in its V(IV) state in the organic-metallic molecules may 

be further reduced to V(III) and absorbed or incorporated in the structure of authigenic 

clays or released to pore fluids (Lewan, 1984; Gao et al., 2017).  

Concentrations in the different reservoir entities have large variations, indicating 

elemental fractionation.  Vanadium concentrations in seawater are extremely low, 

averaging around 2 ng/g (Wedepohl, 1971; Wu et al., 2019). The bulk silicate earth 

vanadium concentrations, which are considered to approximate the silicate portion of the 

earth (mantle and crust) are much higher averaging ~97 µg/g (Prytulak et al., 2013). The 

vanadium abundances of average shale vanadium were determined by Turekian and 

Wedephole, 1961 to be ~130 µg/g. The bulk shale compositions included in this study 

range from 155 µg/g to 1056 µg/g, averaging 526 µg/g. Thus in general, shales are 

considerably more enriched in the Eagle Ford section than average shales (Turekian and 

Wedephole, 1961).  In addition, because V concentrations in modern sediments are below 

500 µg/g (Scholtz et al., 2011), many values like those in the Eagle Ford section sampled 

here exceed enrichments in modern-day sediments (maximum 500 µg/g) (Scholtz et al., 

2011).  Those with higher abundances are characterized as “hyper-enriched” with respect 
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to V.   On the contrary, the EOM vanadium concentrations are much lower. The EOM 

vanadium concentrations range from only 554 ng/g to 6613 ng/g, averaging 2575 ng/g. 

The oil that has been produced from the well has even smaller vanadium mass fractions 

than the EOM sampled, averaging ~ 20 ng/g. 

While the concentrations within these different reservoirs have large variations, 

the isotopic composition measured here and in the recent literature are similarly different.   

The data presented here suggests isotopic fractionation is indicated by differences 

between bulk shale and extracted EOM.  The average vanadium isotopic composition of 

modern day seawater is 51V (0.20±0.12‰) (Wu et al., 2019).   The average bulk silicate 

earth value is around 51V (-0.7 ± 0.2‰) (Prytulak et al., 2013). In comparison, the 

vanadium isotopic composition of sampled EOM range from 51V (-0.74 ±0.3‰ to -2.28 

± 0.3‰) with an average of 51V (-1.35 ±0.3‰), which is significantly lighter than 

seawater or BSE. These sampled EOM values, in fact, represent the lightest values yet 

recorded for any earth materials. The bulk shale, in turn, ranges from 51V (-0.14 ±0.3‰ 

to -0.87±0.3‰) with an average of 51V (-0.47 ±0.3‰), on average closer to BSE and 

heavier than EOM in the same samples. The EOM values are thus significantly 

isotopically lighter than the bulk rock shale values. The modern day seawater value, 

which may not necessarily reflect Cretaceous seawater values, exhibits a heavier value 

compared to the EOM and bulk rock shale. The crude oil produced from the borehole 

sampled here is very mature, Ro =1.1 and has obviously demetallized significantly due to 

extremely low vanadium concentrations (20 ng/g). Therefore, it was not practical to 

measure vanadium isotopic compositions of the crude oil produced. However, as a 
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comparison we utilize RM 8505 crude oil produced from the La Luna source rock in 

Venezuela, which has the same age and V/(V+Ni) ratios of the Eagle Ford Shales.  It 

should be noted that the RM 8505 crude is metal rich (V=391 µg/g) and sulfur rich (2.17 

wt %) representing an immature crude oil that we liken to early formed oils of the Eagle 

Ford shale (Gao et al., 2017).  The RM 8505 51V value (-0.02±0.3‰) was reported by 

Gao et al. 2017 and is significantly heavier than EOM sampled here.  It is suggested that 

early immature crude oils expulsed from the Eagle Ford section analyzed may have had a 

similar heavier isotopic composition to La Luna crude oils.  This is compared with the 

much lighter EOM values reported here.  

 

5.2 Vanadium Isotopic Fractionation 

The V abundances and isotopic signatures listed above are indicative of both 

elemental and isotopic fractionations at relatively low temperatures. There are many 

different ways that vanadium can fractionate during the process of deposition through 

catagenesis.  Fractionation could be due to speciation and redox conditions occurring in 

the water column, at the sea bottom, and within the near-bottom sediment and formation 

of authigenic minerals. It could also occur once vanadium has been incorporated into the 

sediment during burial and heating, upon oil formation, during oil extraction, and during 

demetallation processes. 
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5.3 Fractionation via bonding and speciation at seafloor 

Elemental and isotopic fractionation can occur because of change in the types of 

vanadium bonds, Eh-pH and redox conditions. Vanadium exists in marine environments 

in two oxidation states as largely unreactive vanadium (V) in oxic seawater and in a 

reduced state as particle reactive vanadium (IV) under moderately reducing conditions 

(Wanty and Goldhaper, 1992). Vanadium incorporation into minerals where H2S activity 

is very high may cause 

further reduction from 

vanadium (IV) to 

vanadium (III) in bottom 

waters or pore waters 

within the sediments 

(Breit and Wanty, 1991; 

Wanty and Goldhaper, 

1992; Scott et al., 2017).   

Equilibrium isotope 

fractionation is most likely 

controlled by bond 

strength (Bigelieson and 

Mayer, 1947; Urey, 1947; 

Wu et al., 2015).  Species with shorter bond lengths with vanadium have stronger bonds 

and higher vibrational frequencies and therefore favor preferential incorporation of 

heavier isotopes in aqueous solutions (Wu et al., 2015). The longer the bonds the weaker 

Figure 5.3.1: Eh/pH conditions in water. Reducing 

conditions exist when Eh conditions are below 0, and 

oxidizing conditions exist when Eh conditions are above 

0. Acidic conditions exist when the pH ranges from 0-7, 

and alkaline conditions exist when the pH ranges from 7-

14. 
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the bonds, and therefore these bonds favor lighter isotopes relative to heavier isotopes in 

aqueous solutions (Wu et al., 2015). Wu et al., 2015 showed that V species with high 

valence states show shorter V-O bond length in aqueous solutions.  Therefore, the 

shortest and strongest bonds exist between vanadium existing as a V(V) and the longest 

and weakest bonds would exist between vanadium existing as a V(III) in aqueous 

solutions.  A complete understanding of the oceanic V flux and isotope mass balance will 

be the key to developing the use of V isotope geochemistry as a reliable paleoredox 

indicator.    

Eh-pH conditions refer to the stability of minerals or species in terms of hydrogen 

ions (pH) and electron activity (Eh). In natural waters, Eh conditions range from -400 to 

600 milivolts, and pH conditions 1-10. In Figure 5.3.1, Eh vs pH conditions are 

demonstrated that show the depositional environment (reducing and oxidizing conditions) 

relative to acidic or basic water conditions. Where Eh conditions are below zero and 

exhibit a pH of 0-7, reducing acidic conditions prevail. As the pH climbs above 7 to 14, 

reducing alkaline or basic conditions exist. On the contrary, where Eh conditions are 

above zero and exhibit a pH of 0-7, oxidizing acidic conditions exist. As the pH climbs 

above 7 to 14, the water becomes more basic under oxidizing conditions. 

Vanadium speciation in aqueous solutions depends on the pH and Eh conditions. 

In Figure 5.3.2, vanadium exists as V(V), V(IV), and as V(III). Vanadium exists in the 

V(III) state when Eh conditions are below zero and the pH ranges from 3-9 (Gustafsson 

et al., 2018). This is the most reduced state of vanadium in natural conditions. Vanadium 

exists in the V(IV) state when the Eh ranges from -100 to 600 milivolts and the pH  
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ranges from 3-6.5 (Gustafsson et al., 2018). As vanadium becomes more reduced it 

transitions from V(IV). To V(III).   Vanadium exists in the V(V) state at all Eh conditions 

but with restricted pH conditions of 9-11 (Gustafsson et al., 2018).   
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Figure 5.3.2: Vanadium speciation Eh/pH conditions in aqueous solutions. 

Vanadium exists in a +5 state when pH conditions are >9 and Eh conditions are 

>600 mV. Vanadium exists as a +4 state when the pH ranges from 3-6.5 and Eh 

from 0-600mV. Vanadium exists as a +3 state when the pH ranges from 3-9.2 and 

the Eh is below 0. (Modified from Gustafsson et al., 2018). 
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In 1984, Lewan proposed three regimes where vanadium exists in different 

species under differing pH and Eh conditions under natural conditions (Figure 5.3.3). 

Regime I at elevated Eh and pH conditions represents vanadium occurring as a 

quinquivalent anion V(V) where soluble vanadyl cations V (IV) are not available for 

metalation into the sediment because of hydroxides in the water hindering the bonding to 

organic matter (Lewan, 1984). On the contrary, nickelous cations are available for 

metalation giving rise to an overall low V/(V+Ni) or V/Ni ratio, and low sulfur content in 

the organic matter and likely in the derivative crude oil. In regime II at more acidic low 

pH and elevated Eh, both highly reactive vanadyl, V (IV) and nickelous cations are 

available for metalation (Lewan, 1984) of organic matter. In regime II, in basic (high pH) 

conditions, nickelous cations dominate for metalation due to the vanadyl ions hindered by 

hydroxide ions. In acidic (low pH) conditions, hydroxide ions do not hinder vanadium, 

therefore allowing for vanadyl and nickelous cations to be available for metalation of 

organic matter. Lastly in regime III, at low Eh reducing and low to moderate pH acidic 

conditions, vanadyl ions are available for metalation, but nickel is hindered by reduced 

sulfate and sulfide formation (Lewan, 1984). In this regime, sulfate is reduced by sulfate 

reducing bacteria and nickelous cations have an affinity to bind to the reduced sulfur 

(sulfide minerals). This results in high V/(V+Ni) and high sulfur content in organic 

matter and the generated crude oil (Lewan, 1984). Lewans’ 1984 Figure 5.3.4 shows the 

three regimes in terms of V/(V+Ni) and sulfur wt % which is useful generally for 

immature oils (i.e., where significant demetallation has not ensued because of high 

maturities) (Figure 5.3.4).  We have plotted the EOM samples in comparison of to an 

immature Venezuelan crude oil on this diagram.  The diagram shows an oil, RM 8505, 
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which is an immature oil from the La Luna formation source rock in Venezuela of the 

same age as the Eagle Ford. It may have been similar to an immature oil in the Eagle 

Ford as it has similar V/V+Ni to the EOM from the Eagle Ford.  The La Luna Formation 

is also a marine shale thought to be formed in a silled basin like the Eagle Ford sampled 

here based on data collected at UH (Casey and Gao, personal communication). The Eagle 

Ford EOM samples analyzed here are also plotted, but are much more mature (Ro =~1.1) 

Figure 5.3.3: Three Regimes comparing Eh vs pH for vanadium and nickel 

speciation. Regime one (green) indicates Ni ions for metalation over V ions. Regime 

two (yellow) indicates Ni and V ions available for metalation depending indicates Ni 

and V ions available for metalation depending on pH conditions. Regime three (red) 

indicates V ions available for metalation over Ni due to sulfate reduction. (Modified 

from Lewan, 1984). 
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and not well suited for plotting on this diagram. The EOM is likely to have nearly 

maintained or altered slightly the original high V/V+Ni ratio of an immature precursor oil 

like RM 8505. 

 However, the V and S abundances are likely to have undergone severe loss upon 

maturation and demetallation upon maturation. RM 8505 exhibits a high V/(V+Ni) and 

high sulfur wt %, which is typical of immature oils from regime III, indicative of a more 

anoxic-euxinic (H2S -rich), and 

acidic depositional environment. 

The bulk rock samples and EOM 

samples likewise show a very 

similar and high V/(V+Ni) like 

RM 8505, suggesting that these 

ratios may have changed only 

slightly upon maturation.  

However, the EOM samples show 

low sulfur and V contents 

indicating metal loss likely 

because of their high maturity. As 

maturity increases, the V/(V+Ni) 

stays nearly constant, but V, Ni 

and S contents decrease (Gao et 

al., 2017). In EOM, metals are 

significantly depleted in V and Ni, while maintaining a high V/(V+N) ratio. Therefore,  

Figure 5.3.4: Three Regimes-V/(V+Ni) vs Sulfur wt %. 

Regime three (red) indicates high sulfur content and 

high V/(V+Ni). Regime two (yellow) indicates low 

sulfur and variable V/(V+Ni). Regime one (green) 

indicates low sulfur and low V/(V+Ni). EOM samples 

plotted along with immature Cretaceous sourced 

Venezuelan crude oil, NIST RM 8505. EOM samples 

and RM 8505 oil show similar V/(V+Ni) ratio but 

differing metal contents (Lewan 1984).   

. 
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the metal concentrations are interpreted to have significantly decreased in the EOM 

samples, compared with a precursor low maturity oil, like the Late Cretaceous RM8505, 

which originated in a similar silled basin setting. 

Figure 5.3.5 shows the 51V vs V/(V+Ni) ratio of RM 8505 alongside a global set 

of crude oils. The EOM samples are also plotted showing a very similar V/(V+Ni) ratio 

to the RM 8505 Cretaceous La Luna oil. However, the 51V isotopic signature varies in 

RM 8505 

Figure 5.3.5: 51V vs V/(V+Ni) for global crude oil set. RM 8505 is plotted exhibiting a 

heavy isotopic value. The EOM samples are also plotted showing a very similar 

V/(V+Ni) ratio to RM 8505, but a wide range of isotopic values. (Modified from Gao et 

al., 2017; Ventura et al., 2015) 
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the EOM from the Eagle Ford sampled in this study. The isotopically heavier EOM 

samples show the most similar V/(V+Ni) ratios and isotopic compositions to RM8505, 

the La Luna derived crude oil. The isotopically lighter EOM samples from the Eagle Ford 

show elevated V/(V+Ni) ratios and are noticeably lighter than RM 8505. 

 Combining the speciation diagrams and high V/(V+Ni) ratios, it is evident that the 

metalation of the organic matter likely occurred when V(IV) existed in abundance and 

the vanadyl ion dominated the metalation of the organic matter. Vanadyl ions will enter 

the porphyrin structures or other organic metallic molecules of the organic matter 

typically at the seafloor or within the sediments under reducing conditions. 

Vanadium in seawater in oxic conditions exists as V(V).  The oxic sink for V (V) is 

where it is absorbed by Fe-Mn oxide and deposited under oxic conditions (Tribovillard, 

2006; Wu et al., 2015). Given the estimated V isotopic fractionation between seawater 

and oxic sediment of about 1.2‰ (Wu et al., 2019), the removal of V from seawater 

under oxic conditions will result in a heavier V isotopic composition of the seawater 

compared to the V isotopic composition of the main input source, i.e. the riverine input 

which is estimated to be -0.6±0.3‰ (Wu et al., 2019). However, under reducing and/or 

anoxic conditions the removal of V is expected to be through the incorporation of 

vanadyl ions into organic matter and/or the precipitation of V(III) into authigenic clay 

(Gustafsson, 2019). The bond length for the tetrahedral V-O for the dissolved V(V) in 

seawater is 1.72 A, 1.588A for the V(IV)-O bond in vanadyl ion, and 1.992 A for the 

octahedral V(III)-O bond (Gustafsson, 2019). In the marine environment, the V(IV) ionic 

species may be removed to the sediment by surface adsorption processes or by formation 

of organometallic ligands (Emerson and Huested, 1991; Morford and Emerson, 1999). In 
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the diagenetic environment, V(III) readily substitutes for aluminum in the octahedral sites 

of authigenic clay minerals or in recrystallizing clay minerals (Breit and Wanty, 1991). 

Given the consideration of the bonding length/strength, the isotopic fractionation between 

vanadium in the seawater [V(V)] and vanadium in the organics [V (IV)] at reducing sea 

bottoms would most likely shift the vanadium isotopic value somewhat heavier in the V- 

organic complex and lighter for vanadium in authigenic clays. Vanadium in modern-day 

seawater V(V) has an isotopic composition of 51V = 0.20 ±0.12‰, which is heavier than 

its main input source, namely the riverine flux due to the preferential removal of V50 by 

Fe and Mn oxides (Wu et al., 2019).  The bulk rock and EOM sampled here are lighter 

than RM 8505 and modern seawater (Figure 5.3.6).  

Whereas modern-day seawater has an isotopic composition of 51V 0.20 ±0.12‰, 

however, the global seawater composition during the Cretaceous is unknown. The 

Cretaceous period was known, however, for anoxic ocean expansion (Takashima et al., 

2011). If in fact the global seawater in the Cretaceous was more anoxic or euxinic 

globally, vanadium could either be removed under reduced conditions by clays as V(III) 

or by organometallic complexes as V(IV). If vanadium was removed by clays, this would 

shift the global seawater value heavier as removal to clays lends itself to a lighter isotopic 

composition for the clays. If vanadium was removed by organics as reduced vanadyl 

species, the global seawater value would become lighter, as removal to organics lends 

itself to a heavier isotopic composition for the organic matter.  However, if global 

seawater in the Cretaceous was more like it is today, which is overall oxic, V50 would be 

incorporated into Fe-Mn oxides under oxic conditions shifting the seawater isotopic value 

to heavier values than the values of today’s seawater (Figure 5.3.6; Wu et al., 2019).  
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Figure 5.3.6: 51V isotopic composition of EOM and bulk rock shale samples. 

Modern seawater, bulk silicate earth and RM 8505 oil are used as references. 

Depth profiles display a modified depth, not true depth.  (Prytulak et al., 2013; 

Gao et al., 2017; Wu et al., 2019) 
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Bottom Water Conditions 

 There are patterns that suggest factors that influence the uptake of authigenic trace 

metals, creating enrichments of metals in sediment. Molybdenum and vanadium are two 

trace metals that are similar in the following ways. In oxic conditions, they are both 

soluble in seawater, but once anoxia or sulfidic anoxic conditions prevail, they are 

reduced and become insoluble (Takahashi et al., 2014). Molybdenum exists as soluble 

MoO4
2- in oxic waters, and becomes reduced insoluble Mo (IV) (Takahashi et al., 2014). 

Vanadium undergoes a two-step reduction process from oxic to anoxic and then anoxic to 

euxinic (sulfidic). Vanadium exists as soluble HVO4 
2-

 in oxic conditions and under 

mildly reduced conditions converts to V(IV) and forms the reactive vanadyl ion 

(Takahashi et al., 2014). Under more strongly reduced conditions vanadium can be 

further reduced to V(III) and precipitate as a solid oxide or hydroxide (Takahashi et al., 

2014). In 2009, Algeo et al. postulated factors that could influence the uptake of Mo 

authigenic trace metals in sediment. The factors include: benthic redox conditions and the 

operation of a particulate shuttle. Because Mo and V operate similarily, these factors 

could contribute to the enrichments in molybdenum and vanadium in the bulk rock shales 

and high V/V+Ni ratios seen in the EOM and bulk shale samples.   

 The first and most important factor is benthic redox conditions, which most likely 

affect the majority of the trace metal enrichment in sediment (Algeo et al., 2009). Waters 

can range from oxic to sulfidic. In terms of Mo and U, oxic conditions exhibit no 

enrichment in sediment, suboxic conditions exhibit U/Mo ratio enrichment and sulfidic 

conditions exhibit Mo/U ratio enrichment (Morford and Emerson,1999; Zheng et al., 

2002a; Morford et al., 2005; Algeo et al., 2009). In suboxic conditions, the reason for the 
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U/Mo ratio enrichment has to do with U(VI) reduced at the Fe(II)-Fe(III) redox boundary 

prior to sulfate reduction (Algeo et al., 2009). Under anoxic-sulfidic conditions as the 

chemocline becomes shallower relative to the sediment water interface, Mo is reduced to 

thiomolybdates which are particle reactive and enhance the uptake by the sediment of 

authigenic Mo (Takahashi et al., 2014). This creates high enrichments of Mo/U ratios. 

This phenomenon by Algeo et al. (2009) could be representing vanadium as well 

indicating that very high enrichments of metals and metal ratios (>0.9) are indicative of 

very sulfidic, high H2S bottom waters (Lewan, 1984; Figure 5.3.7). 
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 Figure 5.3.7: Depth (ft) vs V/(V+Ni) ratio for both the bulk rock shale and EOM 

samples. Both bulk rock shale and EOM show very high ratio values indicative of 

strongly reducing conditions. The solid samples indicate all bulk rock and EOM data. 

The black circled samples indicate the samples that were analyzed for 51V in this study. 

Depth profiles display a modified depth, not true depth.   

 

The second factor controlling benthic redox conditions is the Mn-Fe particulate 

shuttle (Calvert and Piper, 1984; Wehrly and Stumm 1989; Algeo et al., 2009). 

Manganese forms an insoluble MnO2 in oxic conditions and then becomes soluble in 

anoxic/sulfidic conditions (Broecker and Peng, 1982; Tribovillard, 2006). In terms of the 

particulate shuttle, the chemocline location is very important (Algeo et al., 2009).  The 
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chemocline separates oxic conditions from sulfidic conditions. The highest enrichments 

will reside where the chemocline is closer rather than farther from the sediment water 

interface or sediment bottom (Algeo et al., 2009). Mn existing as an insoluble ion in oxic 

conditions adsorbs Mo as well as V, which can incorporate Mo and V into the sediment 

in oxic condition. However, when the chemocline is encountered, the MnO2 breaks down 

as Mn becomes soluble again. Meanwhile the Mo and V transition from the soluble ion in 

oxic waters to become highly reactive and insoluble (Algeo et al., 2009). As increases in 

H2S are encountered and depending on the location relative to the sediment, the highest 

amounts of Mo and V are available to be taken up by the organic matter and sediment as 

V(IV) or V(III), respectively (Lewan, 1984).  

Figure 5.3.8 shows how geochemical processes affect the abundance and 

speciation of vanadium (Breit et al., 1991) at the seafloor and below. In oxic waters, 

vanadium exists in the +5 valence state, V(V). High concentrations of vanadium exist in 

oxic waters because vanadium is soluble and does not bind to organic matter. Therefore, 

in oxic global seawater, vanadium concentrations are rather homogenous. As vanadium is 

reduced from V(V) to V(IV) in anoxic waters, vanadium exists as vanadyl ions and binds 

to (or reacts with) the available organic matter in the water column. Vanadium 

concentrations decrease in the water, if in fact, replenishment is low due to the fact that 

vanadium is now binding to organic matter. However, if there is replenishment of metals, 

then metal concentrations should not change much in the water column. As vanadium is 

reduced even further to V(III) in euxinic conditions, H2S causes vanadium to bind to 

organic matter along with bonding to authigenic clays in higher amounts. The vanadium 

at the seafloor is bound to organic matter in the V(IV) state, but it is possible that 
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vanadium can be reduced to V(III) and absorbed or complexed to clays well before 

catagenesis begins (Breit et al., 1991). Vanadium may continue to be reduced to a V(III) 

state after sufficient burial and high temperatures. As predicted by Wu et al. (2015), 

reduction of V and incorporation into organic molecules with shorter bond lengths or in 

clay minerals with longer bond lengths in the sediment should cause progressively 

heavier V isotopic compositions in organics or lighter V isotopic compositions in clays.  
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  As vanadium under reducing conditions exists at the seafloor as vanadyl ions in 

organic matter, and as V(III) in clays are buried in the sediment, vanadium is subjected to 

higher temperatures upon burial that may cause vanadium to isotopically or elementally 

fractionate further At around 50-150 ºC, oil formation occurs and vanadium can undergo 

elemental or isotopic fractionation due to formation of oil from kerogen, which has likely 

 Figure 5.3.8: Vanadium speciation at and below the seafloor depending on 

geochemical processes. Within the water column, vanadium can exist in a +5, +4, 

and even a +3 state. As vanadium is incorporated into the sediment and buried 

vanadium reduces to a +3 state and binds to clays and siliciclastics. (Taken from 

Breit et al., 1991) 
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more enriched in V content (Odermatt and Curiale, 1991) as well as through the 

extraction of early V-rich oil upon expulsion. Expulsion can create a decrease in bulk 

vanadium concentration existing in the buried matured sediment. Vanadium is also 

subjected to high enough temperatures where demetallation can occur and the larger 

vanadium organic-metallic molecules break down, releasing vanadium. Porphyrin type 

can also change from DPEP (deoxophylloerythroetioporphyrin) to ETIO (etioporphyrin) 

where demetallation occurs (Didyk et al., 1975; Mackenzie et al., 1980; Barwise and 

Park, 1983; Barwise and Roberts, 1984; Barwise, 1987; Sundararaman et al., 1988; 

Sundararaman and Hwang, 1993). As the temperature and demetallation increases, 

vanadium can be released and fractionate into the clays and lastly form micas at around 

200 ºC.  

Another factor to take into account is vanadium residing in pore waters which is 

where most of the free vanadium is taken up by free-base porphyrins in the organic 

matter. Depending on whether the chemocline exists either at the sea bottom or below, 

vanadium can be reduced either above the seafloor or below. If the H2S exists above or at 

the sediment water interface, then metalation of vanadium to organics or sediments could 

occur at the sea bottom (Tribovillard, 2006). If the bottom waters are oxic or suboxic at 

the sea bottom, and the H2S exists beneath the surface, then the H2S is limited to pore 

waters (Tribovillard, 2006). In this case where the chemocline exists below the sea 

bottom, vanadium can be further reduced below the sea bottom.  
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5.4 Fractionation Mechanisms- Seafloor, Diagenesis, Burial, Oil 

Formation/Extraction, Demetallation 

The Cretaceous period was known for anoxic ocean expansion (Takashima et al., 

2011). If in fact the global seawater was anoxic or euxinic, vanadium could either be 

removed by clays as V(III) or by organometallic complexes as V(IV). If vanadium was 

removed by clays, this would shift the isotopic global seawater value heavier as removal 

to clays lends to a lighter isotopic composition in clay. If vanadium was removed by 

organics V(IV), the isotopic global seawater value would become lighter, as removal to 

organics lends to a heavier isotopic composition in the organics.  However, if the global 

seawater was more like it is today, which is oxic, V(V) would be incorporated into Fe-

Mn oxides shifting the seawater isotopic value to heavier values than today. (Figure 

5.3.6; Wu et al., 2019).   

 As vanadium is bound to the organic matter, fractionation could occur between 

oil/kerogen with sufficient burial, heating and transformation of kerogen to oil during 

catagenesis. As the bulk rock shale is heated and buried, the kerogen is progressively 

transformed to oil. Once oil has formed, there are extraction mechanisms leading to oil 

expulsions as pore pressures increase.  First, there could be no extraction of oil meaning 

that the kerogen is transformed to oil and no oil has left the system. Second, there could 

be a single oil extraction or expulsion, and third, there could be multiple oil extractions 

occurring over time. Once oil is formed, overpressure and natural fracking can cause oil 

to expulse and fill nearby pore spaces. In the case of the Eagle Ford, the oil reservoirs in 

the overlying Austin Chalk may suggest multiple expulsion events from the Eagle Ford 
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(Dawson et al., 1995).   We assume the first oils to expulse will be vanadium-rich and 

heavier isotopically, like sample RM8505 from the La Luna source rock in Venezuela.  

      As isotopically heavier oils are expulsed, and more extractions occur, the more 

depleted the residual oil/EOM/kerogen in situ will likely become as the oil removes 

heavier isotopes. The EOM samples will eventually show lower concentrations of 

vanadium (like Eagle Ford EOM, 554 ng/g to 6613 ng/g) with a very isotopically light 

signature (51V -0.74±0.3‰ to -2.28± 0.3‰). The oil from the well sampled, which is the 

oil produced today, also shows even lower vanadium concentrations (20 ng/g), typical of 

highly mature oil. However, the early oil was likely more enriched in V and heavier in 

isotopic composition. RM 8505 is a similar age oil to the Eagle Ford Shale from 

Venezuela with similar V/(V+Ni) and high vanadium concentrations (391 µg/g), 

Table 5.4.1: RM 8505 oil from Gao et al., 2017. This sample is resembling a similar age 

immature oil from the Eagle Ford Shale formation 

 

 

 

 

 

as well as a heavy isotopic signature (51V -0.02±0.3‰) (Table 5.4.1). Therefore, the first 

Eagle Ford oil expulsed likely contained abundant vanadium with a heavier 51V leaving 

the system, if similar to the La Luna, RM 8505.  Ultimately this leads to lighter 51V and 

lower vanadium concentration in the residual EOM. The first oil that left the system was 

likely a very isotopically heavy oil that was slightly V-isotopically lighter than modern 

Sample Vanadium (ug/g) 51V V/(V+Ni) Sulfur  

RM 8505 391 -0.02 ± 0.3‰  0.89 2.17 wt % 
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day seawater, if the RM 8505 analogue is appropriate. After the first oil left the system, 

the kerogen/EOM reservoir became lower overall in vanadium concentration, and lighter 

isotopically due to the large amount of vanadium removed from the system.  With time 

and with progressive burial and heating, oil continues to form and is expelled. This would 

create a system that is not replenished and becomes more depleted in vanadium and 

lighter in isotopic ratios, as seen in the EOM sampled. This is especially observed up hole 

with the EOM vanadium isotopic signature becoming very light (Figure 5.4.1). The 

subsequent oil extractions likely become isotopically lighter and even more isotopically 

lighter progressively upon multiple extractions to resemble the well sampled, which is the 

oil that is being produced today, exhibiting a very low vanadium concentration. Although 

the isotopic composition of the well crude oil has not been measured, it most likely 

exhibits a very light isotopic signature, probably similar to the lightest EOM.  

 My hypothesis is that the isotopically heavier oil left the system and multiple 

expulsions of oil occurred leading to the final or residual present-day 51V (EOM) as the 

lightest (Figure 5.3.9 top). Where the 51V (EOM) is the isotopically heaviest in the 

section, this indicates that perhaps there has been less expulsion of isotopically heavy oil 

or that fewer expulsion events have occurred (Figure 5.3.9 top). There does seem to be a 

positive correlation between 51V and TOC in five of the EOM samples. Lower TOC 

values correspond with lighter isotopic EOM values, and higher TOC values correspond 

with heavier isotopic EOM values (Figure 5.3.9 top), suggesting lower amounts of oil 

expulsed.  Where the EOM shows the lowest TOC and is isotopically the lightest, in the 

positive trend, could indicate that the isotopically heaviest oil has been extracted or that 

multiple extractions occurred. With all the oil leaving the system, lower TOC values 
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occur in the bulk rock itself. Where the TOC is the highest, the positive trend could 

indicate fewer extractions or lower amounts of isotopically heavy oil left the system. The 

TOC values are higher because either less organic matter was transformed to 

hydrocarbons or the oil was simply not expulsed. Figure 5.3.9 (bottom) indicates the 

51V, which is the difference in the isotopic composition of the shale and the EOM. 

Where the 51V is the largest indicates a large difference in the isotopic composition of 

the bulk rock and the EOM. Where the difference is the largest could indicate where the 

isotopically heaviest oil has left the system and multiple extractions occurred indicating 

large fractionation, shifting the EOM isotopic values lighter and the bulk rock shale 

isotopic values heavier (Figure 5.3.9 bottom). Where the difference is the smallest, could 

indicate fewer expulsions or more isotopically heavier oil or kerogen still exists in the 

rock. In this case, the bulk rock and EOM isotopic composition are very similar. There is 

a negative correlation with the 51V vs TOC (Figure 5.3.9 bottom). The samples in the 

trend with the lowest TOC values show the greatest 51V(shale-EOM) value. This is 

where the multiple expulsions of isotopically heavy oil left the system. The samples in 

the trend with the highest TOC values show the lowest 51V (shale-EOM) value. This is 

where fewer expulsions or less isotopically heavy oil left the system. Now the samples 

without a positive or negative correlation, correspond to the top most and bottom most 

sample of the core. These samples might not have had enough TOC to produce 

hydrocarbons. There seems to be a threshold of around ~7-8% TOC. These samples 

therefore have not encountered multiple expulsions and have had less isotopically heavy 

oil leaving the system. 
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Figure 5.3.9: (TOP) 51V(EOM) vs TOC. The lighter EOM values indicates 

isotopically heavier oil left the system or multiple expulsions occurred. The heavier 

the EOM values indicates isotopically heavier oil still in the rock or fewer expulsions 

occurred. (BOTTOM) 51V vs TOC. The higher the 51V, the lower the TOC 

indicating more isotopically heavier oil expulsed, and the lower the 51V, the higher 

the TOC indicating less isotopically heavier oil expulsed. TOC precision +/- 0.107. 
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There are several uncertainties in the equation of mass balance that make it 

difficult to account for all the vanadium. First, the kerogen concentration and kerogen 

isotopic signature are unknown. As previously mentioned, it is proposed that the 

isotopically heaviest, V rich oils left the system first, with subsequent oils exhibiting 

isotopically lighter values and are V poor. If the isotopically heaviest oils left the system 

first, with later oils isotopically lighter, then we should see a similar pattern in the 

kerogen as we do with the EOM. In other words, the kerogen should become isotopically 

lighter with time. As the kerogen becomes isotopically lighter with time, the bulk rock 

should become isotopically lighter overall. The large amounts of isotopically heavy 

vanadium leaving the system should shift the whole system (bulk rock, kerogen, EOM) 

isotopically lighter as light vanadium is left in situ. 

Another uncertainty to take into account is other fluids that are present in the 

reservoir/pore spaces. Fluids other than oil, such as water and hydrothermal fluids can 

remove or incorporate vanadium in the system.  

Lastly, we assume that the first oils extracted were isotopically heavy, high 

vanadium concentration oils, and that the oils being produced now are relatively 

isotopically light, and low in vanadium concentration. However, we do not know about 

the intermediate oils. We assume that they are isotopically lighter and lower V 

concentration than RM 8505, but isotopically heavier and more V-rich than the well 

producing today. Based on the EOM sampled, we see a very isotopically light, low V 

concentrated oils being extracted today. Once again, a very high reliance is being placed 

on RM 8505 oil being a good analog for early Eagle Ford oil.   
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As the EOM/kerogen values become isotopically light, it is evident that the bulk 

rock shale becomes isotopically heavier up hole (51V -0.87±0.3‰ to -0.14±0.3‰). It 

would be expected that with the EOM/kerogen becoming isotopically lighter with time, 

the bulk rock would become isotopically lighter overtime as well. However, it is possible 

that the bulk rock did become isotopically lighter at first with the beginning isotopically 

heavy oil expulsions and then shifted isotopically heavier later.   

There are several scenarios that can shift the bulk rock isotopically heavier even 

though the EOM/kerogen is isotopically light. First, if the isotopically lighter oils 

expulsed contained V(III). In this case, abundant isotopically light vanadium is leaving 

the system, shifting the bulk rock shale isotopically heavier. Second, a process of 

demetalation could be occurring where vanadyl ions are removed from the EOM/oil and 

bind to the inorganic component of the bulk rock. This would cause the bulk rock to 

become isotopically heavier as isotopically heavy vanadium (V(IV)) is being 

incorporated into the siliciclastics component and the EOM/oil becomes isotopically 

lighter. Lastly, isotopically light vanadium could be removed via fluids (formation 

waters, pore waters, hydrothermal fluids) or isotopically heavy vanadium from fluids are 

incorporated into the rock shifting the bulk rock isotopically heavier.  

In other words, in order for the bulk rock to become isotopically heavier, there has 

to be abundant isotopically light vanadium removed either by oil or fluids, or an 

incorporation of abundant isotopically heavier vanadium has to be bound to the 

siliciclastics/clays. 
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5.5 Conclusion 

 Vanadium related to source rock shales can reside in several different reservoirs 

including: seawater, pore water, detrital siliciclastics, EOM (movable oil), kerogen 

(immovable organic matter) in shales and can be removed in the already produced oil and 

the pore fluids extracted and expulsed by natural processes. 

The 51V global seawater value today is the result of a generally oxic open ocean, 

however the isotopic value during the Cretaceous is unknown. If in fact the Cretaceous 

global seawater was anoxic or euxinic, vanadium could either be removed by clays as 

reduced V(III) or by organometallic complexes as reduced V(IV). If vanadium was 

removed dominantly by clays, this would shift the global seawater value isotopically 

heavier as removal to clays lends to a lighter isotopic composition in clay. If vanadium 

was removed by organic molecules dominantly as V(IV), the global seawater value could 

have become isotopically lighter, as removal to organics lends itself to a heavier isotopic 

composition in the organics. However, if the global seawater was more like it is today, 

which is oxic, isotopically light V(V) would be incorporated into Fe-Mn oxides shifting 

the seawater isotopic value to heavier values as found today. (Figure 5.3.6; Wu et al., 

2019).  

As vanadium tends to be bound to the organic matter at the sea bottom during or 

shortly after deposition, vanadium isotopes can be significantly fractionated from 

seawater where reducing conditions exist.  Isotopic fractionation can also occur 

subsequently between oil/kerogen/EOM and shale with sufficient burial, heating and 

transformation of kerogen to oil during catagenesis. As the bulk rock shale is heated and 

buried, the kerogen will progressively transform to oil.  
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It is evident that with time, burial, and oil expulsion, the EOM studied here from 

the Eagle Ford Formation becomes isotopically lighter and the bulk rock shale becomes 

isotopically heavier.  RM 8505 was modeled as an example or proxy of isotopically 

heavy oil that may have been expulsed from the Eagle Ford during early stages of 

catagenesis. With RM 8505 used as a reference of the first oils expulsed, isotopically 

heavy, V rich oils likely first expulsed from the Eagle Ford source rocks.  This expulsion 

would render the residual organic matter to be isotopically lighter. The well producing 

today indicates a V poor oil because of high maturity.  If the first oils expulsed were 

isotopically heavy, V rich, and the later oils were V poor, then the later oils probably 

resembled the light isotopic signature like the EOM studied here. Where the EOM is 

isotopically lightest in the source rocks sections studied, we suggest that more expulsion 

events of isotopically heavier oil have occurred.  On the contrary, where the EOM is the 

heaviest isotopically, it resembles more the RM 8505 isotopic values, indicating less 

expulsions of the isotopically heavy oil occurred. This could be interpreted to indicate oil 

reservoirs are more enriched in liquid oil where the EOM is isotopically heaviest and has 

been efficiently expulsed from areas where the EOM is isotopically lightest. This 

provides a hypothesis that is testable based on production from the various horizons 

drilled in the section.  

Although we interpret that the EOM/kerogen become isotopically lighter with 

time and the progression of catagenesis and expulsion, the bulk rock shale becomes 

isotopically heavier. In order for the bulk rock shale to become isotopically heavier with 

time, abundant isotopically light vanadium must be removed from the system. This could 

occur by the isotopically lighter oils demetallizing, causing a removal of vanadium in a 
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more reduced lighter form of vanadium (III), and removal with the crude oil expulsion. In 

addition, demetallizing isotopically heavy V(IV) to the clays or by removal of 

isotopically light vanadium via fluids expulsed or delivery of high V concentrations and 

isotopically heavy vanadium from fluids into the clays. The bulk shales and EOM 51V 

values obtained in the shale and EOM sampled here have produced the broadest set of 

isotopic values from any earth materials sampled to date. This indicates that relatively 

low temperature fractionation of 51V can be an important process in earth materials.  

   

5.6 Future Work 

 Because this is the first time that EOM and bulk rock shale have been analyzed 

for vanadium isotopes in the same petroleum system, it is difficult to compare data and 

pinpoint the exact fractionation process(es) that could be contributing to the distinct shift 

in the isotopic signatures. Previously, vanadium isotope ratios had only been analyzed for 

crude oils, not the source rocks. One major drawback to this data set is that we cannot 

account for all the reservoirs containing the vanadium, and thus there are many unknowns 

about the vanadium content and isotopic values of potential reservoirs for vanadium. For 

example, the Cretaceous global seawater 51V is unknown, the kerogen concentrations 

and their isotopic signatures have not been analyzed, and the Eagle Ford Shale oil 

isotopic signature is unknown. 

The next step to this study would be to analyze the kerogen for its isotopic 

signature and to acquire Eagle Ford shale oil. An issue with the Eagle Ford Shale oil is 

that the vanadium concentrations of highly mature and demetallized oils from that area 

are so low in vanadium abundance, that it may be difficult to extract enough V to 
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measure isotopic abundances. Therefore, we would require abundant amounts of oil to be 

able to perform the isotopic analysis, which could be very hard to come by and extremely 

expensive to process and prepare for isotopic analysis. To put it in perspective, the oil 

producing out of the Eagle Ford shale today has a vanadium concentration of ~20 ng/g. In 

order to perform the isotopic analysis on an oil, we need approximately one microgram of 

vanadium. In other words, we would need around 50 g of the Eagle Ford shale oil. In one 

digestion, we can digest about 0.4 g of oil, which would equal around 100 digestions 

overall. The better alternative is to acquire an oil from a less mature updip section of the 

Eagle Ford shale or to sample the overlying Austin Chalk crude oil in a less mature area.  

The lower maturities would yield higher vanadium concentrations and could be more 

easily measured. 
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