
i 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

PORE PRESSURE, AND THE INTERDEPENDENCY BETWEEN  

LITHOLOGY, POROSITY, AND ACOUSTIC LOG  

RESPONSE TARGETING THE VACA  

MUERTA FORMATION 

 

 

 

 

 

 

 

 

 

 

 

By 

Matthew T. Herzog 



i 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright by Matthew T. Herzog 2014 

All Rights Reserved 

  



ii 

 

A thesis submitted to the Faculty and the Board of Trustees of the Colorado School of 

Mines in partial fulfillment of the requirements for the degree of Master of Science (Petroleum 

Engineering).  

 

Golden, Colorado  

 

Date _______________________  

 

 

Signed: _________________________  

Matthew T. Herzog 

 

 

Signed: _________________________  

Dr. Alfred Eustes  

Thesis Advisor  

 

 

Signed: _________________________  

Tom Bratton 

Thesis Advisor  

 

Golden, Colorado  

 

Date _______________________  

 

 

Signed: _________________________  

Dr. Erdal Ozkan  

Professor and Head  

Department of Petroleum Engineering  



iii 

 

 

ABSTRACT 

 

 Accurately predicting pore pressure in unconventional plays is an important aspect in 

executing sound, safe, and economical, drilling practices. Disequilibrium compaction, where 

fluid pressure increases due to compaction (loading), cannot fully explain overpressure 

conditions present in many unconventional plays. Secondary pressure mechanisms such as 

hydrocarbon maturation and variations in burial history will cause velocity response to follow 

unloading paths, not solely loading. To capture the excess pressure generated, pore pressure can 

be estimated from wireline sonic logs using a modified Bowers approach. 

 

This method uses an effective stress approach, where compressional velocity data is 

related to effective stress (overburden minus pore pressure) using a modified Bowers set of 

equations. In an effort to further reduce model mismatch, Bowers’ original equations are 

modified to include porosity and lithology effects on velocity. To do so, logs from well within 

the LJE block in the Neuquén Basin are depth shifted to a reference well. Depth shifting shows a 

remarkable lack of variation in log signatures between wells, regardless of tool vintage, implying 

these wells possess similar stress states, mineral constituents, and porosities. This finding allows 

for a compressional velocity log correction back to a constant lithology and porosity, variation 

from which is attributed to effective stress. The effective stress component, and its relation to 

pore pressure, is the basis for which the modified Bowers pore pressure prediction methodology 

can be applied.  

 

 Accurate pore pressure prediction is integral in mitigating recognized drilling challenges 

in unconventional reservoirs, such as maintaining drilling crew safety and wellbore instability, as 

well as selecting proper cement weights and casing grades. This paper will expand on the work 

Bowers completed in the Gulf of Mexico, adopting the methodology for use in the Vaca Muerta 

formation, as well as provide insight into the observable relationships between lithology, 

porosity, and acoustic log response. 
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CHAPTER 1 

INTRODUCTION 

 

This research utilizes available logged velocity response datasets from the Loma Jarillosa 

Este block in the Neuquén Basin, Argentina in an effort to model pore pressure changes. A 

modified Bowers approach is used, taking into account lithology, porosity, and excess pressure 

generated by both compaction disequilibrium and other fluid expansion mechanisms.  

 

1.1 Motivation 

Recent successes within unconventional shale oil plays in the United States have 

produced significant added growth in domestic oil and gas production. As newly exploitable 

unconventional assets emerge worldwide, countries are pursuing a similar native energy growth 

path. The Neuquén Basin in Argentina harbors one such asset, the Vaca Muerta. The Vaca 

Muerta Formation is an extensive shale resource, and if properly developed, has the potential to 

fuel real economic prosperity as well as energy independence for Argentina.  

 

For the safe and successful development of the Vaca Muerta, proper pore pressure 

predictions are necessary. To date, Eaton’s method of pore pressure prediction is widely used 

among producers with an acreage position in the Neuquén Basin. Eaton’s method, in its 

simplified form is shown below (Equation 1.1) (modified from Ebron, 2007). 

 

𝜎𝑒,𝑝

𝜎𝑒,𝑛
= (

𝑉𝑝,𝑙𝑜𝑔

𝑉𝑝,𝑛
)

𝐸

                      (1.1) 

 

Where σe,p represents the predicted effective stress, σe,n signifies normal hydrostatic effective 

stress, Vp,log is the logged compressional velocity wave, Vp,n is the expected velocity wave at 

normal hydrostatic pore pressure and E denotes the Eaton exponent. Traditionally, the pressure 

analyses for Eaton’s method are performed on shales, so the compressional velocities (P-wave 

velocities) will be that of normal shale velocities.  
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What makes Eaton’s methodology problematic is that Eaton’s exponent is an indication 

of the insensitivity of compressional velocities to effective stress (Ebron, 2007). As the exponent 

increases, the relationship between P-wave velocity and effective stress becomes less 

pronounced (Ebron 2007). Adjusting the observable velocity with the Eaton exponent implies 

that the velocity controls effective stress, when in reality, there is an effective stress component 

that influences velocity. Furthermore, Eaton’s method does not account for petrophysical 

parameters (such as porosity and lithology) that have a noticeable effect on pore pressure. 

Although the Eaton method can utilized to represent pore pressure curves by trial and error, the 

fact that the method is not bound in the physical makes the methodology unreliable in its 

implementation for true pore pressure prediction.  

  

It is the intent of this thesis to explore another pore pressure prediction methodology, 

namely a modified Bowers approach, for use in wells targeting the Vaca Muerta in Argentina. 

Furthermore, to determine if there is an observable influence of lithology, porosity, and effective 

stress on acoustic logs targeting the Vaca Muerta, and demonstrate what affect these 

relationships have on pore pressure prediction. 

 

1.2  Research Objectives 

The objectives of this research project include the following: 

 

1. Determine an adequate normal compaction trend and unloading curve for wells 

within the Loma Jarillosa Este (LJE) block. 

 

2. Using available sonic data, apply the modified Bowers methodology to establish a 

pore pressure model for the area. 

 

3. Demonstrate the observable existence of effective stress in acoustic log response. 

 

4. Neutralize the effects of lithology and porosity on velocity logs for wells within the 

LJE block, and develop a practical pore pressure prediction devoid of these effects. 
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By developing a more robust pore pressure model for wells targeting the Vaca Muerta 

Formation, the intent of this research is to help mitigate the onset and severity of drilling events, 

as well as attempt to locate sweet spots of increased pressure. 

 

1.3  Neuquén Basin Overview 

The Neuquén Basin is located in Argentina and Chile, on the eastern side of the Andes. It 

comprises a total covered area of 173,000 km
2
 (66,900 mi

2
), and has continuous stratigraphic 

thickness of up to 4000 meters (2.5 miles), with a total thickness of up to 6.5 kilometers (4 miles) 

(EIA, 2011; Howell et al., 2005; Urien et al., 1994). 

 

1.3.1 The Vaca Muerta Formation 

 The Vaca Muerta Formation is a late Jurassic and early Cretaceous age formation, 

covering a total area of 30,000 km
2
 (12,000 mi

2
). The Vaca Muerta consists of alternating finely-

stratified black shale and calcite-rich mudstone, and ranges from 60 to 520 meters (200 to 1,700 

feet) thick (Figure 1.1) (EIA, 2011).   

 

 

Figure 1.1 Neuquén Basin Stratigraphy (Modified from Howell et al., 2005; EIA, 2011). 
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In the most organic rich sections, mapped Type II total organic content (TOC) data 

ranges from 2.9 to 6.5% (EIA, 2011). The Vaca Muerta is a thick, deep-water marine sequence, 

and the source of the majority of the oil and gas in the Neuquén Basin (EIA, 2011). According to 

the Energy Information Administration (EIA), there is 687 TCF of risked shale gas in-place, with 

240 TCF of risked technically recoverable gas within the formation. The Vaca Muerta has a 

maturity gradation from the liquids rich east to the gas and condensate rich west (EIA, 2011) 

(Figure 1.2). 

 

 

Figure 1.2 Thermal maturity map for the Vaca Muerta Formation overlain with a map of the 

Neuquén basin (EIA, 2011). The area of study is outlined in dark blue (Image courtesy of Willis, 

2013). 

 

 The Vaca Muerta is divided into three sections, the lower, middle, and upper Vaca 

Muerta. The lower Vaca Muerta is highly laminated and organic-rich; the middle Vaca Muerta 

shows less laminations, and lower overall TOC content, and the upper Vaca Muerta mimics the 

lower Vaca Muerta, with higher TOC and more laminations (Garcia et al., 2013).  
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1.3.2 Location of Research 

The data employed in this study comes from the wells within the Loma Jarillosa Este 

(LJE) block courtesy of PlusPetrol. Initial investigation and results use the logs from the 1001 

and 1010 wells (Figure 1.3).  

 

 

Figure 1.3 Map of blocks covered by consortium members, the orange circle shows relative 

positioning of well 1001 and well 1010 (Modified from Kernan, 2014). 
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CHAPTER 2  

LITERATURE REVIEW 

 

 To apply previously developed pore pressure prediction methods, a literature review was 

performed related to the subject of this thesis. 

 

2.1 Effective Stress Approach to Pore Pressure Prediction 

There have been a number of empirical approaches to estimating pore pressure derived in 

prior published literature. Pore pressure prediction is based on the principle that pore pressure 

affects the compaction-dependent properties of shale (Bowers, 1995). Therefore, wireline 

logging measurements that are sensitive to properties such as density, porosity, compressional 

sonic velocity, and resistivity, can be empirically related to pore pressure.  

 

Vertical effective stress (henceforth stated as “effective stress”) is the difference between 

total confining, or overburden, pressure and the exerted pore fluid pressure (Terzaghi, 1943 and 

Biot, 1941). Terzaghi’s and Biot’s effective stress principal (Equation 2.1), shows the relation 

between overburden stress and pore fluid pressure, and represents the portion of stress that is 

supported by sediment grains. 

 

𝑃𝑝 =
𝜎𝑣−𝜎𝑒

𝛼
                    (2.1) 

 

Where Pp, σv, σe, represents the pore pressure gradient, overburden gradient, and effective 

stress gradient respectively, and α signifies Biot’s coefficient.  

 

The overburden stress gradient can be found using measured or estimated bulk density 

data, discussed further in subsequent sections. When coupled with an accurate prediction of 

effective stress, the user may attain pore pressure estimations.  
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2.1.1 Normal Compaction Trends (NCT) 

 Effective stress methods assume that normally pressured formations follow a unique 

compaction curve, allowing for a pore pressure estimation based on a normal compaction trend 

(NCT) (Bowers, 1995). The NCT represents the normally compacted shale sequences, which in 

turn should show a power law decrease in porosity with depth. 

 

The following shows the workflow for determining a NCT in 4 basic steps (modified 

from Bartetzko et al., 2012): 

 

1. Shale determination: Compaction models rely on using shale intervals to initially define 

the power law compaction curve (Bartetzko et al., 2012). Often this includes using the 

gamma ray log to distinguish between “clean,” non-shale formations, and clay-rich shale 

formations. 

 

2. Determination of overburden stress: The overburden gradient is required to relate 

effective stress to pore pressure using Terzaghi’s effective stress principal. To determine 

the overburden gradient, integrate the calculated logged density curve. 

 

3. Definition of normal compaction trend: Place a power law best fit trend line between a 

porosity indicator, such as acoustic information or resistivity, and “normal” effective 

stress. To obtain normal effective stress, the shallow section of the well, where the 

formation is assumed to be in a normal hydrostatically pressured, is often used (Bartetzko 

et al., 2012). 

 

4. Calibration: If additional information on pore pressure, from either formation evaluation 

tests in permeable formations, or geologic and structural information, is available, the 

NCT can be adjusted accordingly to better fit the data in interest.  

 

With an NCT properly fit to the data set, deviations from the NCT will imply areas of 

abnormal pore pressure (Figure 2.1). 
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Figure 2.1 Differing methods of determining overpressured sections via deviation from NCT 

(Bowers, 1995). 

 

2.2 Causes of Deviation from Normal Compaction Trend 

 Deviations from the NCT are caused by encountering under and overpressured areas 

during the drilling process. Recognizing these changes can lead to identification of the general 

cause for overpressure in a formation. 

 

2.2.1 Compaction Disequilibrium 

 In conventional reservoirs, compaction disequilibrium, or undercompaction, is a common 

source of overpressure (Swarbrick et al., 2002). In this situation, pore fluids are unable to 

dissipate in response to rapid sediment loading, causing formation pressuring to occur (Zhao et 

al., 2013). The overpressure will stall compaction in low permeability formations, and 

consequently preserve porosity (Couzens-Schultz et al., 2013). However, compaction 

disequilibrium does not cause a decrease in effective stress, and thus continues to be a captured 

by the original NCT. At most, the undercompaction will manifest as a plateau in the wireline 

porosity tools versus depth graph, indicating a constant, or near constant effective stress (Figure 

2.2). 
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Figure 2.2 Effective stress “freezing” due to compaction disequilibrium (Bowers 1995). 

 

2.2.2 Fluid Expansion Mechanisms 

 Fluid expansion mechanisms, such as aquathermal pressuring, kerogen cracking and 

hydrocarbon maturation, clay diagenesis, and charging from alternate zones, can all contribute to 

the overpressuring of a zone (Bowers, 1995). This increase in pore pressure can be attributed to a 

volume increase in pore fluid, constrained by the rock matrix (Swarbrick et al., 2002).  

  

In aquathermal pressuring, increasing formation temperature will lead to an increase in 

the volume of the pore fluid. If the zone containing the fluid becomes isolated, either by a low 

permeability structure, or from faulting, the isolated structure becomes trapped at a constant 

volume (Barker, 1972). This causes the insulated zone to cease to follow the geopressure 

gradient, and instead is essentially trapped at the last experienced pressure. For example, if 
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uplifting occurs after the initial pressurization and entrapment, when encountering the zone, an 

abnormal pore pressure can be expected at the new uplifted depth. However, there is a school of 

thought that believes that a fluid’s volume increase associated with aquathermal pressuring is too 

small to generate significant overpressure unless a perfect seal occurs, and thus may be neglected 

(Swarbrick et al., 2002, and Luo et al., 1992).  

  

Clay diagenesis, primarily in smectite to illite transformation, can be a source of 

overpressure in sealed formations. During the smectite to illite transformation, water is expulsed 

as a byproduct, leading to a volume increase in a formation (Atashbari et al., 2012). Swarbrick 

and Osborne found that smectite dehydration and transformation can lead to volume increase of 

up to 4.1% by volume (Swarbrick and Osborne, 1996). 

  

At each stage of hydrocarbon maturation, from kerogen to bitumen to oil to gas, volume 

changes occur, causing a potential overpressured situation. The magnitude of the volumetric 

change depends on kerogen type and abundance, temperature, and the fluid retention capabilities 

of the zone (Atashbari et al., 2012). In a type II kerogen, during the oil generation stage, the 

volume can increase by as much as 25%, with more than a 100% volume increase capable in the 

dry gas generation state (Meissner 1978). These changes in volume due to kerogen cracking and 

hydrocarbon maturation can cause a calculated overpressure ranging from 70 to 6000 psi 

(Swarbrick et al., 2002). In source rocks, the presence of multiple fluid phases throughout the 

maturation process acts to reduce the permeability, making fluid retention more effective, 

leading to the possibility of more significant overpressure generation (Swarbrick et al., 2002). 

  

Fluid expansion mechanisms can cause pore pressure to increase at a faster rate than the 

NCT, where pore pressure increases as a result of rock matrix confinement on fluid volume 

growth (Bowers, 1995). These mechanisms decrease the effective stress as burial continues, 

causing a velocity reversal in logged velocity curve, which is the key component to Bower’s 

method of pore pressure prediction discussed in subsequent sections. 
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2.3 Bowers Effective Stress to Pore Pressure Methodology 

 Bowers’ method is an effective stress approach to pore pressure prediction. Where it 

deviates from previously published effective stress methods is Bowers’ method explicitly 

attempts to capture pressuring due to both compaction disequilibrium, as well as fluid expansion 

mechanisms. Velocities that lay within the effective stress reversal zone will follow an unloading 

track, whereas the velocities that lay outside the reversal zone will follow the NCT (Figure 2.3). 

 

 

Figure 2.3 Relationship between depth and porosity that develop and retain overpressures due to 

unloading (Modified from Couzens-Schultz et al., 2013). 

 

2.3.1 Bowers’ Normal Compaction Trend 

Under normal increasing stress, sediments compact, causing the logged sonic velocity to 

increase. As porosity approaches zero, the sonic velocity will approach the value for pure 

sediment grains (Bowers, 1995). This corresponding velocity-effective stress relation is known 

as a “virgin curve,” or “normal compaction trend.” Over stress ranges of normally pressured 

shale, the NCT can be modeled by the following equation: 

 

𝑉𝑝 = 𝑉0 + 𝐴𝜎𝑒
𝐵               (2.2) 
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 Where Vp is the compressional sonic velocity, σe is the effective stress, V0 is the velocity 

at zero effective stress (5000 ft/s for Bowers’ initial equation), and A and B are fitting 

parameters (Modified from Bowers, 1995) (Figure 2.4). 

 

 

Figure 2.4 NCT derived from shale compaction in the Gulf of Mexico (Bowers, 1995). 

 

2.3.2 Bowers’ Unloading Curve 

 Much of the porosity loss and subsequent velocity gain that occurs during normal burial 

compaction is permanent (Bowers, 1995). This means that if there is an effective stress 

reduction, (termed by Bowers as “unloading”) the logged velocity will deviate from the NCT to a 

new unloading curve. The unloading curve shows that the logged velocity will follow a faster 

velocity versus effective stress relation than the original NCT would predict (Figure 2.5) 

(Bowers, 1995).  
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Figure 2.5 Unloading curve as a result of effective stress reduction in Cotton Valley shale, 

plotted against the NCT for the Gulf of Mexico (Bowers, 1995). 

 

Bowers defined the unloading curve by the empirical correlation: 

 

𝑉𝑝 = 𝑉0 + 𝐴 [𝜎𝑚𝑎𝑥 (
𝜎𝑒

𝜎𝑚𝑎𝑥
)

1

𝑈
]

𝐵

        (2.3) 

 

Where Vp, V0, σe, and A and B are the same as equation 2.2, U is a third fitting parameter, and  

 

𝜎𝑚𝑎𝑥 = (
𝑉𝑚𝑎𝑥−𝑉0

𝐴
)

1

𝐵
          (2.4) 

 

Where σmax and Vmax are the estimates of maximum effective stress and velocity at the onset of 

unloading (Modified from Bowers, 1995). 

The unloading parameter U is an estimate of how plastic the sediment in question is 

(Bowers, 1995). A U value equal to one implies that the sediment is perfectly elastic, with no 
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permanent deformation occurring. Conversely, a U value that approaches infinity implies a 

completely irreversible deformation (Bowers, 1995). Bowers found that in practice, U usually 

resides between three and eight (Bowers, 1995) (Figure 2.6). 

 

 

Figure 2.6 Deviation from NCT to the unloading curve, showing the effect of varying U values 

(Bowers, 1995) 

  

 To solve for U, Bowers introduced a set of equations that normalizes unloading data from 

multiple wells onto a single curve: 

 

𝜎𝑒

𝜎𝑚𝑎𝑥
= (

𝜎𝑣𝑐

𝜎𝑚𝑎𝑥
)
𝑈

          (2.5) 

 

Where: 

 

𝜎𝑣𝑐 = (
𝑉𝑝−𝑉0

𝐴
)

1

𝐵
          (2.6) 

 

Where 𝜎𝑣𝑐 is the stress at which any offset well’s 𝑉𝑚𝑎𝑥 intersects the NCT (Figure 2.7) (Modified 

from Bowers, 1995). 
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Figure 2.7 Normalized unloading curve for multiple offset wells (Bowers, 1995). 

 

 Equations 2.3 through 2.6 would be used to calculate effective stresses wherever the 

logged velocity response is less than that of Vmax (throughout the velocity reversal). Equation 2.2 

would be used to calculate effective stresses where the logged velocity response lays outside the 

velocity reversal zone.  

 

2.3.3 Assumptions and Complications in Bowers’ Methodology 

 To adequately quantify the NCT, there must be a shallow zone of normal stress. The 

unloading curve relies on the assumption that there is no major lithology change, so Vmax can 

sufficiently identify the onset of velocity reversal. This unloading stipulation assumes that all 

formations within the velocity reversal zone have at some time experienced the same maximum 

effective stress state (Bowers, 1995). Bowers’ method fails to account for the variations in 

porosity and lithology when predicting pore pressure. This can lead to unforeseen areas of 

abnormal pressure that can negatively affect the drilling process. 
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2.4 Modified Bowers Methodology to Pore Pressure Prediction 

 In an attempt to improve on Bowers’ method to pore pressure prediction, a modified 

Bowers method was proposed by Sayers in 2003. This method attempts to account for variations 

in porosity and lithology that may cause abnormal deviations in the velocity curve. If lithology 

and porosity effects are not considered, there is a possibility that velocity variations caused by 

lithology and porosity changes will be erroneously attributed to shifts in effective stress (Figure 

2.8). 

 

Figure 2.8 Deviations from Bowers’ NCT curve attributed to variations in porosity and clay 

content (Sayers et al., 2003). 

  

In the modified Bowers method, the velocity at zero effective stress constant, V0, is replaced 

with an expanded term to include the reliance of logged velocity response on porosity and 

lithology. 

 

𝑉0 = 𝑎1 − 𝑎2∅ − 𝑎3𝑉𝑜𝑙𝑐         (2.7) 

 

Where ∅ represents porosity, Volc represents the volume of clay, and a1, a2, and a3 are fitting 

parameters (Modified from Sayers et al., 2003).  

 

Combining equation 2.7 with equation 2.2 yields: 
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𝑉𝑝 = 𝑎1 − 𝑎2∅ − 𝑎3𝑉𝑜𝑙𝑐 + 𝐴𝜎𝑒
𝐵        (2.8) 

 

Equation 2.8 then represents the new NCT equation, taking into account variations in porosity 

and lithology (Modified from Sayers et al., 2003).  

 

Likewise, equations 2.3, 2.4, and 2.6 can be expanded to: 

 

𝑉𝑝 = 𝑎1 − 𝑎2∅ − 𝑎3𝑉𝑜𝑙𝑐 + 𝐴 [𝜎𝑚𝑎𝑥 (
𝜎𝑒

𝜎𝑚𝑎𝑥
)

1

𝑈
]

𝐵

      (2.9) 

 

𝜎𝑚𝑎𝑥 = (
𝑉𝑚𝑎𝑥− 𝑎1+𝑎2∅+𝑎3𝑉𝑜𝑙𝑐

𝐴
)

1

𝐵
        (2.10) 

 

𝜎𝑣𝑐 = (
𝑉𝑝−𝑎1+𝑎2∅+𝑎3𝑉𝑜𝑙𝑐

𝐴
)

1

𝐵
         (2.11) 

 

Equations 2.9 through 2.11 in conjunction with equation 2.5 (unchanged from Bowers’ original 

postulation) can then be used as a more robust velocity to pore pressure model. This modeling 

effort will be the basis of the subsequent research and results. 
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CHAPTER 3  

OVERBURDEN STRESS MODEL 

  

 To understand formation pore pressure, a proper overburden stress model must be 

developed. Because there are rarely instances in which a bulk density log is run to surface, 

overburden stress models must be derived empirically. Well 1001 in the Neuquén Basin, 

Argentina, is used as a case study to show how an overburden and lithological model can be 

produced with limited log data. The following develops an initial working overburden model, for 

preliminary applications of both the Bowers and extended Bowers methods for pore pressure 

prediction. 

 

3.1 Deriving a Formation Water Salinity Estimate using Spontaneous Potential 

 Conventional Spontaneous Potential (SP) log measurements are affected by many factors 

including formation water resistivity, mud filtrate resistivity, and borehole conditions. Because 

of these issues, the measured SP values could be far less than the true SP measurement. 

Correlations have been made in an attempt to tie adjusted SP measurements to true formation 

water resistivity. This adjusted SP value, termed Static Spontaneous Potential (SSP) can render 

truer results for calculating formation water resistivity.  

  

SSP is an electrochemical potential reading consisting of the diffusion potential between 

the fluids present in the logged formation (SPWLA, 2009). The diffusion potential is produced 

by ion diffusion between the formation fluid and the mud filtrate (SPWLA, 2009). Although 

underestimating the true SSP, the SSP in this project is taken as the maximum deflection 

observed for each distinct zone. 

  

In well 1001, a full SP log is provided to surface, but produces a noticeable log drift 

(shown in red), wherein the SP measurements walk along a shifting baseline (Figure 3.1). Due to 

the sensitive circuits within the SP logging tool, the baseline drift may be caused by a number of 

electrical noise issues. Sources of electrical noise include leaky rig power source, fluctuations 

due to naturally occurring telluric currents, or by any cathodic protection devices that may be 
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applied near surface or otherwise (Dewan, 1983). By compensating for the observable drift, a 

better estimated for SP and SSP may be made. 

 

 

Figure 3.1 Well 1001 Gamma Ray and SP logs, red line in the SP log shows the mechanical drift 

experienced during the logging run. 

 

Figure 3.2 shows the mechanical drift for well 1001 corrected back to a zero baseline for 

shale (Figure 3.2). From the corrected baseline, the SP log can be used to calculate SSP for the 

estimated formation water resistivity, which is then used to estimate formation water salinity. 

 

 

Figure 3.2 SP log corrected for mechanical drift. 
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As observed in Figure 3.2, the SP appears to have three distinct zones; the first zone is 

from 0 meters to 1040 meters, where the SSP is taken as -40 mV. The second zone, from 1040 

meters to 1750 meters has a variably increasing SSP, for which an average SSP is taken as -80 

mV. The third zone, from 1750 meters to 2400 meters shows an SSP of -115 mV. Using Tsang’s 

flowchart SSP can be related to formation water resistivity using Arp’s equation (Bateman et al., 

1979) (Figure 3.3).  

 

 

Figure 3.3 Tsang’s flowchart relating SSP to formation water resistivity (Bateman et al., 1979). 



21 

 

The resistivity values can be correlated with Schlumberger’s equivalent salinity chart to 

show gradually increasing water salinity with depth for the three zones (Figure 3.4).  

 

 

Figure 3.4 Schlumberger equivalent NaCl concentration and formation water salinity 

(Schlumberger, 1998). 
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Corrected to a temperature of 25°C, the first zone has a resistivity of 1.5 ohm-meters, the 

second zone has a resistivity of 0.065 ohm-meters, and the third zone has a resistivity of 0.052 

ohm-meters.  

 

3.2 Quanti-Elan Introduction 

 To reconstruct bulk density to surface, this research uses the Quanti-Elan application 

from Schlumberger’s Techlog software. Quanti-Elan is an application that optimizes 

simultaneous equations comprised of multiple interpretation models. Log measurements and tool 

response parameters are used together in response equations to compute the volumetric results 

for formation components, such as mineralogy, as well as oil, gas and water saturations 

(Schlumberger, 2013a). The program is one section of the three-way relationship among tools, 

response parameters, and formation component volumes (Schlumberger, 2013a) (Figure 3.5).  

 

 

Figure 3.5 Quanti-Elan response relationships (Schlumberger, 2013a). 

 

Where “t” represents the logging instrument data, “v” represents component volumes, and “R” 

represents the response matrix (what the tool would read given 100% of each formation 

component specified) (Schlumberger, 2013a) (Equation 3.1). 

 

𝑣 =
𝑡

𝑅
            (3.1) 

 

For the purposes of this research, the inverse problem, where “t” and “R” are used to compute 

“v”, is used to first solve for volumes of components.  
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After the inverse problem is completed, the forward problem is considered to recreate the bulk 

density curve to surface. In this situation, “R” and “v” are used to solve for “t” (Equation 3.2). 

 

 𝑡 = 𝑅𝑣               (3.2) 

 

In this situation, “t” represents the expected bulk density tool response from previously solved-

for component volumes. For well 1001, where Resistivity (LLD), Compressional Slowness 

(DTCO), and Gamma Ray (GR) are logged to surface, the process to reconstruct the Bulk 

Density curve (RHOB) will appear as follows (Figure 3.6). 

 

 

Figure 3.6 Step 1 of Quanti-Elan process for well 1001 (Modified from Schlumberger, 2013a). 

 

RHOB is then reconstructed, taking the volumes of clay (assumed to be illite), quartz and water 

(Figure 3.7). 

 

Figure 3.7 Step 2 of Quanti-Elan process for well 1001 (Modified from Schlumberger, 2013a). 
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3.3 Quanti-Elan Parameters and Outputs 

 The water resistivity values are inputted into Quanti-Elan’s initialization program, 

entitled Temperature and Salinity Parameters. Initial parameters include temperature, mud 

weight pressure, depth, and sonic derived porosity. For the sonic derived porosity, Wyllie’s time-

average is used (Equation 3.3) (Wyllie et al., 1958).  

 

∅𝑠 =
∆𝑡𝑙𝑜𝑔−∆𝑡𝑚𝑎

∆𝑡𝑓𝑙−∆𝑡𝑚𝑎
            (3.3) 

 

Where Δtlog is the compressional slowness from log measurements, Δtma is the compressional 

slowness value of the matrix (sandstone, 55.5 µs/ft), and Δtfl is the compressional slowness of 

the natural fluid of formation (salt water, 185 µs/ft). Although the water salinity changes 

incrementally, the average salt water compressional slowness is assumed constant. This is 

potential source of error in the Quanti-Elan proceedings; however the Quanti-Elan process is 

iterative, so porosity numbers (often seen in divergence from expected compressional velocity 

values) can be adjusted in subsequent iterations if necessary. 

  

After the Quanti-Elan simulation is initialized, GR, LLD, and DTCO logs are inputted 

into the program. With three available logs to surface, Quanti-Elan can solve for 3 independent 

variables. For well 1001, the solving parameters are set to quartz, illite, and formation water. 

These solving parameters were chosen as a best match for the drilling cuttings description 

provided by PlusPetrol (Figure 3.8).  

 

By weighting the best guess bulk density curve (set at 2.3 g/cm
3
) to zero, Quanti-Elan 

will combine the four chosen solving parameters in varying volume percentages to recreate the 3 

other logs chosen. Using this method, we can set the Quanti-Elan simulation to recreate an exact 

match for gamma ray, compressional velocity, and deep resistivity, and Quanti-Elan will create a 

bulk density curve that will match the solving parameters chosen. 

 

The Quanti-Elan output for zone 1 matches the gamma ray, compressional velocity, and 

deep resistivity logs, reconstructing the bulk density log from the original estimate (2.3 g/cm
3
) to 

a real approximation of true bulk density from 0 meters to 1040 meters. The far right column 
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shows low model mismatch (error), which implies that the solving parameters were a correct fit 

for this zone (Figure 3.9). The relatively small error gives credence to the bulk density curve 

Quanti-Elan creates, which will become the reconstructed bulk density curve shown in 

subsequent sections. 

 

 

Figure 3.8 Geological zonation for the area of interest (0 meters to 2400 meters). 
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Figure 3.9 Quanti-Elan bulk density reconstruction in Zone 1 (0 to 1040 meters). 
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Figure 3.10 shows the Quanti-Elan output for zone 2 (1040 meters to 1750 meters). In 

this section we begin to see a slight increase in error as depth increases. The bulk of the error is 

seen in the slight deviation from Quanti-Elan’s reconstructed deep resistivity to the logged 

resistivity. The logged resistivity shows that the formation is actually more conductive than 

Quanti-Elan represents, which again gives credence to the gradually increasing salinity content 

of the formation water. This error is likely do to simplifying the gradually decreasing formation 

water resistivity to an average value of 0.065 ohm-meters.  

 

 

Figure 3.10 Quanti-Elan bulk density reconstruction in Zone 2 (1040 to 1750 meters). 
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Figure 3.11 shows the Quanti-Elan output for zone 3 (1750 meters to 2400 meters). In 

this section, the error ranges from 0% to 20%, and is relatively consistent throughout the 

approximation. Because the water resistivity should be consistent in this section, the resistivity 

values should be a perfect match. This mismatch is assumed to be a combination of quickly 

alternating shale and sandstone, coupled with the lack of sufficient logs to adequately explain the 

lithology variation within this section. Therefore, the errors present are not attributed to changing 

pore pressure. This assumption will be expounded on in Chapter 7, which considers drilling 

events in the LJE block as a form of error analysis. 

 

 

Figure 3.11 Quanti-Elan bulk density reconstruction in Zone 2 (1750 to 2400 meters). 
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3.4 Reconstructed Bulk Density 

Well 1001 was drilled in 1990, and though it was common at the time to assume a 

straight line from the top of the bulk density log to surface, PlusPetrol’s assumption of a constant 

2.65 g/cm
3
 for bulk density to surface is too aggressive (Figure 3.12). 

 

 

Figure 3.12 Logged bulk density curve on well 1001 is shown in blue, while PlusPetrol’s 

assumption on bulk density to surface is shown in green. 

 

The logged bulk density occurs from 2400 meters to a total depth of 3634 meters. Using 

Quanti-Elan’s reconstructed bulk density curve can provide a more realistic bulk density 

estimation (Figure 3.13). 
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Figure 3.13 Logged bulk density curve on well 1001 is shown in blue, PlusPetrol’s assumption 

on bulk density to surface is shown in green and the Quanti-Elan reconstructed bulk density is 

shown in orange. 

 

The reconstructed bulk density curve shown in Figure 3.13 is imperative for use in 

developing a more accurate overburden stress calculation, both from a rock strength perspective, 

as well as a pore pressure prediction perspective. 

 

3.5 Estimated Overburden Stress using a Reconstructed Bulk Density 

 To calculate overburden stress, the reconstructed bulk density curve is integrated with 

respect to depth (Equation 3.4) 

 

𝜎𝑜𝑣 = ∫ 𝜌𝑏(𝑧)𝑑𝑧
𝑇𝑉𝐷

0
           (3.4) 
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Where 𝜎𝑜𝑣 represents overburden stress in psi, TVD represents true vertical depth, 𝜌𝑏 is bulk 

density in g/cm
3
, and z is a depth step in the integration.   

 

At total depth, the original curve (shown in green) produces a 13750 psi overburden 

stress, and the reconstructed bulk density (show in orange) produces a 13000 psi overburden 

stress (Figure 3.14). 

 

 

Figure 3.14 Overburden stress calculations, integrating overburden assuming PlusPetrol’s 

constant bulk density, and assuming Quanti-Elan’s reconstructed bulk density. 

 

The range of 250 psi may not seem important, but the difference in the overburden stress 

calculations can have drastic consequences on pore pressure prediction, outlined in subsequent 

sections. 
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CHAPTER 4  

APPLICATIONS OF BOWERS AND MODIFIED BOWERS NCT 

 

 To employ the Bowers and modified Bowers pore pressure prediction methodology, the 

normal compact trend (NCT) must first be obtained. The purpose of this chapter is to establish 

the means by which the NCT can be developed for the Neuquén Basin, using well 1001, which 

has the necessary log suite to surface. Subsequent chapters with show how the NCT derived for 

well 1001 can be translated to multiple wells of interest within the LJE block. 

 

4.1 Applying the Bowers Approach (Normal Compaction Trend) 

 Bowers’ method was developed in the Gulf of Mexico (GOM), which shows a large 

variation of sonic velocity with increasing stress. Because well 1001 shows a similar velocity 

profile, it is possible to apply Bowers and modified Bowers methodology to develop an NCT for 

the LJE block (Figure 4.1). 

  

 
Figure 4.1 Compressional velocity response with depth for well 1001, normal pressuring shown 

in purple, black shows a significant lithology change (from a primarily sandstone matrix, to a 

primarily limestone matrix), blue and green show possible points of velocity reversal. Notice the 

building compressional velocity to a point where unloading appears evident. 
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The workflow for Bowers’ technique is as follows: 

 

1. Judge where the “normally” pressured (assumed as 0.45 psi/ft) zone resides. For well 

1001, this is taken to be from 0 meters to 2285 meters (0 to 7500 feet). This zone was 

chosen due to drilling mud records, which saw no events at normally pressured mud 

weight throughout this section.  

 

2. Following the workflow outlined in Chapter 2.1, filter the compressional velocity curve 

to encompass “shale” sections (assumed to be where GR > 75 gAPI), and fit a power law 

relationship. Here, a V0 of 6000 ft/s is shown to be an adequate assumption (Figure 4.2). 

 

 

Figure 4.2 GR > 75 gAPI NCT fit to well 1001 compressional velocity. 



34 

 

From the power law curve, the A and B parameters in Equation 2.2 are extracted. For well 1001, 

Equation 2.2 now assumes the form: 

 

𝑉𝑝 = 6000
𝑓𝑡

𝑠
+ 65.142𝜎𝑒

0.5934        (4.1) 

 

Figure 4.3 shows the recreated velocity using Equation 4.1 (Figure 4.3). 

 

 

Figure 4.3 Logged velocity with Bowers recreated velocity overlain with varying V0 values. 

 

Stopping at this step would effectively recreate the original Bowers methodology for the 

NCT for well 1001; however it is apparent that the Bowers NCT is not fully capturing the logged 

velocities. The final Bowers derived NCT through well 1001 is shown below (Figure 4.4). 
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Figure 4.4 Completed Bowers NCT shown in red, with the logged velocity response of well 1001 

shown in blue. 
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4.2 Applying the Modified Bowers Approach (Normal Compaction Trend) 

 To more accurately capture the velocity variations due to porosity and lithology, it is 

important to employ a modified Bowers approach. To achieve a more useful model, it is essential 

to first estimate porosity and clay volume. In the absence of logged data, the assumptions are as 

follows: 

 

1. Porosity can be defined by Equation 4.2. 

 

∅ =
𝜌𝑚𝑎−𝜌𝑏

𝜌𝑚𝑎−𝜌𝑓𝑙
           (4.2) 

  

Where 𝜌𝑚𝑎 represents the matrix density (assumed as 2.65 g/cm
3
), 𝜌𝑏 represents the 

logged bulk density (taken from the Quanti-Elan reconstructed bulk density), and 𝜌𝑓 

represents the fluid density (assumed as 1.1 g/cm
3
). 

 

2. Volume of clay can be defined by Equation 4.3 and Equation 4.4. 

 

𝐼𝐺𝑅 =
𝐺𝑅𝑙𝑜𝑔−𝐺𝑅𝑚𝑖𝑛

𝐺𝑅𝑚𝑎𝑥−𝐺𝑅𝑚𝑖𝑛
          (4.3) 

 

𝑉𝑜𝑙𝑐 =
𝐼𝐺𝑅

3−2𝐼𝐺𝑅
           (4.4) 

 

Where 𝐺𝑅𝑙𝑜𝑔 represents the log response GR, 𝐺𝑅𝑚𝑖𝑛 represents the minimum GR 

response (assumed as 19 gAPI), 𝐺𝑅𝑚𝑎𝑥 represents the maximum GR response (assumed 

as 147 gAPI), and 𝑉𝑜𝑙𝑐 represents the volume of clay in well 1001 (Modified from 

Steiber, 1973). It is important to note, that Equation 4.4 is a fairly rudimentary estimation 

on volume of clay. This method does not account for feldspar, and other orthoclase 

minerals that have a distinct gamma ray signature, but are not distinguishable without the 

help of a spectral gamma ray tool. This initial assumption must be refined as more robust 

data becomes available, however, should provide an adequate preliminary estimation. 
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After creating a volume of clay and porosity curves, a1, a2, and a3, are found using a least 

square fit to Equation 2.7. For well 1001, Equation 2.8 now assumes the form: 

 

𝑉𝑝 = 6762
𝑓𝑡

𝑠
 − 5486∅ − 2369𝑉𝑜𝑙𝑐 + 65.142𝜎𝑒

0.5934     (4.5) 

 

Figure 4.4 shows the improved recreated velocity using Equation 3.9 (Figure 4.5). 

 

 

Figure 4.5 Logged velocity with the Modified Bowers recreation overlain. 

 

Comparing Figure 4.4 and Figure 4.5 shows that taking into account variation in velocity 

due to porosity and lithology clearly adds more definition to the recreated model. Although the 

recreated model still does not fully capture all variations in velocity, looking into the data density 

of velocity points may shed some light on the matter (Figure 4.6).  
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Figure 4.6 Density of data points in the logged velocity curve. 

 

When overlaying the modified Bowers reconstruction on top of the velocity curve in a 

data density mode, the modified Bowers model appears to fit the highest density area of points 

(Figure 4.7). 

 

In Figure 4.6 and Figure 4.7, each data box represents a 1 meter in depth and 5 ft/s in 

length. This means that within each meter, each velocity point plus or minus 5 ft/s will be 

combined into a single data point and binned into the closest box. The highest density of points 

match fairly well to the reconstructed velocity curve which gives credence to the goodness of fit, 

and should provide an adequate analog for the normal compaction trend moving forward. The 

final NCT through well 1001 is shown below, notice the NCT fits well through the Centenario 

formation, and then fails to capture through the Quintuco and Vaca Muerta formations (Figure 

4.8). 
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Figure 4.7 Density of velocity data points with the Modified Bowers reconstruction overlain. 
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Figure 4.8 Completed modified Bowers NCT shown in red, with the logged velocity response of 

well 1001 shown in blue. 
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CHAPTER 5  

SPATIAL VARIATION IN TOOL RESPONSE 

 

 To apply the normal compaction trend derived in the previous section to different wells 

within the LJE block, it is important to explore the spatial variation within the velocity log 

response between wells. This chapter will show that the compressional velocity log response 

between wells has a negligible variance, and thus the NCT derived from well 1001 may be 

applied to any well within the LJE block.  

 

5.1 Available Logs 

 Logs from 22 different wells across three acreage blocks have been provided by 

PlusPetrol for this study. This thesis focuses on the 12 wells in the Loma Jarillosa Este block 

(LJE). Within the LJE block, well 1001 was used for calculation of the normal compaction trend, 

as this data set contained well logs to surface. However, well 1001, drilled in 1991, was not 

targeting the Vaca Muerta formation, and has insufficient and older vintage log sources. To more 

accurately predict pore pressure, it is important to have a full log suite available. Well 1010, 

drilled in 2011, contains a more comprehensive logged data set with newer vintage tool sources 

targeting the Vaca Muerta (Table 5.1). Necessary logs such as neutron porosity and spectral 

gamma ray are located within this log suite.  

  

Table 5.1 Available logs through the Vaca Muerta formation (Modified from Willis, 2014). 

Wells that contain DTCO, RHOB, GR, and NPHI, are prime candidates for applying the 

Modified Bowers method for pore pressure prediction. 
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To apply the Modified Bowers approach, we must combine cross-well and cross-

generational tool responses. The method proposed can be conducted, as subsequent sections will 

show that there is very little spatial variation between logs within the LJE block. 

 

5.2 Depth Matching Log Responses 

  Wells located in different areas will naturally contain variations in depth, which must be 

corrected prior to analyzing spatial variance between logs (Figure 5.1). It is possible using 

Schlumberger’s Techlog, to depth shift log responses between wells of interest.  

 

 

Figure 5.1 Compressional velocity logs for wells 1010 (red) and 1001 (blue) prior to depth 

matching (located in the Quintuco formation). 
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Depth matching allows the user to sync up variations in reference depth between different 

wells, and relies on shifting one log, up or down, as well as compressing or stretching response 

signatures to match a reference log. For this section, Well 1001 is shifted to match the reference 

of well 1010 (Figure 5.2). 

 

 

Figure 5.2 Well 1001 to well 1010 depth shift matrix. 
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 With the new depth shift matrix created, any log of interest between multiple wells can be 

quickly matched to the same reference log. Figure 5.3 shows the effect of applying the 

previously created depth shift matrix to well 1001’s compressional velocity log to match the 

compressional velocity log of well 1010, over the same depth interval within in the Quintuco 

formation (Figure 5.3).  

 

 
Figure 5.3 Before (left side) and after (right side) effect of depth correction within the Quintuco 

formation. Compressional velocity curve of well 1001(Vp_1001, shown in blue) shifted to match 

the compressional velocity curve of well 1010 (Vp_1010, shown in red). The new depth matched 

compressional velocity variable for well 1001 is renamed Vp_1001_SHIFT, and is shown again 

in blue. 
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There is an unmistakable correlation between the two logs, where clear bedding changes 

can be seen (subtle variations between the two logs are interpreted as artifacts contributed by the 

differing log tool generations). This seems to imply that there is in fact little to no spatial 

variation between the two wells. We can then observe the Vaca Muerta formation, where again, 

little variance is apparent (Figure 5.4).  

 

 
Figure 5.4 Before (left side) and after (right side) effect of depth correction within the pay zone 

(Vaca Muerta formation). Compressional velocity curve of well 1001(Vp_1001, shown in blue) 

shifted to match the compressional velocity curve of well 1010 (Vp_1010, shown in red). The 

new depth matched compressional velocity variable for well 1001 is renamed Vp_1001_SHIFT, 

and is shown again in blue. 
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 To further illustrate the astounding absence of spatial variation between compressional 

velocity log responses, regardless of log tool vintage, well 1011, drilled in 2011, is matrix depth 

shifted to well 1010 (Figure 5.5).  

 

 

Figure 5.5 Before (left side) and after (right side) effect of depth correction within the pay zone 

(Vaca Muerta formation). Compressional velocity curve of well 1001(Vp_1001, shown in blue) 

and the compressional velocity curve of well 1011(Vp_1011, shown in purple) are shifted to 

match the compressional velocity curve of well 1010 (Vp_1010, shown in red). The new depth 

matched compressional velocity variable for wells 1001 and 1011 are renamed Vp_1001_SHIFT 

(shown in blue), and Vp_1011_SHIFT (shown in purple) respectively.  
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The surprising lack of variation between well 1001, 1010, and 1011 implies that the three 

wells are strikingly similar in both porosity as well as rock texture. This is further shown when 

observing a histogram velocity distribution of wells 1001, 1002, 1003, 1008, 1010, and 1011, 

within the Vaca Muerta interval, which shows a similar trend (Figure 5.6). The wells match 

especially well in the faster velocity intervals, with the highest frequency of velocity waves 

peaking around 12500 ft/s. It is the opinion of the author then, that any of the wells, as well as 

their logged responses, can be used interchangeably. This allows the previously derived NCT 

using well 1001, to be applied to any of the logs that contain a necessary log suite for pore 

pressure prediction (i.e. well 1010 or well 1011). 

 

 

Figure 5.6 Histogram of compressional velocity log signatures for the Vaca Muerta formation for 

various wells in the LJE block. 
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CHAPTER 6  

LITHOLOGIC SUBSTITUTION AND QUANTI-ELAN SIMULATION 

 

 A major complication with applying the modified Bowers technique presents itself in 

accounting for lithology and porosity changes within the system. The velocity profile, modeled 

as a linear trend over a small range of porosity, is directly affected by the lithology. This chapter 

demonstrates steps that can be taken to neutralize the effect of lithology and porosity on velocity 

logs through use of Techlog’s Quanti-Elan. 

 

6.1 Necessity for Substitution 

 Before applying the modified Bowers approach to well 1010, we must first bring the 

system to a constant lithology. When applying the previously derived NCT to well 1010, the 

variation in velocity response due to lithology changes makes accurate pore pressure prediction 

challenging.  

 

From drilling cuttings analysis provided by PlusPetrol, a significant lithology change, 

from a primarily sandstone matrix, to a sandstone and carbonate mix, within the Quintuco 

formation is noted. This lithology change becomes readily apparent when observing the full 

velocity log of well 1001, versus the velocity responses of wells 1010 and 1011 (Figure 6.1). The 

NCT fits the Vp curve until the matrix switch. Without accounting for the increase in velocity 

due to changes in the lithology, the velocity increase within the Quintuco interval would imply 

that the Quintuco is an underpressured formation. However, the velocity increase is actually due 

to the velocity endpoints at zero percent porosity of calcite, versus the velocity endpoints at zero 

percent porosity of quartz. Compressional velocity waves travel slower through Quartz, with a 

general velocity endpoint of 18,000 ft/s, while velocity waves travel much faster through Calcite, 

which has a general velocity endpoint of 20,900 ft/s (Schlumberger, 2013b). Thus, it is 

imperative to correct the velocity waves for lithological differences, prior to applying the 

modified Bowers approach. The subsequent sections within this chapter will demonstrate how to 

correct for lithology using well 1010 as reference.  
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Figure 6.1 Velocity logs for wells 1001, 1010, and 1011, shown shifted to a depth reference of 

well 1010. The NCT (here denoted as vp_norm) fits well for the primarily sandstone portion, but 

ceases to fit when the lithology changes to carbonate/sandstone mix, at a depth of roughly 2400 

meters (7850 ft).  
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6.2 Porosity 

 Porosity logs do not measure porosity directly. However, logging tools can provide 

insight into porosity estimation. This subsection will investigate two logging tools, the Thermal 

Neutron Porosity tool (TNPH), and the Bulk Density tool (RHOB), and the applications for 

porosity estimation within the Vaca Muerta.  

 

6.2.1 Density Porosity 

The bulk density tool emits gamma rays from a chemical source, usually Cesium-137 or 

Cobalt-60, detecting the Compton scattering of the gamma rays (high energy gamma rays). The 

detector’s count rates are proportional to the formation of interest’s electron density, which can 

then be converted to bulk density (Bratton, 2014a).  

 

First, the electron density index is used as a simple expression for gamma ray flux 

attenuation (Equation 6.1) (Ellis, 2007).  

 

𝜌𝐸𝐷𝐼 = 2 ∗
𝑍

𝐴
𝜌𝑏                 (6.1) 

 

Where 𝜌𝐸𝐷𝐼 represents the election density index, Z is atomic number, A is atomic mass, and 𝜌𝑏 

represents the bulk density. 

 

 The gamma ray flux attenuation is proportional to bulk density only when 
𝑍

𝐴
 remains 

constant (Ellis, 2007). For most elements, 
𝑍

𝐴
 amounts to ½, however the presence of hydrogen 

can severely skew the results, as it has a 
𝑍

𝐴
 value of nearly 1 (Ellis, 2007). As the formation 

increases in porosity (and thus increases in hydrogen), there will be an increasing discrepancy 

between the bulk density and the electron density index (Bratton, 2014a). To account for this 

relationship, the electron density readings on logs are adjusted back to a baseline of pure water-

filled limestone, subsequently giving a bulk density reading (𝜌𝑏_𝑙𝑜𝑔) (Equation 6.2) (Figure 6.2) 

(Ellis, 2007).   
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𝜌𝑏_𝑙𝑜𝑔 = 1.0704𝜌𝐸𝐷𝐼 − 0.188             (6.2) 

 

 

Figure 6.2 The transform between the measured parameter, electron density, and the density 

value observed on logs (Ellis, 2007). 

 

 Because of the relationship between 𝜌𝐸𝐷𝐼 and porosity, the logged bulk density curve can 

be converted into a density porosity curve (DPHI) (Equation 6.3). 

 

∅𝐷𝑃𝐻𝐼 =
𝑅𝐻𝑂𝐵𝑚𝑎𝑡𝑟𝑖𝑥−𝑅𝐻𝑂𝐵𝑙𝑜𝑔

𝑅𝐻𝑂𝐵𝑚𝑎𝑡𝑟𝑖𝑥−𝑅𝐻𝑂𝐵𝑓𝑙𝑢𝑖𝑑𝑠
            (6.3) 

 

Where ∅𝐷𝑃𝐻𝐼 represents the density derived porosity (DPHI), and 𝑅𝐻𝑂𝐵𝑚𝑎𝑡𝑟𝑖𝑥, 𝑅𝐻𝑂𝐵𝑙𝑜𝑔, and 

𝑅𝐻𝑂𝐵𝑓𝑙𝑢𝑖𝑑𝑠, signify the bulk density endpoint of the matrix, bulk density of the log, and bulk 

density of the fluids respectively (Bratton, 2014a). 

 

 However, porosity calculated from the bulk density curve depends on choosing the right 

matrix density and fluid density, assumed as constants (Bratton, 2014a). In reality, the matrix 

density will vary with lithology, and the fluid density varies with fluid type and fluid salinity. 

Density derived porosity is especially problematic when encountering hydrocarbons, where the 

presence of gas in the pore spaces with cause DPHI to read higher than the actual porosity values 
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(Ellis, 2007). For these reasons, density porosity cannot be the only porosity log considered 

when estimating true formation porosity. Neutron porosity should be employed as well, as the 

combination of the two porosity measurements can provide a true porosity measurement largely 

independent of lithology. 

 

6.2.2 Neutron Porosity 

 Neutron porosity logs measure the hydrogen content in a formation. The tool emits 

neutrons from a chemical source, most commonly an Americium-Beryllium mixture, and 

measures backscattered thermal neutrons (Bratton, 2014a). As the emitted neutrons collide with 

nuclei within the formation, the neutrons lose energy. Once a neutron slows to the thermal 

energy spectrum, it diffuses slowly away from the chemical source (Figure 6.3) (Ellis, 2007). 

The backlog of neutrons forms a static cloud, which cause the count rates within the tool to 

increase. 

 

 

Figure 6.3 Energy levels associated with thermal neutron capture (Ellis, 2007). 
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Emitted neutrons are roughly the mass of hydrogen; therefore, materials with large 

hydrogen content (i.e. water or hydrocarbons) will be more adept at slowing down the emissions 

(Oslo, 2013). Because hydrogen in the formation is primarily concentrated in the fluid-filled 

pores, energy losses experienced by the neutrons can be related to the formation’s porosity (Oslo, 

2013). 

 

However, porosity determined from this process is susceptible to a large list of borehole 

effects. Borehole correction factors that are processed into the neutron porosity curve include 

mud type, borehole size, mudcake thickness, borehole and formation salinity, mud density, as 

well as temperature and pressure (Bratton, 2014a). Furthermore, increasing clay content will 

skew the log to read more porosity than is really there, due to the bound water associated with 

clay artificially accounted towards effective porosity (Oslo, 2013). Gassy zones however, will 

cause the neutron porosity log to read less porosity than is actual values, due to the considerably 

lower hydrogen concentration in a volume of gas when compared to the same volume of water 

(Oslo, 2013). It is important then to not only use the neutron porosity log when estimating true 

formation porosity, but incorporate the density porosity measurement as well. 

 

6.2.3 Crossplot Porosity 

Crossplot porosity can generally solve the problems experienced with interpreting density 

and neutron porosity logs previously discussed. By crossplotting density porosity versus neutron 

porosity, the resulting average of the two values will be less dependent of lithology (Bratton, 

2014a). This method is commonly used in industry, and has been shown to be a robust estimation 

of true formation porosity (Bratton, 2014a). It is important to remember however, that this 

method is used assuming clean reservoir rock. Because this method is being employed in 

formations that do contain clay, and thus clay bound water, crossplot porosity will be a better 

representation of total porosity and not effective porosity. Therefore, crossplot porosity is a good 

starting point, but the Quanti-Elan reconstructed crossplot porosity, which will likely show lower 

porosity values than the logged crossplot porosity, should be used as better representation of true 

effective porosity.  
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Well 1010 has a complete log suite, which includes both a Thermal Neutron Porosity 

curve (TNPH), as well as bulk density, which has been converted into a Density Porosity curve 

(DPHI), using Equation 6.3. Here, a limestone matrix with a density of 2.71 g/cm
3
, and one 

hundred percent water saturated fluid density of 1.00 g/cm
3
 is assumed for well 1010 (Figure 

6.4). The bulk density parameters were chosen based on common literature values for matrix and 

water. With both a neutron porosity source, as well as a density derived porosity source, 

crossplot porosity can be calculated.  

 

 

Figure 6.4 TNPH and DPHI logs for well 1010. 
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Crossplot porosity combines the TNPH curve, as well as the DPHI curve in the form of 

average (Equation 6.4). 

 

∅𝑐𝑝 =
∅𝑇𝑁𝑃𝐻+∅𝐷𝑃𝐻𝐼

2
                (6.4) 

 

Where ∅𝑎 represents the crossplot porosity, ∅𝑇𝑁𝑃𝐻 is the thermal neutron porosity log, and 

∅𝐷𝑃𝐻𝐼 is the density derived porosity log.  

 

Alternatively, the crossplot porosity can be viewed in a crossplot (Figure 6.5). 

 

 

Figure 6.5 Average porosity shown as a crossplot between TNPH (x-axis) and DPHI (y-axis). 

 

 The true necessity of the crossplot porosity is apparent as the neutron porosity reads 

consistently higher than the density porosity, with the DPHI curve actually going sub-zero in 

some sections. The separation between the neutron and density derived porosities, largely due to 

lithology changes, is subdued when observing the newly derived crossplot porosity (Figure 6.6). 
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Figure 6.6 Crossplot porosity (Avg_Por, purple) shown for the Vaca Muerta formation, as the 

average between TNPH (red) and DPHI (blue). This resulting average porosity is largely 

independent of lithology changes. 
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6.3 Linear Sonic Velocity Model and SPORF 

 The general equation to represent compressional velocity can be modeled as a linear 

relationship between the fractional components of the rock, multiplied by their respective 

velocity endpoints (the point at which the rock is 100% a singular mineral). Using drilling 

cutting analysis by PlusPetrol as a starting point, a simple petrophysical model for the Vaca 

Muerta formation can be estimated as a mixture of calcite, quartz, illite, and water. The general 

linear equation for velocity is shown below (Equation 6.5).  

 

𝑉𝑝_𝑙𝑜𝑔 = 𝑉𝑜𝑙𝑐𝑎𝑙𝑐𝑖𝑡𝑒𝑉𝑝_𝑐𝑎𝑙𝑐𝑖𝑡𝑒 + 𝑉𝑜𝑙𝑞𝑢𝑎𝑟𝑡𝑧𝑉𝑝_𝑞𝑢𝑎𝑟𝑡𝑧 + 𝑉𝑜𝑙𝑖𝑙𝑙𝑖𝑡𝑒𝑉𝑝_𝑖𝑙𝑙𝑖𝑡𝑒 + 𝑉𝑜𝑙𝑤𝑎𝑡𝑒𝑟𝑉𝑝_𝑤𝑎𝑡𝑒𝑟     (6.5) 

 

Where 𝑉𝑝_𝑙𝑜𝑔 is the total compressional velocity log response, 𝑉𝑜𝑙𝑐𝑎𝑙𝑐𝑖𝑡𝑒, 𝑉𝑜𝑙𝑞𝑢𝑎𝑟𝑡𝑧, 𝑉𝑜𝑙𝑖𝑙𝑙𝑖𝑡𝑒, 

and 𝑉𝑜𝑙𝑤𝑎𝑡𝑒𝑟, are the fractional volumes of calcite, quartz, illite, and water respectively, and  

𝑉𝑝_𝑐𝑎𝑙𝑐𝑖𝑡𝑒, 𝑉𝑝_𝑞𝑢𝑎𝑟𝑡𝑧, 𝑉𝑝_𝑖𝑙𝑙𝑖𝑡𝑒 , and 𝑉𝑝_𝑤𝑎𝑡𝑒𝑟 are the compressional velocities at 100% calcite, 

quartz, illite, and water respectively.  

 

However, velocity has an inherent nonlinear relationship with porosity that must be 

accounted for when solving for 𝑉𝑜𝑙𝑤𝑎𝑡𝑒𝑟. Wyllie in 1956, and Raymer, Hunt, and Gardner in 

1980 postulated that velocity can be modeled as linear over a small range of porosities (Wyllie, 

1956, and Raymer, 1980). In Quanti-Elan, the range of porosities experienced within the target 

zone is assumed to be adequate for a straight-line approximation. The velocity expression for 

porosity is derived from a simplified Raymer-Hunt-Gardner equation, and employs the use of a 

theoretical linear endpoint within the sonic to porosity transform, called the “sonic porosity 

factor” (SPORF), the derivation of which is shown below (Equation 6.6a – 6.6f) (Modified from 

Schlumberger, 2013b). 

 

Starting with the simplified Raymer-Hunt-Gardner equation:  

 

∅_𝑠𝑜𝑛𝑖𝑐 = 0.625 (
𝐷𝑇−𝐷𝑇𝑚𝑎𝑡𝑟𝑖𝑥

𝐷𝑇
)          (6.6a) 
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Where ∅_𝑠𝑜𝑛𝑖𝑐 represents the sonic derived porosity, DT is the compressional slowness, and 

DTmatrix symbolizes the compressional slowness of the assumed rock matrix (Schlumberger, 

2013b).  

 

Deriving: 

 

1.6∅ =
(

1

𝑉𝑝
)−(

1

𝑉𝑝𝑚𝑎𝑡𝑟𝑖𝑥
)

1

𝑉𝑝

           (6.6b) 

 

𝑉𝑝_𝑚𝑎𝑡𝑟𝑖𝑥 − 1.6𝑉𝑝_𝑚𝑎𝑡𝑟𝑖𝑥∅ = 𝑉𝑝           (6.6c) 

 

𝑉𝑝_𝑚𝑎𝑡𝑟𝑖𝑥 − 1.6𝑉𝑝_𝑚𝑎𝑡𝑟𝑖𝑥∅ = 𝑉𝑝           (6.6d) 

 

1.6𝑉𝑝_𝑚𝑎𝑡𝑟𝑖𝑥(1 − ∅) = 𝑉𝑝              (6.6e) 

 

Equation 6.6e is then split into two terms, one is the solid rock matrix, the other is a porosity 

term, which becomes SPORF. 

 

𝑉𝑝_𝑚𝑎𝑡𝑟𝑖𝑥(1 − ∅) − 0.6𝑉𝑝_𝑚𝑎𝑡𝑟𝑖𝑥∅ = 𝑉𝑝          (6.6f) 

 

Where 0.6𝑉𝑝_𝑚𝑎𝑡𝑟𝑖𝑥represents SPORF; the final representation can be seen below (Equation 6.7). 

 

𝑉𝑝_𝑙𝑜𝑔 = 𝑆𝑃𝑂𝑅𝐹 ∗ ∅ + ∑ 𝑉𝑜𝑙𝑖 ∗ 𝑉𝑝_𝑖
𝑛
1             (6.7) 

 

Where ∑ 𝑉𝑜𝑙𝑖 ∗ 𝑉𝑝_𝑖
𝑛
1  represents the sum of the fractional volumes of all mineral components 

multiplied by their respective compressional velocity endpoints (Modified from Schlumberger, 

2013b). 

 

A visualization of SPORF is shown below (Figure 6.7 and Figure 6.8) (concept curtesy of 

Bratton, 2014b).  
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Figure 6.7 Compressional velocity curvature shown as a function of porosity. 

 

SPORF aims to extrapolate linearly to a fictitious point, which represents the nonlinear 

relationship between porosity and velocity (Figure 6.8).  

 

  

Figure 6.8 Compressional velocity linearized to a specific SPORF value. 
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SPORF will affect all fractional volumes associated with porosity (volume of fluids). In 

Quanti-Elan, the initial this straight-line correlation is necessary for accurate recreation of the 

compressional velocity wave, and can be solved for using a crossplot of the Vp log versus 

porosity (Schlumberger, 2013b). For the Vaca Muerta interval, the crossplot to determine 

SPORF is shown below (Figure 6.9). 

 

 

Figure 6.9 Crossplot of compressional velocity wave versus crossplot porosity for the Vaca 

Muerta formation, for calculation of SPORF. 

Vp = -31081ϕ+17395 

 

R
2 

=0.87 
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 After applying a linear trendline, the initial SPORF value can be computed by 

rearranging Equation 6.7 to take the form of 𝑦 = 𝑚𝑥 + 𝑏 (Equations 6.8a-6.8c). 

 

𝑉𝑝 = 𝑆𝑃𝑂𝑅𝐹 ∗ ∅ + 𝑉𝑝_𝑚𝑎𝑡𝑟𝑖𝑥(1 − ∅)          (6.8a) 

 

𝑉𝑝 = (𝑆𝑃𝑂𝑅𝐹 − 𝑉𝑝_𝑚𝑎𝑡𝑟𝑖𝑥)∅ + 𝑉𝑝_𝑚𝑎𝑡𝑟𝑖𝑥          (6.8b) 

 

In the above Equation 6.8b, the slope = (𝑆𝑃𝑂𝑅𝐹 − 𝑉𝑝_𝑚𝑎𝑡𝑟𝑖𝑥), and the y-intercept = 𝑉𝑝_𝑚𝑎𝑡𝑟𝑖𝑥. 

Solving for SPORF yields the following (Equation 6.8c).  

 

𝑆𝑃𝑂𝑅𝐹 = 𝑠𝑙𝑜𝑝𝑒 + 𝑉𝑝_𝑚𝑎𝑡𝑟𝑖𝑥            (6.8c) 

 

Thus, for the Vaca Muerta interval,  

 

𝑆𝑃𝑂𝑅𝐹 =  −31081 + 17395 

 

𝑆𝑃𝑂𝑅𝐹 = −13,686 

  

 Now, when using Quanti-Elan, the value for the sonic porosity factor will be changed 

from the default of -11,800 (SPORF value for a pure calcite reservoir), to the new value of -

13,686 (SPORF value for the Vaca Muerta formation). It is important to note that the SPORF 

methodology enacted above is an estimation of the sonic porosity factor. Multiple minerals and 

complex lithology make it difficult to determine how much of the change in velocity log should 

be accounted toward lithology, versus how much change in velocity log should be attributed to 

porosity (Schlumberger 2013b). However, to make the model more robust, the SPORF value can 

be calibrated for each formation encountered in the Quanti-Elan process.  

 

 The reference well, well 1010 (chosen as it contains the most complete data set), was 

logged through the Quintuco formation as well as the Vaca Muerta formation. Thus, through 

crossplotting velocity and porosity, and employing Equation 6.8c, SPORF is similarly calculated 

for the Quintuco formation (Figures 6.10). 
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Figure 6.10 Crossplot of compressional velocity wave versus crossplot porosity for the Quintuco 

formation, for calculation of SPORF. 

 

For the Quintuco interval,  

 

𝑆𝑃𝑂𝑅𝐹 =  −55064 + 19949 

 

𝑆𝑃𝑂𝑅𝐹 = −35,115 

 

 When employing Quanti-Elan, the SPORF value will change between the Vaca Muerta 

and Quintuco formations which will in turn have an effect on the reconstructed velocity log.  

Vp = -55064ϕ+19949 

 

R
2 

=0.67 
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6.4 Lithology Substitution 

 To correct the significant matrix lithology switch from primarily sandstone-based to 

primarily limestone-based that occurs at the top portion of the Quintuco formation (roughly 2400 

meters, or 7850 feet), the velocity profile will be substituted from calcite back to quartz. This 

technique employs the use of the fractional mineral and fluid volumes found using Quanti-Elan 

in previous sections. 

 

6.4.1 Representative Lithology 

 To judge the most representative combination of minerals to use as a baseline model for 

lithology substitution, a series of histograms are presented. For the purposes of this thesis, the 

mean values for mineral distribution in the higher gamma ray sections, and are considered as 

“most representative” of the shales. The section considered for the histogram distributions is in 

the overburden section, approximately 2500 meters to 2750 meters (8,200 feet to 9020 feet), 

where the Quanti-Elan simulation shown previously for well 1001 had relatively little error 

(Figure 6.11, Figure 6.12, and Figure 6.13).  

 

 

Figure 6.11 Histogram showing fractional volume of dry illite with a mean of 0.267. 
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Figure 6.12 Histogram showing fractional volume of clay bound water, with a mean of 0.026. 

 

 

Figure 6.13 Histogram showing fractional volume of quartz with a mean of 0.629. 
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 The representative model that will be used as a baseline case is thus comprised of 62.9% 

quartz, 26.7% dry illite, 2.6% bound water, and 7.8% water filled porosity. The mineral 

fractional volumes found in well 1010 will be corrected back to the baseline model, to correct for 

the lithology effect seen in the velocity data. Please note that the baseline velocity model can be 

chosen for any lithology of interest, and is simply chosen as a representative sample of shales 

within the overburden for this thesis. The reason for this decision is during the drilling process, it 

is often more desirable to locate the onset of overpressure within the shales. When drilling, kicks 

occur when there is mobile fluid that has a positive delta pressure with respect to the mud weight 

used through the interval. This requires adequate permeability, more often seen within the 

“clean” reservoir sections. Shales tend to have poor permeability, so even if there is a positive 

delta pressure situation, an influx of fluids is unlikely. Traditionally these shales are cap rocks to 

reservoirs where kicks may occur, so by noticing an overpressure trend prior to entering a 

reservoir that may result in a kick, drilling crews can weight up the mud accordingly.  

 

6.4.2 Velocity Substitution 

Common velocity endpoints for the components of water, quartz, calcite, illite, oil, and 

kerogen, can be seen in Table 6.1 (Table 6.1) (Schlumberger, 2013b).  

 

Table 6.1 Common mineral and fluid velocity endpoints at zero percent porosity 

  

 

Using the linear velocity model (Equation 6.5, adjusted for all mineral components 

present in the Quanti-Elan simulation), the representative lithology discussed in the previous 

subsection yields the following: 
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𝑉𝑝_𝑙𝑜𝑔 = 𝑉𝑜𝑙𝑐𝑎𝑙𝑐𝑖𝑡𝑒𝑉𝑝_𝑐𝑎𝑙𝑐𝑖𝑡𝑒 + 𝑉𝑜𝑙𝑞𝑢𝑎𝑟𝑡𝑧𝑉𝑝_𝑞𝑢𝑎𝑟𝑡𝑧 + 𝑉𝑜𝑙𝑖𝑙𝑙𝑖𝑡𝑒𝑉𝑝_𝑖𝑙𝑙𝑖𝑡𝑒 + 𝑉𝑜𝑙𝑘𝑒𝑟𝑜𝑔𝑒𝑛𝑉𝑝_𝑘𝑒𝑟𝑜𝑔𝑒𝑛

+ 𝑉𝑜𝑙𝑜𝑖𝑙𝑉𝑝_𝑜𝑖𝑙 + (𝑉𝑜𝑙𝑐𝑙𝑎𝑦_𝑏𝑜𝑢𝑛𝑑_𝑤𝑎𝑡𝑒𝑟 + 𝑉𝑜𝑙𝑤𝑎𝑡𝑒𝑟)𝑉𝑝_𝑤𝑎𝑡𝑒𝑟 

 

Where 𝑉𝑝_𝑙𝑜𝑔 in this situation represents 𝑉𝑝_𝑏𝑎𝑠𝑙𝑖𝑛𝑒:  

 

𝑉𝑝_𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 = (0 ∗ 20900
𝑓𝑡

𝑠
) + (0.629 ∗ 18000

𝑓𝑡

𝑠
) + (0.267 ∗ 11100

𝑓𝑡

𝑠
) + (0 ∗ 9150

𝑓𝑡

𝑠
)

+ (0 ∗ 4760
𝑓𝑡

𝑠
) + ((0.026 + 0.078) ∗ 5000

𝑓𝑡

𝑠
) = 14,805

𝑓𝑡

𝑠
 

 

𝑉𝑝_𝑏𝑎𝑠𝑙𝑖𝑛𝑒 = 14,805 
𝑓𝑡

𝑠
 

 

Therefore, the normally pressured baseline lithology case should read a velocity of 14,805 ft/s.  

  

Substituting the lithology will transform the 𝑉𝑝_𝑙𝑜𝑔 equation (Equation 6.5) to a constant 

lithology, and can be represented with a simple delta volume problem (Equation 6.9). 

 

𝑉𝑝𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒
= 𝑉𝑝𝑙𝑜𝑔

− ∑𝑉𝑝𝑚𝑖𝑛𝑒𝑟𝑎𝑙
𝑉𝑜𝑙𝑚𝑖𝑛𝑒𝑟𝑎𝑙 − ∑𝑉𝑝𝑓𝑙𝑢𝑖𝑑

𝑉𝑜𝑙𝑓𝑙𝑢𝑖𝑑 + ∑𝑉𝑝𝑚𝑖𝑛𝑒𝑟𝑎𝑙
𝑉𝑜𝑙𝑚𝑖𝑛𝑒𝑟𝑎𝑙𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒

+

∑𝑉𝑝𝑓𝑙𝑢𝑖𝑑
𝑉𝑜𝑙𝑓𝑙𝑢𝑖𝑑𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒

                  (6.9) 

 

Where 𝑉𝑝_𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 represents the recreated lithology substitution baseline compressional velocity 

wave, 𝑉𝑝_𝑙𝑜𝑔 is the logged compressional velocity curve, 𝑉𝑝𝑚𝑖𝑛𝑒𝑟𝑎𝑙
 and 𝑉𝑝𝑓𝑙𝑢𝑖𝑑

 are the 

compressional velocity endpoints of the mineral and fluid constituents respectively, 𝑉𝑜𝑙𝑚𝑖𝑛𝑒𝑟𝑎𝑙 is 

the Quanti-Elan simulation mineral fractional volume, likewise, ∆𝑉𝑜𝑙𝑓𝑙𝑢𝑖𝑑 is the Quanti-Elan 

simulation fluid fraction volume, finally, 𝑉𝑜𝑙𝑚𝑖𝑛𝑒𝑟𝑎𝑙𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒
 and 𝑉𝑜𝑙𝑓𝑙𝑢𝑖𝑑𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒

 represent the 

corresponding fraction volumes of the baseline mineral and baseline fluid constituents 

respectively. 
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 Lithology substitution does not add any new information into the log interpretation 

process; it simply corrects the velocity log back to a constant lithology and porosity. By taking 

out the variation in the velocity profile due to lithology and porosity, the above Equation 6.9 

should show a straight line velocity curve, and does so for the normally pressured Quintuco 

formation. However, when entering into the overpressured Vaca Muerta interval, there remains a 

slower velocity profile. This suggests that the petrophysical model mismatch is extremely 

prevalent within the Vaca Muerta formation, or there is an effective stress term that can be seen 

in the logged velocity response.  The subsequent sections will show how this methodology is 

used to detect an onset of overpressure within the Vaca Muerta formation. 

 

6.5 Application of Quanti-Elan in the Vaca Muerta Formation 

 To create a petrophysical model for well 1010, Quanti-Elan is again used. By moving 

from the older well 1001, which lacked a comprehensive log suite through the Vaca Muerta 

formation, to well 1010, where more logs allow for more mineral components, a better estimate 

of true formation clay content can be obtained. Volume of clay, a key component in the modified 

Bowers formula, is the biggest unknown for pore pressure prediction using this method. 

Avoiding the use of empirical correlations such as the previously discussed Steiber formula for 

volume of clay, will allow for a more correct estimation of Volc, which in turn will provide a 

better prediction for pore pressure. 

 

To start the Quanti-Elan process, the water resistivity values are once again inputted into 

Quanti-Elan’s initialization program, entitled Temperature and Salinity Parameters. Initial 

parameters include temperature, mud weight pressure, depth, and crossplot porosity. Measures of 

mud filtrate and connate water salinity are provided by PlusPetrol for well 1010.  

 

6.5.1 Kerogen-Free Quanti-Elan Model and Lithology Substitution 

After the Quanti-Elan simulation is initialized, corrected gamma ray (CGR), bulk density 

(RHOZ), thermal neutron porosity (TNPH), crossplot porosity (Avg_Por), and compressional 

velocity (Vp) logs, as well as the previously derived SPORF values, are inputted into the 

program. Because of the presence of kerogen within the pay zone, which has a highly correlated 

to uranium content, corrected gamma ray is used for the Quanti-Elan simulation. Corrected 
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gamma ray is made possible by the spectral gamma ray tool, and is the gamma ray log response 

minus the contribution of uranium (Bratton, 2014a). Thus, it is important to use corrected gamma 

ray to differentiate between the contributions to total gamma ray signature of kerogen to that of 

illite. With five available logs through the Quintuco and Vaca Muerta formations, Quanti-Elan 

can solve for 5 independent variables. For well 1010, the initial solving parameters are set to 

quartz, illite, calcite, hydrocarbon (oil), and formation water. These solving parameters were 

chosen as a best match for the drilling cuttings description provided by PlusPetrol (Figure 6.14). 

 

The results of the Quanti-Elan run are encouraging. There is a very low error response, 

with some of the model mismatch within the average porosity term. However, the average 

porosity term is never more than 1-2 porosity units deviated from the original derived term, 

which serves as a strong crosscheck for the original crossplot porosity log. The small deviance 

from the average porosity method is likely due to small variance within the fluid density term. 

The formation water does have some salinity, so the true fluid density is probably slightly higher 

than the assumed 1.0 g/cm
3
. Further model mismatch, seen within the velocity term, is due to the 

inherent divergence from the line of best fit in the SPORF estimation. It is important to 

remember that this petrophysical model is still highly simplified due to complex lithology 

located within the formations of interest, however should provide a practical baseline for moving 

forward. 

 

Because of the stout Quanti-Elan model response, especially within the Vaca Muerta 

formation, the Quanti-Elan provided fractional mineral and fluid volumes will allow the 

lithological substitution that is necessary to neutralize the effect of lithology and porosity on 

velocity logs. Employing Equation 6.9, the lithology substituted velocity recreation can be seen 

below (Figure 6.15). 

 

The velocity log created from the lithology substitution shows that most of the variation 

in the velocity profile within in the Quintuco can be attributed to differences in lithology and 

porosity, and are not due to pressure. By correcting back to a constant lithology and porosity, the 

large increase in the original logged velocity wave disappears entirely, and the new velocity 

profile implies that the Quintuco is slightly overpressured throughout. This is an extremely 
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important point as the original uncorrected velocity wave actually shows that the Quintuco is 

underpressured (velocity to the right of the normal velocity line). Simultaneously, the original 

log shows the “top” of the overpressure, the point of maximum velocity, is also in this same 

underpressured zone. With the new corrections, the velocity reversal shifts from about 2840 

meters (9320 feet) if employing Bowers’ methodology, to 2910 meters (9550 feet) when 

applying the lithology and porosity adjustments, and again shows the Quintuco is slightly 

overpressured, not underpressured (Figure 6.16). 

 

 
Figure 6.14 Quanti-Elan output of well 1010 without kerogen present in the model, targeting the 

Quintuco and Vaca Muerta formations.  
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Figure 6.15 Lithology substitution of the kerogen-free model. The original logged velocity can 

be seen on the left in red, and the lithology substitution recreation velocity log can be seen on the 

right in blue. For reference, both logs contain an overlay of the normally-pressured baseline 

lithology velocity (shown in black). 
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Figure 6.16 Changing top of overpressure between the original Bowers methodology to the new 

lithology and porosity corrected methodology (notice that the velocity changes from implying 

underpressured, to showing overpressured). 
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6.5.2 Quanti-Elan Model and Lithology Substitution with Kerogen  

The Vaca Muerta is a kerogen rich source play; some of the velocity variation seen 

within the Vaca Muerta can likely be attributed to kerogen, and should be accounted for in the 

Quanti-Elan recreation. Kerogen has a common velocity endpoint of 2.8 km/s, or about 9150 ft/s 

(Vernik, 1994). This would suggest that some of the sub-normal velocity (an indication of 

overpressure) is due to the slower P-wave travel times through the kerogen present in the 

formation. 

 

The Quanti-Elan simulation will follow the same workflow as the previous Quanti-Elan 

run, where corrected gamma ray (CGR), bulk density (RHOZ), thermal neutron porosity 

(TNPH), crossplot porosity (Avg_Por), and compressional velocity (Vp) logs, as well as the 

previously derived SPORF values, are inputted into the program. The mineral and fluid outputs 

again comprise of quartz, illite, calcite, hydrocarbon (oil), and formation water. However, for 

this Quanti-Elan run, total gamma ray (GR) is added to the input, and kerogen is added to the 

mineral and fluid output. The total gamma ray (CGR plus uranium) will attribute the additional 

radioactivity present in the formation to a discrete volume of kerogen at each depth. The updated 

kerogen-present Quanti-Elan model will add more definition to the petrophysical model (Figure 

6.17). 

 

Again, the model fits the chosen fluid and mineral constituents remarkably well. It is 

important to see that there is slightly more porosity mismatch in the Vaca Muerta section 

(however still within 2-3 PU. Overall, the model error remains nearly constant between the two 

cases, and more importantly, the model error remains nearly constant between the Quintuco and 

Vaca Muerta intervals. 

 

 Illite ranges from 0.5% to 37%, and averages similarly to the kerogen-free model, at 

20.6% through the Vaca Muerta formation as the kerogen-free model (Figure 6.18). 

 

Calcite ranges from 0% to 88%, and averages to 15.2% through the Vaca Muerta 

formation (Figure 6.19). 
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Figure 6.17 Quanti-Elan output of well 1010 with kerogen present in the model, targeting the 

Quintuco and Vaca Muerta formations. 
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Figure 6.18 Histogram distribution of illite content within the Vaca Muerta formation (Quanti-

Elan with kerogen model). 

 

 

 

Figure 6.19 Histogram distribution of calcite content within the Vaca Muerta formation (Quanti-

Elan with kerogen model). 
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 Quartz ranges from 0% to 81.5%, and averages to 51.9% within the Vaca Muerta 

formation (Figure 6.20). 

 

 

Figure 6.20 Histogram distribution of quartz content within the Vaca Muerta formation (Quanti-

Elan with kerogen model). 

 Kerogen ranges from 1.5% to 6.5%, with an average of 3.1% through the Vaca Muerta 

formation (Figure 6.21). 

 

 

Figure 6.21 Histogram distribution of kerogen content within the Vaca Muerta formation 

(Quanti-Elan with kerogen model). 
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Reconstructed effective porosity values range between 3% and 22%, with an average 

value of 10.6% through the Vaca Muerta formation (Figure 6.22).  

 

 

Figure 6.22 Histogram distribution of porosity within the Vaca Muerta formation (Quanti-Elan 

with kerogen model). 

 

In the kerogen-present model, the average volume fraction of illite is 20.6%, average 

kerogen content is 3.1% and average calcite volume is 15.2%, average quartz content is 51.9%, 

and average porosity is 10.6%. By contrast, the initial logged crossplot porosity averages 13.1% 

through the Vaca Muerta formation. The change in 2.5 PU represents the difference between the 

logged total porosity term, versus the more accurate Quanti-Elan estimation of effective porosity. 

The average values of the mineral constituents are therefore consistent with average published 

mineralogical values for the “siliceous marl” of the Vaca Muerta formation, where TOC values 

average 3% to 5%, total porosity averages 7% to 13%, and the average clay content is 27% 

(Fantin, 2014). This gives credence to the Quanti-Elan recreation, implying that the model is a 

reasonable representation of the Vaca Muerta. 

  

Using the new kerogen-present Quanti-Elan recreation, lithology substitution, using 

Equation 6.9, is employed (Figure 6.23). 
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Figure 6.23 Lithology substitution of the kerogen-present model. The original logged velocity 

can be seen on the left in red, and the lithology substitution minus kerogen velocity log can be 

seen on the right in blue. The new lithology substitution kerogen-present model can be seen on 

the right in purple. For reference, both logs contain an overlay of the normally-pressured baseline 

lithology velocity (shown in black). 
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Because the Quanti-Elan outputs provide a literature-consistent representation of the 

Vaca Muerta formation, the expectation is that the velocity profile would come closer to the 

normal baseline lithology velocity, and unless there is an observable effective stress effect, there 

should have been no substantial deviation from the normal velocity. This however was not the 

case, the addition of kerogen appears to have had a slight effect on the velocity log, but the 

continued velocity mismatch implies that there still remains a noticeable element of effective 

stress. 

 

6.5.3 Kerogen Volume Error Analysis 

 Beyond the reasonable mineralogical Quanti-Elan recreation and subsequent findings, it 

is important to discover alternative explanations aside from effective stress that could explain the 

observable deviation from the baseline velocity within the Vaca Muerta. A possible explanation 

for the abnormality could be the lower-end kerogen content in the model (3.1% average in the 

Quanti-Elan model, versus the 3% to 5% kerogen content in common literature values). To 

further explore this possibility, and find out just how much kerogen would be needed to explain 

the velocity mismatch, a theoretical mineral and fluid substitution is made. To do so, the porosity 

is kept consistent with the range of values experienced in the Vaca Muerta formation, from 3% 

to 22%, of which velocity can be modeled as linear; and the illite concentration is also kept 

consistent, from 0.5% to 37%. A non-linear solver is then used to replicate the normal velocity 

curve with the mineral constituents set as a mix of quartz, calcite, illite, oil, water, and kerogen.  

 

The most aggressive bound (and thus the situation that forces the least amount of 

plausible kerogen) is to set the porosity at a maximum (22%) and the clay content at a maximum 

(37%), as these contain the two slowest velocity components outside of kerogen. At this situation 

there is no solution, as there is no amount of quartz and calcite that can offset the slower 

components. After iterating through solutions of at varying illite and porosity values seen in the 

Vaca Muerta, the smallest amount of kerogen needed to offset the velocity slowness observed is 

1%. While technically feasible, this situation would have to contain 37% illite and 15.5% oil-

filled porosity. Although it is an unlikely occurrence, there is a possibility that kerogen can 

explain the velocity deviation from normal given this scenario. However, the consistent sub-

normal velocity seen within well 1010 would dictate that this extreme scenario (or some slight 
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variation) would have to be nearly constant throughout the roughly 100 meter Vaca Muerta 

interval. Alternatively, solving the most aggressive combination of mineral literature values, 

where the Vaca Muerta would contain 13% oil-filled porosity and 27% clay, yields a necessary 

13% kerogen to explain the deviation from normal velocity. Although possible, average literature 

TOC values through the Vaca Muerta are between 3% and 5%, a full 8% to 10% lower (Fantin, 

2014).   

 

To find the most likely amount of kerogen necessary to disprove an effective stress 

component in well 1010, the average values for the Vaca Muerta, where illite is set to 20.6% and 

porosity is set to 10.6% are used. Running this example through the solver shows that the 

formation would need to contain 20.3% kerogen to adequately explain the variation seen in the 

velocity wave. These highly unlikely scenarios imply that it is simply not feasible to correct out 

the velocity mismatch within the Vaca Muerta without including an effective stress term. 
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CHAPTER 7  

PORE PRESSURE PREDICTION 

 

The modified Bowers methodology for pore pressure prediction is used in this chapter to 

develop a “deterministic” approach to normally pressured zones. “Deterministic,” as used in this 

thesis, represents a single best estimate of pore pressure based on the least squared value of all 

inputs. 

 

7.1 Introduction 

 The previously derived NCT can be used in conjunction with the new lithology corrected 

velocity profile to apply the modified Bowers pore pressure prediction methodology. The 

subsequent section will outline the steps taken to create a pore pressure prediction using acoustic 

logs for the LJE block.  

 

7.1.1 Use of Depth-Shifted Log Combinations in the LJE Block 

Due to the presence of a more complete log suite in well 1010, the modified Bowers 

recreated velocity curve presented in Chapter 3, is combined with well 1010’s lithology-

corrected velocity curve (Figure 7.1). Here we can identify the normal loading, or type one pore 

pressure section extends from surface to the lower Quintuco at a depth of approximately 2925 

meters, or about 9600 feet. The unloading, or type two pore pressure section, ranges from 2925 

meters (9600 feet), to the contact between the Vaca Muerta and Tordillo, at a depth of about 

3110 meters (10225 feet). The missing section in the upper and middle Quintuco is due to 

missing log information in well 1010. The logging run was started in the lower portion of the 

Quintuco, which is below the major lithology change seen in Figure 6.1 (Chapter 6). Because 

well 1001 lacked sufficient data to adequately perform lithology substitution, this missing 

interval is omitted, and assumed to follow the normal type one pore pressure trend.  
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Figure 7.1 Well 1001 velocity curve is combined with the kerogen-present velocity model from 

well 1010 to create a lithology corrected velocity curve for wells in the LJE. Type two pore 

pressure starts in the lower Quintuco at a depth of about 2925 meters (9600 feet) and ranges to 

the top of the Tordillo at a depth of about 3110 meters (10225 feet). 
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7.1.2 Governing Equations 

To transform the corrected logged velocity response into a pore pressure prediction, the 

equations presented in Chapter 2 can be used to solve for pore pressure. The methodology is split 

into a normal loading section, and an unloading section. For the normal loading section, 

Terzaghi’s equation for pore pressure, Equation 2.1, is combined with Equation 2.8 to yield pore 

pressure in terms of velocity (Equation 7.1 and Equation 7.2). 

 

𝑃𝑝 = 𝜎𝑣 − 𝛼𝜎𝑒               (2.1) 

 

𝑉𝑝 = 𝑎1 − 𝑎2∅ − 𝑎3𝑉𝑜𝑙𝑐 + 𝐴𝜎𝑒
𝐵            (2.8) 

 

Solving for 𝜎𝑒 yields Equation 7.1: 

 

𝜎𝑒 = (
𝑉𝑝−𝑎1+𝑎2∅+𝑎3𝑉𝑜𝑙𝑐

𝐴
)

1

𝐵
                               (7.1) 

 

Substituting Equation 7.1 into Equation 2.1 produces Equation 7.2: 

 

𝑃𝑝 =

[𝜎𝑣−(
𝑉𝑝−𝑎1+𝑎2∅+𝑎3𝑉𝑜𝑙𝑐

𝐴
)

1
𝐵
]

𝛼
                    (7.2) 

 

For the LJE block, Equation 4.5 is combined with Equation 7.2 to create an empirical relation for 

type one pore pressure within the LJE block (Equation 7.3). 

 

𝑃𝑝 = [
 
 
 
𝜎𝑣−(

𝑉𝑝−6762
𝑓𝑡
𝑠

+5486∅+2369𝑉𝑜𝑙𝑐

65.142
)

1
0.5934

]
 
 
 

0.49
               (7.3) 

 

 Equation 7.2 is used for the loading, or type one, pore pressure. For the unloading section 

(type two pore pressure), the modified Bowers equations presented in Chapter 2 are likewise 

expanded (Equations 7.4 and Equation 7.5).  
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𝑉𝑝 = 𝑎1 − 𝑎2∅ − 𝑎3𝑉𝑜𝑙𝑐 + 𝐴 [𝜎𝑚𝑎𝑥 (
𝜎𝑒

𝜎𝑚𝑎𝑥
)

1

𝑈
]

𝐵

          (2.9) 

 

Where: 

 

𝜎𝑚𝑎𝑥 = (
𝑉𝑚𝑎𝑥− 𝑎1+𝑎2∅+𝑎3𝑉𝑜𝑙𝑐

𝐴
)

1

𝐵
          (2.10) 

 

 For , 𝑉𝑚𝑎𝑥 occurs at a depth of 2925 meters (9600 feet), solving Equation 2.10 puts the 

maximum effective stress at a value of 4700.386 psi. 

 

Solving for 𝜎𝑒 yields Equation 7.4: 

 

𝜎𝑒 = 𝜎𝑚𝑎𝑥 [
(
𝑉𝑝−𝑎1+𝑎2∅+𝑎3𝑉𝑜𝑙𝑐

𝐴
)

1
𝐵

𝜎𝑚𝑎𝑥
]

𝑈

                          (7.4) 

 

Substituting Equation 7.4 into Equation 2.1 produces Equation 7.5: 

 

𝑃𝑝 = [
 
 
 
 
 

𝜎𝑣−

(

 
 
 

𝜎𝑚𝑎𝑥

[
 
 
 
 
(
𝑉𝑝−𝑎1+𝑎2∅+𝑎3𝑉𝑜𝑙𝑐

𝐴
)

1
𝐵

𝜎𝑚𝑎𝑥

]
 
 
 
 
𝑈

)

 
 
 

]
 
 
 
 
 

𝛼
           (7.5) 

 

The values found in Equation 4.5 and from Equation 2.10 are combined with Equation 7.5 to 

create an empirical relation for type two pore pressure within the LJE block (Equation 7.6). 

 

𝑃𝑝 = [
 
 
 
 
 

𝜎𝑣−

(

  
 

4700.386

[
 
 
 
 
(
𝑉𝑝−6762+5486∅+2369𝑉𝑜𝑙𝑐

65.142
)

1
0.5984

4700.386

]
 
 
 
 
3

)

  
 

]
 
 
 
 
 

0.49
             (7.6) 
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7.1.3 Challenges and Assumptions for Implementation 

 Challenges associated with adequately predicting pore pressure using the modified 

Bowers methodology for the LJE are primarily due to lack of data. To judge the accuracy of the 

prediction, concrete pore pressure measurements should be taken. Some of the assumptions made 

to complete the process are listed below. 

 

1. The overburden area in well 1001 is assumed to be pressured at a normal salt water pore 

pressure of 0.45 psi/ft (8.66 ppg). 

 

2. The Quanti-Elan mineralogical models presented prior provide an adequate estimation 

of true lithology and porosity. 

 

3. Compressional velocity can be modeled as linear over a small range of porosities. 

 

4. Lack of spatial variance in compressional velocity waves allow the combination of the 

overburden stress model from well 1001 to be applied to well 1010 for the purposes of 

pore pressure prediction within the LJE block. 

 

5. The remaining velocity mismatch from the normal compaction trend after lithology and 

porosity characteristics are neutralized is attributed to effective stress. 

 

6. The variable U in Equation 7.6 is assumed to be three.  

 For the unloading section, the variable U represents how plastic the sediment of 

interest is. A U value equal to one would imply that no permanent deformation 

occurs (perfectly elastic), A U value approaching infinity suggests that the 

sediment would experience completely irreversible deformation (perfectly plastic) 

(Bowers, 1995). Solving for U requires concrete pressure measurements from a 

variety of wells, with known points of effective stress. Bowers has found that U 

values typically range from three to eight, and with most practical cases centers 

around three (Bowers, 1995). Because wells within the LJE block lack the proper 

pressure measurements, a U value of three is chosen. This provides a potential 
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source of error that may need to be corrected when pressure measurements are 

taken. Appendix A will demonstrate the effect that varying the U value has on the 

final pore pressure prediction (Appendix A).  

 

7. Biot’s coefficient is assumed to be a constant of 0.49.  

 Biot’s coefficient is a constant that affects both elastic properties, as well as 

fracture properties controlled by effective stress (He, 2014). Essentially it 

represents the compliancy of the pore space, and the fluid’s ability to absorb a 

portion of the stress experienced by the rock. Traditionally, this value is found by 

taking one minus the ratio of the bulk modulus of the rock to the matrix modulus 

of the rock (He, 2014). The value of Biot’s coefficient is a difficult parameter to 

judge, and itself would require further research. For the purpose of this thesis, 

Biot’s coefficient is taken as 0.49, which is consistent with company derived 

values, which range from 0.4 to 0.6. The effect of Biot’s coefficient on proper 

pore pressure prediction is large however, and further research into this value 

should be conducted. Appendix B will demonstrate the effect that varying Biot’s 

coefficient has on the final pore pressure prediction (Appendix B). 

 

7.2 Modified Bowers Pore Pressure Prediction  

 This section will apply the modified Bowers methodology for the lithology and porosity 

corrected well 1010 log for expected pore pressure within the Vaca Muerta. In lieu of proper 

pressure measurements, this prediction will be cross-correlated with drilling events in prior 

wells, the summation of which yields a plausible result. 

 

7.2.1 Pore Pressure Prediction Workflow 

 Now that velocity, lithology and porosity are empirically defined, it is possible to predict 

pore pressure. The following diagram represents the total workflow involved in applying the 

modified Bowers approach to pore pressure prediction for the LJE block (Figure 7.2).  
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Figure 7.2 Flowchart for pore pressure prediction employed in this thesis.  
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7.2.2 Application for the LJE Block 

 Equation 7.3 (Type one pore pressure) is used for the portion above 𝑉𝑚𝑎𝑥, which again 

occurs at a depth of 2925 meters (9600 feet), and just above the boundary between the Vaca 

Muerta and Tordillo, at a depth of about 3110 meters (10225 feet). Equation 7.6 (Type two pore 

pressure) is used for the area between 𝑉𝑚𝑎𝑥 and the aforementioned boundary between the Vaca 

Muerta and Tordillo formations (Figure 7.3). 

 

 
Figure 7.3 Type two pore pressure starts in the lower Quintuco at a depth of about 2925 meters 

(9600 feet) and ranges to the top of the Tordillo at a depth of about 3110 meters (10225 feet). 

Type one pore pressure is located in the overburden and at the boundary between the Vaca 

Muerta and Tordillo formations. 
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 After application, the pore pressure prediction can be seen. By virtue of using the 

recreated velocity log presented in Chapter 3, the overburden stress section plots expectedly on 

the normal pore pressure point for salt water, at a pressure of 8.66 pounds per gallon (ppg), or 

roughly 1.03 g/cm
3
. However, the lower Quintuco contains the point of velocity reversal 

(overpressure onset), so the predicted pore pressure starts to rise (Figure 7.4). 

 

 

Figure 7.4 Pore pressure prediction for well 1010 using lithology-corrected velocity waves 

(shown in pounds per gallon). 
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 Employing the Bowers method for pore pressure prediction shows that the overpressure 

experienced through the lower Quintuco and into the Vaca Muerta peaks at a maximum of 12.4 

ppg, or about 1.47 g/cm
3
, before falling back to nearly normal pressure at the Vaca Muerta and 

Tordillo boundary, settling around 9.0 ppg, or about 1.07 g/cm
3
 (Figure 7.5). As subsequent 

subsections will show, the modified Bowers prediction matches prior drilling events and 

provides a reasonable estimate of true pore pressure. 

 

The early onset of pressure, within the last 50 meters of the lower Quintuco and into the 

Vaca Muerta, seems to show the possible existence of natural fractures within the formation. 

There are observable natural fractures present in Vaca Muerta core taken from well 1010 

(Kernan, 2013). As overpressuring develops in the Vaca Muerta, the “unloading” of effective 

stress due to kerogen cracking and hydrocarbon maturation could cause failure within the lower 

Quintuco.  

 

The modified Bowers method suggests then that this pressure is causing failure within the 

lower Quintuco, providing a reasonable theory to the presence of natural fractures in well 1010, 

as well as the reason behind the onset of overpressure located in the lower Quintuco. 

Furthermore, the dramatic falloff in pressure observed at the Vaca Muerta and Tordillo boundary 

implies that there is a real risk associated with hydraulically fracturing within the lower Vaca 

Muerta. As the subsequent subsection will show, there have been wells in the LJE block that 

have experienced lost returns on drilling mud when entering the Tordillo, which implies a drastic 

decrease in fracture gradient at this boundary as well.  

 

The combination of decreased pressure and fracture gradient can reasonably lead to 

hydraulic fracturing issues when stimulation the lower Vaca Muerta. The modified Bowers pore 

pressure prediction suggests that if the fracture grows down into the Tordillo, there is a risk the 

stimulation treatment will be lost to the Tordillo, which in turn will dramatically decrease the 

effectiveness of the hydraulic fracture treatment. It is important to consider placing the horizontal 

well within the middle of the Vaca Muerta, in an attempt to avoid fracturing into the Tordillo. 

The middle section of the Vaca Muerta also appears to have a lower fracture gradient pressure, 

which may provide easier fracture entry. 
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Figure 7.5 Pore pressure prediction for the Vaca Muerta Formation, a normal pore pressure of 

8.66 ppg (1.03 g/cm
3
) is overlain in red for reference. Overpressure appears to begin in the 

Lower Quintuco, with a trend back towards normal pore pressure at the Vaca Muerta and 

Tordillo formation boundary (scale in pounds per gallon). 
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7.3 Prior Drilling Event Correlation   

 To judge the plausibility of the pore pressure prediction for well 1010, prior drilling 

events are used in lieu of proper pressure measurements. There was a single Mini-Fall-Off Test 

(MFO) conducted on well 1010, which will be included as a point of reference as well. Due to 

the lack of data available within this area, these drilling events can be used to bind the pore 

pressure between extremes. For this application, a normal fresh water pressure gradient of 8.34 

ppg (1.0 g/cm
3
) is used as the absolute lower bound. The mud weight used in drilling wells 

within the LJE block act as an upper bound on pore pressure where pressure is contained, and act 

as a lower bound in areas where the drilling team encountered an influx of hydrocarbons into the 

wellbore. Drilling mud losses indicate that the drilling mud used is too heavy, enough to fracture 

the formation. Although fracture gradient prediction is not the subject of this thesis and requires 

further future research, this event type implies that the pore pressure is significantly lower than 

the mud used at the depth of the event. It is possible to encounter situations where the fracture 

gradient and pore pressure are extremely close to each other, as seen in deep water wells in the 

Gulf of Mexico. However, the fracture gradient, taken conservatively as the minimum horizontal 

stress, is assumed accurate until proven otherwise, and there is no indication that this is the case 

within the Neuquén Basin (Figure 7.6) (Kosset, 2014). 

 

  

Figure 7.6 PlusPetrol initial pore pressure prediction for well 1010 (shown in brown), maximum 

horizontal stress (shown in blue), minimum horizontal stress (shown in green), overburden stress 

(shown in red), the black dot represents the MFO estimation of pore pressure. The fracture 

gradient is taken conservatively as the value of minimum horizontal stress (Modified from 

Kosset, 2014).   
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 7.3.1 Drilling Events within the LJE Block 

 This subsection will outline the drilling event analysis of wells within the LJE block 

previously covered by Talgat Kosset. Drilling event analysis characterizes drilling related 

problems experienced by PlusPetrol according to severity and frequency (Kosset, 2014). The 

wells that experience pressure related events are then used as a loose calibration for the prior 

presented pore pressure prediction for well 1010 (Figure 7.7, Figure 7.8, and Figure 7.9). 

 

 

Figure 7.7 Drilling events for well 1007H. The pink triangles represent hydrocarbon influx, the 

green triangles represent mud losses, and the black squares represent areas of tight hole 

(Modified from Kosset, 2014). 
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Figure 7.8 Drilling events for well 1004 (green line) and 1004H (brown line). The pink triangles 

represent hydrocarbon influx, the brown squares represent stuck pipe, and the black squares 

represent areas of tight hole (Modified from Kosset, 2014). 
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Figure 7.9 Drilling events for well 1006 (green line) and 1006H (brown line). The brown squares 

represent stuck pipe, and the black squares represent areas of tight hole (Modified from Kosset, 

2014). 

 

7.3.2 Applying Pore Pressure Bounds from Prior Observed Drilling Events 

 The following works from the theory that log responses can be depth shifted to show vary 

little spatial variation as presented in Chapter 5. Consistent with the findings in Chapter 5, the 

preceding drilling events can be correlated to well 1010 with the assumption that similar pore 

pressure responses exist between wells within the LJE block. Variations between static mud 

weight and equivalent circulating density (ECD) are not documented, so although difficult to 

definitively prove, this methodology should provide a reasonable estimate of pore pressure 

bounds.  
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1. Lower Bound 

 From these drilling events the minimum value for pore pressure is taken to be 

about 9.50 ppg (1.15 g/cm
3
) through the lower part of the lower Quintuco, and 

10.43 ppg (1.25 g/cm
3
) through the Vaca Muerta formation, and the normal salt 

water pressure of 8.66 ppg (1.03 g/cm
3
) everywhere else. The lower Quintuco 

bound is judged from influx events observed in the 1004H and 1007H wells.  

 

2. Upper Bound 

 The upper bound for pore pressure is taken as less than 10 ppg (1.20 g/cm
3
) 

shortly after entering into the Tordillo formation, and the minimum horizontal 

stress curve everywhere else. The Tordillo formation bound is judged as the value 

of mud weight that caused lost returns in well 1007H. The absence of documented 

mud losses in 1006H, drilled at a mud weight of 9 ppg (1.08 g/cm
3
) implies that 

the 10 ppg is a reasonable upper bound for this section. As stated prior, the 

minimum horizontal stress is the most conservative estimation of fracture gradient 

where further information does not exist. 

 

3. Mini-Fall-Off Test (MFO) 

 The MFO test taken in well 1010 yields the closest estimation of true pore 

pressure at a given point. This test was administered at a depth of 3117.5 meters 

(about 10226 feet) and will be included as a reference point for pore pressure just 

below the Vaca Muerta and Tordillo boundary.  

The expectation is that the predicted pore pressure will show consistently higher results 

than the lower bounds and consistently lower results that the upper bounds, while the MFO 

should plot near the predicted pressure at the depth of 3117 meters. Well 1007H lacks the proper 

data to adequately correct for depth differences, so the lower bound of 9.50 ppg cannot be placed 

at a specific depth. That data is thus presented qualitatively, where both the lower bound of 9.50 

ppg found from prior drilling events, as well as the lower bound assumed by PlusPetrol (8.34 

ppg) are shown. There is similar uncertainty in the onset of lost returns, so the upper bound is 

shown both as the assumed minimal horizontal stress, as well as the lower bound of 10 ppg 

(Figure 7.10).  
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The results are encouraging, as they show that the pressure remains between bounds, and 

fit the MFO test point within a few meters. The unknown depth of hydrocarbon influx 

experienced in the Lower Quintuco provides an element of potential error, but the fact that the 

modified Bowers approach does place the initial onset of overpressure within the lower portion 

of the Quintuco, and the pressure profile does stay consistent with a lost returns potential within 

the Tordillo leads to the conclusion that the modified Bowers pore pressure produces a viable 

prediction. 

 

 

Figure 7.10  Bounded pore pressure prediction. The modified Bowers pore pressure prediction is 

shown in purple, minimum pore pressure derived from drilling events is shown in red, maximum 

pore pressure is shown in blue, the MFO test is the black diamond, and PlusPetrol’s estimation 

on minimum and maximum pore pressure shown in black. Because of uncertainties in the depth 

onset of the drilling events, mismatch between PlusPetrol’s bounded estimates and the drilling 

event bounded estimates are shaded in grey.  
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7.4 Eaton’s Pressure Prediction Versus Modified Bowers Pressure Prediction 

 PlusPetrol carried out a pore pressure prediction for well 1010 employing the use of 

Eaton’s method. Although the workflow was undocumented in the provided data set, the final 

form of the prediction can be seen below (Figure 7.11). 

 

 

Figure 7.11 PlusPetrol pore pressure prediction using Eaton’s method. The pore pressure 

prediction is shown in red; the actual static mud weight used is shown in dark green.  
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 The prediction shows a constant normal fresh water pore pressure of 8.34 ppg through 

the Quintuco formation, with the Vaca Muerta formation peaking at a value of nearly 14 ppg 

(1.67 g/cm
3
). Throughout the drilling operation, a constant static mud weight of 10.4 ppg (1.25 

g/cm
3
) was used through the formations of interest. There were no documented drilling events 

during the drilling and completion of this well. This is curious as the well is clearly being drilled 

underbalanced, however may be explained by one more factors. 

 

1. The equivalent circulating density during the operation made up for the pressure 

differential. 

 The effective ECDs during the drilling operation are undocumented. However, 

this would imply an increase in 3.5 ppg between the static and dynamic mud 

weights. 

2. There are no mobile fluids throughout this section. 

 Hydrocarbon influx requires moveable fluids as well as an underbalanced drilling 

condition. 

3. There actually were events during this operation, but they were simply left 

undocumented. 

 This scenario would be a personnel issue, and thus is not considered for the 

purpose of this thesis. 

4. The true formation pore pressure is less than that predicted by the parameters chosen by 

PlusPetrol for Eaton’s method.  

 

The modified Bowers approach demonstrated in this thesis implies that when lithology and 

porosity characteristics are neutralized in well 1010, the pore pressure prediction provided shows 

a flatter pressure curve, with a lesser peak pore pressure. Therefore, the most likely combination 

of reasons why no drilling events were observed is that of point one and point four. Below shows 

a comparison between the PlusPetrol pore pressure prediction and the modified Bowers pore 

pressure prediction for well 1010, and subsequent observations (Figure 7.12).   
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Figure 7.12 Bounded pore pressure prediction. The modified Bowers pore pressure prediction is 

shown in purple, PlusPetrol’s Eaton derived pore pressure is in pink, actual mud weight used in 

drilling is shown in dark green, minimum pore pressure derived from drilling events is shown in 

red, maximum pore pressure is shown in blue, the MFO test is the black diamond, and 

PlusPetrol’s estimation on minimum and maximum pore pressure are shown in black. Because of 

uncertainties in the depth onset of the drilling events, mismatch between PlusPetrol’s bounded 

estimates and the drilling event bounded estimates are shaded in grey. 
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 The main differences between the modified Bowers and Eaton pore pressure predictions 

become quite apparent when observing the onset of overpressure. Eaton’s method, when used 

outright to judge appropriate mud weight will lead to hydrocarbon influx through the lower 

Quintuco, and cause differential sticking or lost returns through the upper Tordillo. PlusPetrol 

saw no events when drilling through the lower Quintuco; this is attributed to the implementation 

of a sufficient safety factor and ECD associated with 10.4 ppg mud used. It is important to note 

that the Eaton pore pressure used by PlusPetrol is a post drill pore pressure prediction. The pore 

pressure predicted post job may lead the company to lower the mud weight through this 

formation to save money. This would be an error, and as shown in well 1007H and well 1006H, 

any mud weight less than 9.5 ppg through this section could cause hydrocarbon influx. Where 

Eaton’s method fails to capture this mud weight accurately, the modified Bowers technique 

seems to confirm these field observations. 

 

 The modified Bowers pressure shows a much flatter profile than the Eaton method 

through the Vaca Muerta formation. This appears to indicate that much of the variability seen in 

the velocity wave can be attributed to changes in lithology and porosity, and is not due to 

pressure. By attributing these lithology and porosity changes to stress, the Eaton pressure curve 

predictably shows more variation than the modified Bowers method. Despite the differences in 

appearance, both predictions appear to provide a reasonable match to the MFO data taken.  

 

The pore pressure within the Vaca Muerta shows for both the modified Bowers approach 

as well as the Eaton prediction that hydrocarbon influx should occur with the mud weight 

chosen. However, the well did not experience a kick through this section, even though the mud 

weight employed was a full 2 ppg less than the modified Bowers prediction, and 3.5 ppg less 

than the Eaton prediction. Without knowledge of the ECD through this section, a definitive 

answer cannot be provided. Notwithstanding, if there are mobile fluids in the reservoir, the 

circulating mud weight required to hold back the lower Vaca Muerta would cause a fracture in 

the middle of the Vaca Muerta when ascribing to the Eaton pore pressure prediction. Conversely, 

it is plausible that the 2 ppg increase between static and dynamic mud weights required in the 

modified Bowers approach could be obtained while still remaining below the estimated fracture 

gradient.  
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7.5 Static Mud Weight Recommendation 

 Due to the unreliability associated with maintaining a constant and sufficient ECD, an 

increase in static mud weight should be considered through the lower Quintuco into the Vaca 

Muerta formation. Through his research in wellbore stability, Talgat Kosset recommended an 

increase in actual mud weight employed in future wells by 0.5 ppg to nearly 1 ppg (0.05-0.1 

g/cm
3
) (Kosset, 2014). However, for a truly conservative approach, an increase in static mud 

weight of 1 ppg to 1.5 ppg (0.1-0.17 g/cm
3
) should be considered (Figure 7.13). This would 

place the static mud weight at 11.9 ppg (1.42 g/cm
3
), and would likely provide no issues with 

pressure containment through the Vaca Muerta Formation. 

 

 There appears little possibility of exceeding the minimum horizontal stress gradient 

through the lower Quintuco and into the Vaca Muerta, so casing should be applied prior to the 

horizontal curve build section. If drilling into the Tordillo, it is important to immediately set 

casing below the Vaca Muerta, and lower static mud weight to between 9 ppg and 9.5 ppg (1.08 

g/cm
3
 to 1.14 g/cm

3
) to avoid fracturing into the formation and losing mud. Regardless of the 

target zone, a careful monitoring of ECD should occur throughout the drilling process. 
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Figure 7.13 Increasing static mud weight. The modified Bowers pore pressure prediction is 

shown in purple, the normal pressure line is shown in blue, and the fracture gradient is shown in 

black, PlusPetrol’s mud weight is shown in dark green, Kosset’s higher recommendation (0.1 

g/cm
3
 increase) is shown in pink, and the thesis recommendation is shown in red. 
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CHAPTER 8  

CONCLUSIONS AND FUTURE RESEARCH 

 

 The goal of this thesis was to determine if there is an observable influence of lithology, 

porosity, and effective stress on acoustic logs targeting the Vaca Muerta. Furthermore the intent 

was to then provide an improved pore pressure prediction using a modified Bowers approach. By 

accurately predicting pore pressure, the magnitude and severity of drilling events may be 

diminished, and sweet spots of higher pore pressure may be located. 

 

8.1 Summary and Conclusions 

 Accurate pore pressure prediction is integral in mitigating recognized drilling challenges 

in unconventional reservoirs, such as maintaining drilling crew safety and wellbore instability, as 

well as selecting proper cement weights and casing grades. Eaton’s method for pore pressure 

prediction relies too heavily on qualitative judgments and trial and error matching to provide a 

consistent pore pressure prediction. In an effort to improve upon this technique, Bowers’ 

methodology was employed. Bowers adds an effective stress term and relates that term to 

compressional velocity to predict pore pressure from acoustic logs. However, Bowers neglects to 

add terms for porosity and lithology variation, which oversimplifies the empirical relation 

between acoustic log response and pore pressure. In an effort to account for these petrophysical 

parameters, Sayers proposed a modified version of Bowers’ methodology that adds terms for 

porosity and clay content. To implement this technique, Quanti-Elan modeling runs were made 

from well log data available for wells within the LJE block to provide estimations of mineral 

composition for lithology and porosity substitution. By depth shifting logs, little spatial variation 

can be observed; this implies that similar stress states, lithology, and porosity exist between wells 

in close proximity. After developing a normal compaction trend from surface, velocity reversal 

zones within the lower Quintuco formation, extending into the Vaca Muerta formation, imply 

these formations will experience abnormal pore pressure. Employing the modified Bowers 

methodology has been shown in this thesis to provide reasonable results for true formation pore 

pressure for wells targeting the Vaca Muerta formation. 
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From this work, the following conclusions may be drawn: 

 

1. Through depth shifting logs between wells, little spatial variation is observed regardless 

of tool vintage, allowing the combination of logs from wells in close proximity. 

 

2. There is a distinct feature of effective stress observable in compressional velocity logs, 

allowing for a velocity-to-pore-pressure transform. 

 

3. There are strong lithology and porosity character signatures in compressional velocity 

response, which must be accounted for when developing an accurate pore pressure 

model. 

 

4. Neutralizing lithology and porosity variation from the velocity logs provides a reasonable 

pore pressure prediction for wells within the LJE block. 

 

5. The modified Bowers pore pressure prediction for well 1010 implies that the lower 

Quintuco is in a mode of failure caused by overpressure within the Vaca Muerta. 

Furthermore, the prediction suggests that when hydraulically fracturing the lower Vaca 

Muerta, there is a chance that fracturing into the Tordillo will cause a loss in fracturing 

fluid, leading to the possibility of an ineffective treatment. 

 

6. The validity of the modified Bowers technique for pore pressure prediction in the 

Neuquén Basin is inconclusive, and requires more data to definitively prove or disprove.  

 

To accurately implement the modified Bowers method, further research must: 

 

1. Define the unloading parameter, U. 

 

2. Develop a proper relationship between pore pressure, confining stress, and effective 

stress. 

 

3. Quantify the magnitude of stress absorbed by the pore space and pore fluid. 
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8.2 Future Research Considerations and Recommendations 

 To better understand how lithology and porosity affect velocity response and pore 

pressure in the Neuquén Basin, a number of avenues for future research are proposed.  

 

1. One of the most pressing needs is to gather more data. The absence of true pressure 

measurements and poor documentation of static versus dynamic mud weights employed 

makes the validation of the proposed pore pressure methodology difficult. Once proper 

pressure points are available, the model can be further calibrated, and the unloading 

parameter, U, should be adjusted accordingly. 

 

2. The effect that Biot’s coefficient has on the predicted pore pressure is large. 

Consequently, there is a need to better understand this parameter within the Vaca Muerta, 

providing a much needed area of further research. If using Biot’s coefficient is 

inappropriate for the Vaca Muerta formation, Terzaghi’s pore pressure relationship must 

be further inspected. 

 

3. The validity of the linear approximations of velocity and porosity are not well understood 

and require further research. 

 

4. Multi-component lithology substitution has not been fully explored, and provides and 

interesting avenue for future research. 
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LIST OF SYMBOLS 

 

A, B, a1, a2, a3  ................................................................................ Virgin curve fitting parameters 

Avg_Por, ϕcp  ......................................................................................... Crossplot porosity, unitless 

CGR  ....................................................................... Corrected/Compensated gamma ray log, gAPI 

DPHI, ϕDPHI  ......................................................................... Thermal neutron porosity log, unitless 

DTCO, DT, DTC  ....................................................................... Compressional slowness log, µs/ft 

g .................................................................................................................................... Gravity, ft/s
2
 

GR  ................................................................................................................. Gamma ray log, gAPI 

NCT ......................................................................................................... Normal compaction trend 

Pp  .......................................................................................................................... Pore pressure, psi 

R  ......................................................................................................................... Resistivity, ohm-m 

RHOB, RHOZ, ρb  ............................................................................................. Bulk density, g/cm
3
 

SPORF  ............................................................................................. Sonic Porosity Factor, unitless 

t  .......................................................................................... Logging instrument data, varying units 

TNPH, ϕTNPH  ....................................................................... Thermal neutron porosity log, unitless 

U  ................................................................................................. Unloading curve fitting parameter 

v ............................................................................ Nondescript mineral fractional volume, unitless 

V0  ............................................................................................ Velocity at zero effective stress, ft/s 

Vmax  ............................................... Compressional sonic velocity at onset of velocity reversal, ft/s 

Volc ............................................................................................................ Volume of clay, unitless 

Volfluid ..................................................................... Fractional volume of fluid constituent, unitless 

Volmineral ............................................................. Fractional volume of mineral constituent, unitless 

Vp  ............................................................................................... Compressional sonic velocity, ft/s 

Vpfluid ....................................................................... Velocity endpoint of fluid constituent, unitless 

Vpmineral .............................................................. Velocity endpoint of mineral constituent, unitless 

z  .......................................................................................................................................... Depth, ft 

α  .............................................................................................................Biot’s Coefficient, unitless 

ρEDI .................................................................................................. Electron density index, unitless 
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σe, σvc..................................................................................................... Effective vertical stress, psi 

σmax ........................................................... Effective vertical stress at onset of velocity reversal, psi 

σv ........................................................................................................... Total overburden stress, psi 

ϕ  ............................................................................................................................ Porosity, unitless 
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APPENDIX A  

VARIATIONS ON THE UNLOADING PARAMETER, U 

 

 As stated earlier, the unloading parameter, U, a measure of the plasticity of sediment, 

changes the response of the unloading curve. This unloading curve flattens as U approaches 

infinity, implying perfect plasticity. The unloading curve mimics the virgin curve as U 

approaches one, implying perfect elasticity. These relations may be observed graphically in 

Chapter 2, Figure 2.6. Expectedly, this relation can also be seen in the pore pressure recreation 

when varying U (Figure A.1). For the following, Biot’s coefficient is held at a constant 0.49. 

 

 

Figure A.1 Varying the unloading parameter U. The black line represents a normal salt water 

pore pressure of 8.66 ppg, U=1 (green), U=3 (red), U=4 (blue), U=5 (gold), U=6 (pink), U=8 

(brown), U= infinity (purple), the scale ranges from 7 ppg to 15 ppg and the depth is shown in 

meters.  
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APPENDIX B  

VARIATIONS ON BIOT’S COEFFICIENT 

 

Biot’s coefficient is a chaotic variable, in that small changes in the constant enact large 

changes in the pore pressure prediction. To understand the applicability of this term, it is 

important to understand the assumptions associated with the initial Biot constant derivation. Biot 

assumed an isotropic, permeable and fluid filled porous rock. These conditions are likely 

inapplicable to unconventional reservoirs. As shown in previous research, the Vaca Muerta is a 

heterogeneous, anisotropic reservoir with extremely low permeability (Willis, 2013). Therefore, 

applying Biot’s constant to pressure prediction in the Vaca Muerta may not be appropriate. 

However, the modified Bowers technique produces an unreasonably high effective stress when 

neglecting poroelastic effects. This thesis employed a value of 0.49 to Biot’s coefficient; 

constant with the current industry estimation of a Biot’s constant between 0.4 and 0.6 for the 

formation, as it was the only value that produced reasonable pore pressure results. There is a 

definitive need for further research to be conducted on how to accurately quantify the poroelastic 

influence on effective stress before the modified Bowers methodology may be confidently 

applied to the Neuquén Basin. 

 

For current industry practices, Biot’s constant is varied below, and the effects on the pore 

pressure output are substantial (Figure B.1). For the following, the U variable is held as a 

constant of three. 
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Figure B.1 Varying Biot’s coefficient, α. The black line represents a normal salt water pore 

pressure of 8.66 ppg, α = 1 (blue), α = 0.7 (purple), α = 0.6 (gold), α= 0.5 (red), α= 0.4 (brown), 

the scale ranges from 4 ppg to 13 ppg, and the depth is shown in meters. 


