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Summary 

The correct estimation of elastic properties and stresses from well logs is a critical step in the planning of long reach 

horizontal wells as well as in the optimization in the design of hydraulic fracturing, two common and challenging 

tasks in any unconventional play. 

The physics of the relationship between stress and strain in porous media is relatively well known. However, the 

complexity of the tectonic, depositional and diagenetic processes, together with the commonly limited amount of 

measurements and related available information make the construction of 1D mechanical models a major challenge. 

Current published models for unconventionals are highly variable, even for the same play. Initial assumptions, such 

as material isotropy or pore pressure estimation method used, have an important impact on model results.  

In this contribution, we are presenting a complete workflow to define and estimate pore pressure, isotropic and 

anisotropic elastic moduli, poroelastic effects and finally far field stresses from commonly available well logs. TIV 

anisotropy in the shale intervals, velocity relationship with effective stress, poroelastic effects and tectonic strains are 

all considered in the building of the model. Tectonic strain and the minimum to maximum tectonic strain ratio were 

the parameters used for model calibration. Failure analysis and ISIPs, together with triaxial test results were the main 

sources of calibration for the model.  

This case study covers 40 vertical wells with electric, sonic and nuclear logs in a region of the Neuquén basin known 

as Neuquén Embayment. All the wells in this set are in the oil and condensate windows. 

Introduction 

The Vaca Muerta formation is a thick lithostratigraphic unit present in a wide area of the Neuquén Basin, located in 

central west Argentina. From a lithological point of view it is characterized by organic rich carbonatic shales reaching 

up to 350 m in thickness (Fantin et al, 2014) in the study area (Fig. 1). The exploration stage of the play started in 

2010 (Rimedio et al, 2015) and currently there are several hundreds of vertical and horizontal wells drilled within this 

target.  

The Neuquén Basin is filled with siliciclastic, carbonatic and evaporitic sediments deposited during the Jurassic-

Cretaceous Interval. Since the late Cretaceous, the basin has been under active tectonic stresses related to the Andean 

uplift, conditions that continue into the present (Howell et al, 2005). Tectonic compressive pulses in this interval 

generated uplift and erosion in the basin (Uliana, M. and Legarreta, L., 1993) with the consequent overcompaction as 

reflected in available porosity and velocity logs. The first-order present-day stress orientation in the basin is mainly 

controlled by the plate boundary forces. The maximum horizontal stress derived from regionally distributed wellbore 

breakouts has a preferred trend close to the west-east direction (Guzmán et al, 2007). 

As in most unconventional plays the development of Vaca Muerta requires the drilling of long-reach horizontal wells 

and the use of hydraulic fracturing for completing these wells. Drilling and completing wells in the play has presented 

several problems, like stuck pipe or mud losses ended up in costly side tracks and occasional influxes that have been 
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experienced by several operators. On the well completion side, 

sanding and casing deformation after hydraulic fracturing have 

also been observed in different concessions of the basin. A reliable 

geomechanical model can help to mitigate these problems and may 

be an invaluable tool for any production improvement and drilling 

cost optimization program.  

The aim of a geomechanical model consists of the estimation of 

elastic and strength parameters, pore pressure and, stress 

orientation and magnitudes from well logs or properties derived 

from seismic. As commonly happens in most subsurface formation 

evaluation tasks, the rock physical properties are the result of a 

complex depositional, diagenetical and structural history and the 

geophysical measurements available are very limited. As a 

consequence, after applying physical principles, some correlations 

and simplifications different assumptions need to be used to solve 

this model.   

The simplest geomechanical model imply a known lithology 

column of elastic isotropic rocks, hydrostatic pore pressures, a 

structural history free of uplift and erosion and the absence of 

tectonic strains. Unfortunately, none of these assumptions are valid 

in this case study (as in most of the unconventional plays). 

The Neuquén Basin of Argentina and central Chile contains a near-

continuous Late Triassic-Early Cenozoic succession deposited on 

the eastern side of the evolving Andean mountain chain. (Howell 

et al, 2005). The basin has suffered contractional deformation from 

the Late Cretaceous onwards in several episodes; while the main 

events took place in the late Miocene with a west-east orientation 

of the major stress. The Neuquén Embayment (Fig. 1) has a 

complex structural history with different sectors being deformed and uplifted (Mosquera, A. and Ramos, V. A, 2005). 

Uplift and erosion generated overcompaction, altering the depth-porosity relationships. If effective stress methods are 

going to be used for estimating pore pressure, this effect needs to be considered to avoid biased results. 

Regarding the elastic properties, for sandstones and carbonate sedimentary sequences, assuming isotropy is usually a 

good proxy for real rock behavior and is applied by many authors. In laminated and compacted shales, on the other 

hand, there is evidence of high anisotropy in elastic moduli measured parallel and perpendicular to bedding with 

differences up to 400% in some extreme cases (Suarez Rivera et al, 2011). Static Young’s modulus anisotropy in our 

triaxial test dataset range between 15 and 250%. 

 

 
Figure 2: Left: Generalized workflow of the 1D mechanical earth model schematizing inputs, computations and outputs. Right: schematic elastic 

and pressure regime zones where different assumptions for the computation of the model need to be made. 

Figure 1: All the wells in the present study are in the area 

known as the Neuquén Embayment. Fluid type in this area 
range from early oil to condensate. (modified from Schmidt 

et al 2014). 
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The Neuquén basin is at present under active tectonic stress. Guzmán et al (2007) in a regional study using borehole 

breakout analysis estimate a maximum horizontal stress direction of 88.7º (almost west-east) probably associated 

with plate boundary forces related to the subduction of the Nazca plate. The analysis of our wellbore image database 

show no vertical stress rotation and in general low breakout angles. It is inferred from our failure models honoring 

breakout occurrence that horizontal stress anisotropy is high in the study area.   

The main objective of the present contribution is to introduce and discuss an integrated and complete workflow (Fig. 

2) to estimate far-field stresses from well logs. For the execution of the workflow a petrophysical model is required, 

a simplified model for estimation of matrix and fluid components from commonly available logs in Vaca Muerta 

was presented by Cuervo et al (2016) and has been an integral part of the current analysis.  

The case study includes 40 vertical wells spread out along the area demarked in Fig. 1. These wells all have at least 

dipole sonic, density-neutron, gamma ray and resistivity logs available. All the wells were hydraulic fractured at 

different depths in the Vaca Muerta interval providing ISIPs that were used as upper boundary control for the 

estimation of the minimum stress. 14 wells had wellbore images, where the failure analysis was calibrated against 

induced fractures and wellbore breakouts. 8 wells had triaxial test from core plugs, in most cases with measurements 

parallel and perpendicular to bedding, ultrasonic velocities were also available to generating ad-hoc dynamic to 

static conversions.  

 

Background, Assumptions and Initial Considerations 

 

Pore Pressure  

 

Hydrostatic pore pressure is generated in all the sedimentary basins as a consequence of the pressure exerted by the 

column of fluid from the water table to a specific depth. Overpressure is the term used by the industry for zones where 

the pressure is higher than the hydrostatic. The sources of overpressure have been studied by different authors, and a 

good compilation of the existing theories can be found in the AAPG Memoir 76 (Huffman, A. and Bowers, G. Ed., 

2001). Pore pressure is one of the most impactful variables for the estimation of far field stresses (Fig. 3). The main 

source of overpressure identified in the literature is the disequilibrium compaction generated when the sedimentation 

rate is higher than the rate at which the water is expelled from the pore space during normal compaction (common in 

basins with high rate of sedimentation like the Gulf of Mexico). It is described by Swarbrick et al (2011) that deposition 

rates during the deposition of the Vaca Muerta-Quintuco system are significantly lower than the rates reported for the 

Gulf of Mexico and therefore this mechanism is not believed to be the source of overpressure in Vaca Muerta. When 

disequilibrium compaction is the generator of overpressures the onset of the overpressures is independent of the 

amount of organic carbon present in the rock. This is not the case in Vaca Muerta. 

Other source of overpressure identified as important by some authors (Sayers et al, 2010) is the clay diagenesis, 

specifically the smectite to illite conversion (Hower et al, 1976). Quantitative X-Ray diffraction analysis ran in cutting 

and core samples taken above and below the onset of the overpressures in Vaca Muerta do not show the expected 

changes in the Illite/Smectite ratios reported in other basins in association with changes in pore pressure regimes.   

Finally, a well-known source of overpressure in fine sediments 

is fluid expansion by thermal cracking. The conditions needed 

for this process to occur are a high content of total organic 

carbon and burial depths with the pressure and temperature 

needed for kerogen maturation and hydrocarbon expulsion. 

The volumetric changes in this transformation depends on 

several factors, like kerogen type and host rock characteristics, 

some authors mention it can increase up to 100% of the original 

volume (Meissner, 1978). In our study case, we have analyzed 

40 vertical wells with electric, sonic and nuclear logs. As 

shown in the example of Fig. 7 in our case the onset of 

overpressure is accompanied by a reversion in velocity and an 

increase in the organic matter content. 

The method used here for the estimation of the pore pressure 

is a modification of the Bowers (1995) effective stress method. 

The concept of effective stress was originally introduced by 

Terzagui (1936) and implied that the difference between the 

total stress and the pore pressure (σ’ = σ - Pp), rather than the 

Figure 3: Tornado plot showing the impact on the estimated stress 

of each variable considering uncertainties estimated from 

common estimation methods for each. Note the impact of pore 

pressure estimation in the stress estimation. 
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total stress itself is what determines when a rock fails under external load. This idea was completed by Biot (σ’ = σ – 

α . Pp) to take into account the part of the total stress carried by the solid framework (σ’), the part that is carried by 

the fluid in the pore space (α . Pp) and the remaining pressure that is counteracted by stresses in the solid framework 

(Pp  (1-α)), (Fjaer et al, 2008) Being σ: total stress, σ’: effective stress, Pp: pore pressure and α: Biot’s constant. 

In a pioneering work, Bowers (1995) set the base for the computation of overpressure based on effective stress-velocity 

relations, relating velocity trends to different pore pressure regime and overpressure source mechanisms. Bowers 

presented the empirical equation for the virgin curve or normal compaction trend (NCT) (Eq. 1) applicable where 

normal compaction of sediments occurs and stated that the same equation is also applicable for intervals with 

overpressure generated by disequilibrium compaction (in the intervals where the compaction stops and pore fluid 

begins to support part of the overburden).  For intervals where fluid expansion mechanisms occur, a reversion in the 

normal compaction trend (reflected in a reversion of velocities) takes place. As the process of porosity loss is not 

elastic the reversion generated by thermal cracking and subsequent increase in porosity follows a different path, 

denominated by Bowers as the “unloading path”, that is modeled with Eq. 2. 

 

  Vp = V0 + Aσ’B          (1) 

Vp = V0 + A[σmax(
σ′

σmax
)

1

U]B        (2)  

Where: 

σmax = (
Vmax−V0

A
) 

1

B        (3) 

Where Vp is the compressional velocity, σ the total stress, σ’ the effective stress, Vmax and σmax are the maximum 

values of velocities and stress above reversion and V0 is the velocity at zero effective stress, in the Bower’s initial 

equation assumed as 5000 ft/s. A, B are fitting constants.  

For the velocity reversion interval Bowers derived the empirical equation (2) and added an additional constant, U, 

related to the plasticity of the sediment. The method relies on the capability of building a reliable NCT-Velocity 

function. 

There are three main problems affecting the applicability of this method, when used in its original version. Firstly, 

NCT-Velocity functions are altered by uplift and erosion, thus the use of non-normalized compressional velocities 

from well logs will overestimate effective stress. Additionally, the eroded thickness varies regionally, so most 

probably any fitting parameter will only be valid for a small area of the basin. Secondly, the method does not account 

for lithology and porosity variation that locally modify the NCT-Velocity relation. Thirdly, deriving effective stress 

from the rest of the variables, even when the value of the total stress is known independently, will yield only the 

combined effect of pore pressure and Biot’s alpha in shale intervals, and not just pore pressure.  

For the Vo a sequence of normalization is proposed. The verification method is the comparison of the compressional 

sonic curve from the well with a synthetic curve that includes all the fitting factors (Fig. 4). This method will be 

explained here. 

 

Normalizing for overcompaction 

 

Several unconventional plays have experienced uplift and erosion after maximum burial depth. Normal compaction 

under overburden is seen in shales as an exponential function of porosity with depth that generates an increase in 

interval velocities. Several simple methods for the determination of the erosion thickness from sonic logs have been 

published (Magara, 1978, Davine, 2014 and Singh et al, 2016). In this work, we have followed the method described 

by Singh et al (2016) based on the Athy’s (1930) equation. 

To estimate the uplift either a theoretical normal compaction curve needs to be used as a reference, or a well in a 

region without uplift and erosion needs to be used for building the reference NCT. 

In our workflow, we have used an available well in the easternmost part of the basin where the erosion is assumed to 

be very limited and in agreement with published theoretical values for NCT trends (Burrus 1998). The original 

function for the NCT in the Athy (1930) equation: 

𝜑 =  𝜑0e−𝛽𝜎′          (4) 

Where 𝜑 is porosity, 𝜑0 is initial porosity at zero effective stress, σ’ is the effective stress and β is an empirical constant  

The method suggested by Singh et al 2016 consists of delineating the shale intervals, estimating sonic porosities with 

the Wyllie equation and then compare the sonic porosities with the model porosities derived using the Athy equation. 

As effective stress in normally compacted sediments is easily estimated from depth, the necessary depth shift to match 

the real and theoretical porosity function will then provide the estimated erosion gap. 
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The Vo term in Bowers equation for the normal compaction interval (1) is then normalized for erosion with the 

proposed following equation (A graphical explanation is offered in Fig. 4): 

𝑉𝑝 = (𝑉0 − 𝑉0𝐸𝑅𝑂
) + 𝐴𝜎′𝐵       (5) 

Where Vo is the velocity at zero stress for the non-eroded normal compaction curve, VoERO is the velocity at surface 

for the well in study, σ’ is the effective stress, and A and B are the Bower’s coefficients for the virgin curve. 

 

Normalizing for matrix and fluid components 

 

Sayers et al (2003) show that in the analysis of empirical correlations between velocity and effective stress, based on 

the original Bowers relation, additional parameters need to be considered to improve correlation predictability. 

Therefore, empirical factors for porosity and clay content are introduced in Eq. 6 

𝑉𝑝 = 𝑎1 − 𝑎2𝜑 − 𝑎3𝑉𝐶𝑙𝑎𝑦 + 𝑎4𝜎′𝐵       (6)  

Where a1, a2, a3, and a4 are fitting coefficients 

Most of the unconventional shales have some proportion of carbonate components. In the case of Vaca Muerta, the 

average carbonate is close to 40%. Another important component in velocities is the kerogen. We propose a more 

comprehensive equation that considers all the main matrix components as well as the porosity:  

𝑉𝑝 =  𝐴𝜎′𝐵 + 𝑏0 + 𝑏por𝜑 + 𝑏𝑐𝑎𝑟𝑏𝑉𝑐𝑎𝑟𝑏 + 𝑏𝑞𝑓𝑚𝑉𝑞𝑓𝑚 + 𝑏𝑐𝑙𝑎𝑦𝑉𝑐𝑙𝑎𝑦 + 𝑏𝑝𝑦𝑟𝑉𝑝𝑦𝑟 + 𝑏𝐾𝑒𝑟𝑉𝑘𝑒𝑟  (7) 

Where all b’s are correction coefficients by matrix and fluid components multiplying the fraction percentage volume 

of each component in the rock.   

In the normal compaction zone of the well, pore pressure is mainly hydrostatic and effective stress can be 

independently estimated. In this section, using the previous correction, Vp and Vp synthetic need to match as close as 

possible. (Fig 7). This provides confidence that the factors for matrix and porosity are correct. In the overpressure 

interval the effective stress is directly derived from the unloading path replacing (7) in (2) the equation to derive 

effective stress from compressional velocity proposed here is expressed in (8): 

𝑉𝑝 = ∑ 𝑏𝑖𝑉𝑖 −  𝑉0𝐸𝑅𝑂
+ 𝐴 [𝜎′

𝑚𝑎𝑥(
𝜎′

𝜎′
𝑚𝑎𝑥

)
1

𝑈]
𝐵

      (8)  

Thus, the main elements affecting the velocity-effective stress relation are accounted for. Using (8) with the adjusted 

compositional coefficients, with a consistent function for the normal compaction trend and an with an accurate 

determination of porosity, effective stress can reliably be derived from well log compressional velocities (or seismic 

interval velocities) in unconventional reservoirs. In our case study, all these variables where solved from standard 

quad combo suit logs using the integrated formation evaluation workflow described in Cuervo et al (2016). 

 

 
 

Figure 4: Schematic sequence of stages in the evolution of the study area and its impact on the velocity-effective stress relation, (normalization of 

the Vo term of the Bowers equation is included). A: representative velocity depth trend for a normal compacted basin when organic rich rocks have 

not reached the hydrocarbon expulsion maturity window. Organic rich rocks of the Vaca Muerta formation experienced fluid expansion from 

thermal cracking with associated overpressures and velocity reversion (the thermal maturity time window for Vaca Muerta is estimated for the 
study area between the Late Cretaceous and the Eocene). C: Uplift, starting in L. Cretaceous but mainly occurring during Miocene. D: Erosion and 

subsequent overcompaction, Vo normalization needed. E: Velocity normalization for matrix and porosity.  
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Estimation of Elastic Moduli 

 

To compute stresses, the ultimate objective of any mechanical earth model, the elastic properties of the rocks need to 

be defined. For an anisotropic material, linear elastic theory defines that each stress component is linearly related to 

strain components by independent coefficients. 

𝜎𝑖𝑗 = 𝐶𝑖𝑗𝑘𝑙𝜀𝑘𝑙         (9) 

Where σij is the stress tensor, Cijkl is the stiffness tensor consistent of elastic constants and εkl is the strain tensor. 

In the stiffness tensor, the indices i, j, k and l generate 81 different constants. Due to symmetry considerations some 

of these constants vanish, leaving the number of moduli needed for solving a full anisotropic material to 21 

independent constants. Most of the rocks, due to a common depositional and diagentical processes, can be 

satisfactorily studied assuming some specific symmetries. In marine shales deposited in calm distant bottomsets, 

where flocculation and authigenic carbonate generation are the main sedimentation mechanisms, assuming similar 

properties in the paleo-depositional plan makes sense. It can actually be seen in well logs sensitive to horizontal 

anisotropy, as the dipole sonic log. When rocks have only one direction of anisotropy, this case is called TIV 

(transversely isotropic vertical) anisotropy, assuming low dipping rocks, where the lamination direction is almost 

horizontal. Due to this symmetry considerations (see Fjaer et al, 2008 for a detailed explanation) the stiffness tensor, 

when expressed as a 6 x 6 matrix is reduced to only 5 constants as follow: 

       (10) 

Where C11, C13, C33, C44 and C66 are elastic constant that can be measured in triaxial lab tests or be derived from well 

logs. For isotropic rocks the stiffness tensor can be defined with just two constants (e.g. Young’s modulus and 

Poisson’s ratio). In the case of TIV rocks plugs taken parallel, perpendicular and at 45 degrees of the rock lamination 

will be required for laboratory testing. The computation of the stiffness tensor along a well trajectory is done with the 

help of well logs, where a dipole sonic and a density log are the minimum requirement. The fundamentals of using 

sonic and density measurements to calculate elastic properties rely on the wave theory. Elastic waves in rocks 

propagate with a velocity that is given by elastic stiffness and the density of the rock.  

For isotropic rocks, where only two elastic constants are needed the following equations can be used: 

𝐸 = 𝜌𝑣𝑠
2 3𝑣𝑝

2−4𝑣𝑠
2

𝑣𝑝
2−𝑣𝑠

2          (11) 

ν =
𝑣𝑝

2 − 𝑣𝑠
2

2(𝑣𝑝
2 − 𝑣𝑠

2)
 

Where E is the isotropic Young’s modulus and ν is the Poisson’s Ratio, vp and vs are the compressional and shear 

velocities respectively. 

In the TIV case the constants C33 and C44 are easily derived from compressional and shear velocities perpendicular to 

bedding, available from well logs. The estimation of C11 and C66 are function of compressional and shear velocities 

parallel to bedding and C13 is a function of velocities at 45 degrees of the bedding. For the last three constants C11, C66 

and C13 there is no well log tool that can take this measurements in a vertical well, so the only option for building a 

TIV model from well logs is using correlations derived from triaxial testing, then: 

𝐶33 = 𝜌𝑣𝑝
2          (12) 

𝐶44 = 𝜌𝑣𝑠
2 

𝐶11 = 𝑚1 + 𝑚2𝐶33 

𝐶66 = 𝑚3 + 𝑚4𝐶44 

𝐶13 = 𝑚5 + 𝑚6𝐶33 
Where m1to6 are fitting factors derived from triaxial test correlations. 

Once the 5 independent Cijs for the TIV have been determined, the values for E and ν parallel and perpendicular to 

the bedding can be computed using the following equations:  

𝐸𝑣 = (
2∗𝐶13∗𝐶13

𝐶11+𝐶12
)            (13) 

𝐸ℎ =
(𝐶11−𝐶12)∗(𝐶11𝐶33−2𝐶13𝐶13)+𝐶12𝐶33

𝐶11𝐶33 −𝐶13∗𝐶13
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𝜈𝑣 =
𝐶13

𝐶11+𝑐12
   

𝜈ℎ =
𝐶33𝐶12−𝐶13𝐶13

𝐶11𝐶33−𝐶13𝐶13
   

As we mentioned earlier, we use elastic wave theory for 

computing the stiffness tensor from log velocities. By directly 

applying the equations derived from wave theory could lead to 

the conclusion that the elastic moduli determined in triaxial 

laboratory tests can be directly estimated from velocities 

obtaining similar values. Unfortunately, this is not the case. 

Usually the moduli estimated from velocities are larger than the 

corresponding statics ones (Fjaer et al, 2008). Fjaer postulate 

as possible causes of this mismatch the effect of the fluids, the 

effect of velocity dispersion with frequency, the differences in 

strain magnitudes and grain to grain interactions. For practical 

purposes, as static values are needed to compute stresses, 

empirical correlations need to be used. In this contribution, we 

use empirical linear correlations between dynamic and static 

moduli derived from correlations from laboratory triaxial tests. 

Laboratory ultrasonic frequencies are from one to two order of 

magnitude higher than sonic log tools. Thus, a small mismatch 

between laboratory velocities and sonic velocities may be 

observed. In our database, we have seen that average dispersion 

correction is almost negligible. The general solution for 

dynamic to static correction then takes the form of: 

𝐶𝑖𝑗_𝑠𝑡𝑎 = 𝑐1 + 𝑐2𝐶𝑖𝑗_𝑑𝑦𝑛   (14) 

Where c1 and c2 are fitting empirical constants for each Cij 

Figure 5: Diagram showing how frequency, liquid saturation and 

magnitude of the disturbance affect dynamic to static moduli 

conversion (Luca Duranti, personal communication) 

Figure 6: Left: basic correlations used to build the pseudo-TIV model. Samples cover a wide range of depths and come from different 

regions. Strong correlation coefficients allow estimating C11, C66 and C13 from C33 and C44. Right: dynamic to static correlations 

extracted from triaxial ultrasonic velocities used in this workflow. 
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Accounting for poroelasticity and final derivation of pore pressure 

 

Previously, we showed a method to estimate effective stress from compressional velocities correcting for matrix 

components, porosity and overcompaction. As we are using an effective stress approach, solving (8) for σ’ will provide 

not just pore pressure as in the original Terzaghi (1936) assumption (σ’=σ-Pp), but also the combined effect of Biot’s 

alpha times pore pressure as expressed in the Biot’s 

poroelastic theory, where: 

𝑃𝑝 =
𝜎−𝜎′

𝛼
     (15) 

being σ the total stress and σ’ the effective stress and α the 

Biot’s coefficient. 

For an isotropic material Biot’s alpha is a function of the 

compressibility of the framework and the solid as expressed 

in Eq. 16. 

𝛼 = 1 −
𝐾𝑓𝑟

𝐾𝑠
     (16) 

Where Kfr is the drained bulk compressibility modulus of the 

rock and Ks is the grain compressibility modulus of the 

matrix at zero porosity. 

 

Laboratory determinations of Biot’s constant in shales are 

not very common. Suarez Rivera and Fjaer (2012) published 

measurements for the Mid-Bossier and Haynesville shales 

showing values between 0.27 and 0.82. They also showed 

important differences in shale rocks between the parallel and 

perpendicular to bedding components of Biot´s alpha. Mitra 

et al (2016) using a different laboratory design showed 

values ranging between 0.62 and 0.81 for a Travis Peak 

formation shale. Grain compressibility is difficult to measure 

and assumptions from different authors show big differences that will directly impact the estimation of Biot’s alpha. 

Frydman et al (2016) used the grain modulus of calcite (76.8 MPa) for the computation of alpha in a Vaca Muerta 

shale case study, whereas Mitra et al (2016) estimated a Ks of 47.4 MPa for a generic shale sample. Suarez Rivera 

and Fjaer (2012) show Ks values between 26.9 and 34.5 GPa in most cases.  

For TIV material Biot’s alpha can be written for the parallel and perpendicular to bedding component as (Suarez 

Rivera and Fjaer, 2012): 

𝛼𝑣 = 1 −
2𝐶13+𝐶33

3𝐾𝑠
          (17) 

𝛼ℎ = 1 −
𝐶11+𝐶12+𝐶13

3𝐾𝑠
  

In most shales there are important mineralogical variations in the vertical profile. The same statement is true for the 

TOC. Solid compressibility between minerals vary a lot, quartz and feldspars, usually an important percentage of the 

shale assemblage have a Ks around 37.5 GPa, kerogen can reach more than 15% in volume and has a Ks of 2.9 

MPa. (Mavko et al, 2009). The average matrix composition in the Vaca Muerta interval (Cuervo et al, 2016) is 

approximately 40% Clay, 20% Quartz + Feldspar, 25% Clays and 15% Kerogen as volume percentages. Using 

Mavko et al, 2009 endpoints this composition gives a weighted average of 44.9 GPa for Ks. The Ks assumption has 

a strong impact in α computation and hence on pore pressure estimation.   

In the workflow proposed here, the weighted average method is used taking the reference values for each matrix 

component from Mavko (2009). 

In reservoir engineering applications, the separate value of the pore pressure is indispensable for an accurate dynamic 

reservoir modeling. As stated in Eq. (15) Biot’s alpha is required to obtain this value once the effective stress is 

estimated. 

  

 

 

 

 

  

Figure 7: Third track show sonic log P-velocities versus synthetic 

velocity derived from the application of Eq. 8. It is expected only a 
good match in the hydrostatic pressures interval. In the overpressure 

zone differences between both curves are due to the combined effect 

of pore pressure and Biot’s alpha on the velocity curve. 
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Stress Estimation 

With a gentle topography and a 

relative “layer cake” stratigraphy free 

of diapirs, as in our case study, it is 

safe to assume the principal stresses 

aligned in the vertical and two 

defined horizontal directions. The 

principal vertical stress, normally 

denominated overburden is 

calculated from density logs using 

equation 18. The maximum 

horizontal stress direction depends on 

the direction of the tectonic forces 

and in general can be easily derived 

from well breakouts or induced 

fractures observed on wellbore 

images. The magnitude of the 

horizontal stresses is a function of the 

overburden, effective stress, elastic 

properties and tectonic strains. 

Equations considering vertical and horizontal components of the poroelastic constant are shown in (19) and (20) 

(Higgins et al 2008, Suarez Rivera and Fjaer, 2012). 

𝜎𝑣 = ∫ 𝜌(𝑧)𝑔𝑑𝑧
𝑧

0
         (18) 

𝜎ℎ =  𝛼ℎ𝑃𝑝 +
𝐸ℎ

𝐸𝑣
 

𝜈𝑣

1−𝜈ℎ
(𝜎𝑣 − 𝛼𝑣𝑃𝑝) +

𝐸ℎ

1−𝜈ℎ
2 𝜀ℎ +

𝐸ℎ𝜈ℎ

1−𝜈ℎ
2  𝜀𝐻    (19) 

𝜎𝐻 =  𝛼ℎ𝑃𝑝 +
𝐸ℎ

𝐸𝑣

𝑉𝑣

1−𝜈ℎ
(𝜎𝑣 − 𝛼𝑣𝑃𝑝) +

𝐸ℎ

1−𝜈ℎ
2 𝜀𝐻 +

𝐸ℎ𝜈ℎ

1−𝜈ℎ
2 𝜀ℎ    (20) 

 

Where z is the vertical depth from ground level, g is the acceleration of gravity, εh and εH are the tectonic strains in 

the minimum and maximum stress direction respectively. All the rest of the variables were defined previously. 

 
Figure 9: Results of the proposed model in one of the study wells, calculated elastic anisotropic moduli (columns 6 and 7) show a good 

calibration with triaxial tests for all the wells in the database. Minimum horizontal stress (track 9) are below ISIPs but in range and following the 

trends 

 

  

Figure 8: Failure analysis based on Mohr-Coulomb criteria allows the estimation of the shear 

failure curve (b_out in the chart), usually expressed in mud weight equivalent units. This curve 

is compared with the mud weight used to drill the well and the concordance between the 

breakouts observed in wellbore images and the breakouts predicted by the model are used for 

tectonic strains calibration purposes. 
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Conclusions 

There are important differences among the published methods to estimate far field stresses from well logs in 

unconventional plays. These differences are the product of different assumptions and simplifications. In addition, there 

are several empirical equations in use that have not been tested for the geological environments that we are trying to 

model here.  

The fundamentals of the physical relationship between effective stress and compressional velocities have been well 

established, but, velocities also depend on matrix and fluid components, a normalization by these components need to 

be performed prior to the estimation of the effective stress. If, as in our case effective stress to velocity relationship is 

altered by overcompaction, a normalization need to be performed as well. Pore pressure estimation from effective 

stress needs a clear estimation of the value of Biot’s alpha, since effective stress is sensitive to the combined effect of 

these variables. 

Elastic anisotropy in highly laminated shales like the Vaca Muerta formation is high and needs to be considered for 

stress computation to obtain reasonable stress values. The usual main unknowns in 1D mechanical earth models are 

the maximum and minimum tectonic strains, since they cannot be measured. For this is important that all the rest of 

the parameter uncertainties are narrowed before estimating the strains. In our case, we have used pre-frac ISIPs as a 

calibration point for the minimum stress (realizing these values represent an upper boundary since they include the 

fracture net pressure). We have also used failure analysis as the preferred calibration tool for minimum and maximum 

tectonic strains for the wells where a wellbore image was available.  

To reduce the uncertainties in the model our strategy was to batch running all the 40 wells of the model with the same 

parametrization, same coefficients and assumptions in order to interactively reduce the global error against the control 

points. Enough wells spread regionally are essential to gain confidence on parameter estimation using this approach. 
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TOC:  Total Organic Carbon 

α:  Biot’s poroelastic constant 

ISIP: Instantaneous Shut-In pressure 

σ:  Total stress 

σ’:  Effective stress 

Pp: Pore Pressure 

NCT: Normal Compaction Trend 

Vp: Compressional Velocity 

Vs: Shear velocity 

Vmax Maximum compressional velocity before reversal 

σmax: Maximum effective stress before reversal 

Vo: Velocity at cero effective stress 

φ:  Porosity 

ρ:  Density 

Vclay:  Fraction Volume of clay minerals 

Vcarb:  Fraction Volume of carbonate minerals 

Vqfm:  Fraction Volume of quartz, feldspars and micas 

Vpyr:  Fraction Volume of pyrite 

Vker:  Fraction Volume of kerogen 

DT: Compressional sonic slowness in μs/ft 

Cij: Constants of the stiffness tensor 

E:  Young modulus 

ν:  Poisson Ratio 

K:  Bulk modulus 

ε:  Tectonic strains 
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