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Abstract: Pyrite is a common mineral with a higher density than most other minerals in the
Eagle Ford Shale formation. Hence, if pyrite is not considered in the total organic carbon (TOC)
estimation, based on density logs, it may lead to errors. In order to improve the accuracy of the
TOC estimation, we propose an updated TOC estimation method that incorporates the concentration
of pyrite and organic porosity. More than 15 m of Eagle Ford Shale samples were analyzed
using Rock-Eval pyrolysis, X-ray fluorescence (XRF), and X-ray diffraction (XRD). TOC, elemental
concentration, and mineralogical data were analyzed for a better understanding of the relationship
between the concentration of TOC and pyrite content in the Eagle Ford formation. An updated
petrophysical model—including parameters such as organic pores, solid organic matter, inorganic
pores, pyrite, and inorganic rock matrix without pyrite—was built using the sample data from
the Eagle Ford. The model was compared with Schmoker’s model and validated with the Eagle
Ford field data. The results showed that the updated model had a lower root mean square error
(RMSE) than Schmoker’s model. Therefore, it could be used in the future estimation of TOC in
pyrite-rich formations.
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1. Introduction

Total organic carbon (TOC) is a fundamental parameter that is critical in evaluating the hydrocarbon
generating potential of source rocks [1]. TOC can be obtained directly from Rock-Eval pyrolysis or similar
experiments in a laboratory, or it can be obtained indirectly from well logging techniques, such as density
logs. Geophysical methods are possible because, in most cases, increasing concentrations of organic matter
in a rock directly affects the rock’s physical properties by lowering density, slowing sonic velocity, increasing
radioactivity (as several radioactive elements are associated with organic matter), and raising hydrogen
contents. The geophysical TOC estimation methods can be divided into two categories: single-well log
methods and multi-well logs methods, as shown in Table 1.

Overall, the geophysical property that is most widely applied in identifying source rocks and
estimating TOC is anomalously high gamma-ray values [2–6]. Schmoker [3] proposed a relationship
between total gamma-ray intensity and organic richness in Devonian-age Appalachian shales. Although
a valuable approach, it was concluded that the gamma ray method significantly underestimated organic
richness in some intervals. Moreover, established relationships between TOC and gamma-ray intensity
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often changed from one region to the next. Fertl [4,5] summarized the potassium, thorium, and uranium
distributions in shales, suggesting correlations between these elements and elemental ratios (U, Th, K,
and Th/U), and organic richness. This approach is also valuable, but has to be calibrated for the region of
interest. Estimating TOC with density logs is another well-accepted method [7–11]. Equations, including
bulk density, have been derived in building petrophysical models containing different components of
the shale formation. For example, Schmoker [7,8] estimated the organic carbon of the Bakken Formation,
based on density data, with a four-component shale system assumption. Alfred and Vernik [11] took
maturation-induced pores in kerogen and inorganic pores into consideration and estimated organic content
and total porosity based on density data.

Table 1. Summary of log-based total organic carbon (TOC) estimation methods.

Categories Method Explanations References

Single-well log methods
(1) Natural Gamma-Ray Log

This is the earliest way to identify source
rocks from well logs. Quantification of TOC
using only the gamma-ray log leads to high
levels of uncertainty.

[2,3]

(2) Spectral Gamma-Ray Log

This reflects the amounts of uranium and
potassium in the rock. The relationship
between spectral gamma-ray and TOC can
be inconsistent.

[4–6]

(3) Density Log

This method involves the development of
petrophysical models of shale formations
and associated equations relating TOC and
bulk density.

[7–11]

Multi-well logs methods

(4) Clay Indicator
This method overlays the scaled clay
indicator curve (difference of neutron and
density porosities) on the gamma-ray log.

[12]

(5) ∆logR and Revised
∆logR Method

This method is widely used in shale
formation evaluation. It combines the
porosity log with resistivity log data and
takes maturation into consideration.

[13–15]

(6) Multivariate Fitting

In this method, linear relationships between
TOC and various petrophysical log data are
identified. Although generally accurate for
the formation of interest, the results are not
transferable to other shale formations.

[16,17]

(7) Artificial Intelligence
Technique

This method examines nonlinear
relationships between TOC and well log
data. This technique requires a large
database and heavy computational work.

[18]

Zhao [12] established a clay indicator to reflect the clay content using density and neutron logs and
then overlaid the scaled clay indicator curve on the gamma-ray curve to help estimate the TOC value.
The Passey’s ∆log R method [13] is a graphical porosity–resistivity overlay technique, which was
developed in 1990 and is still widely used. It was originally developed using acoustic compressional
slowness but also worked with density or compensated neutron measurements. Wang [14] and
Zhao [15] improved the TOC estimation accuracy through a revised ∆log R method. The revisions
included replacing the level of maturity (LOM) with Tmax, making the slope and the values of resistivity
and porosity of the baseline rock vary with depth, and so on. Autric [19] used resistivity and sonic logs
to evaluate the organic richness. Since the presence of organic matter has had an impact on various
petrophysical logs, Mendelson et al. [16] used a multivariate regression analysis to predict TOC with
a combination of logs, including sonic, density, neutron, and gamma-ray logs. The derived equations
could only be applied to specific wells or locations, since no similarities among multivariate equations
were observed in the different wells [20]. The application of artificial intelligence techniques (neural
networks, support vector machines, etc.) have also been successfully used in the prediction of TOC
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concentrations. Artificial intelligence techniques are more advanced than simple regression techniques
or statistical correlations, but require large data sets with complicated regression computations [18].

It is challenging when many of the above mentioned methods are applied in shale formations with
large amounts of heavy minerals, such as pyrite (FeS2). Pyrite becomes a problem in formation evaluation
when it occurs in sufficiently large quantities and its distinctive physical properties influence downhole
log responses [21,22]. Clavier [23] mentioned that the measured rock resistivity is influenced by the
distribution of pyrite and the frequency of resistivity logging tools. Pyrite has a high mass and electron
density, such that it can distort the readings of density and neutron logs, which are frequently calibrated to
typical silicate or carbonate mineralogy [24]. Witkowsky [25] achieved a good correlation between TOC
and sulfur in the Haynesville Shale and showed that the high volume percent of pyrite greatly affected the
grain density and resistivity. To address this challenge, we used the Eagle Ford Shale as an example to
develop an advanced method for estimating TOC, which considered pyrite concentration.

2. Experimental Methods

More than 15 m of the Eagle Ford core samples, including samples from the upper and lower Eagle
Ford formation, were analyzed with X-ray fluorescence (XRF), X-ray diffraction (XRD), and Rock-Eval
pyrolysis experiments. The top section of the underlying Buda Limestone was also tested since it could
be seen as a boundary of limestone with the lowest TOC content.

Elemental concentrations of Mg, Al, Si, Ti, Cr, Mn, Fe, Zn, P, V, Ni, Ca, Cl, K, Rb, Sr, and Mo were
measured using hand-held XRF Analyzers (Thermo Fisher Scientific, Waltham, MA, USA). Standard
samples and replications of several points were tested to ensure the accuracy and repeatability of the
XRF experimental results.

The mineralogy of the samples was identified using a MiniFlex 600 X-ray diffractometer (Rigaku,
Tokyo, Japan) instrument. The bulk samples were ground into a fine powder by a ball mill and then
filled in a sample holder. The X-ray tube was set at 40 kV and 15 mA and the sample powder was
scanned over the range of 5–85◦. The equipment performance was checked routinely with Standard
Reference Material 640e (SRM 640e) silicon power and a Si setting jig.

Approximately 55 mg of the rock powder from each sample was used for analysis on the Rock-Eval
6 analyzer from Vinci Technologies (Nanterre, France). During pyrolysis, the crushed rock samples
were heated from 300 ◦C to 650 ◦C at a rate of 25 ◦C/min in a helium atmosphere. The parameters,
which included TOC, S1 (free oil and gas, mg HC/g rock), S2 (hydrocarbon generated during thermal
cracking of the sample kerogen, mg HC/g rock), S3 (CO and CO2 from the thermal cracking of
oxygen-bearing functional groups within the kerogen, mg CO2/g rock), and Tmax (temperature of the
maximum hydrocarbon generation, ◦C), were measured and recorded. After pyrolysis, the samples
were automatically transferred to an oxidation oven to measure the residual carbon and mineral carbon.

3. Pyrolysis Results of the Eagle Ford Shale Samples

The pyrolysis results of the Eagle Ford Shale samples are presented in Appendix A. These data
were used for the interpretation of the kerogen type, source rock generative potential, and degree of
maturation [26–29].

It can be seen from the modified van Krevelen diagram (Figure 1) that the hydrogen index (HI)
and oxygen index (OI) of the measured Eagle Ford samples were very low. The Eagle Ford organic
rich shales were originally dominated by Type II kerogen [30,31], but most of the generative potential
of these samples was lost because they were overly mature [28,32]. With increasing maturation, HI
and OI of kerogen decreased. During the maturation process, a large amount of hydrocarbon was
produced and expelled from kerogen.

As is shown in Figure 2a, the lower Eagle Ford samples were excellent source rocks with good
petroleum potential (i.e., high S1 + S2), while the upper Eagle Ford samples were very good source
rocks with fair hydrocarbon generative potential. It is clear that these Eagle Ford samples had entered
the post-mature zone for hydrocarbon generation (Figure 2b).
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Figure 1. Modified van Krevelen diagram of the Eagle Ford Shale samples.

Figure 2. Source rock potential and maturation of the Eagle Ford (EF) Shale. (a) Plot of total organic
carbon (TOC) versus petroleum potential; (b) plot of production index versus Tmax.

4. Relationship between TOC and Pyrite in the Eagle Ford

Pyrite (FeS2) is a common heavy mineral that indicates reducing conditions. It is formed through
the reaction between reactive iron and H2S that is produced by a bacterial sulfate reduction in anoxic
water columns or in pore waters of sediments [33].

The correlation between Fe and S (determined via XRF) and the changes of concentrations of Fe and
S with depth in shale samples are revealed in Figures 3 and 4. It can be seen that there are some zones
of excess S relative to Fe. The pyrite concentration can be estimated by assuming that all of the Fe is in
the form of pyrite. This is a reasonable assumption because there is consistently more than enough S to
combine with all of the Fe to form pyrite, and a strong correlation exists between the two elements that fit
the pyrite formula (Figure 3). Figure 4 shows the obvious cyclic changes in Fe, S, and the estimated pyrite
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concentrations with regard to depth, corresponding to the changes of gamma-ray intensity. These cyclic
changes of pyrite and residual S reflected the changing degrees of anoxia and regressive/transgressive
ocean cycles [34]. Additionally, the measured pyrite content from the XRD analysis was close to the
estimated pyrite content, based on Fe concentration, and showed a similar cyclic trend.

Through the XRD analyses, the pyrite content was measured in the upper and lower Eagle Ford
Shale samples. It is illustrated in Figure 5 that there is a positive linear relationship between the
amount of pyrite and TOC in the upper and lower Eagle Ford Shale formation. The top of the Buda
Limestone section was also taken into consideration because it acted as the boundary with the lowest
TOC content.

Figure 3. Correlation between Fe and S concentrations in the Eagle Ford Shale (depth ranges from
13,790 ft to 13,825 ft).

Figure 4. Changes of Fe and S concentrations, pyrite content, and residual S, corresponding to
the gamma ray intensity changes in the Eagle Ford Shale (depth ranges from 13,790 ft to 13,825 ft).
XRF—X-ray fluorescence.
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Figure 5. Positive linear relationship between pyrite and TOC in the Eagle Ford Shale.

5. Petrophysical Model Considering Pyrite and Organic Porosity

Schmoker’s four-component system rock model [8] is a widely used model for estimating
organic content using density logs. Schmoker’s model includes the following assumptions: (1) the
volume-weighted average density of grain and pore fluid can be estimated accurately; (2) pore space
includes all of the organic and inorganic pores in the rock matrix.

Here we developed an updated model where the rock was divided into five constituent parts,
including organic pores, solid organic matter, pyrite, inorganic pores, and rock matrix without pyrite.
Pyrite was broken out from the matrix since the pyrite content had a positive linear relationship with
the TOC value, while other minerals in the rock matrix were not closely related to the concentration of
TOC. This relationship was used to develop the updated model. With the assumption that the fluids
in the organic and inorganic pores were hydrocarbons and water, respectively, the parameters of the
petrophysical model were summarized (Figure 6).

Vk+Vnk+Vpy = 1 (1)

where Vk, Vnk, and Vpy are the volume fractions of organic matter, inorganic rock without pyrite,
and pyrite, respectively, dimensionless.

Figure 6. Petrophysical model of the shale formation.

The bulk density can be expressed as follows:

ρb = Vkφkρhc + Vk(1 −φk)ρk + Vpyρpy + Vnkφnkρw + Vnk(1 −φnk)ρnk (2)
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where φk is the volume fraction of the organic pores in the organic matter, dimensionless; φnk is the
volume fraction of the inorganic pores in the inorganic rock without pyrite, dimensionless; ρhc, ρk, ρpy,
ρw, and ρnk are the densities of hydrocarbon in the organic pores, solid organic matter, pyrite, water in
inorganic pores, and other rock matrix, respectively, g/cm3.

Parameter Vnk can be removed by substituting Equation (1) into Equation (2):

ρb = Vkφkρhc + Vk(1 −φk)ρk + Vpyρpy +
(
1 − Vk − Vpy

)
φnkρw +

(
1 − Vk − Vpy

)
(1 −φnk)ρnk (3)

Equation (3) can be rearranged as follows:

ρb = Vk[φkρhc + (1 −φk)ρk −φnkρw − (1 −φnk)ρnk] + Vpy

[
ρpy −φnkρw − (1 −φnk)ρnk

]
+φnkρw + (1 −φnk)ρnk

(4)

Total organic carbon is expressed as follows:

TOC =
Vk[φkρhc + ρk(1 −φk)]

Rρb
(5)

where R is the ratio of the mass of organic matter to the mass of organic carbon, dimensionless.
The relationship between the pyrite content and TOC can be identified through laboratory

experiments, as shown in Figure 5. When TOC and Wpy are expressed as fractions, the values of a and
b are 0.67 and 0.0122 for the Eagle Ford formation, respectively.

Wpy = aTOC + b (6)

Since Vpy is used in Equation (1) to Equation (4), the relationship between Vpy and Wpy needs to
be derived to apply the correlation between pyrite content and TOC.

Vpy =
ρb
ρpy

Wpy (7)

Combining Equation (6) and Equation (7) gives the following:

Vpy =
ρb
ρpy

(aTOC + b). (8)

Finally, the relation between TOC and bulk density is achieved by substituting Vk in Equation (5)
and Vpy in Equation (8) into Equation (4).

TOC =
ρb − Pbρb/ρpy − Q

ρbRN/M + aPρb/ρpy
(9)

where
M = φkρhc + ρk(1 −φk) (10)

N = φkρhc + (1 −φk)ρk −φnkρw − (1 −φnk)ρnk (11)

P = ρpy −φnkρw − (1 −φnk)ρnk (12)

Q = φnkρw + (1 −φnk)ρnk (13)

6. Discussion

The updated petrophysical model was compared with Schmoker’s model and validated with the
Eagle Ford field data.
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The average porosity of the Eagle Ford Shale in the condensate wet gas window and dry gas
window was around 8% [35]. By plugging the porosity and density data, shown in Figure 7, into
Equation (9), the organic content of the Eagle Ford Shale was estimated over the range of organic
porosity from 10% to 30%. The calculated TOC value, based on the improved model, was then
compared with the measured TOC.

In Schmoker’s model, TOC was estimated with bulk density, organic density, and the
volume-weighted average of grain and pore fluid density. The plot of Schmoker’s model was calculated
based on Equation (14). The parameters that were used to calculate TOC included the organic matter
density (1.2 g/cm3), matrix density (2.73 g/cm3), porosity (8%), and the R ratio between organic matter
and organic carbon (1.3).

TOC = [(100ρo)(ρ− 0.9922ρmi − 0.039)]/[Rρ(ρo − 1.135ρmi + 0.675)] (14)

ρmi = ρm(1 −φ) + ρwφ (15)

Figure 7 and Table 2 present a comparison of TOC results given by the Schmoker’s model and the
updated model. The root mean square error (RMSE) was employed to evaluate the performance of
these two models. The results showed that the updated model had a better estimation performance
than Schmoker’s model, since the RMSE of the updated model was 0.983, which was 62% less than the
RMSE value of the Schmoker’s model (2.572). In the TOC estimation of the upper Eagle Ford formation,
the RMSE of the updated model was 53% lower than that of the Schmoker’s model. Meanwhile, the
RMSE of the updated model was 64% lower than that of the Schmoker’s model in the lower Eagle
Ford formation, showing that the updated model had a higher accuracy than the Schmoker’s model in
the lower Eagle Ford.

Figure 7. Comparison between the updated model and Schmoker’s model.
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Table 2. Root mean square error (RMSE) analysis of TOC estimations based on Schmoker’s model and
the updated model.

Formation Schmoker’s Model Updated Model

Upper Eagle Ford 1.620 0.762
Lower Eagle Ford 3.015 1.098

Eagle Ford 2.572 0.983

7. Conclusions

An updated model was developed in this study for predicting TOC from bulk density data.
The results can be used in the evaluation of source rocks, especially in pyrite-rich formations.
The following main conclusions have been drawn:

1. Based on the Rock-Eval experimental results, the Eagle Ford samples in this study were in the
post-mature zone. The samples were very good to excellent source rocks with fair to good
potential for oil and gas generation.

2. There were cyclic changes in Fe and S concentrations, as well as in the pyrite content,
corresponding to the trend of gamma-ray log and reflecting changes in degrees of anoxia.
A positive linear relationship between pyrite and TOC in the Eagle Ford Shale was identified.

3. In the updated model for estimating TOC, pyrite content and organic porosity were taken into
consideration. The shale rock was divided into five constituent parts, including organic pores,
solid organic matter, pyrite, inorganic pores, and rock matrix without pyrite.

4. Comparison between the TOC results calculated from the two models showed that the
updated model had a better estimation performance than Schmoker’s model, as reflected by
reduced RMSE.
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Nomenclature

R ratio of weight of organic matter to weight of organic carbon, dimensionless
Vk volume fraction of organic matter in rock sample, dimensionless
Vnk volume fraction of inorganic parts without pyrite in rock sample, dimensionless
Vpy volume fraction of pyrite in rock sample, dimensionless
Wpy weight percent of pyrite in rock sample, dimensionless

Greek Terms

φk volume fraction of organic pores in organic matter, dimensionless
φnk volume fraction of inorganic pores in inorganic rock without pyrite, dimensionless
ρb bulk density, g/cm3

ρpy density of pyrite, g/cm3

ρnk density of inorganic rock matrix without pyrite, g/cm3

ρk density of solid organic matter, g/cm3

ρhc density of hydrocarbon, g/cm3

ρw density of water, g/cm3

Appendix A

Pyrolysis results of the Eagle Ford samples. HI—hydrogen index; OI—oxygen index; TOC—total organic carbon.
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Formation
Depth

(m)
S1

(mg/g)
S2

(mg/g)
Tmax HI OI

TOC
(%)

Mineral
Carbon

Upper Eagle
Ford Shale

13,612 1.96 1.3 454 48 8 2.71 7.26
13,613.33 2.31 1.51 463 56 7 2.71 9.1
13,614.42 2.75 0.99 467 40 10 2.45 9.05
13,615.67 2.09 2.19 472 57 6 3.81 7.21
13,616.75 3.39 2.56 476 65 6 3.95 7.29

Lower Eagle
Ford Shale

13,792.08 6.11 3.1 487 54 3 5.69 7.93
13,792.79 6.12 2.72 474 43 4 6.27 5.81
13,793.63 8.36 3.32 477 48 5 6.97 5.75
13,794.33 6.69 3.29 482 50 4 6.55 7.21

13,795 6.41 3.62 484 50 3 7.18 6.13
13,795.46 5.79 2.88 477 41 4 7.03 5.73

13,796 6.25 3.67 484 51 3 7.23 6.23
13,796.5 7.27 3.61 477 48 5 7.5 6.31
13,797.38 6.85 3.04 474 42 4 7.23 5.8
13,798.58 6.79 3.52 479 46 4 7.6 6.32
13,799.33 5.09 2.43 471 62 4 3.9 2.81
13,800.17 6.53 1.75 473 46 6 3.79 8.96
13,810.17 5.86 3.06 477 39 2 7.83 5.77
13,812.58 7.04 3.5 478 43 3 8.14 6.58

13,813 5.62 2.58 481 60 6 4.27 9.75
13,813.67 7.22 2.52 477 51 3 4.91 8.9
13,813.92 8.55 2.25 478 50 6 4.52 9.7
13,815.5 6.66 2.19 475 45 5 4.86 9.01
13,816.42 7.59 3.18 480 55 5 5.83 7.6
13,817.33 7.52 3.22 480 47 4 6.9 6.94
13,817.83 6.51 3.47 481 46 4 7.55 6.01
13,818.67 6.27 3.13 475 42 4 7.48 5.2

13,819 7.42 3.33 478 47 4 7.06 5.66
13,819.75 6.63 3 448 56 5 5.32 7.59
13,820.25 5.39 1.9 469 43 4 4.43 8.28
13,821.25 3.98 1.89 464 46 7 4.07 8.2

Buda
Limestone
Formation

13,907.25 1.01 0.92 457 34 4 2.74 2.23
13,908.25 3.5 1.56 479 33 4 4.75 5.25

13,910 0.43 0.26 435 57 63 0.46 10.35
13,915.83 0.24 0.17 426 44 56 0.39 11.16

13,917 0.25 0.16 422 55 121 0.29 10.68
13,918 0.78 0.74 446 103 60 0.72 9.84
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