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ABSTRACT 

 

 The Vaca Muerta formation and many other well known shale plays are often 

characterized by high quantities of kerogen and bitumen.  The organic-rich intervals 

within these formations often hold large quantities of moveable hydrocarbons and are 

frequently the intended drilling target.  An accurate estimation of the quantity of organic 

matter (TOC) in the formation is important for a successful well.  When core and 

cuttings-derived TOC values are not available, well logs are used to estimate the TOC.  

One common method of predicting the TOC with well logs is the Passey method.  This 

method provides more of a qualitative estimation of the quantity of organic matter in the 

Vaca Muerta formation, as changes in the rock fabric often produce fluctuations in the 

resistivity curve that are not related to changes in the TOC.  Direct correlations between 

the sonic, bulk density, neutron porosity, or uranium content logs may provide a better 

means of predicting the TOC.  A good estimation of the TOC in the Vaca Muerta shale 

for well PRo.x-1 was achieved when a linear correlation to the bulk density from well 

LJE.x-1010 was utilized, even though the wells are about 26 miles (42 km) apart. 

 As kerogen and bitumen are not as stiff as most of the other mineral components 

of the rock, a large volume of TOC should affect the stiffness of the shale rock.  A 

strong correlation between Young’s modulus and the TOC exists for the Vaca Muerta 

formation.  This correlation is apparent in both laboratory and well log data.  However, 

there does not appear to be a strong correlation between the TOC and Poisson’s ratio.  

Furthermore, Thomsen’s anisotropy parameters do not appear to be strongly correlated 

to the TOC.  However, there appears to be a small negative correlation between the 

ratio of horizontal and vertical Young’s modulus and the TOC and a small positive 

correlation between the ratio of horizontal to vertical Poisson’s ratio and the TOC.  Pore 

pressure also has a strong positive correlation with the TOC up to a value of about 6 

wt%. 

 The pore shape that creates the least stiff rock is a penny-shaped crack, a type 

of shape often associated with kerogen in situ.  Also, when lower quantities of kerogen 

and higher quanties of formation fluids fill the pore spaces, the rock stiffness decreases, 

which is expected as kerogen is a stiffer material than oil, gas, or formation water. 
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CHAPTER 1     

INTRODUCTION 

 

 Well and log data from several wells in a relatively new shale formation in 

Argentina known as the Vaca Muerta was utilized to study the effect of organic matter 

on geomechanical properties and elastic anisostropy. 

1.1 Motivation  

 Many shale formations, including the Vaca Muerta of the Neuquen Basin of 

Argentina, that are currently being targeted for oil and gas production contain relatively 

high quantities of clay and organic material.  The relationship between the quantity of 

organic matter in the shale and the anisotropy and geomechanical properties of the rock 

has only been studied in a limited manner on several well-known U.S. shale plays.  A 

comprehensive study of well logs and core measurements coupling geomechanical 

properties with organic content for many shale formations has not yet been completed.  

Such an undertaking on the Vaca Muerta shale will improve the understanding and 

characterization of the shale play and help with the field development for a more 

economically viable production. It will also improve the understanding of other shale 

formations in the U.S. and around the globe.   

 Knowledge of shale geomechanical properties is important not only for the proper 

design and implementation of hydraulic fracturing stimulation plans, but also for sweet 

spot identification, wellpath optimization, and proper well placement.  Also, 

geomechanical characterization of the data in the study block could be applied to other 

areas of the Vaca Muerta formation that are not included in this study.  For instance, 

correlations between geomechanical properties and the quantity of organic matter could 

be applied to cuttings samples to obtain realistic formation properties in other parts of 

the basin away from the study area. 

1.2 Research Objectives 

There are several primary objectives of this study.  These objectives are listed below: 
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1. Determine whether or not standard methods of log-based total organic carbon 

(TOC) determination are applicable in the Vaca Muerta formation and whether or 

not they are valid in multiple locations 

2. Study the relationship between geomechancial properties and the TOC, starting 

with the available core measurements and then expanding the scope to well logs 

from multiple locations 

3. Determine if correlations between the geomechanical properties and the TOC 

are applicable in multiple wells and locations  

4. Study the relationship between elastic anisotropy and the TOC, starting with the 

available core measurements and then expanding the scope to well logs from 

multiple locations  

5. Study the effect that kerogen-filled pores of various shapes have on the rock 

elastic moduli 

1.3 Neuquen Basin and Vaca Muerta Formation Overview 

 One of the most promising resources for shale gas and oil outside of the United 

States is the Neuquen Basin of Argentina.  The basin is located in the west-central part 

of the country (Figure 1.1).  The Andes Mountains border the basin to the west and the 

North Patagonia Massif and Colorado basin provide a border to the east and southeast. 

 The first oil well in the Neuquen Basin was drilled in 1918 in the Plaza Huincul 

structure.  In the 1920’s Argentina’s state-owned oil company, the Yacimientos 

Petroliferos Fiscales (YPF), made significant discoveries in the dorsal shear zone, 

which is located in the southern part of the basin.  New oil and gas fields were 

discovered in the 1940’s and 1950’s in the South Mendoza fold.  More recent 

discoveries have pushed the boundaries of the productive areas of the basin to the 

north (Urien and Zambrano, 1994). 

 In recent years, companies such as Apache, EOG, ExxonMobil, TOTAL, and 

YPF have begun exploration and some production in the Neuquen Basin.  The target of 

the most recent round of exploration and development has been Los Molles and Vaca 

Muerta shale formations.  As of May, 2013, approximately 50 wells have been drilled 

into these formations (EIA, 2013).  So far, hydraulically stimulated vertical wells have 
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produced at higher rates than horizontal wells (EIA, 2013).  A list of average properties 

of the two aforementioned shales is provided in Table 1.1. 

 
Figure 1.1 Location of the Nuequen Basin within Argentina (EIA, 2013). 
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V. ARGENTINA 

SUMMARY 

Argentina has world-class shale gas and shale oil potential – possibly the most 

prospective outside of North America – primarily within the Neuquen Basin.  Additional shale 

resource potential exists in three other untested sedimentary basins, Figure V-1.   

Figure V-1.  Prospective Shale Basins of Argentina 

 
Source: ARI, 2013.  
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Table 1.1 Properties of the Vaca Muerta and Los Molles formations (EIA, 2013). 

 

 The basin contains strata of Late Triassic to Early Cenozoic age that were 

deposited in a back-arc tectonic setting.  The Neuquen Basin includes a sedimentary 

sequence that can exceed 22,000 feet in thickness.  The primary rock types within the 

basin are carbonates, evaporates, and marine siliciclastics.  While the western part of 

the basin is heavily faulted, the central Neuquen is deep and not as structurally 

deformed.  The Late Jurassic-Early Cretaceous Vaca Muerta, along with the rest of the 

stratigraphy of the Neuquen Basin, is shown in Figure 1.2 (EIA, 2013). 

1.3.1 The Vaca Muerta Shale 

 The Vaca Muerta shale is considered a primary source rock for much of the 

conventional oil production within the basin.  This shale is composed of thinly stratified 

dark gray and black shale and lithographic lime-mudstone.  The rock is an organic-rich  

marine shale and was deposited in a low oxygen environment.  The Vaca Muerta shale 

can be 200 to 1,700 feet thick.  The formation tends to thicken from the southeast to the 

northwest and can be encountered at a depth of 9,000 feet in the central syncline and 

as outcrop along the basin edges (EIA, 2013).  Because of the Vaca Muerta’s relative 

thickness, the formation is usually broken up into three distinct zones.  The lower zone 

is the most organic and clay rich.  The middle zone has less organic material and is less 

V.  Argentina   EIA/ARI World Shale Gas and Shale Oil Resource Assessment 
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Significant exploration programs and early-stage commercial production are underway in 

the Neuquen Basin by Apache, EOG, ExxonMobil, TOTAL, YPF, and smaller companies.  

Thick, organic-rich, marine-deposited black shales in the Los Molles and Vaca Muerta 

formations have been tested by approximately 50 wells to date, with mostly good results.  

Vertical shale wells are producing at initial rates of 180 to 600 bbl/day following typically 5-stage 

fracture stimulation.  Horizontal wells also are being tested although initial results have not been 

uniformly encouraging. 

Cretaceous shales in the Golfo San Jorge and Austral basins in southern Argentina also 

have good potential, although higher clay content may pose a risk in these lake-formed 

deposits.  Marine-deposited Devonian shales in the Parana Basin are prospective over a limited 

area of northeast Argentina.  Argentina has an estimated 802 Tcf of risked, shale gas in-place 

out of 3,244 Tcf of risked, technically recoverable shale gas resources, Table V-1.  In-place 

risked shale oil resources are estimated at 480 billion barrels, of which about 27 billion barrels of 

shale oil may be technically recoverable, Table V-2.   

Table V-1A. Shale Gas Reservoir Properties and Resources of Argentina 

 
  

2,750 2,380 8,140 4,840 3,270 3,550
Organically Rich 800 800 800 500 500 500
Net 300 300 300 325 325 325
Interval 6,500 - 9,500 9,500 - 13,000 13,000 - 16,400 3,000 - 9,000 4,500 - 9,000 5,500 - 10,000
Average 8,000 11,500 14,500 5,000 6,500 8,000
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Assoc. Gas Wet Gas Dry Gas Assoc. Gas Wet Gas Dry Gas
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67.8 140.4 773.8 192.0 364.8 645.1
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stratified.  Like the lower zone, the upper section also has elevated TOC values (Garcia 

et al., 2013).  The prospective hydrocarbon windows are shown in Figure 1.3. 

 
Figure 1.2 Stratigraphy of the Neuquen Basin including the Vaca Muerta formation (EIA, 

2013). 

V.  Argentina   EIA/ARI World Shale Gas and Shale Oil Resource Assessment 
 

 
  
May 17, 2013 V-7  
 
 
 

The stratigraphy of the Neuquen Basin is shown in Figure V-3.  Of particular exploration 

interest are the shales of the Middle Jurassic Los Molles and Late Jurassic-Early Cretaceous 

Vaca Muerta formations.  These two thick deepwater marine sequences sourced most of the oil 

and gas fields in the basin and are considered the primary targets for shale gas development. 

Figure V-3: Neuquen Basin Stratigraphy. 

 
Source: Howell et al., 2005. 

Modified from Howell, J., et al., 2005

LOS MOLLES FM

VACA MUERTA FM
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Figure 1.3 Hydrocarbon windows within the Vaca Muerta formation (EIA, 2013). 
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Figure V-6. Prospective Shale Gas and Shale Oil Areas, Vaca Muerta Formation, Neuquen Basin. 

 
Source: ARI, 2013. 

 

1.4 Recent Activity 

Early drilling and production testing are underway in the Neuquen Basin, evaluating the 

Vaca Muerta Formation mostly at depths of 6,000 to 11,000 ft.  YPF reported it holds about 3 

million net acres in the basin and is negotiating with Chevron, TOTAL, Statoil, Dow Chemical, 

and other companies to jointly develop its shale resources.  Including earlier Repsol operated 

wells, YPF has drilled 37 Vaca Muerta wells through 2012.15  Chevron has reportedly agreed to 
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 According to the U.S. Energy Information Administration’s (EIA) 2013 report, the 

Vaca Muerta shale has 308 Tcf of gas and 16 billion barrels of oil and condensate that 

is risked and technically recoverable. 

 The Vaca Muerta shale is characterized by high organic content.  According to 

Urien and Zambrano (1994), the TOC values for the formation generally range from 2-3 

weight percent (wt.%) but can be as high as 8 wt.%.  In addition, the organic matter is 

mainly amorphous, although subordinate algal or herbaceous organic matter has also 

been reported.  When the hydrogen index is plotted against the oxygen index on a van 

Krevelen diagram, the kerogen appears to be Type I or II (Urien and Zambrano, 1994).  

In their study of bitumen veins in the Neuquen Basin, Parnell and Carey (1995) reported 

TOC values ranging from about 5 wt% up to 14 wt%.  Crossplots of HI and Tmax yielded 

a kerogen type between II and III.   The source potential of the Vaca Muerta shale was 

also excellent, with pyrolysis S2 values up to 42 mg/g.  In addition, the temperature at 

maximum hydrocarbon generation (Tmax) for the Vaca Muerta indicated that the shale 

has not been subjected to temperatures exceeding the oil window in the area of the 

study. Plotting the hydrogen index (HI) and Tmax also demonstrated that there was a 

high yield of hydrocarbons per unit mass of organic matter (Parnell and Carey, 1995). 

The EIA (2013) reports an average TOC value in the Vaca Muerta of 5 wt% as shown in 

Table 1.1. 

 An 18-meter core from well LJE.x-1010 was obtained in the lower Vaca Muerta in 

the Loma Jarillosa Este block.  The data obtained from this core shows effective 

porosity ranging from 2.8-3.0%, TOC varying from 0-11% by weight, water saturation 

values of less than 15%, and permeability on the order of 100nD.  Kerogen type curves 

for the core can also be seen in Figure 1.4 and Figure 1.6.  As is demonstrated in the 

aforementioned figures, the kerogen type is predominately l to ll.  In addition, a plot of 

the production index (PI) and the maturity reveals that well LJE.x-1010 is in the oil 

hydrocarbon window (Figure 1.5). 

 X-ray diffraction (XRD) results from wells LJE.x-1010 and Pro.x-1 indicate that 

the Lower Vaca Muerta section is composed primarily of clay, quartz, and calcite, and 

feldspars.  Figure 1.7 and Figure 1.8 provide the details of the mineralogy from the XRD 

analysis in the two wells.  
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Figure 1.4 Kerogen type plot utilizing S2 vs. TOC for well LJE.x-1010. 

 
Figure 1.5 Plot of PI vs. maturity to determine hydrocarbon window. 
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Figure 1.6 Van Krevelen diagram showing kerogen type for the LJE.x-1010 well and for 

Vaca Muerta outcrop.                 

 
Figure 1.7 XRD results for the LJE.x-1010 well. 
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Figure 1.8 XRD results for the PRo.x-1 well.  On the left side of the figure is the bulk 
rock composition and on the right side is the breakdown of the clay minerals.  

 Quartz and clays generally comprise about 20% to 40% by weight of the rock 

while calcite composes approximately 10% to 30% by weight.  Illite appears to be the 

primary clay mineral with smaller quantities of smectite, kaolinite, and chlorite.  About 

5% to 20% of the weight of the rock is contributed by the K-feldspar and plagioclase.  

While not consistently present in all samples, dolomite occasionally occurs in relatively 

high quantities.  Other minerals that are present but are less abundant include pyrite, 

barite, and flourapatite. 
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1.3.2 Research Location 

 The wells that provided the data for this study are located within the Loma 

Jarillosa Este (LJE), Cinco Saltos (CS), and Puesto Silva (PSO) blocks.  The data for 

the blocks was provided by Pluspetrol to the Colorado School of Mines UNGI Vaca 

Muerta Consortium.  The blocks are located to the northwest of the city of Neuquen.  

Wells LJE.x-1010 and Pro.x-1 are located a little less than 42 kilometers (26 miles) from 

each other (Figure 1.9). 

 
Figure 1.9 Location of the study areas.  The red block contains the Loma Jarillosa Este 

wells. The pink block contains the Puesto Silva Oeste wells.  The light blue block 
contains the Cinco Saltos wells. 

1.4 Available Data 

 The data for this study comes from two sources.  The first source is core data 

from two wells and the second source is well log data available for several wells.  
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1.4.1  LJE.x-1010 Core Data 

 The available data includes approximately 18 meters of core taken from well 

LJE.x-1010 in the Loma Jarillosa Este block.   

 The core was obtained from the lower section of the Vaca Muerta formation, 

which is high in clay content and organic material.  A comprehensive analysis of the 

core was undertaken by TerraTek and included geomechanical properties, PKS 

(porosity, permeability, and saturation), X-ray diffraction, and source rock analysis.  Six 

points along the core were chosen for geomechanical testing.  At each point, three core 

plugs were obtained: one vertical (perpendicular to bedding), one horizontal (parallel to 

bedding), and one at 45° to bedding.  Each core plug was approximately 1.5 inches in 

height and 0.75 inches in diameter. 

1.4.2 Ancillary Core and Cuttings Data 

 In addition to the LJE.x-1010 core, data from the Pro.x-1 core was also made 

available.  This well was subjected to XRD analysis, TOC testing, scanning electron 

microscope imaging, and several other geological and mineralogical tests.  The core 

itself was about 18.74 meters in length.   

 TOC cuttings data was also used in the study.  The data was obtained from a 

presentation given by Pluspetrol for the UNGI Vaca Muerta Consortium meeting in April, 

2013.  Log estimations of TOC were compared to the cuttings data in order to determine 

the accuracy of the various methods.  

1.4.3 Well Log Data 

 Pluspetrol provided twenty-two well logs penetrating into the Vaca Muerta 

formation.  The logs were spread out in three different block areas: the Loma Jarillosa 

Este (LJE) block, the Puesta Silva (PSO) block, and the Cinco Saltos (CS) block (Figure 

1.9).  A list of the wells, their associated blocks, and the individual logs is shown in 

Table 1.3 (not all the logs are listed, only ones that are germane to the study). Cross-

dipole acoustic logs were available for wells LJE.x-1010, LJE.x-1011, LJE.x-1014, and 

Pro.x-1 wells.  While well PSO.x-1005 also had cross-dipole testing available, the logs 
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were not use in this study because they were logged in a cased-hole environment and 

information about the processing of this data was not available. 

Table 1.2 A sample of available logs for the Vaca Muerta (modified from Willis, 2013). 

Lease 
Block 

Well 
Name GR DRES NPHI PEF RHOB DTCO DTSM DTST 

LJE 

1001 x x   x x   
1002 x x x x x x x  
1003 x x  x x x x  
1004 x x  x x    

1005h x x    x   
1006 x x  x x  x  

1007h x x x x x x   
1008h x x     x x 
1009h x x    x   
1010 x x x x x x x x 
1011 x x x x x x x x 
1014 x x x x x x x x 

PSO 

1001 x x x x x x   
1002 x x   x x   
1003 x x x  x x x  
1004 x x  x x x   
1005 x x  x x x x x 

CS 

Pro.x-1 x x x x x x x x 
AB.x-1 x x x x x x   
BCr.x-1 x x x x x x   
CS.x-1 x x x x x x   

LaMo.x-1 x x x x x x   
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CHAPTER 2  

LITERATURE REVIEW 

 

 The determination of geomechanical and elastic anisotropy parameters from both 

well logs and core data is essential for proper hydraulic fracture stimulation design.  In 

addition, it is essential to accurately assess the quantity of TOC in the formation when 

log and core data are not available. 

2.1 Geomechanics Fundamentals 

 Fundamental geomechanical behavior of rocks is governed by stress (σ), strain 

(ε), and the interaction between the rock and the saturating fluids.  Knowledge of shale 

geomechanics is essential for a proper understanding of hydraulic fracturing, wellbore 

stability, faulting, and well production operations.   

2.1.1 Basic Geomechanics Equations and Parameters 

 In linear elastic materials, stress and strain are related in the following 

relationship: 

 

𝜎 = 𝐸𝜀  (2.1) 

                                                                                                                                    

where E is a constant of proportionality known as Young’s Modulus. For the purposes of 

shale mechanical behavior, Young’s modulus will be presented as follows: 

         

𝐸 =
𝜎!"#!$
𝜀!"#!$

  (2.2) 

                                                                

 Another important geomechanical parameter is Poisson’s ratio, which describes 

the proportionality between orthogonal strains for linear elastic material. 

 

𝜈 = −
𝜀!"#!$
𝜀!"#$"%

  (2.3) 
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 Other geomechanical parameters include the shear modulus, G, which controls a 

material’s resistance to being sheared; the bulk modulus, K, which controls a material’s 

resistance to a change in volume; and the plane wave (p-wave) modulus, M, which 

controls the speed at which compressional waves move through a material. 

2.1.2 Static vs. Dynamic Properties 

 There are two different methods of determining geomechanical properties.  One 

method is to apply a force to a rock sample of known height and diameter and measure 

the associated stress and strain.  Since the measurements for this type of test are made 

at a very low frequency, the measurements obtained are considered “static.”  Another 

method of calculating geomechanical properties is to measure the travel times of shear 

and compressional waves moving through the material.  The elastic properties 

calculated using shear and compressional wave arrival times are considered “dynamic.”  

The following equations can be used to calculate dynamic Young’s modulus and 

Poisson’s ratio using shear and compressional waves and assuming isotropic behavior. 

 

𝐸! = 𝜌!
3𝐷𝑇𝑆

!

𝐷𝑇𝐶! − 4

𝐷𝑇𝑆! 𝐷𝑇𝑆!
𝐷𝑇𝐶! − 1

  (2.4) 

 

𝜐! =

𝐷𝑇𝑆!
𝐷𝑇𝐶! − 2

2𝐷𝑇𝑆
!

𝐷𝑇𝐶! − 2
  (2.5) 

                                                                                                                                  

Where 

DTC = compressional slowness 

DTS = shear slowness 

 

 Static values of geomechanical parameters are generally desired to be used in 

hydraulic fracturing calculations.  Therefore, many correlations have been established to 

relate the static (Es) and dynamic (ED) values of Young’s modulus.  Several published 

correlations are provided in Equations 6, 7, and 8 (Willis 2013). 
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log𝐸! = 𝑎 log 𝜌𝐸! + 𝑏  (2.6) 
 
𝐸! = 𝑎𝐸!!  (2.7) 
 
𝐸! = 𝑎𝐸! − 𝑏  (2.8) 
                            

 Barree et al. (2009) demonstrated that for tight-gas and shale-gas formations, a 

modified log linear form of Equation 2.6, given in Equation 2.9 and first proposed by 

Eissa and Kazi (1988), provides the most accurate means of converting between static 

and dynamic Young’s Modulus. 

 

log𝐸! = log 𝜌𝐸! + 0.55  (2.9) 
 

 The Young’s moduli are expressed in millions of psi (Mpsi) and the density is 

expressed in grams per cubic centimeter (g/cm3).  The relationship between static and 

dynamic values of Poisson’s ratio is less well defined.  Barree et al. (2009) and many 

other researchers have concluded that the dynamic Poisson’s ratio is a good 

approximation to the static value regardless of the stress state. 

2.2 Anisotropy 

 While conventional sandstone and carbonate reservoirs can often be accurately 

modeled as isotropic, the unconventional shale plays that are currently being developed 

are often strongly anisotropic.  An understanding of what anisotropy is and how it affects 

rock mechanical behavior is important in designing a workable hydraulic fracture 

stimulation plan. 

2.2.1 Definition 

 A material is considered anisotropic if its properties are direction dependent.  

That is, a property measured in one direction will differ from a property measured in 

another direction.  Shale rock such as the Vaca Muerta formation is usually strongly 
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anisotropic due to microstructure details such as clay orientation, kerogen distribution, 

and microcracks.   Often, shale is described as exhibiting vertical transverse isotropy 

(VTI), in which the rock is considered isotropic in the direction of bedding (usually 

horizontal) and anisotropic in the perpendicular direction - usually vertical (Higgins et al., 

2008; Vernik and Milovac, 2011).   In the case of isotropy in the vertical direction and 

anisotropy in the horizontal direction, the rock is considered to have horizontal 

transverse isotropy (HTI), often caused by vertical fractures in an otherwise isotropic 

rock.  A material that is isotropic in all directions is considered to have orthotropic 

anisotropy. Figure 2.1 demonstrates rocks that display vertical transverse isotropy and 

horizontal transverse isotropy.  

 
Figure 2.1 Rocks displaying vertical transverse isotropy (left) and horizontal transverse 

isotropy (right) (modified from Haldorson et al., 2006). 

2.2.2 Stiffness Tensor 

 Hooke’s Law can be used to describe the relationship between acoustic 

velocities and vertical transverse anisotropy, as shown in Equation 2.10 (Mavko et al., 

2009). 

 

𝜎!" = 𝐶!"#$𝜀!"  (2.10) 

  



 

 18 

 

 In Equation 2.10, Cijkl represents the elastic stiffness tensor, which is a fourth-

rank tensor with a total of eighty-one components.  However, due to symmetry of 

stresses and strains, the number of independent constants reduces to thirty-six 

constants (Mavko et al., 2009).    

 The elastic stiffness tensor for a material such as sedimentary rock can be 

described in matrix form using the elastic stiffness coefficients (Equation 2.11).  The 

abbreviated Voigt notation is used to represent the coefficients, as this form reduces the 

original four subscripts (ijkl) to two (Mavko et al., 2009).  

       

𝐶 =

𝐶!! 𝐶!" 𝐶!"
𝐶!" 𝐶!! 𝐶!"
𝐶!" 𝐶!" 𝐶!!

0         0       0
0         0       0
0       0       0

0         0           0
0 0 0
0 0 0

𝐶!! 0 0
0 𝐶!! 0
0 0 𝐶!!

  (2.11) 

          

 For a VTI stiffness tensor, only five independent stiffness constants exist.  In the 

VTI case, C11 = C22, C12 = C21, C13 = C31 = C23 = C32, and C44 = C55.  In addition, C66 is 

related to C11 and C12 by the relationship in Equation 2.12.  

 

𝐶!! =
𝐶!! − 𝐶!"

2   (2.12) 

 

 If a dipole sonic logging tool is utilized, velocities for compressional (Vp), slow 

shear (Vs_slow) , fast shear (Vs-fast), and Stoneley (Vs-Stoneley) waves can be recorded.  The 

relationships between C33, C44, C55, C66, mud slowness (DTmud), mud density (ρmud), 

Stoneley slowness (DTST) and formation bulk density (ρb) are shown in Equations 2.13 

through 2.17 (Willis, 2013).   The relationships between the elastic constants and the 

shear and p-wave moduli are shown in Figure 2.2.      

          

𝐶!! = 𝜌!𝑉!!  (2.13) 
 
𝐶!! = 𝜌!𝑉!!!"#$!   (2.14) 
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𝐶!! = 𝜌!𝑉!!!"#$!   (2.15) 
 
𝐶!! = 𝜌!𝑉!!!"#$%&%'!   (2.16) 
 

𝐷𝑇𝑆𝑀!!!"#$%&%' =
𝐷𝑇𝑆𝑇! − 𝐷𝑇!"#!

𝜌!"#
𝜌!

=
1

𝑉!!!"#$%&%'
  (2.17) 

  

 
Figure 2.2 The p-wave (M) and shear (G) moduli and relationship to the corresponding 

elastic constants for a VTI system. 
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 The elastic constants C13 and C12 are the most difficult parameters to acquire.  

One method of determining these two elastic coefficients is the ANNIE method.  In the 

ANNIE method, only three parameters (C33, C44, and C66) are necessary to describe the 

VTI anisotropy.  The ANNIE method assumes that the Thomsen anisotropy parameter 

delta (discussed later) is equal to zero and Equations 2.18 and 2.19 are true 

(Schoenberg et al., 1996; Hows et al., 2013). 

 

𝐶!" = 𝐶!! − 2𝐶!!  (2.18) 
 
𝐶!" = 𝐶!"  (2.19) 
 

 When core data is available, Equations 2.18 and 2.19 can be checked for 

validity.  If these equations are not valid for the rock formation of interest, the modified 

ANNIE (MANNIE) method may be employed.   In this method, cores taken parallel, 

perpendicular, and at 45° from the bedding direction are utilized to procure all of the Cij 

parameters.  The core derived elastic coefficients can then be used to obtain the 

coefficients ζ and ξ, as shown in Equations 2.20 and 2.21 (Suarez-Rivera and Bratton, 

2012). 

 

𝐶!" = 𝜁𝐶!! − 2𝐶!!  (2.20) 
  

𝐶!" = 𝜉𝐶!"  (2.21) 
 

After C13 and C12 are obtained, an equation of symmetry (Equation 28) can be used to 

obtain the only remaining elastic constant, C11 (Mavko et al., 2009). 

 

𝐶!! = 𝐶!" + 2𝐶!!  (2.22) 
 

 After all the elastic coefficients have been determined, the directional Young’s 

moduli and Poisson’s ratios can be determined (Equations 2.23 to 2.26).  
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𝐸! = 𝐶!! − 2
𝐶!"!

𝐶!! + 𝐶!"
  (2.23) 

 

𝐸! =
𝐶!! − 𝐶!" 𝐶!!𝐶!! − 2𝐶!"! + 𝐶!"𝐶!!

𝐶!!𝐶!! − 𝐶!"!
  (2.24) 

 

𝑣! =
𝐶!"

𝐶!! + 𝐶!"
  (2.25) 

 

𝑣! =
𝐶!"𝐶!! − 𝐶!"!

𝐶!!𝐶!! − 𝐶!"!
  (2.26) 

 

2.2.3 Thomsen’s Anisotropy Parameters 

 Thomsen (1986) suggested that the anisotropy of a VTI material could be 

described by the coefficients epsilon (ε), gamma (γ), and delta (δ).  Equations 2.27 to 

2.29 detail the relationship between Thomsen’s anisotropy parameters and the 

aforementioned stiffness coefficients. 

 

𝜀 =
𝐶!! − 𝐶!!
2𝐶!!

  (2.27) 

 

𝛾 =
𝐶!! − 𝐶!!
2𝐶!!

  (2.28) 

 

𝛿 =
1

2𝐶!!!
2 𝐶!" + 𝐶!! ! − 𝐶!! − 𝐶!! 𝐶!! + 𝐶!! − 2𝐶!!   (2.29) 

 

 Epsilon describes the fractional difference between horizontal and vertical 

compressional waves.  Similarly, gamma describes the fractional difference between 

horizontal and vertical shear waves (Mavko et al., 2009).  The definition of delta is more 

complex, involving the control of slowness at polar angles to the principal direction 

(Sondergeld and Rai, 2011).  Delta controls the angular dependence of the 

compressional and pseudo-shear wave velocities (Hows et al., 2013).   

 Thomsen’s parameters were originally designed for cases with weak anisotropy, 

vaguely defined as epsilon, gamma, and delta being much less than one (Thomsen, 
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1986).  While this assumption may be valid for more traditional reservoir rocks such as 

sandstone or limestone, shale rock often exhibits much larger anisotropies of 50 to 60 

percent for gamma and epsilon (Sondergeld and Rai, 2011).  Caution must be 

employed when using Thomsen’s parameters to describe the anisotropy in source rocks 

such as the Vaca Muerta formation. 

2.2.4 Role of Geomechanics and Anisotropy in Hydraulic Fracturing 

 In order to create a hydraulic fracture within a rock, the stimulation treatment 

must overcome the minimum horizontal stress (σh).  For isotropic rocks, the minimum 

horizontal stress is a function of Poisson’s ratio, the overburden stress (σv), Biot’s 

constant (α), the pore pressure (pp), Young’s modulus, and regional horizontal minimum 

and maximum strains (εh and εH, respectively).  The isotropic definition of the minimum 

effective horizontal stress is displayed in Equation 2.30 and assumes that the formation 

is continuous, homogeneous, isotropic, linear-elastic, and poro-elastic.  

 

𝜎!,!"# =
𝑣

1− 𝑣 𝜎! − 𝛼𝑝! + 𝛼𝑝! +
𝐸

1− 𝑣! 𝜀! +
𝐸𝑣

1− 𝑣! 𝜀!  (2.30) 

 

 Since the Poisson’s ratio and Young’s modulus are not directionally dependent, 

the isotropic form of the equation may be sufficient for use in more homogenous 

formations such as sandstones.  However, for shale formations or for heavily fractured 

carbonate formations, the isotropic form of the equation is not adequate and a more 

robust form of the equation should be used.  Equation 2.31 incorporates the effect of 

anisotropy into the minimum horizontal stress equation. The subscripts “h” and “v” 

denote horizontal and vertical properties, respectively.   

 

𝜎!,!"#$% =
𝐸!
𝐸!

𝑣!
1− 𝑣!

𝜎! − 𝛼!𝑝! + 𝛼!𝑝! +
𝐸!

1− 𝑣!!
𝜀! +

𝐸!𝑣!
1− 𝑣!!

𝜀!  (2.31) 

 

 Studies have concluded that dramatic differences in calculated minimum 

horizontal stress will occur when using the anisotropic form of the equation versus the 

isotropic form (Higgin et al., 2008; Frydman, 2010).  Figure 2.3 and Figure 2.4 
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demonstrate the differences in calculated minimum horizontal stresses for the isotropic 

and anisotropic models. 

 
Figure 2.3 Minimum horizontal stress determined using the isotropic equation (black 
line) and the anisotropic equation (green) line (modified from Higgens et al., 2008). 

Sh, min 

Sh, min 
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 Both Figure 2.3 and Figure 2.4 indicate that significant differences in stress are 

evident when taking the anisotropy of the formation into account.  A much more 

successful completion design could be implemented if the minimum horizontal stress is 

accurately predicted. 

 
Figure 2.4 Minimum horizontal stress determined using the isotropic equation (blue line) 

and the anisotropic equation (green) line (modified from Frydman, 2010). 

2.3 Calculation of TOC 

 The quantification and characterization of total organic carbon (TOC) is vital for 

oil and gas exploration and development.  In conventional reservoir systems, 

characterization of organic material in source rocks can provided understanding of 

hydrocarbon migration and expected hydrocarbon types in surrounded reservoir rocks.  

In the recently exploited unconventional, tight-rock systems, higher values of TOC are 

generally associated with larger quantities of in-place hydrocarbons.  The understanding 

     Sh, min_isotropic 

          Sh, min_VTI 

          VCL 
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of the link between hydrocarbon storage and TOC is evolving as such issues as 

kerogen connectivity and internal porosity are researched in greater depth. 

Environmental and depositional conditions control the amount and type of TOC that is 

found in a source rock.  Hydrocarbon generation typically begins with the deposition of 

organic matter in quiet, still water environment.  The organic matter may exist in 

particulate form, colloidal form, or exist in solution.  The abundance or lack of oxygen in 

the depositional setting has a large effect on the preservation and concentration of the 

organic carbon.  Since oxygen transfer is limited in quiet waters, such an environment is 

conducive to the conservation of the organic material.  This still setting is also favorable 

for the deposition of finer-grained sediments such as silts and clays.  As such, many 

formations that are rich in clays (such as shale rock) are good environments to also find 

TOC.  Carbonate rock may also be a source of relatively high quantities of organic 

material (McCarthy, 2011). 

 As the organic material is buried, both the temperature and pressure increase.  

The thermal maturation process begins with diagenesis, which is the process of 

transforming the original organic matter into kerogen or bitumen.  The second step is 

catagenesis, at which time petroleum is generated from the kerogen with increased 

pressure and temperature.  The final step is called metagenesis, in which further heat 

and chemical changes induce the formation of dry gas (methane) and carbon residue 

(McCarthy, 2011). 

 Kerogen is often classified based on the organic source material.  Table 2.1 

explains the basics of kerogen type, source material, and the general environment of 

the deposition. 

Table 2.1 Kerogen types and associated source material and depositional environment 
(McCarthy, 2011). 
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2.3.1 Core TOC Analysis        

 Geochemical testing of core, cuttings, and other rock samples can be used to 

determine the quantity, type, and maturity of the sample.  The primary means of 

measuring the quantity of organic matter within a rock is to measure its carbon content.  

 In the lab, samples are pulverized and cleaned and then combusted at 1,200° C.  

As the kerogen in the rock is heated, it converts to CO and CO2.  This expelled carbon 

is then measured with an infrared cell and then converted to TOC (mass weight 

percent).  The TOC value is a measurement of extractable organic matter (oil and gas), 

convertible carbon (remaining hydrocarbon potential in the kerogen), and residual 

carbon (kerogen with no oil or gas potential).  While this type of testing provides a 

quantitative estimate of the amount of organic material, it provides no information 

regarding quality (McCarthy, 2011). 

 Additional testing must be conducted to determine the quality of the rock’s 

organic material.  One such method of testing is known as the Rock-Eval method.  In 

this programmed pyrolysis technique, rock samples are subjected to staged heating in 

an inert atmosphere of nitrogen or helium.   During the various stages of heating, a 

flame ionization detector senses the emitted organic compounds.  Infrared detectors 

also measure the CO and CO2 that is emitted during pyrolysis and oxidation.  The 

results of the testing are recorded on a chart known as a pyrogram.  Several peaks on 

the chart provide valuable information (Figure 2.5).  The first peak, known as S1, relates 

to the existing oil and gas in the sample without cracking the kerogen in the first stage of 

programmed heating to 300° C.  The second peak, S2, corresponds to the 

hydrocarbons that are expelled via kerogen cracking during the second heating stage.  

Another measurements that can be made with the Rock-Eval method includes an S3 

peak that is related to the amount of CO2 that was expelled during kerogen cracking.  

Residual organic carbon is also heated separately to produce an S4 peak.  A final peak 

known as S5 is also produced from the CO2
 derived from carbonate mineral 

decomposition.  In addition to the many peaks recorded on the chart, the maximum 

temperature at maximum hydrocarbon generation (Tmax) is also noted (McCarthy, 2011). 

 The aforementioned pyrolysis measurement can be combined to provide 

valuable data regarding the chemical composition and maturity of the rock.  The 
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hydrogen index (HI) is the ratio of hydrogen (S2) to TOC.  The oxygen index (OI) is the 

ratio of CO2 (S3) to TOC.  The production index (PI) is defined as S1/(S1 + S2).  These 

derived indices can be used to determine kerogen type and maturity (see Figure 1.4, 

Figure 1.6, and Figure 1.5) (McCarthy, 2011). 

 
Figure 2.5 Example of the results of Rock-Eval pyrolysis testing including the S1, S2, 

S3, S4 and S5 peaks (McCarthy, 2011). 

Another means of testing a rock’s maturity is to determine the vitrinite reflectance 

(Ro).  Reflectance measurements are calibrated against glass or mineral standards and 

represent the amount of light reflected in oil.  Higher vitrinite reflectance (Ro>1.5%) 

values generally indicate a dry gas environment while lower values (0.6%<Ro<0.8%) 

indicate that oil is the primary hydrocarbon.  Very low values (Ro<0.6%) represent 

immature kerogen that has not yet produced any oil or gas (McCarthy, 2011). 

2.3.2 Log TOC Analysis 

 The determination of TOC from downhole wireline logs is more difficult and 

usually less accurate than determining TOC from laboratory analysis.  However, as core 
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or cuttings are often difficult and expensive to acquire, it is often necessary to attempt to 

determine the quantity of TOC from standard wireline logs. 

 One of the most commonly used methods for determining the organic content 

from wireline logs was introduced by Passey et al. (1990) and is known as the Passey 

method.  According to this method, the separation in the sonic and resistivity log curves 

(ΔlogR) is linearly related to the TOC.  Mature source rock with high quantities of 

organic matter will tend to increase the formation resistivity, as the kerogen, bitumen, 

and other hydrocarbons are less conductive than formation water.  In addition, the sonic 

log responses will decrease, as kerogen and bitumen tend to lower the density of the 

formation and decrease the speed at which waves can propagate through the rock.  In 

order to determine the TOC of the formation, the level of organic metamorphism (LOM) 

of the kerogen must also be determined from core testing.  In addition to sonic travel 

times, neutron porosity or density logs can be used as a substitute for the sonic log.  

The sonic, neutron porosity, and density logs all respond to the presence of organic 

matter, which decreases velocity, lowers the bulk density, and increases the hydrogen 

content, leading to log responses that imitate an increase in porosity.  The ΔlogR 

equations are presented in Equations 2.32 to 2.34 (Passey et al., 1990). 

 

∆ log𝑅!"#$% = 𝑙𝑜𝑔!"
𝑅

𝑅!"#$%&'$
+ 0.2 ∗ (∆𝑡 − ∆𝑡!"#$%&'$)  (2.32) 

 

∆ log𝑅!"#$%&' = 𝑙𝑜𝑔!"
𝑅

𝑅!"#$%&'$
+ 4.0 ∗ (𝜙! − 𝜙!!!"#$%&'$)  (2.33) 

 

∆ log𝑅!"#$%&' = 𝑙𝑜𝑔!"
𝑅

𝑅!"#$%&'$
− 2.5 ∗ (𝜌! − 𝜌!!!"#$%&'$)  (2.34) 

                           

Where 

R = resistivity (ohm-m) 

Rbaseline = resistivity when resistivity and sonic curves baseline in a non-source shale 

(ohm-m) 

Δt = sonic transit time (µsec/ft) 
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Δtbaseline = travel time when resistivity and sonic curves baseline in a non-source shale 

(µsec/ft) 

ϕN = neutron porosity 

ϕN-baseline = neutron porosity when resistivity and neutron curves baseline in a non-

source shale 

ρb = bulk density (g/cm3) 

ρb-baseline = bulk density when resistivity and density curves baseline in a non-source 

shale (g/cm3) 

 

 Once Δ log R and the LOM are known, the TOC can be computed (Equation 

2.35). 

 

𝑇𝑂𝐶 = (∆ log𝑅) ∗ 10(!.!"#!!.!"##∗!"#)  (2.35) 
 

 The LOM is related to the maturity and hence the vitrinite reflectance of the 

kerogen and can be determined from a plot of the TOC and S2.  If the LOM is 

improperly quantified, the calculated TOC values will have incorrect maginitudes, 

although the variability of the TOC will still be correctly characterized. Another method 

of finding the LOM is to use wells that have core-derived TOC values and inversely-

calculate the LOM from Equation 2.31 (Passey et al., 1990).  The interpretation of the 

sonic and resistivity overlay curves is shown in Figure 2.6. 

 Although the Passey et al. (1990) method is widely used, it has some inherent 

problems.  Anomalous ΔlogR values can be caused by a number of different factors. 

These factors include reservoir intervals, adverse borehole conditions, uncompacted 

sediments, low porosity intervals, igneous rock, evaporates, overpressured zones, and 

water-filled porous intervals  (Passey et al., 1990).  In addition, the calculated TOC may 

need to be multiplied by a correction factor (Ccorr) in overly mature zones (LOM>10.5).  

This factor accounts for the fact that the Passey et al. (1990) method was designed for 

shales in the oil window and not in the more mature dry gas window (Sondergeld et al., 

2010). 
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 Other methods have been developed to relate log responses to TOC. Schmoker 

and Hester (1983) established an approach that utilized a correlation between the TOC 

and the density log that appears to work well in the Bakken formation of North Dakota.  

However, the density log is sensitive to the borehole environment and to heavy metals 

such as pyrite, making its application challenging (Passey et al., 1990).  Also, since this 

method was formulated for use in the Bakken formation, it must be significantly modified 

when used in other shale plays.   

 
Figure 2.6 Interpretation of the sonic-resistivity overlay in the Passey method (Passey et 

al., 1990). 
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  More recent methods of calculating the organic content of shale include the use 

of a pulsed neutron mineral spectroscopy tool or a nuclear magnetic resonance (NMR) 

tool (Franquet et al., 2012). 

 Often, for a particular formation, direct linear or non-linear correlations with well 

logs can provide a reasonable prediction of TOC.  Sonic, density, and neutron porosity 

logs often show good correlations to the quantity of organic matter (Passey et al., 1990).  

However, the sonic logs are often strongly affected by the stress state of the formation.  

Abnormal increases in pore pressure, common in organic-rich shale rock, may impact 

the sonic curves in a manner that adversely affects the TOC correlations.  The uranium 

content, measured with a spectral gamma ray tool, is often associated with organic 

material and may also provide a strong correlation to TOC.   

2.3.3 Kerogen Density 

 The density of kerogen is a difficult parameter to accurately calculate.  

Historically, the density of kerogen has been assumed to be approximately half of the 

surrounding rock matrix, roughly 1.2 to 1.4 grams per cubic centimeter (g/cc).  The 

density of kerogen is also often linked to the maturity of the organic material.  Ward 

(2010) has demonstrated that for Ro values of 1.5 to 2.68 in the Marcellus shale of West 

Virginia, the corresponding kerogen density was 1.53 to 1.79 g/cc.  Recent studies of 

scanning electron microscope (SEM) images has shown that organic matter has 

porosity values in excess of 50%.  Such high values of porosity within the kerogen itself 

may change the standard 2:1 conversion between volume and weight that has been 

commonly utilized (Sondergeld and Rai, 2011).  From a mass balance perspective, the 

density of kerogen (ρk) depends on the volume of TOC (VTOC), the bulk density (ρb), the 

fluid density (ρf), the porosity (ϕ), the volume of kerogen (Vk), and the kerogen 

correction factor (Ck) as shown in Equation 2.36 (Verik and Milovac, 2011). 

 

𝜌! =
𝑉!"# 𝜌! − 𝜌!𝜙
𝐶!𝑉! 1− 𝜙

  (2.36) 
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 The kerogen correction factor varies from 0.7 to 0.85 (meaning that 70% to 85% 

of the volume of the organic matter is actually kerogen, instead of other organic material 

such as bitumen or oil) and is usually estimated based on the maturity of the organic 

matter, adding to the complexity of the problem (Vernik and Milovac, 2011).  

2.4  Relationship Between TOC and Geomechanical Properties 

 Several previous studies have been conducted investigating the link between 

organic content and shale geomechanics and anisotropy.  However, the author was 

unable to found any study published work investigating the Vaca Muerta shale of 

Argentina.   

 One of these earlier studies was conducted by Kumar et al. (2012) on samples 

from the Kimmeridge, Eagle Ford, Haynesville, Woodford, and Barnett shale formations.  

Nano-indentation testing was employed and statistical analysis used to correlate 

previously calculated petrophysical properties such as porosity and mineralogy with the 

elastic modulus.  The core-derived TOC values and Nano-indentation derived Young’s 

modulus values were included in their study as shown in Figure 2.7. 

 Another study by Aoudia et al. (2010) was conducted solely on core samples 

from the Woodford Formation of western Texas.  In this study, multiple methods of 

statistical analysis were used to link thirty-six different properties of the shale samples to 

the elastic moduli and Poisson’s ratios, which were determined from acoustic velocity 

measurements on core samples.  The log-derived Young’s moduli as a function of TOC 

from their study is illustrated in Figure 2.8. 

 Similarly, Bacangel et al. (2013) has also compared Young’s Moduli to TOC 

values from core samples in the Wolfcamp shale of the Permian Basin of Texas and 

New Mexico as presented in Figure 2.9. 

 All three studies show very similar trends for the dependence of Young’s moduli 

on TOC.  As TOC increases, the Young’s moduli decrease.  The data presented in 

Figure 2.7 and Figure 2.8 (Kumar et al., 2012 and Aoudia et al., 2010) show a very wide 

scatter, with R2 values of 0.48 and 0.27, respectively.  Much less scatter in the data is 

observed in Figure 2.9 (Bacangel et al., 2013), yet the TOC range tested was small 

compared to the other two studies. 
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Figure 2.7 Relationship between the nano-indention Young’s modulus and TOC for four 

different shale formations (Kumar et al., 2012). 

   
Figure 2.8 Relationship between Young’s modulus and TOC for the Woodford Shale 

formation in western Texas (Aoudia et al., 2010). 

12  159804       SPE 

expectation since hydrated clays and organic matter are softer components in the overall shale composition. Our studies also 
support the finding of (Zargari et al., 2011); they observed decrease in Ei of shale with increase in clay and TOC content. 
 Sondergeld et al. (2011) observed pore sizes in the range of 2-8 nm through mercury injection tests, 5-150 nm by NMR and 
5-800 nm by SEM observations in shales. Nano-indentation impressions are more than 30µm in radius in our study, much 
larger than the pores encountered in shale; hence the effect of porosity should be   visible   on   the   Young’s   moduli  
measurements. Figure 19 is a plot of Ei versus porosity, which shows a general trend of decreasing Ei with increase in 
porosity for all shale samples. Increasing porosity tends to weaken rock matrix framework, hence decreases   Young’s  
modulus. 

 
Figure 18: Plot of Young's modulus, Ei, versus Total Organic Carbon (TOC) for all samples, clearly showing inverse relationship 
between Ei and TOC for all shale plays which is described by the equation Ei = 58.5 – 3.3*TOC. Scatter decreases with increase in 
TOC 

 

 
Figure 19: Plot of Ei versus porosity for different shale plays. It is seen that there is a general trend of decreasing Young's modulus 
with increasing porosity which is described by the equation Ei = 67-3.8*φ. 

Carbonate and quartz are harder and stiffer components of a shale system, so naturally they should contribute in increasing 
Young’s  modulus  of  the  shale.  We  are  comparing  different  shales;;  Woodford  is  quartz  rich;;  Barnett  is  quartz  and  carbonate  
rich; Haynesville and Eagle Ford are carbonate rich. It would be prudent to study the combined effect of stiffer materials, 
quartz and carbonate on Ei (see Figure 20). A positive correlation is observed between Ei and total quartz and carbonate (QC) 
content. Some outlier points which were falling off the trend have not been included for regression. 

the expected values of Eq. (1) versus measure 
values of E. By using regression equations such as 
Eq. (1), which evaluate the combined effects of 
multiple components, stronger relationships can be 
determined. 
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Fig. 8. Cross-plot of E versus TOC in RTC#1, Woodford 
shale, showing an increase in E with the decrease of TOC, R2 

= 0.27. Even though R2 is not significant, the trend of E with 
respect to TOC is noticeable. 
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Fig. 9. Cross-plot of E versus the results of the regression 
equation, Eq. (1), in the RTC#1 Woodford formation. The R2 

= 0.58 when these five components are considered (TOC, 
illite, apatite, calcite and magnesite). The R2 is not overly 
significant, however, the trend of E is noticeable. 
 
Formation density and TOC were found to be the 
best single predictors of Q  with respective R2’s of 
0.45 and 0.33. The group of minerals that was found 
to be the overall best predictor of Q  includes: TOC, 
illite and quartz. The regression equation relating Q  
to this group of three elements is shown in Eq. (2). 

Fig. 10 is a cross-plot of Q  versus the result of the 
regression equation.  
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Fig. 10. Cross-plot of Ȟ versus the result of the regression 
equation, Eq. (1), R2 = 0.45. 
 
When subsets of the formation were examined, 
additional relationships were noted. Fig. 11 shows 
the relationship between Ȟ and TOC for the RTC #1 
lower Woodford section only. The R2 in this case 
was 0.68. 
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Fig. 11. Cross-plot of Ȟ versus TOC in the lower unit of the 
Woodford shale in RTC#1, R2=0.68. 
 

4. HYDRAULIC FRACTURE MODELING 

In an effort to evaluate hydraulic fracture growth in 
the subject well and relate it to the rock mechanical 
property analysis, 39 different designs were 
developed and simulated for the RTC #1 Woodford 
shale using a commercial 3D hydraulic fracture 
simulator. These 39 designs are shown in Table 4 
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Figure 2.9 Relationship between horizontal and vertical Young’s modulus and TOC for 

the Wolfcamp shale in the Permian Basin (Bacangel et al., 2013). 

 Comparisons have also been conducted to look into the relationship between 

TOC and Poisson’s ratio (Lecompte et al., 2009; Aoudia et al., 2010).  These 

relationships are demonstrated in Figure 2.10 and Figure 2.11. 

 Trends of decreasing Poisson’s ratio with increasing organic content are 

observed in Figure 2.10 and Figure 2.11.  While the decrease in Young’s modulus with 

increasing TOC is expected since kerogen is a softer material than most of the other  

rock mineral constituents, the relationship between the Poisson’s ratio and TOC is not 

altogether expected (Lecompte et al., 2009). 

 According to Sayers (2013), for a VTI material, the ratio of effective horizontal 

stress to effective vertical stress (K0) can also be expressed as the ratio of the elastic 

constants C13 or C23 (they are equal for a VTI material) to the elastic constant C33 

(Equation 2.37).   This equation assumes that the major and minor principle effective 

stresses (σ1’ and σ2’, respectively) are equal and that the stains are uniaxial.  Other 

assumptions include anisotropic poro-elasticity, linear elasticity, and rock that is 

saturated with fluid. 
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Figure 2.10 Relationship between static Poisson’s ratio and static Young’s modulus to 

TOC in the Haynesville shale formation (Lecompte et al., 2009). 

 
Figure 2.11 Relationship between Poisson’s ratio and TOC in the Woodford Shale of 

western Texas (Aoudia et al., 2010). 
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Figure 8: Correlation between TOC, Young’s modulus, and 
Poisson’s ratio in the upper Haynesville. 
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Figure 9: Upper Haynesville correlation of Young’s modulus 
and Poisson’s ratio to porosity + volume percent total 
organic carbon. The improvement of the correlation from 
Figure 8 suggests that pore fluids and organic matter cause 
similar mechanical effects in this well. 

 
Porosity has the effect of weakening rock strength and decreasing rock stiffness (Batzle et al., 2006). Pore fluids have a 

similar density and compressibility as kerogen. For the purposes of geomechanical modeling, the organic matter can be 
considered similarly as pore fluid. By combining the porosity of samples in the Haynesville Shale with the organic matter 
volume %, a better correlation with rock properties is achieved. The correlation needs to be studied further and incorporated 
into geomechanical models to better predict hydraulic fracture behavior in gas shale reservoirs. 

 
Overburden stress. 

In order to design an effective hydraulic fracture strategy for the Haynesville Shale, the in-situ stress magnitudes and 
orientations must be known. Based on the density, acoustic, and image logs used in this study, the Haynesville Shale 
formation is under a normal stress regime where the overburden is the largest stress acting on the formation, although there is 
significant geopressure. The overburden stress is obtained from integrating the density log from surface to the depth of 
interest using the following relationship:. 

 ³=
h

bv dzgz
0

)( Gρσ           (8) 

 
Where , ıv is vertical overburden stress, ȡb(z) is the formation bulk density, g is the gravitational acceleration, and h is the 

total vertical depth. An integration of the density log from the bottom of the Haynesville to the surface shows an average 
overburden gradient of 1.068 to 1.073 psi/ft for wells in De Soto Parish. The gradient increases toward the northeast for the 
well logs used in this study. 

 
Figure 10: Overburden stress calculation using bulk density in two De Soto parish wells. 
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𝐾! =
𝜎!!

𝜎!!
=
𝐶!"
𝐶!!

=
𝐶!"
𝐶!!

  (2.37) 

 

 At higher values of K0, the horizontal effective stress will be more sensitive to 

changes in the vertical effective stress caused by variations in pore pressure from 

production.  Sayers (2013) noted that K0 is affected by the volume of kerogen in the 

rock.  As the kerogen volume increases, K0 also increases.  However, Hu et al. (2015) 

concluded that shales with higher quantities of TOC have lower fracture gradients.  

 The correlations between the geomechanical properties and the TOC suggest 

that the organic material functions as part of the rock matrix framework (LeCompte et 

al., 2009).  In high TOC, immature rock samples, the organic matter appears to actually 

surround the other rock minerals, becoming a vital, load-bearing part of the rock 

framework.  However, as the maturity increases, the kerogen becomes more isolated 

between the other grains and modulus values tend to increase (Zargari et al., 2011).  

Sayers (2013) also concluded that the elastic stiffness will decrease when the organic 

matter forms a interconnected network within the rock.  It was also determined that a 

model of discontinuous shale inclusions in kerogen provided a better estimation of the 

measured elastic stiffness values than a model of discontinuous kerogen inclusions in 

shale.  However, Sayers (2013) noted that this scenario is unlikely to be applicable 

naturally and that the reason for the better model agreement was that this model 

accounted for discontinuities that occur between clay particles.  It is clear that organic 

matter has a significant impact on the geomechanical properties of organic rich shales.    

 Organic content may also affect anisotropy.  Shale anisotropy is primarily caused 

by the structure of the clay minerals, fractures, the distribution of organic material and 

layering.  The clay particles themselves are anisotropic in their alignment, and the 

bedding-parallel lamination of the kerogen further enhances this anisotropy (Sayers, 

2013).   

 Kerogen and TOC also have an impact on the Thomsen anisotropy parameters, 

epsion, gamma, and delta.  However, various studies have concluded conflicting 

observations about these coefficients.  A study by Vernik and Landis (1996) concluded 

that epsilon increases with increasing kerogen/TOC up to a critical point (kerogen 
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volume of about 35 to 40%).  However, Sayers (2013) concludes that epsilon and 

gamma are not as sensitive to kerogen and that delta is very sensitive to the amount of 

kerogen. 

2.5 Failure Criteria 

 A full understanding of the geomechanical behavior of a rock formation should 

include a study of the current stress state.  For instance, wellbore failure may occur due 

to the fluid pressure exceeding the strength of the rock.  Compressive failure is often the 

source of breakouts while tensile failure can result in fracturing and associated lost 

circulation during drilling operations. Therefore, a comprehensive look at the rock failure 

criteria is important.  

 One common method of describing the failure of a rock is the Mohr-Coulomb 

criterion.  This method relates the major and minor principal stresses as shown in 

Equations 2.38 to 2.40 (Zoback, 2013). 

 

𝜎! = 𝑈𝐶𝑆 + 𝑞𝜎!  (2.38) 
 
𝑞 = 𝜇!! + 1 !/! + 𝜇!

! = 𝑡𝑎𝑛!(
𝜋
4 +

𝜑
4) 

 (2.39) 
 
𝜑 = 𝑡𝑎𝑛!!(𝜇!)  (2.40) 

Where 

σ1 = maximum principal stress 

σ3 = minimum principal stress 

UCS = unconfined compressive strength 

µi = coefficient of internal friction (slope of the Mohr-Coulomb failure envelope) 

φ = angle of internal friction (also known as friction angle) 

 

 The Mohr-Coulomb failure envelope is obtained by plotting the shear stress 

versus the normal stress at which the laboratory experiments were carried out to obtain 

the failure conditions.  The envelope is created from a series of Mohr’s circles that 

describe the results of triaxial compression tests and any tensile measurements.  In 
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these tests, a sample is put under a confining stress on all sides.  Then, an axial stress 

is applied and increased until the cylindrical rock sample fails.  The combination of the 

applied axial stress and the confining pressure is the maximum compressive stress (σ1) 

and the confining pressure is the minimum stress (σ3).  Two triaxial test conditions have 

been demonstrated along with the Mohr-Coulomb failure envelope in Figure 2.12. 

 
Figure 2.12 Mohr-Coulomb failure envelope (modified from Zoback, 2013). 

 Equation 2.41 describes the line that represents the relationship between normal 

(σN) and shear (τ) stress at failure in Figure 2.12.  In addition, the unconfined 

compressive strength (UCS) and the cohesion (C0) are related as shown in Equation 

2.42 (Zoback, 2013). 

 

𝜏 = 𝐶! + 𝜎!𝜇!  (2.41) 
 

𝑈𝐶𝑆 = 2𝐶! 𝜇!! + 1 !/! + 𝜇!   (2.42) 
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2.6 Pore Pressure Prediction 

 Understanding and accurately predicting pore pressure is a vital task in drilling 

and completion activities.  Pore pressure must be known in order to safely prevent kicks 

and blowouts from occurring by properly designing an adequate mud weight.  

Additionally, pore pressure is the one of the primary inputs to the minimum horizontal 

stress equations that is essential for hydraulic fracture design (see Equation 2.31).  

Without a correct pore pressure prediction, a hydraulic fracture stimulation treatment 

may be improperly designed. 

 Overpressured zones are common in tight shale intervals.  There are several 

reasons that the pore pressure may be elevated in these areas.  One reason is 

undercompaction, in which pore fluid cannot dissipate after rapid sediment loading.  

Another reason is fluid expansion, which may occur from aquathermal pressuring, 

kerogen cracking, natural maturation of hydrocarbons, clay diagenesis, and alternate 

zone charging (Bowers, 1995).  Of particular interest for this study is the relationship 

between pore pressure and the quantity of organic matter within the rock. 

 Many methods of pore pressure prediction have been proposed over the years.  

One method was developed by Eaton and utilizes either resistivity or sonic logs.  

Equations 2.43 and 2.44 have similar forms and demonstrate Eaton’s method of pore 

pressure prediction (Eaton, 1972, 1975; Zhang, 2011).  

 

𝑃!" = 𝑂𝐵𝐺 − (𝑂𝐵𝐺 − 𝑃!")
𝑅
𝑅!

!

  (2.43) 

 

𝑃!" = 𝑂𝐵𝐺 − (𝑂𝐵𝐺 − 𝑃!")
Δ𝑡!
Δ𝑡

!

  (2.44) 

 

where Ppg is the formation pore pressure gradient, R is the logged shale resistivity, Rn is 

the shale resistivity at normal pressure, n is an exponent that varies from 0.6 to 1.5, Δtn 

is the normal sonic transit time, Δt is the logged sonic transit time, and OBG is 

overburden stress gradient.  These equations are commonly used but do require an 

estimate of “normal” resistivity and sonic travel times in order to be useful (Zhang, 

2011). 
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 Another common pore pressure prediction method was developed by Bowers 

(1995) and is based on an effective stress approach.  In this method, pore pressure is 

captured through two different mechanisms: compaction disequilibrium and fluid 

expansion.  The basic form of the equation for pore pressure is shown in Equation 2.45. 

 

𝑉! = 𝑉! + 𝐴𝜎!!  (2.45) 
 

where Vp is the compressional sonic velocity, V0 is the compressional sonic velocity at 

zero effective stress (mudline), and A and B are calibration parameters.  In order to 

account for unloading, Bowers (1995) modified Equation 2.45 as shown below in 

Equation 2.46. 

 

𝑉! = 𝑉! + 𝐴 𝜎!"#
𝜎!
𝜎!"#

!
!

!

  (2.46) 

 

where σmax is the effective stress at the beginning of the unloading, U is the uplift 

parameter, and the other variables are the same (Bowers, 1995). 

 Sayers (2003) took the method first proposed by Bowers (1995) a step further 

and introduced a modified Bowers method of pore pressure prediction.  In this method, 

variations in porosity and lithology are incorporated into the model.  Velocity variations 

will often occur due to changes in lithology and porosity instead of merely pore 

pressure, as the original Bowers’ method stipulates.   

 Herzog (2014) applied the modified Bowers’ method proposed by Sayers (2003) 

to the Vaca Muerta shale formation, specifically well LJE.x-1010.  A pore pressure 

prediction curve utilizing the Eaton method was also provided by Pluspetrol for the 

same well.  The results from the studies conducted by Herzog (2014) and Pluspetrol are 

shown in Figure 2.13.   

 The primary differences between the two pore pressure curves shown in Figure 

2.15 are the earlier onset of overpressure predicted by the modified Bower’s method 

(beginning in the Quintuco formation) and the higher maximum pore pressure predicted 

in the lower section of the Vaca Muerta formation by the Eaton method. 
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Figure 2.13 Pore pressure predictions for the Quntuco, Vaca Muerta, and Tordillo 

formations.  The purple curve is based on the Eaton method provided by Pluspetrol. 
The pink curve is based on the modified Bowers’ method determined by Herzog (2014). 

The green curve is the actual drilling mud weight, the black curves are Pluspetrol’s 
estimated maximum and minimum pore pressure, the blue curve is Herzog’s (2014) 
estimated maximum pore pressure, the red line is the minimum pore pressure found 
from drilling events from Herzog (2014), and the black dot represents the results of a 

mini-fall-off-test (Herzog, 2014).  
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2.7 Quanti-Elan Introduction 

 The Quanti-Elan application from Schlumberger’s Techlog software is a powerful 

tool that can be use to determine the volumetric quantities of the various components of 

a formation.  These components may be specific minerals such as quartz and calcite or 

fluids such as oil and formation water.  The application works by optimizing 

simultaneous equations and utilizes the relationships between component volumes (v), 

log responses (t), and tool response parameters (R).  The response parameters are a 

tool’s reading for 100% of a formation exponent.  The aforementioned triune relationship 

is explained in Figure 2.14 below (Schlumberger, 2013). 

                                    
Figure 2.14 Relationship between log response (t), tool response for 100% of a 

component (R), and component volume (Schlumberger, 2013). 

 While Quan-Elan is often used to solve the inverse problem in which log 

measurements and tool responses are used to calculate component volumes, the 

application can solve for any one of the three components (t, R, and v) when provided 

with the other two.  Each time the programs runs, each logging tool is recreated (the 

forward problem).  The recreated curves can then be compared to the actual log curves 

to assess the accuracy of the volumetric results.  The equations that the application 

solves are of the form shown in Equation 2.47 (Schlumberger, 2013). 
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𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡 = 𝑉!𝑅!

!

!!!

  (2.47) 

 

where Vi is volume of formation compontent i, and Ri is the response parameter for 

formation component i.  For Quanti-Elan to work properly, there must be more 

equations than unknowns.  The application will then add weights and uncertainty to the 

response equations (Schlumberger, 2013). 

2.8 Pore Deformation Modeling 

 The type of fluid filling the pore space in porous media and the shape of that pore 

space will affect the elastic moduli of rocks.  For instance, the low frequency saturated 

bulk modulus for a rock is a function of the bulk modulus of the solid mineral matrix (K0), 

the bulk modulus of the fluid (Kfl), the dry pore bulk modulus (Kϕ), and the porosity (ϕ).  

Equation 2.48 demonstrates the relationship between these parameters. 

 
1
𝐾!"#

=
1
𝐾!
+

ϕ
𝐾! + 𝐾!"

  (2.48) 

 

 In this equation, the rock is assumed to be a homogeneous, isotropic, linear 

elastic solid with a specific pore space that is either a single cavity or a well-spaced 

collection of pores.  The dry pore bulk modulus is related to the shape of the pore and is 

a function of the bulk modulus, Poisson’s ratio, and shear modulus of the solid mineral 

material.  Relationships for determining Kϕ vary based on the shape of the cavity.  

Spherical cavities, penny shaped cracks, needle-shaped pores (far right shape in Figure 

2.15), and a specific two-dimensional tube (far left shape in Figure 2.15) can be 

described by Equations 2.49, 2.50, 2.51, and 2.52, respectively (Mavko et al., 2009). 

 
1
𝐾!

=
1
𝐾!

3(1− 𝜐)
2(1− 2𝜐) (spherical cavity) (2.49) 

 
1
𝐾!

=
4

𝛼3𝜋𝐾!
(1− 𝜐!)
(1− 2𝜐) (penny-shaped crack) (2.50) 
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1
𝐾!

=
(5− 4𝜐)

3𝐾!(1− 2𝜐)
 (needle-shaped pore) (2.51) 

 
1
𝐾!

=
(13− 4𝜐 − 8𝜐!)
3𝐾!(1− 2𝜐)

 (two-dimensional tube) (2.52) 

 
Where 

ν = Poisson’s ratio 

 α = aspect ratio of an oblate spheroid 

 A similar set of equations has been developed for plane-strain compressibility.  In 

these equations, the plane strain dry pore bulk modulus (K’ϕ) is presented as a function 

of the solid mineral matrix bulk modulus, Poisson’ ratio, and the solid mineral shear 

modulus (µ0).  Equation 2.53 demonstrates this relationship for ellipsoidal cracks of 

finite thickness (Mavko et al., 2009) 

 

1
𝐾!!

=
(1− 𝜐)
𝜇!

𝛼 +
1
𝛼 =

2
3𝐾!

1− 𝜐!

1− 2𝜐 𝛼 +
1
𝛼   (2.53) 

 

 
Figure 2.15 Two-dimensional tubes.  The shape on the far left is described by Equation 

2.38.  The shape on the far right is described by Equation 2.37. (Mavko et al., 2009). 

 For tubes of various cross-sectional shapes, the relationships described by 

Equation 2.54 and Figure 2.16 apply. 

 



 

 45 

𝜇!
2(1− 𝜐)𝐾!!

= 𝑓(𝑠ℎ𝑎𝑝𝑒)  (2.54) 

 

 
Figure 2.16 Values of  𝝁𝟎

𝟐(𝟏!𝝊)𝑲𝝓
!   for tubes with different cross-sectional shapes (Mavko et 

al., 2009). 

 The value of Ksat can be calculated for various shapes of cavities filled with 

different fluids.  This bulk modulus value can then be compared to values computed 

from cores or logs through the use of Equation 2.55 and known values of Young’s 

modulus and Poisson’s ratio. 

 

𝐾 =
𝐸

3(1− 2𝜐)  (2.55) 
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CHAPTER 3  

CORE ANALYSIS 

 

 Core analysis was completed on the 18-meter long core from the LJE.x-1010 

well.  The core was subjected to both geomechanical and geochemical testing, the 

results of which are described below.  

3.1 Geomechanical Analysis 

   Geomechanical testing was completed at Terratek on six sets of plugs extracted 

from the LJE.x-1010 core.  The plugs were tested perpendicular to bedding, parallel to 

bedding, and at 45° to bedding in order to determine the full stiffness tensor at six 

different locations within the core.   

 The procedure listed below was followed for the geomechanical measurements. 

 1.)  Subject each plug to a confining pressure of 2,500 psi 

 2.)  Load the plug hydrostatically to 8,000 psi, then unload it back to 2,500 psi 

 3.)  Increase the axial load to 8,000 psi while adjusting the confining pressure  

  to prevent any lateral strain, and then unload back to a hydrostatic   

  pressure of 2,500 psi 

 4.)  Load the core plug to implement the in situ triaxial stess state until failure  

  occurs 

 During triaxial testing of core samples, the confining pressure is usually set to 

represent the estimated vertical effective stress at the depth the sample was acquired.  

However, as noted by Willis (2013), the confining pressure of 2,500 psi used by 

TerraTek for the experiments is greater than the actual effective stress at the depth the 

core plugs were sampled.  The confining pressure setting implemented (2,500 psi) was 

used by TerraTek to alleviates problems associated with microcracks that may form 

during core and plug extraction.  However, it is believed that both the mechanical 

properties of the samples and the peak strength will be overestimated (Willis, 2013).  

Despite these potential drawbacks, the data collected at TerraTek was utilized for this 

thesis. 
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3.2 Core Stress Tensor and Anisotropy  

 The results of core measurements for the six plug were values for Young’s 

modulus and Poisson’s ratio in the horizontal direction (parallel to the bedding), the 

vertical direction (perpendicular to bedding), and at 45°.  The elastic constants that 

compose the previously discussed stiffness tensor can be found with the directional 

Young’s modulus and Poisson’s ratio values obtained from the geomechanical testing 

and utilizing Equations 3.1 to 3.7 (Willis, 2013).    

 

𝐶!! =
𝐸!!

𝐸!
𝐸!
𝑣!! − 1

𝑋   (3.1) 

 

𝐶!" = −
𝐸!!

𝐸!
𝐸!
𝑣!! + 𝑣!
𝑋   (3.2) 

 

𝐶!" = −
𝐸!!𝑣! 𝑣! + 1

𝑋   (3.3) 

 

𝐶!! =
𝐸!!𝐸! 𝑣!! − 1

𝑋   (3.4) 

  

𝐶!! =
𝐸!𝐸!

𝐸! 1+ 2𝑣! + 𝐸!
  (3.5) 

 

𝐶!! =
𝐶!! − 𝐶!"

2   (3.6) 

 

Where 
 

𝑋 = 𝐸!!𝑣!! − 𝐸!! + 2
𝐸!!

𝐸!
𝑣!𝑣!! +

𝐸!!

𝐸!
+ 𝐸!!𝑣!!  (3.7) 

 

 The geomechanical and anisotropic properties of the core plugs for the LJE.x-

1010 well including the horizontal and vertical Young’s moduli and Poisson’s ratios as 

well as the Thomsen anisotropy parameters were previously calculated by Willis (2013) 

and are displayed in Table 3.1.
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Table 3.1 Summary of mechanical and anisotropic properties of the core from the LJE.x-1010 well (Willis, 2013). 
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 When plotted, the core data reveals several interesting and important features 

(Willis, 2013). A plot of Eh and Ev demonstrates that Eh is larger, as expected. Since the 

Thomsen anisotropy parameters gamma and epsilon are positive and Eh is greater than 

Ev, VTI behavior is verified (Mavko, et al., 2009; Willis, 2013).  Plotting Thomsen’s 

parameters gamma versus epsilon reveals that the two parameters are not equal. 

Therefore, the assumptions for the ANNIE method are not valid and the MANNIE 

method should be used (Suarez-Rivera and Bratton, 2012).  Furthermore, plotting 

C13+2C44 versus C33 provided a value for ζ of 1.218.  Plotting C12 versus C13 provided a 

value of 1.25 for the ξ parameter (Willis, 2013).   

3.3 Static to Dynamic Properties 

 Most geomechanical modeling requires static moduli values instead of dynamic 

values.  In order to procure static moduli values from well logs, a correlation must be 

used to convert the data from its original dynamic state.  Willis (2013) investigated 

several potential correlations to convert from dynamic to static properties in the LJE.x-

1010 core.  These various methods included the Barree empirical correlation (Equation 

2.9), empirical log-linear correlations similar to the form in Equation 2.6, and an 

empirical Cij model using the static and dynamic stiffness tensor constants.  

 The log-linear method proved to be the most accurate means of converting 

dynamic to static moduli values and is used in this thesis.  Figure 3.1 displays the 

relationship between the static and dynamic Young’s moduli (Willis, 2013).   

 Equations 3.8 and 3.9 demonstrate the log-linear relationship between static and 

dynamic values of Young’s modulus in the horizontal and vertical directions (Willis, 

2013). 

𝐸!_!"#" = 10 !.!"##!"# !!_!"#!! !!.!"#"   (3.8) 
 
𝐸!_!"#" = 10 !.!"#$!"# !!_!"#!! !!.!"!#   (3.9) 

 In these two equations, Young’s modulus is expressed in Mpsi, the bulk density 

is in grams per cubic centimeter, and logarithm is base ten.  An R2 value of 0.85 was 

obtained when the measured Young’s moduli values were compared to the predicted 
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values from the log-linear equations. The various methods of calculating the static 

values of Young’s modulus are shown in Figure 3.2.   

 
Figure 3.1 Static to dynamic correlation for horizontal and vertical Young’s moduli 

(Willis, 2013). 

 While not perfect, the log-linear method appears to provide the best match from 

the log data to the core data.  The differences that exist are likely due to the difference 

in scale between the core and the logs.  Only intact cores and core plugs can be tested, 

and many textural features may be missed due to the small size of the plugs.  The 

reservoir as a whole is likely more compliant than can be observed in the core plugs, 

possibly due to bedding parallel microfractures (Willis, 2013). 

3.4 Core TOC and XRD Testing 

 Geochemical testing and X-ray diffraction (XRD) testing data were provided for 

use in this research for well LJE.x-1010 in the LJE block and well PRo.X-1 in the CS 

block.   

 While a full geochemical suite including TOC (wt%), S1, S2, S3, Tmax, HI, OI, and 

PI was provided for the 18-meter core from well LJE.x-1010, only the TOC results were 

used in this analysis.  TOC testing was completed by GeoLab Sur and was determined 

by direct combustion with a LECO carbon analyzer. Results of the TOC testing from the 

geochemical analysis for the LJE.x-1010 well are shown in Figure 3.3.  For well PRo.X-
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1, only TOC (wt%) was available for use.  Information regarding the testing methods 

and testing company were not provided.  A plot of the TOC for the well PRo.x-1 is 

provided in Figure 3.4.   

 
Figure 3.2 Comparison of core and log results for Young’s modulus.  Notice that even 
for the dynamic curves and discreet core plug tests in track three, there is a noticeable 

difference in the log and core values.  In track four, the log-linear correlations for 
Young’s modulus (shown as Ev_stat_loglin in orange and Eh_stat_loglin in pink) 

provide the closest approximation to the core data (Willis, 2013). 
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Figure 3.3 LJE.x-1010 core TOC data for the geochemical tests. 
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Figure 3.4 PRo.x-1 core TOC data for the geochemical tests. 
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 XRD data included weight percent results for quartz, calcite, k-feldspar, 

plagioclase, ankerite/fe-dolomite, dolomite, pyrite, fluorapatite, barite, smectite, 

illite/smectie, illite+mica, kaolinite, and chlorite (Figure 1.7 and Figure 1.8).  XRD tests 

for the LJE.x-1010 well were completed at TerraTek and The Mineral Lab.  Information 

regarding the company that performed the XRD analysis for the PRo.x-1 well was not 

provided.  

3.5 Core Strength and Failure Data 

 Wellbore failure and breakouts are common problems that involve rock strength 

criteria.  Six sets of triaxial compression tests were conducted at various depths on 

samples obtained from the LJE.x-1010 core.   The vertical, horizontal, and 45° samples 

were confined at a stress (Pc) of 2,500 psi and loaded to failure.  Unconfined 

compression tests were also conducted on vertical samples.  The data from the vertical 

confined tests (Pc = 2,500 psi) and unconfined tests (Pc) was used to create Mohr-

Coulomb failure envelopes from which angles of internal friction and cohesion values 

were determined.  A summary of the vertical triaxial compression measurement results 

is displayed in Table 3.2. 

Table 3.2 Summary of strength and failure from triaxial compression testing. 

                   

3.6 Statistical Significance of Data 

 When dealing with a limited number of data points, such as the core samples that 

were tested, it is important to remember that a relatively high R2 value is required in 

order for the data to be meaningful.  Fisher and Yates (1963) have provided a chart that 

demonstrates the relationship between the number of data points and the necessary R2 

Depth Friction Angle, ϕ UCS Cohesion, C0

(m) (degrees) (psi) (psi)
PPL1 3099.51 46 10,020 2,000
PPL2 3102.41 23 20,652 6,800
PPL3 3107.59 26 13,992 4,800
PPL4 3108.96 22 16,168 5,400
PPL5 3113.68 17 21,862 8,000
PPL6 3115.21 37 16,480 4,200

Sample
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value that is required for a 99% confidence level (Figure 3.5).  For the six samples 

(PPL1 to PPL6) taken from the LJE.x-1010 core for geomechanical testing, any 

regression equation should have an R2 value of approximately 0.84 in order for the 

relationship to be statistically significant. 

 
Figure 3.5 Fisher and Yates (1963) plot for a 99% confidence level for a regression 
equation based on the number of data points used in the analysis.  
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CHAPTER 4  

LOG ANALYSIS 

  

 While the core from the LJE.x-1010 well provides valuable data regarding rock 

goemechanical and geochemical properties, the scope is limited to a single 18-meter 

section of one well.  By utilizing core logs, the entire Vaca Muerta interval can be 

studied in multiple wells, expanding on the insights gained from the core testing.  

4.1 Geomechanical Parameters and Anisotropy 

 Directional geomechanical properties and anisotropy can be calculated utilizing 

the dipole sonic log measurements.  The compressional slowness, fast shear slowness, 

slow shear slowness, and the Stoneley slowness are directly measured using the dipole 

sonic tool.  After the data is processed, a curve for the shear slowness in the horizontal 

plane, also known as the Stoneley shear slowness, can be calculated.  These curves 

can then be used in conjunction with the bulk density curve to determine the full elastic 

stiffness tensor (see Section 2.2.2).  If core data is available, the dipole sonic-based 

field model can be calibrated utilizing the core data.  The workflow used in this study for 

converting from the slowness curves to the full stiffness tensor and subsequently to the 

directional geomechanical properties and anisotropy parameters is shown in Figure 4.1. 

 The logging company (Schlumberger) completed the quality control for the cross-

dipole sonic logs.  This evaluation included dispersion analysis and slowness time 

coherence analysis.    

 The Stoneley shear slowness was developed and provided by the service 

company for wells LJE.x-1010, LJE.x-1011, and PRo.x-1.  However, the Stoneley shear 

slowness was calculated by Willis (2013) for well LJE.x-1014 using mud density 

information from the provided log header and then adjusting the mud velocity until a 

match was found in the Tordillo Formation, which was assumed to be isotropic. 

 The final calculated curves used for the dynamic values of the horizontal and 

vertical Young’s modulus and Poisson’s ratios were developed by Willis (2013) 

Conversion from dynamic to static log values for the Young’s moduli was completed 

using Equations 3.8 and 3.9, also developed by Willis (2013).  
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Figure 4.1 Workflow to determine directional Young’s moduli, Poisson’s ratios, and Thomsen’s parameters from the 

stiffness constants. 
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 The calculated horizontal and vertical dynamic Young’s moduli and Poisson’s 

ratios in well LJE.x-1010 and well PRo.x-1 are shown in Figure 4.2 and Figure 4.3, 

respectively. 

 

Figure 4.2 Log and core derived horizontal and vertical Young’s dynamic modulus 
(second track) and Poisson’s ratio (third track) in well LJE.x-1010. 

4.2 TOC Prediction 

 In order to accurately assess the impact of organic matter on geomechanical 

properties calculated from wells logs, it is imperative to acquire accurate log-based 

estimates of TOC.  Often rock formations with large quantities of organic material also 

have high quantities of hydrocarbons waiting to be produced, providing another reason 

to desire correct estimates of TOC.   
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Figure 4.3 Well PRo.x-1 core derived dynamic values for horizontal and vertical Young’s 

modulus (second track) and Poisson’s ratio (third track).  The blue, pink and green 
shading represents the upper, middle, and lower sections of the Vaca Muerta, 

respectively. 

 Various methods of determining TOC will be evaluated and compared against 

each other and available core and cuttings data.  These various methods include the 

Passey method, direct log correlations, and Quanti-Elan analysis. TOC estimates from 

core and/or cuttings data were available for wells LJE.x-1010 and PRo.x-1. 

4.2.1 The Passey Method  

 The Passey method was first presented in 1990 by Passey et al. and has since 

become one of the most common methods of determining TOC in any organic rich 

formation around the world.  The total organic carbon content (weight percent) is 

determined through the use of Equations 2.32 to 2.35.  A summary of the procedures 

and calculations used to determine the TOC via the Passey method for wells LJE.x-

1010, LJE.x-1011, LJE.x-1014, Pro.x-1, and PSO.x-1001 is presented below.  All of 

these wells except PSO.x-1001 have cross-dipole sonic data.  The PSO.x-1001 well 

was added to the TOC analysis in order to have a well included from the PSO block 

area (DTCO-based TOC only). 
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 In order to determine ΔlogR, baseline values for the resistivity and the sonic (or 

neutron density or bulk density) curves must be determined.  These baseline values 

should be chosen in rock that has a very low TOC content. Table 4.1 summarizes the 

baseline parameters used for the analysis.   

Table 4.1 Baseline values used in determination of ΔlogR. 

 

Once the ΔlogR has been determined, the TOC can then be calculated (Equation 

2.35) if the LOM is known.  To determine the LOM, a chart presented by Passey et al. 

(1990) was used (see Figure 4.4).   

 
Figure 4.4 LOM estimation from S2 and TOC acquired from pyrolysis testing on 

samples from the core taken from well LJE.x-1010 (modified from Passey et al., 1990). 

Δt ϕN ρb R
(us/ft) (g/cc) (ohm-m)

LJE.x-1010 67 0.11 2.64 37
LJE.x-1011 65 0.14 2.6 40
LJE.x-1014 68 0.14 2.55 40
PRo.x-1 67 0.13 2.61 50

PSO.x-1001 70 -- -- 50
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Most of the data points lie along the line that indicates that the LOM is around 9 

for the Vaca Muerta (the tested core samples were taken from the lowest section of the 

lower Vaca Muerta and may not necessarily present the middle and upper zones).  

The calculated TOC results using the Passey method for wells LJE.x-1010 and 

PRo.x-1 are shown in Figure 4.5 and Figure 4.6, respectively (TOC results based on the 

sonic slowness for wells LJE.x-1011, LJE.x-1014, and PSO.x-1001 are shown in Figure 

4.30, Figure 4.31, and Figure 4.32). 

As expected, all three methods (DTCO, TNPH, and RHOB) provided very similar 

estimates of the TOC.  The LJE.x-1010 well includes core data for the entire Vaca 

Muerta interval (approximately 110 meters in this case), providing an easy means of 

confidently assessing the accuracy of the Passey method (and other methods 

discussed later) in that well.  A much smaller range of known TOC values exists for the 

PRo.x-1 well, as the only information available is from a single 18.74-meter core. 

The Passey method appears to work well in some areas and work poorly in other 

areas.  Of the many possible sources of error mentioned by Passey et al. (1990), 

reservoir intervals, poor borehole conditions, low porosity intervals, and overpressured 

zones appear to by the most likely source of problems for the Vaca Muerta formation.   

 Based on the caliper logs for wells PRo.x-1 and LJE.x-1010, washouts do not 

appear to be causing any anomalous ΔlogR separation (Figure 4.7).  

 Although borehole conditions do not appear to be an issue for the two wells 

shown (or wells LJE.x-1011, LJE.x-1014, and PSO.x-1001, not shown), the other three 

sources of error may be the root of the inaccurate results.  For instance, for well LJE.x-

1010, the Passey curve spikes at a depth of about 3,060 meters (the middle Vaca 

Muerta zone), while the TOC cuttings data does not support this increase in TOC.   

 At this depth, the gamma ray (GR) curve decreases, DTCO increases slightly, 

and the resistivity increases significantly.  According to the interpretation chart provided 

by Passey et al. (1990) (Figure 2.6), this zone could be a more traditional reservoir-type 

rock (sandstone or carbonate) that either has very low porosity or is filled with oil. 

 Also in well LJE.x-1010, the Passey method tends to both overestimate and 

underestimate the TOC in the lower Vaca Muerta zone (shaded green in Figure 4.5), 

where core and cuttings-derived TOC values are the highest.
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Figure 4.5 Well LJE.x-1010 Passey-derived TOC estimates.  Tracks 2, 4, and 6 show 
separation in resistivity and either compressional slowness (DTCO), thermal neutron 

porosity (TNPH), or bulk density (RHOB).  Tracks 3, 5, and 7 show the associated TOC 
in weight percent calculated with the Passey Method.  Core and cuttings TOC data is 
also plotted for comparison (black dots). The colored shading represents the upper, 

middle and lower Vaca Muerta zones.



 

 63 

 

 

 
Figure 4.6 Well PRo.x-1 Passey-derived TOC estimates.  Tracks 2, 4, and 6 show 

separation in resistivity and either compressional slowness (DTCO), thermal neutron 
porosity (TNPH), or bulk density (RHOB).  Tracks 3, 5, and 7 shows the associated 
TOC in weight percent calculated with the Passey Method.  Core TOC data is also 

plotted for comparison (black dots). The colored shading represents the upper, middle 
and lower Vaca Muerta zones. 
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Figure 4.7 Gamma ray and caliper logs for wells PRo.x-1 (left) and LJE.x-1010 (right). 

The colored zones represent the upper, middle and lower Vaca Muerta sections. 

 One possible explanation for higher than expected readings is an increase in 

pore pressure.  As the pore pressure increases, the effective stress will decrease, 

causing the sonic travel time to increase as well (simulating an increase in porosity).  

 As the travel time increases, ΔlogR should increase and the TOC values should 

rise.  Passey et al. (1990) states that “baselining the transit-time and resistivity curves 

roughly compensates for this increased porosity; thus, no significant anomalous ΔlogR 

separation occurs within the overpressured zone unless the zone is organic-rich or a 
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hydrocarbon reservoir.”  Many overpressured shale reservoirs are also organic-rich, and 

overpressure may have the affect of causing an overestimation of the Passey-derived 

TOC.  However, the Passey method only overpredicts the TOC in a few isolated areas 

and elevated levels of pore pressure do not explain why the method underestimates the 

TOC in areas such as the lower section of the lower Vaca Muerta zone (approximate 

measured depths of 3,150 to 3,115 meters).  Also, most of the variability in the TOC 

values seems to be a function of fluctuations in the resistivity log and not the sonic log.  

 One possible reason for the variability in the measured formation resistivity is that 

the fabric of the rock changes throughout the formation.  In areas where the resistivity is 

high, the permeability may be very low.  If the water-filled pores within the formation are 

not connected, or if the pore throats are very small, then electric current will not flow 

efficiently though the rock and the resistivity will be very high.  Similarly, areas of low 

resistivity may indicate that the permeability is much higher, with larger pore throats 

allowing more current to easily flow through the formation.  

4.2.2 Direct Log Correlations for the LJE.x-1010 Well 

 In many instances, core-derived TOC test results can be correlated directly to log 

responses.  For this research, core TOC values were correlated to the bulk density 

(RHOB), the thermal neutron porosity (TNPH), the compressional slowness (DTCO), 

and the uranium content (URAN) for wells LJE.x-1010 and PRo.x-1.  Since kerogen and 

bitumen are less dense than the surrounding rock matrix, organic rich areas should 

instigate marked changes in the log responses.  While the increase in organic matter 

should cause a decrease in the bulk density, the compressional slowness and neutron 

porosity should increase (these three logs also used in Passey methodology as they are 

sensitive to changes in TOC).  In addition, of the three spectral gamma ray logs, 

uranium is the most closely associated with organic matter, and in increase in TOC 

should promote an increase the uranium log response.  The uranium content also 

benefits from the fact that its response is not tied to the stress state (i.e. pore pressure) 

of the rock.  While fluctuation in pore pressure will affect the responses of 

compressional slowness logs, the uranium content response should not change. The 

correlations between the core and cuttings-derived TOC and the log responses for both 
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linear and power equations are summarized in Table 4.2 and shown in Figure 4.8, 

Figure 4.9, Figure 4.10, and Figure 4.11. 

 For the LJE.x-1010 well, the best correlations appear to be both linear and power 

equations with RHOB and a power equation with TNPH (R2 values of 0.78 for all three).   

Table 4.2 Summary of the R2 values of the TOC to log response equations for well 
LJE.x-1010. 

  

 
Figure 4.8 Correlation between core and cuttings TOC and density (RHOB) for well 

LJE.x-1010. 

 
Figure 4.9 Correlation between core and cuttings TOC and compressional slowness 

(DTCO) for well LJE.x-1010. 
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Figure 4.10 Correlation between core and cuttings TOC and thermal neutron porosity 

(TNPH) for well LJE.x-1010. 

 
Figure 4.11 Correlation between core and cutting TOC and uranium content (URAN) for 

well LJE.x-1010.  

 The URAN curve provides a slightly poorer (R2 of 0.70) correlation to TOC 

compared to the other curves.  It should be noted that for eighty-seven data points from 

the core and cuttings TOC values, an R2 of only 0.09 is necessary for statistical 

significance.  All the correlations are well above this minimum threshold.  A well log plot 

of all eight correlations is shown in Figure 4.12.  

 In well LJE.x-1010, all four logs show reasonable approximations for the total 

organic carbon.  However, there are a few notable exceptions.  For instance, while the 

URAN TOC curve tracks closely with the other curves and with the core and cuttings 

data for most of the Vaca Muerta formation, it differs significantly at around a measure 

depth of 3,050 meters.   At this depth, the URAN TOC curve underestimates the actual 

quantity of organic material. The anomaly at this depth may be due to uncertainty in the  
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Figure 4.12 Well LJE.x-1010 TOC values obtained from the linear and power correlations for the bulk density (RHOB) 

(tracks 2 and 3), compressional slowness (DTCO) (tracks 4 and 5), thermal neutron porosity (TNPH) (tracks 6 and 7), and 
uranium content (URAN) (track 8).  The three colored zones represent the upper, middle, and lower sections of the Vaca 

Muerta. 

  



 

 69 

measurements, uncertainty in the data processing and matrix inversion, or uncertainty 

and scale problems in the cuttings TOC values.  In addition, all the curves 

underestimate the TOC to some degree in the lower section of the lower Vaca Muerta 

zone (approximate measured depths of 3,105 to 3,115 meters). 

4.2.3 Direct Log Correlations for the PRo.x-1 Well 

 Direct correlations between core-derived TOC values and the RHOB, DTCO, 

TNPH, and URAN logs were also derived for the PRo.x-1 well.  The correlations 

between the core-derived TOC and the log responses for both linear and power 

equations are summarized in Table 4.3 and shown in Figure 4.13, Figure 4.14, Figure 

4.15, and Figure 4.16. 

Table 4.3 Summary of the R2 values of the TOC to log response equations for well 
LJE.x-1010. 

 

 
Figure 4.13 Correlation between core and cutting TOC and the RHOB log curve for well 

PRo.x-1. 

Log Response Linear R2 Power R2

RHOB (g/cc) 0.15 0.09

DTCO (us/ft) 0.17 0.14

TNPH (v/v) 0.15 0.10

URAN (PPM) 0.15 0.08

y = -9.9892x + 28.896 
R² = 0.14996 

y = 288.86x-4.784 
R² = 0.08725 

0"

2"

4"

6"

8"

10"

12"

2.2" 2.25" 2.3" 2.35" 2.4" 2.45" 2.5" 2.55" 2.6"

TO
C 

(w
t%

) 

RHOB (g/cc) 



 

 70 

 
Figure 4.14 Correlation between core and cutting TOC and the DTCO log curve for well 

PRo.x-1. 

 
Figure 4.15 Correlation between core and cutting TOC and the TNPH log curve for well 

PRo.x-1. 

 
Figure 4.16 Correlation between core and cutting TOC and the URAN log curve for well 

PRo.x-1. 
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 Clearly the data shows more scatter for the PRo.x-1 well than for the LJE.x-1010 

well.  The best TOC correlation for PRox.-1 appears to be the linear equation with 

DTCO (R2 of 0.17).  

 For the sixty-two data points from the core TOC testing in this well, an R2 value of 

about 0.10 is necessary for statistical significance.  One reason for poor correlations 

relative to the LJE.x-1010 well is that the core- derived TOC data displays much more 

variability, even in small depth increments. 

 Because of the low correlation coefficients associated with TOC correlation to 

RHOB, DTCO, TNPH, and URAN, these TOC curves failure to capture much of the 

variability of the TOC that was demonstrated from the core-derived values (Figure 4.17). 

Also, since the only data available for laboratory originated TOC was from an 18.74-

meter core with taken from the lower Vaca Muerta zone, it is difficult to determine the 

validity of the curves in upper and middle zones of the formation.  Similarly to LJE.x-

1010, the uranium TOC correlation curve it significantly different from the other three 

correlations in the middle and upper Vaca Muerta zones, providing a lower estimate of 

TOC. 

4.2.4 TOC Estimation with Quanti-Elan 

 A third method of computing the TOC in the five wells was completed using 

the Quanti-Elan application from a commercial software program.  Although the 

application is a powerful tool that can be used to solve for all the major minerals and 

fluids, a simple model was utilized for this research.  Input variables to the model 

included only bulk density, thermal neutron porosity, formation (deep) resistivity, gamma 

ray, volumetric photoelectric factor, and the uranium content.  Output variables were 

volumes of quartz, calcite, illite, kerogen, flushed water, and formation water (Figure 

4.18 and Figure 4.19).  The minerals quartz, calcite and illite are the three most 

abundant minerals in the Vaca Muerta formation, according to the XRD test results.  

Other minerals that appear in lesser quantities but were not included in the model 

include k-feldspar, dolomite, and pyrite.  The most weight was imposed on the density 

and porosity curves, as they are both understood with much more certainty than the 

other variables.  
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Figure 4.17 Well PRo.x-1 TOC values obtained from the linear correlations for RHOB (track 2), DTCO (track 3), TNPH 
(track 4), and URAN (track 5).  The three colored zones represent the upper, middle, and lower sections of the Vaca 

Muerta. 
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 While the predicted mineral volumes are obviously not correct due to the 

simplification, they do roughly represent the proportions of the illite, quartz, and calcite 

as determined from the XRD testing.  

 
Figure 4.18 Quanti-Elan results for the LJE.x-1010 well. The three colored sections 

represent the upper, middle, and lower Vaca Muerta zones. 

 A summary of the Quanti-Elan TOC results (wt%) for wells LJE.x-1010, LJE.x-

1011, LJE.x-1014, PSO.x-1001, and PRo.x-1 is presented in Figure 4.20.  Quanti-Elan 

calculates a volume percent of kerogen which it then transforms into weight percent 

using the mineral bulk densities.  All of the organic material in the Vaca Muerta 

formation is not solely kerogen, but for the purposes of comparison, the kerogen 

calculated from Quanti-Elan is assumed to be equivalent to the TOC. 
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Figure 4.19 Quanti-Elan results for the PRo.x-1 well. The three colored sections 

represent the upper, middle, and lower Vaca Muerta zones.  

 Since wells LJE.x-1010 and PRo.x-1 both had core and/or cuttings TOC data 

available, the kerogen outputs from the program were calibrated to match this data, 

producing a high confidence in the accuracy of the Quanti-Elan results for the organic 

content.  However, wells, LJE.x-1011, LJE.x-1014, and PSO.x-1001 did not have any 

core or cuttings data available.  Therefore, the Quanti-Elan kerogen estimates for these 

wells might be less accurate than for the other two wells. 

 The purpose of doing the Quanti-Elan analysis was to provide another method of 

TOC calculation that could be compared with the other methods.  Figure 4.20 displays 

the results of the Quanti-Elan analysis for all five wells.  The calculated TOC curves for 

wells LJE.x-1010 and PRo.x-1 also correlate closely with the core and cuttings data.
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Figure 4.20 TOC results from the Quanti-Elan analysis.  The three colored zones represent the upper, middle, and lower 

sections of the Vaca Muerta. Core and cuttings data are plotted for LJE.x-1010 and core data is plotted for PRo.x-1.
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4.2.5 TOC Method Comparisons and Discussion 

 For well LJE.x-1010, there appear to be several options for obtaining satisfactory 

values of TOC from log measurements.  Because core and cuttings TOC data were 

available throughout the entire Vaca Muerta formation, it is relatively easy to assess the 

accuracy of the log-based TOC measurements.  Figure 4.21, Figure 4.22, and Figure 

4.23 display correlations between the core and cuttings TOC values and the log-derived 

TOC values.  

 The best method of determining TOC from log-based analysis is with the direct 

linear correlation to RHOB (highest R2 value).  The TOC calculated from Quanti-Elan is 

almost as accurate as the linear RHOB correlation.  The least accurate method by far is 

the Passey method, as the data is much more spread out and the R2 is only 0.32, 

compared to 0.78 for the linear RHOB correlation and 0.73 for the Quanti-Elan analysis.  

 The core data from PRo.x-1 was also compared to the log-calculated TOC 

values.  Four methods were analyzed: the Passey method using DTCO, a direct linear 

correlation using RHOB, Quanti-Elan analysis, and a method using the linear RHOB 

correlation equation from well LJE.x-1010.  The comparison between the core data and 

the log data is shown in Figure 4.24, Figure 4.25, Figure 4.26, and Figure 4.27. 

 The R2 values for the correlations between measure TOC values from the core 

and calculated TOC values from the well logs for the PRo.x-1 well are much less 

accurate than for the LJE.x-1010 well.  The core-derived TOC measurements from the 

PRo.x-1 well were highly variable (see Figure 3.4) in very small depth increments, and 

none of the estimated log-derived TOC curves were really able to match that level of 

variability. 

 Scaling problems may be the cause of some of the inaccuracies between the log 

and core TOC values in wells LJE.x-1010 and PRo.x-1.  When the TOC is determined 

in the laboratory, as little as one gram of rock sample is required for the test.  This small 

sample only represents a very small part of the core (or cuttings) on the order of one 

inch or less.  Well logs, however, take measurements on a scale of feet and may not be 

able to accurately assess small variations in organic richness of the formation.  
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Figure 4.21 Comparison of TOC from cuttings and core to the calculated TOC from the 
Passey method using DTCO for well LJE.x-1010. 

 
Figure 4.22 Comparison of TOC from cuttings and core to the calculated TOC from the 

direct linear correlation to RHOB for well LJE.x-1010.  

 
Figure 4.23 Comparison of TOC from cuttings and core to the calculated TOC from the 

Quanti-Elan analysis for well LJE.x-1010. 
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Figure 4.24 Comparison of core TOC and TOC calculated Passey method for PRo.x-1. 

 
Figure 4.25 Comparison of core TOC and linear TOC correlation to RHOB for PRo.x-1. 

 
Figure 4.26 Comparison of core TOC and Quanti-Elan TOC for PRo.x-1. 
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Figure 4.27 Comparison of core TOC and well LJE.x-1010 linear TOC-RHOB 

correlation for well PRo.x-1. 

 Log-based TOC curves for all of the aforementioned methods are summarized 

for each well in Figure 4.28, Figure 4.29, Figure 4.30, Figure 4.31, and Figure 4.32.    

Core and/or cutting TOC estimates were plotted for wells LJE.x-1010 and PRo.x-1.  

Inspection of these figures reveals several interesting features.  For well LJE.x-1010 

(Figure 4.28), the calculated TOC from the direct linear correlation to RHOB and from 

the Quanti-Elan analysis match the core and cuttings data much more closely than the 

TOC from the Passey method.  The summary for well PRo.x-1 (Figure 4.29) reveals that 

the Passey and Quanti-Elan curves most closely match the core TOC measurements.   

Also in well PRo.x-1, the TOC curve based on the linear RHOB relationship in well 

LJE.x-1010 also does a good job of capturing some of the variability in the TOC data, 

but the curve itself appears to slightly overestimate the TOC, at least in depths that the 

core was removed.  Unlike the LJE.x-1010 well, the direct correlation to the RHOB 

curve does not provide a very accurate prediction of the TOC.  

 The curve summaries for wells LJE.x-1011, LJE.x-1014, and PSO.x-1001 

demonstrate that the TOC estimation from Quanti-Elan and from the linear correlation 

equation from RHOB in well LJE.x-1010, generally have similar shapes but they vary 

slightly in magnitude.  The Passey TOC curves in these three wells is significantly 

different than the other two curves, especially in well PSO.x-1001 (Figure 4.32), where 

the calculated TOC is obviously much too large in the middle section of the Vaca 

Muerta (colored pink). 
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Figure 4.28 Summary of log-derived TOC estimates for the LJE.x-1010 well. The blue, 
pink, and green shading represents the upper, middle and lower Vaca Muerta zones, 

respectively. 

   

  



 

 81 

 

 

 

 

 

 

 
Figure 4.29 Summary of log-derived TOC estimates for the PRo.x-1 well. The blue, 

pink, and green shading represents the upper, middle and lower Vaca Muerta zones, 
respectively. 
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Figure 4.30 Summary of log-derived TOC estimates for the LJE.x-1011 well. The blue, 
pink, and green shading represents the upper, middle and lower Vaca Muerta zones, 

respectively. 

 
Figure 4.31 Summary of log-derived TOC estimates for the LJE.x-1014 well. The blue, 
pink, and green shading represents the upper, middle and lower Vaca Muerta zones, 

respectively. 
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Figure 4.32 Summary of log-derived TOC estimates for the PSO.x-1001 well. The blue, 
pink, and green shading represents the upper, middle and lower Vaca Muerta zones, 

respectively. 
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CHAPTER 5  

CORRELATION RESULTS 

 

 Geomechanical and anisotropy parameters were compared to the quantity of 

organic matter in order to determine whether or not these parameters were dependent 

on the TOC. 

5.1 TOC Correlation to Geomechanical Properties 

 Young’s modulus and Poisson’s ratio are two important parameters for design of 

hydraulic fracture treatments.  These parameters depend on, among other things, the 

mineralogy of the rock and the quantity of softer components such as clay and kerogen, 

the stiffer components such as quartz, calcite, and dolomite, and the fluid in the pore 

space. 

5.1.1 Core Correlations 

 Values of total organic carbon from the core were compared to the directional 

Young’s moduli and Poisson’s ratios to determine the dependency, if any, of these 

properties on TOC.  The test samples were taken from an approximately 18-meter core 

obtained from the lower Vaca Muerta zone, at depths of about 3,098 to 3,116 feet 

(measured depth).   Figure 5.1 shows the relationship between the static values of 

horizontal (Ev) and vertical (Eh) Young’s modulus and the total organic carbon. 

 As expected, the trend for both the vertical and the horizontal Young’s modulus 

values is to decrease with increasing levels of organic material.  Neither curve meets 

the criteria for statistical significance (R2 value of 0.84 for six data points) set forth by 

Fisher and Yates (1963) because of the limited data points.  However, the correlation 

between Ev and TOC is stronger than between Eh and TOC, as evidenced by the higher 

R2 value. 

 The directional Poisson’s ratio values were also compared to the TOC (Figure 

5.2).  While both the horizontal and the vertical curves show slight increases in the 

Poisson’s ratio as TOC increases, the correlations between the data are very poor. 



 

 85 

 
Figure 5.1 Core relationships between the directional static Young’s moduli and TOC. 

   

 
Figure 5.2 Core relationships between the directional static Poisson’s ratio values and 

TOC. 

 In addition to Young’s modulus and Poisson’s ratio, parameters describing the 
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the data displays a slight negative correlation between the two parameters, the linear 

regression equation has a very low R2 value.  The friction angle (Figure 5.4) and the 

cohesion (Figure 5.5) were also plotted against TOC and are included for reference, 

although no regression equations are displayed. 

 
Figure 5.3 Relationship between the unconfined compressive strength and the TOC for 

tests conducted on vertically oriented core plugs. 

 
Figure 5.4 Relationship between the friction angle and the TOC for tests conducted on 

vertically oriented core plugs. 
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Figure 5.5 Relationship between the cohesion and the TOC for tests conducted on 

vertically oriented core plugs. 

5.1.2 Log Correlations 

 While to core samples provide valuable data, these measurements are limited to 

six data points in one core.  In order to provide a comparison to the previously 

discussed core correlations, log estimates of geomechanical properties (see Figure 4.1 

for workflow) were compared to log-based TOC estimates.  Using log correlations also 

allowed larger depths ranges to be analyzed in multiple wells. In well LJE.x-1010, the 

geomechanical properties estimated from the logs were compared to both the log-based 

estimates of TOC and the TOC obtained from the core and cuttings samples.   

 Figure 5.6 and Figure 5.7 show the relationship between the vertical and 

horizontal dynamic Young’s moduli and the core and cuttings-derived TOC values for 

well LJE.x-1010 across all three zones.  Both data sets demonstrate that at the TOC 

increases, it has less of an effect on Young’s modulus.  Notice that beyond a TOC of 

about 7 wt% the data points are almost flat.  The complexity of the horizontal dynamic 

Young’s modulus equation (compared to the vertical equation) and the associated 

necessary data processing may be the reason that the horizontal plot above (Figure 5.7 

and Equation 2.24) shows more data scatter than the vertical plot (Figure 5.6 and 

Equations 2.23).   
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Figure 5.6 Relationship in well LJE.x-1010 between the dynamic vertical Young’s 

modulus and the TOC obtained from the core and cuttings data. 

 
Figure 5.7 Relationship in well LJE.x-1010 between the dynamic horizontal Young’s 

modulus and the TOC obtained from the core and cuttings data. 

 The other three wells also exhibit similar behavior.  Figure 5.8 and Figure 5.9 

show the best-fit regression curves for the relationship between the Young’s moduli and 

TOC for all the individual wells.  The curves all become flatter as the TOC increases.  

The overall best-fit Young’s modulus verses TOC regression curves for a combination 

of all the well data are shown in Figure 5.10 and Figure 5.11. 
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Figure 5.8 Best-fit regression curves for all four wells for the vertical dynamic Young’s 

modulus.  Both the core and cuttings TOC data and the log-base TOC data are included 
for well LJE.x-1010.  Also, the data for the LJE.x-1011 well cannot be seen as it plots 

almost directly underneath the “average of all logs” curve. 

 
Figure 5.9 Best-fit regression curves for all four wells for the horizontal dynamic Young’s 
modulus.  Both the core and cuttings TOC data and the log-base TOC data are included 
Also, the data for the PRo.x-1 well cannot be seen as it plots almost directly underneath 

the “average of all logs” curve. 
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Figure 5.10 Best-fit linear regression line for the data from all four wells together for the 

relationship between the vertical dynamic Young’s modulus and the TOC. 

 
Figure 5.11 Best-fit linear regression line for the data from all four wells together for the 

relationship between the horizontal dynamic Young’s modulus and the TOC. 

 Another method of evaluating the relationship between Young’s modulus and the 

TOC is to separate the data for TOC values that are less than 5 wt% from the TOC 
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values that are greater than 5 wt%.  When this is completed, two separate data sets 

best described by two linear equations emerge (Figure 5.12 and Figure 5.13).   

 
Figure 5.12 Relationship between the vertical dynamic Young’s modulus and TOC for 

all wells with the data split into two groups at a TOC of 5 wt%. 

 
Figure 5.13 Relationship between the horizontal dynamic Young’s modulus and TOC for 

all wells with the data split into two groups at a TOC of 5 wt%. 
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 Again, it is clear the as the TOC increases beyond 5 wt%, the Young’s modulus 

is less affected by the increase in organic matter.   While this behavior is much more 

clearly defined for the vertical Young’s modulus, the horizontal Young’s modulus also 

appears to follow the same pattern. 

 The log-linear relationships developed by Willis (2013) for the Vaca Muerta 

formation and described in Equation 3.8 and Equation 3.9 were used to convert the 

dynamic directional Young’s moduli to static values more appropriate for use in design 

calculations.  The relationships between the static vertical and horizontal Young’s 

moduli and the core and cuttings-derived TOC values for well LJE.x-1010 are shown in 

Figure 5.14 and Figure 5.15. 

 
Figure 5.14 Relationship between the log-derived static vertical Young’s modulus and 

the TOC determined from the core and cutting samples for well LJE.x-1010. 

 
Figure 5.15 Relationship between the log-derived static horizontal Young’s modulus and 

the TOC determined from the core and cutting samples for well LJE.x-1010. 
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 While it still appears as though the effect of the TOC on the static moduli 

decreases with an increase in organic material, this behavior is less severe than with 

the dynamic values discussed above.  Also, the R2 values for the best-fit regression 

lines are improved for the static case, at least for well LJE.x-1010.  Figure 5.16 and 

Figure 5.17 display the best-fit regression equations when the data for all of the wells is 

combined for the vertical and horizontal cases.   

 

Figure 5.16 Relationship between the log-derived static vertical Young’s modulus and 
the log-derived TOC for all four wells. 

 

Figure 5.17 Relationship between the log-derived static horizontal Young’s modulus and 
the log-derived TOC for all four wells. 
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 Plots showing all the best-fit regression lines for wells LJE.x-1010 (both log and 

core/cuttings TOC values), LJE.x-1011, LJE.x-1014, and PRo.x-1 along with the 

average line for all wells are displayed in Figure 5.18 and Figure 5.19. 

 

Figure 5.18 Best-fit regression curves for all four wells for the vertical static Young’s 
modulus.  Both the core and cuttings TOC data and the log-based TOC data are 

included for well LJE.x-1010. 

 

Figure 5.19 Best-fit regression curves for all four wells for the horizontal static Young’s 
modulus.  Both the core and cuttings TOC data and the log-based TOC data are 

included for well LJE.x-1010. 

 The best-fit regression lines for the both the vertical and the horizontal static 

cases show good agreement up to a TOC of about 7 wt%.   
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 The relationship between the dynamic Poisson’s ratio and the TOC is displayed 

in Figure 5.20 and Figure 5.21 for the core and cuttings-derived TOC values for well 

LJE.x-1010. 

 
Figure 5.20 Relationship between the vertical dynamic Poisson’s ratio and the core and 

cuttings-derived TOC values for well LJE.x-1010. 

 
Figure 5.21 Relationship between the horizontal dynamic Poisson’s ratio and the core 

and cuttings-derived TOC values for well LJE.x-1010. 
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Poisson’s ratio in well LJE.x-1014 appears to slightly increase as the TOC increases, 

but the vertical Poisson’s ratio actually decreases slightly with an increase in organic 

matter. In well PRo.x-1, the linear equations contain small negative slopes for both the 

horizontal and vertical Poisson’s ratio.  For all the wells, the R2 values are less then 

0.05. 

5.1.3 Discussion 

 Both the core data and the log data confirm that Young’s modulus is affected 

significantly by the quantity of organic material present in the rock, which is consistent 

with other published work on the subject (see Figure 2.7, Figure 2.8, and Figure 2.9).  

The analysis of the logs allows for a much larger data set to be analyzed.  When 

considering the correlations between the log-based Young’s moduli and the log-based 

TOC values, it is apparent that higher values (> 5 wt%) of TOC affect the moduli less 

than lower values.  This trend is consistent with the theory of upper and lower bounds in 

which elastic moduli are plotted as a function of the volume fraction of one of two 

materials.  For instance, the Voigt upper bound has a nearly flat slope while the Reuss 

lower bound has a slope that starts out steep and then flattens (Mavko et al., 2009).  

The data from this study appears to plot in between the two bounds.  Also, a better data 

fit was observed in the relationship between the vertical dynamic Young’s modulus and 

the TOC than the horizontal Young’s modulus and the TOC.  The scatter in the 

horizontal plot is most likely due to errors in processing the data and because of the 

complexity in the horizontal Young’s modulus equation. 

 The TOC (in wt%) relationships for the static vertical Young’s modulus (Ev, in 

Mpsi) and the static horizontal Young’s modulus (Eh, in Mpsi) in the Vaca Muerta 

formation can be described by Equation 5.1 and Equation 5.2, respectively.  The R2 

value for the vertical Young’s modulus equation is 0.72 while the R2 value for the 

horizontal equation is 0.66. 

𝐸! = 3.3571𝑒!!.!"#(!"#)  (5.1) 
 

𝐸! = 5.481𝑒!!.!""(!"#)  (5.2) 
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 These two equations represent the average correlations between the log-derived 

moduli and the log-derived TOC values for all four wells (LJE.x-1010, LJE.x-1011, 

LJE.x-1014, and PRo.x-1) and are appropriate at TOC values of 7 wt% or less. 

 The laboratory tests appeared to show a positive correlation between the 

horizontal and vertical Poisson’s ratio and the TOC.  However, the R2 value for best-fit 

line in both cases was very low, limiting the confidence in the meaning of the data.  The 

impact of the log-derived TOC on the log-derived Poisson’s ratios was not consistent 

between the four studied wells.  In some wells Poisson’s ratio appeared to increase 

slightly as the TOC increased, while in other wells Poisson’s ratio decreased slightly as 

the TOC increased.  In all cases the R2 values of the data were very low. 

5.2 TOC Correlations to Anisotropy 

 The quantity of total organic carbon was also correlated to Thomsen’s 

parameters, which describe elastic anisotropy.  Figure 5.22 shows the relationship 

between the core-generated Thomsen’s parameters and the core-derived TOC values. 

 
Figure 5.22 Correlation between core-derived Thomsen’s parameters and core-derived 

TOC values. 
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from the log data for wells LJE.x-1010, LJE.x-1011, LJE.x-1014, and PRo.x-1.  

Thomsen’s parameters are plotted as a function of the core and cuttings-derived TOC 

values for well LJE.x-1010 in Figure 5.23, Figure 5.24, and Figure 5.25 below.   

 
Figure 5.23 Delta and TOC (from core and cuttings samples) for well LJE.x-1010. 

 
Figure 5.24 Epsilon and TOC (from core and cuttings samples) for well LJE.x-1010. 

 
Figure 5.25 Gamma and TOC (from core and cuttings samples) for well LJE.x-1010. 
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 For well LJE.x-1010, it appears that epsilon and gamma increase with increasing 

levels of TOC while delta decreases with increasing TOC. A similar trend continues with 

the PRo.x-1 well, but not with the other two wells.  Figure 5.26, Figure 5.27, and Figure 

5.28 display the average correlation between the log-derived TOC estimates and 

Thomsen’s parameters delta, epsilon, and gamma for all the wells. 

 
Figure 5.26 Relationship between log-derived Thomsen parameter delta and log-

derived TOC for all four wells. 

 
Figure 5.27 Relationship between log-derived Thomsen parameter epsilon and log-

derived TOC for all four wells. 
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Figure 5.28 Relationship between log-derived Thomsen parameter gamma and log-

derived TOC for all four wells. 

 The slope of the best-fit trend lines when all of the wellsare combined is 

essentially zero, indicating that something other than the TOC is likely affecting 

Thomsen’s parameters.  The ratios of horizontal Young’s modulus (Eh) to vertical 

Young’s modulus (Ev) and horizontal Poisson’s ratio (PRh) to vertical Poisson’s ratio 

(PRv) were also compared to the TOC for the core data and the log data.   The core 

comparisons for Young’s modulus and Poisson’s ratio are shown in Figure 5.29 and 

Figure 5.30, respectively. 

 
Figure 5.29 Relationship between the Eh to Ev ratio and the TOC for the core samples 

obtained from well LJE.x-1010. 
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Figure 5.30 Relationship between the PRh to PRv ratio and the TOC for the core 

samples obtained from well LJE.x-1010. 
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accurately.  It is curious that two of the wells demonstrated opposite behavior of the 

other two wells. 

 
Figure 5.31 Log-based correlation between the ratio of the dynamic horizontal to vertical 

Young’s modulus and the TOC for all four wells. 

 
Figure 5.32 Log-based correlation between the ratio of the dynamic horizontal to vertical 

Poisson’s ratio and the TOC for all four wells. 
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within the rock.  A pore pressure curve for well LJE.x-1010 has been provided by 

Pluspetrol and was calculated using the Eaton method.  Herzog (2014) developed 

another pore pressure curve using a modified form of the Bowers method, also for well 

LJE.x-1010.  A comparison of the two methods along with a plot of the TOC in the Vaca 

Muerta formation is displayed in Figure 5.33. 

 
Figure 5.33 Pore pressure and TOC in the Vaca Muerta formation in well LJE.x-1010.  
The black dots in track 2 represent the TOC value obtained from the core and cuttings 

samples.  The red curve in track 2 represents the best estimate of the TOC using a 
correlation to the bulk density.  Track 3 presents the pore pressure prediction from the 

Eaton method (blue curve) and from the modified Bowers method (green curve). 

 Both pore pressure curves appear to increase as the TOC increases, although 

this behavior is less obvious with the modified Bowers pore pressure curve.  The 
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relationship between the pore pressure and the core and cuttings-derived TOC from 

well LJE.x-1010 for the entire Vaca Muerta formation is shown directly in Figure 5.34 

(Eaton method) and Figure 5.35 (modified Bowers method). 

 
Figure 5.34 Relationship between the Eaton pore pressure and the core and cuttings-

derived TOC values in the Vaca Muerta formation in well LJE.x-1010. 

 
Figure 5.35 Relationship between the modified Bowers pore pressure and the core and 

cuttings-derived TOC values in the Vaca Muerta formation in well LJE.x-1010. 
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the TOC exceeds 6 wt% the kerogen has produced larger quantities of oil and gas, 

creating an increase in the pore pressure.  It is possible that the increase in pore 

pressure due to the kerogen transformation is exceeding the fracture gradient, causing 

the pore pressure to remain steady past a TOC of 6 wt%.   
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CHAPTER 6  

   EFFECT OF KEROGEN ON PORE DEFORMATION 

  

 A simple model has been created to investigate the effect of kerogen on pore 

compressibility and cavity deformation in elastic solids.  The saturated bulk modulus 

was modeled as a function of the bulk modulus of the rock matrix, the dry pore bulk 

modulus, the pore fluid bulk modulus, and the porosity (see Section 2.8 and Equation 

2.48).  This model assumes that the rock is homogeneous and that the pore space is 

composed of a single cavity or a collection of widely spaced pores.  While neither of 

these assumptions is valid for an anisotropic shale such as the Vaca Muerta, the 

analysis should create a better understanding about how the shape of pores and the 

material filling the pores (including kerogen) affects the mechanical behavior of the rock. 

 The bulk modulus of the rock matrix, K0, was determined using the XRD mineral 

data from the core extracted from well LJE.x-1010.  A summary of the primary minerals 

used in the analysis and the relevant properties of those minerals is presented below in 

Table 6.1.  The mineral bulk moduli and Poisson’s ratios were acquired from a table 

provided by Mavko et al. (2009).  A weighted average was used to determine the rock 

mineral bulk modulus and Poisson’s ratio, which were calculated to be 50 gigapascals 

(GPa) and 0.24, respectively. 

Table 6.1 Summary of important mineral properties used in the model. 

 

 The dry pore bulk modulus, Kϕ, is function of both the bulk density and Poisson’s 

ratio of the solid mineral material as well as the pore shape.  Four different pore shapes 

were investigated.  The first shape was a spherical cavity, the second shape was a 

penny-shaped crack (oblate spheroid) with an aspect ratio of 0.1 (Figure 6.1), the third 

shape was a needle-shaped pore (prolate spheroid) (Figure 6.1), and the fourth was a 

two-dimensional tube with a cross-section shown in Figure 6.2.   

Parameter Quartz Calcite Plagioclase 
Feldspar

K-Feldspar Pyrite Dolomite Clay

Volume % of solid material 30.85 22.14 8.89 3.48 1.92 7.38 25.35
Mineral Bulk Modulus, K (Gpa) 37 70 76 38 143 80 25

Mineral Poisson's ratio 0.08 0.32 0.35 0.32 0.15 0.24 0.34
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Figure 6.1 The image on the left is an oblate spheroid and the image on the right is a 

prolate spheroid (Wikipedia reference). 

 
Figure 6.2 Cross-section of a two-dimensiona tube.  Gamma represents the roundness 
of the shape (the gamma of a circle is one) and R is the radius of the shape (Mavko et 

al., 2009). 

 Four pore fluids were chosen for the analysis.  One of the fluids was kerogen 

(actually a solid but modeled here as a fluid), another was crude oil, a third was 

methane gas, and the last was brine.  Table 6.2 summarizes the assumed bulk moduli 

of the four fluids.  The assumed bulk moduli are general in nature and not meant to 

exactly model fluids found specifically in the Vaca Muerta formation.  

Table 6.2 Summary of assumed fluid bulk moduli. 

 

Fluid Kerogen Crude Oil Methane Gas Brine
Bulk Modulus (Gpa) 3.5 1.5 0.2 2.5
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 Once the bulk modulus was determined for each fluid and pore shape, it was 

converted into a Young’s modulus value using Equation 2.55 (a Poisson’s ratio of 0.25 

was chosen for the conversion).  Figure 6.3 summarizes the results of the analysis. 

 
Figure 6.3 Results showing the Young’s modulus that corresponds to a specific pore 

shape and fluid type or combination of fluids. 

 The results indicate that the needle-shaped pores and the spherical cavities are 

generally the stiffest pore shapes.  The penny-shaped crack was the least stiff pore 

shape.  Often kerogen assumes a lenticular distribution within the rock matrix (Vernik 

and Milovac, 2011), and the penny-shaped crack is a close approximation.  The 2-D 

tube also displayed a low stiffness, even though this shape most closely represents 

three circular touching mineral grains with a pore between the grains. 

 As expected, a pore filled with kerogen provides a higher Young’s modulus than 

the other fluids.  Since methane has a very low bulk modulus, a pore filled with this gas 

will cause the surrounding rock matrix to be less stiff than if solely kerogen, crude oil, or 

brine is filling the pore space.  In addition, the more of the pore space if filled with 

kerogen, the stiffer the rock response will be.  Figure 6.4, Figure 6.5, Figure 6.6, and 

Figure 6.7 demonstrate the relationship between Young’s modulus and the kerogen 

saturation for the four studied pore shapes. 
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Figure 6.4 Young’s modulus as a function of kerogen saturation for combinations of 

kerogen and crude oil (blue curve), kerogen and methane (red curve), and kerogen and 
a mixture of methane and brine (green curve) for a spherical pore shape. 

 
Figure 6.5 Young’s modulus as a function of kerogen saturation for combinations of 

kerogen and crude oil (blue curve), kerogen and methane (red curve), and kerogen and 
a mixture of methane and brine (green curve) for a penny-shaped crack. 
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Figure 6.6 Young’s modulus as a function of kerogen saturation for combinations of 

kerogen and crude oil (blue curve), kerogen and methane (red curve), and kerogen and 
a mixture of methane and brine (green curve) for a needle-shaped pore. 

 
Figure 6.7 Young’s modulus as a function of kerogen saturation for combinations of 

kerogen and crude oil (blue curve), kerogen and methane (red curve), and kerogen and 
a mixture of methane and brine (green curve) for a 2-D tube. 
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CHAPTER 7  

CONCLUSION AND RECOMMENDATIONS 

 

 The primary goals of this study were to determine the best methods of predicting 

the TOC using standard well log data and also to investigate the correlations between 

the quantity of organic matter and the geomechanical and anisotropy parameters. 

7.1 Conclusions 

 The Vaca Muerta shale formation is characterized by relatively high quantities of 

TOC.  This organic matter may comprise up to 15 to 20 percent of the rock’s volume.  

As the organic material is less dense and less stiff than the other rock constituents, it 

has a significant impact on the mechanical properties of the shale rock. 

 Core and cuttings samples were tested for TOC for wells LJE.x-1010 and PRo.x-

1, providing a means of verifying log estimates of the organic content.  In fact, core and 

cuttings TOC data for well LJE.x-1010 was available throughout the length of the Vaca 

Muerta formation in that well.  One of the most common methods of determining the 

TOC over the last 25 years has been the method proposed by Passey et al. (1990).  In 

this technique, the separation in the formation resistivity and the compressional 

slowness (or bulk density or neutron porosity) is linearly related to the quantity of 

organic matter in the formation.  The Passey method appears to do a better job at 

predicted the TOC in wells LJE.x-1010 and PRo.x-1 than in wells LJE.x-1011, LJE.x-

1014, and PSO.x-1001.  However, in all wells the Passey method underpredicted the 

TOC to varying degrees in some areas of the Vaca Muerta formation and overpredicted 

the TOC in other areas.   Most of variability and error in the technique appears to be 

caused by fluctuation in the resistivity curve.  It is thought that changes in the rock fabric 

and pore connectivity may be influencing the resistivity curve.   

 If TOC values are available for core and/or cuttings samples, direct correlations 

to the bulk density, neutron porosity, and compressional slowness, or uranium content 

may be a better means of estimating the TOC.  Since organic material is often 

characterized by high quantities of uranium, this log can often be correlated to the TOC.  

However, in well LJE.x-1010, the TOC estimation using a correlation to the uranium 
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content was less accurate than the other log correlations.  Also, in zones where the 

TOC is highly variable, as in the lower Vaca Muerta section of well PRox.-1, the direct 

correlations do a poor job of capturing the rapid changes in TOC.   However, a fairly 

accurate estimation of the TOC was obtained in well PRox.-1 when applying a linear 

bulk density correlation obtained from well LJE.x-1010, even though the wells are about 

42 km (26 miles) apart.  

 The horizontal and vertical Young’s moduli appear to be inversely related to the 

quantity of organic matter within the rock.  However, this relationship is not linear, as the 

moduli tend to decline quickly at TOC values less then 5 wt% and then decrease much 

slower at higher values of TOC.  Also, the correlation between the vertical Young’s 

modulus and TOC is generally much stronger than for the horizontal Young’s modulus 

and TOC.  This may be due to data collection and processing errors, and the additional 

complexity of the equation used to determine the horizontal Young’s modulus. 

 Poisson’s ratio appears to be less dependent on the quantity of organic material 

within the rock.  Some wells displayed a positive correlation between Poisson’s ratio 

and TOC while other wells showed a negative correlation. 

 The rock strength can often be described by the unconfined compression 

strength, the friction angle, and the cohesion.  Howvever, none of these parameters 

appeared to show any correlation to the quantity of organic material within the rock. 

 The relationship between elastic anisotropy and the TOC was also contradictory.  

In some wells, Thomsen’s parameters gamma and epsilon showed a positive 

correlation with the TOC while in other wells a negative correlation was observed.  The 

same effect was seen when comparing the ratio of horizontal to vertical Young’s 

modulus to TOC, as positive correlations were observed in some wells while negative 

correlations were detected in other wells.  Based on these results, anisotropy does not 

appear to be a strong function of the organic content. 

 Pore pressure predictions using the Eaton method and the modified Bowers 

method in the LJE.x-1010 well were provided for analysis.  Both of these estimates 

were compared to TOC results obtained from the core and cuttings samples.  Based on 

the results, it appears as though there is a positive correlation between the pore 

pressure and the quantity of organic matter.  The data does not plot linearly, however, 
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and after TOC exceed about 6 wt%, the pore pressure remains relatively constant.  At a 

certain point, the high pore pressure generated from the high TOC zones may be 

fracturing the formation and dissipating the pressure. 

 The effect of the pore shape and pore fluid on the elastic moduli was also 

conducted.  The pore shapes investigated included a sphere, a penny-shaped crack, a 

needle-shaped pore, and a two-dimensional tube.  It was assumed that the pores were 

isolated or widely spaced in a homogeneous rock.  The results indicate that a pore filled 

with kerogen produces a stiffer rock matrix than one filled with oil, brine, or gas.  Also, a 

penny-shaped crack was least stiff pore shape.  Kerogen often forms into a lens-like 

shape within the rock (comparable to the penny-shaped crack), and this shape will tend 

to make the rock behave less stiffly than if the kerogen particles were more rounded. 

7.2 Recommendations  

 Although the Passey method is used extensively in the petroleum industry, it 

should only be used to provide a qualitative estimate of the TOC.  If the Passey method 

is used, care should be taken to examine areas where the resistivity is very high, as this 

may indicate low pore connectivity and not necessarily and increase in non-conductive 

organic matter.  A better means of determining the TOC may be to use direct 

correlations from core and/or cuttings-derived TOC estimates and log responses such 

as the bulk density, porosity, or sonic slowness.  The linear correlation between the 

TOC and the bulk density curve in well LJE.x-1010 provided a reasonable if slightly high 

estimate of the TOC in well PRo.x-1, which is located about 42 km (26 miles) away.   

 There appears to be a relatively strong relationship between the directional 

Young’s moduli and the TOC.   When the log data from wells LJE.x-1010, LJE.x-1011, 

LJE.x-1014, and PRo.x-1 are combined, the following relationships between the static 

vertical (Ev, stat) and horizontal (Eh, stat) Young’s moduli and the TOC emerge: 

 

𝐸!,!"#" = 3.3571𝑒!!.!"#(!"#)      𝑎𝑛𝑑      𝑅! = 0.72  (5.1) 
 

𝐸!,!"#" = 5.481𝑒!!.!""(!"#)      𝑎𝑛𝑑  𝑅! = 0.66  (5.2) 
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In the above equations, the Young’s moduli are expressed in Mpsi and the TOC is 

expressed in weight percent.  The R2 value for the vertical Young’s modulus equation is 

0.72 and the R2 value for the horizontal equation is 0.66.  These two correlations appear 

to work best when the TOC is less than 7 wt%.  It may be possible to estimate the TOC 

from cuttings data and then apply the above equations to estimate the static Young’s 

moduli. 

7.3 Future Work 

 More TOC and dipole sonic data from other areas of the Vaca Muerta formation 

would be beneficial in further refining the correlations developed in this thesis study.  

Only two wells (LJE.x-1010 and PRo.x-1) had laboratory-derived TOC values from core 

and/or cuttings samples.  TOC estimation from logs is difficult, and it is very beneficial to 

have TOC validation from core and cuttings samples.   

 In addition, a scanning electron microscope (SEM) study of the LJE.x-1010 core 

would have been beneficial in order to characterize the shape and placement of the 

kerogen within the rock matrix.  An SEM study also would help to characterize the 

organic matter porosity and connectivity (or lack thereof). 

 Further work could also be conducted to study the impact of the TOC on pore 

pressure.  The scope of work could be expanded to include analysis of multiple wells.  

Also, the relationship between the TOC and fracture gradient could also be studied in 

detail. 
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APPENDIX A  

LOG-BASED GEOMECHANICAL PROPERTIES  

 

 The horizontal and vertical dynamic Young’s moduli and Poisson’s ratios for 

wells LJE.x-1011 and LJE.x-1014 are shown in Figure A.1 and Figure A.2. 

 
Figure A.1 Well LJE.x-1011 core derived dynamic values for horizontal and vertical 

Young’s moduli (second track) and Poisson’s ratios (third track). 
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Figure A.2 Well LJE.x-1014 core derived dynamic values for horizontal and vertical 

Young’s moduli (second track) and Poisson’s ratios (third track). 
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APPENDIX B  

QUANTI-ELAN RESULTS 

 

 The results of the Quanti-Elan analysis for wells LJE.x-1011 and LJE.x-1014 are 

shown in Figure B.1 and Figure B.2. 

 
Figure B.1 Quanti-Elan results for the LJE.x-1011 well. 
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Figure B.2 Quanti-Elan results for the LJE.x-1014 well. 

 


