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ABSTRACT 

 

Hydraulic fracturing, a necessity for economic production in most unconventional reservoirs, 

requires planning and accurate knowledge of geomechanical properties. Most unconventional reservoirs 

are anisotropic and highly heterogeneous, both vertically and laterally, and due to the prohibitive cost of 

recovering cores, wireline acoustic logging tools are the primary source of the downhole measurements 

of the formation acoustic and geomechanical properties. In addition, few wells have shear slowness data. 

In order to aid the hydraulic fracturing design and modeling effort, as well as the efficiency of 

horizontal well placement, it is desirable to upscale geomechanical properties for creation of a three-

dimensional (3D) mechanical earth model (MEM). A new approach for upscaling and modeling of the 

geomechanical properties using cluster analysis has been introduced for the Vaca Muerta shale in the 

Neuquén Basin of Argentina. Using wells with core and cross-dipole logging tools, a core calibrated 

anisotropic model of the formation has been developed. Clusters were determined from a logging suite 

comprising only gamma ray, compressional slowness, and bulk density in a key exploration well, and this 

cluster group was implemented to several more wells in the study area. Backus averaging was used to 

upscale the elastic stiffness tensor for each cluster group and in the wells with cross-dipole logging tools 

providing full anisotropic stiffness tensor without shear. A comparison between these wells yielded the 

average stiffness tensor representative of each cluster group. 

Using microseismic data obtained from three of the wells in the study area with two fracturing 

stages each, the vertical extent of microseismic events was determined, and the clusters obtained 

through our analysis have been upscaled over this interval. All four wells show similar upscaling results 

by cluster for elastic stiffness coefficients and Young’s moduli, with a very tight range of values. Poisson’s 

ratio has higher variation and no trend with the clusters for Poisson’s ratio was noticed. When compared 

to the core data, similar trends are observed in the stiffness coefficients and Young’s moduli. 

Microseismic events tend to occur in the moderate to stiffer clusters, while production comes primarily 

from the more compliant ones. This knowledge may help understand the limitations of microseismic 

evaluation of unconventional shale reservoirs. These clusters have been used as geomechanical facies 

to populate a 3D MEM which can be used to couple the petrophysical model for the study area, regional 

stress model, regional structure, and natural fracture network in order to combine the fully coupled 

geomechanics and flow effects in hydraulic fracturing treatments. The method we have developed allows 

for anisotropic properties to be applied over a wide area with limited available logging data and is 

anticipated to be used in upscaling input parameters for realistic representation of formation 

characteristics in well placement and stimulation design and planning effort for unconventional reservoirs. 
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CHAPTER 1  

INTRODUCTION 

 

This research utilizes available datasets from a frontier shale play in Argentina to understand and 

model the anisotropic nature of the shale in order to help future well planning and hydraulic fracture 

stimulation design. 

1.1 Motivation 

Unconventional shale systems have provided a noticeable boost to domestic oil and gas 

production, causing a modern day oil and gas boom in the United States. These formations are not 

unique to the United States, and other countries are seeking to develop shale resources of their own in 

pursuit of similar success. Argentina, with its immense Neuquén Basin, has the potential to solve its own 

domestic energy issues while producing much needed economic growth. The Vaca Muerta Formation is 

the shale formation in Argentina which presents the most promising resource potential. A major problem 

with the Vaca Muerta Formation is the optimization of the completions in order to optimize production 

while having an economically viable return. One of the problems presented by the Vaca Muerta is where 

to place laterals for the horizontal completions. The 80-1,500 ft thick formation (Legarreta and Villar, 

2011) creates problems in determining where the optimal location for a lateral is. The current practice is 

to complete the wells using vertical completions (Ejofodomi et al., 2013), yet in order to increase 

production and improve the economics of the play, production will need to be increased through the use 

of horizontal wells with multi-stage completions. In order to help this planning, the geomechanical 

properties of the formation must be accurately known in both the vertical and lateral directions. A new 

method needs to be devised to help populate three-dimensional (3D) models with geomechanical 

properties so that future wells and stimulation programs can be developed. The formation also exhibits 

intrinsic anisotropy, so special analysis is needed in order to properly characterize the geomechanical 

nature of the formation. 

1.2 Objectives 

The objectives of this study include: 

1. Determining a correlation between dynamic and static elastic moduli that is representative of the 

Vaca Muerta Formation based on available core data. 

2. Using Backus averaging technique to upscale anisotropic geomechanical properties relative to 

the log derived cluster groups. 

3. Comparing the log derived cluster groups to the mineralogy and core geomechanics in the 

associated intervals. 
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4. Modeling the geomechanical properties for their utilization as an input in the planning of future 

wells and hydraulic fracturing and field development effort. 

This analysis is useful to determine a 3D mechanical earth model (MEM) that is derived from the 

clusters and populated with the geomechanical properties from the Backus averaging procedure. This 

process will help in the future characterization and development of the Vaca Muerta shale. 

1.3 Vaca Muerta Overview 

According to the Energy Information Administration (EIA), Argentina has the third largest 

technically recoverable resource of shale gas, trailing only China and the United States. The estimated 

risked technically recoverable resources for tight gas are 240 Tcf in the Vaca Muerta Formation and 167 

Tcf in the deeper Los Molles Formation, both of which are in the Neuquén basin with 8,540 square miles 

of prospective area (EIA, 2011). 

1.3.1 Basin History and Potential 

The Vaca Muerta Formation is a tight gas and oil play in the Neuquén Basin of Argentina (Figure 

1.1).  

 

Figure 1.1 General stratigraphic section of the Neuquén basin. Notice the relative thickness of the Vaca 
Muerta and Los Molles formations relative to other lithologies (modified from Howell et al., 2005). 



3 
 

The basin has a long production history, with cumulative production of 1.76 billion barrels of oil 

through 2005 and 1.02 billion barrels of remaining reserves. Oil was first discovered in 1918 at the Plaza 

Huincul structure. Data for 1990 show that the basin contains 2,619 producing wells from 185 separate 

fields. Even as long ago as 1990, the basin was targeted as the number one prospective basin in 

Argentina (Urien and Zambrano, 1994). The Vaca Muerta, along with the deeper Los Molles Formation, 

have been targeted as a prospective tight gas and oil play. The Vaca Muerta Formation is considered as 

an analog  to the Eagle Ford Formation of Texas in that it has a maturity gradation from east to west  from 

the liquids rich window into the condensate region, and finally into dry gas in the deepest portions of the 

basin (Ejofodomi et al., 2013) (Figure 1.2). 

 

Figure 1.2 Map of the Neuquén basin in Argentina with the maturity map for the Vaca Muerta shale 
overlain. The total colored region represents the extent of the Neuquén Basin (from EIA, 2011). The 
rough area of this study is outlined in dark blue. 

1.3.2 Geologic Setting 

The Neuquén Basin itself consists of a stratigraphic section of up to 4.5 miles in thickness (Urien 

and Zambrano, 1994). It was deposited in a back-arc basin with subsidence controlled by thermal and 

compressional relaxation (Howell et al., 2005; Vergani et al., 1995).  
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The extension that formed the basin was a result of steep subsidence of the Pacific plate during 

the late Jurassic-early Cretaceous. Extensional faults across the basin do not express themselves 

beyond the Mendoza Group (containing the Vaca Muerta) because the subsidence of the basin was 

gentle and broad-scaled (Figure 1.3) (Howell et al., 2005). The basin can be divided into three regions; 

western, transition, and eastern. The eastern region (containing the study area) has a normal faulting 

regime and is not deformed by the subandean orogeny (Urien and Zambrano, 1994; Garcia et al., 2013).  

 

Figure 1.3 Interpreted seismic structure map in the Loma Jarillosa Este block (LJE) in the Neuquén basin 
showing the Vaca Muerta formation and interpreted faults (image courtesy of A. Betancur (2013)). 

The Vaca Muerta shale is considered a calcareous shale/marl with illite type clay and a transition 

to smectite - illite in the deeper portions of the basin (Kugler, 1985; Wren, 2011). The formation was 

deposited as a prograding wedge with the deepest and thickest sections in the west during the Tithonian 

age of the Jurassic period under anoxic conditions (Kietzmann et al., 2011; Osorio and Muzzio, 2013). 

Due to a low rate of sedimentation, the bottommost portion of each wedge has the best quality source 

rock due to the increase in total organic carbon (TOC). The shale is black and contains lenses of 

calcareous material (Figure 1.4 and Figure 1.5). 
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Figure 1.4 Thin section 10-11-2. Sample has 9.49 wt. % TOC and shows bedding, clay minerals, and an 
organic rich layer (in black). Image courtesy of Eider Hernandez-Bilbo (2013). 

 

Figure 1.5 Thin section 10-5-1. Sample has 8.53 wt. % TOC and shows several fossils, detrital quartz 
grains, and compacted laminations of clay and organic matter. Image courtesy of Eider Hernandez-Bilbo 
(2013). 

The rock has been called a world class source rock, although published data on its properties 

remains limited (Kietzmann et al., 2011; Urien and Zambrano, 1994). Of all the hydrocarbon reserves in 

Argentina, approximately 50% are believed to be sourced from the oil prone Vaca Muerta Formation 

(Kietzmann et al., 2011). The Vaca Muerta has sourced reservoirs in the Sierras Blancas and Catriel 

formations and also acts as a seal to deeper reservoirs including the Tordillo Formation. Oil production 

from Vaca Muerta sourced rocks is generally high quality light oil (31-58º API) (Urien and Zambrano, 

1994; Garcia et al., 2013). For this study, the maturity of the area of interest corresponds to the oil to wet 

gas window (Ro = 0.5 – 1.23) (Figure 1.2). 
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A presentation by Madalena Ventures Inc. (2012) quotes reservoir pressure of 8,000 psi, and 

over pressured gradient varying between 0.65 - 1.0 psi/ft at the formation depth of 10,000 feet. The 

formation itself ranges in thickness from 80 to 1,500 feet, with the thicker regions towards the basin 

center (Legarreta and Villar, 2011; Ejofodomi et al., 2013). The region of the Neuquén basin used in this 

study has an average pore pressure gradient of 0.75 psi/ft, minimum horizontal stress gradient of 0.85 

psi/ft, maximum horizontal stress gradient of 0.92 psi/ft, and overburden gradient of 1.06 psi/ft (Garcia et 

al., 2013; Kosset, 2013). The formation contains natural fractures, with some believing these are key to 

production (Ejofodomi et al., 2013). 

Due to its thickness, the Vaca Muerta is divided into three sections. The lower Vaca Muerta is the 

organic-rich kitchen. The middle Vaca Muerta shows less lamination and lower TOC content, while the 

upper Vaca Muerta is also more organic rich and laminated like the lower section (Garcia et al., 2013). 

The overlying Quintuco formation is primarily a limestone reservoir with some dolomite and anhydrite 

(Hurley et al., 1995). The underlying Tordillo (referred to in different parts of the basin as either the 

Sierras Blancas or Catriel) is a clastic reservoir deposited through eolian and lacustrine mechanisms 

(Vergani et al., 1995). 

1.3.3 Location of Study Area 

The available data for this study comes primarily from the Loma Jarillosa Este (LJE) block, with 

additional data being utilized from the Cinco Saltos (CS) and the Puesto Silva Oeste (PSO) blocks 

(Figure 1.6). Core data is available from the LJE and CS blocks. 

 

Figure 1.6 Satellite image of the area of interest. The city of Neuquén is shown in the bottom right, while 
the lease blocks with available data are outlined (Cinco Saltos in aqua, Puesto Silva Oeste in pink, and 
Loma Jarillosa Este in red). Wells with data (green markers) and future planned wells (red markers) are 
shown. 
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1.3.4 Physical Properties 

The Vaca Muerta shale formation is extensive, and several studies have been performed on its 

petrophysical and mineralogical properties. Kugler (1985) performed a study of Vaca Muerta outcrops 

with organic carbon weight percent (TOC) ranging from 0.56 to 4.62%. Recent corporations have stated 

that average TOC is 3-5%, clay content is low/medium, porosity is 7-12%, and permeability is 50-200 

nanoDarcy (Table 1.1) (Wren, 2011).  

Table 1.1 Comparison of the Vaca Muerta shale to major unconventional formations in the United States 
(from Wren, 2011) 

 

Another presentation by Bedingfield (2012) has focused primarily on the oil window of the Vaca 

Muerta, and provided porosities ranging between 8-12%, water saturation of 15-45%, quartz + carbonate 

of 70-90% by volume, and TOC 3.5 wt. %. Kietzmann et al. (2011) stated that the Vaca Muerta has 

“remarkably homogeneous kerogen quality” with TOC weight percent ranging from 3-8% yet with areas of 

10 to 12%. The organic matter is composed of amorphous, marine microplankton, with some continental 

elements (type I-II kerogen). Urien and Zambrano (1994) stated that the TOC ranges from 2-3 wt. %. 

However, it can reach 8% in some localities with the best quality areas being near the basin center and 

the Chihuidos folded zone. Data from an 18 meter core in the hot shale section of the lower Vaca Muerta 

in the Loma Jarillosa Este block (well LJE.x-1010) indicate effective porosity ranging from 2.8-3%, 

permeability in the 100 nD range, and very low water saturation values (<15%). TOC ranges from 0-12% 

by weight and source rock analysis (SRA) confirms that the lower Vaca Muerta is primarily type I-II 

kerogen which is generally in the oil window (Figure 1.7, Figure 1.8, and Figure 1.9). 
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Figure 1.7 S2 vs. TOC plot for lower Vaca Muerta and Vaca Muerta outcrop samples. 

 

Figure 1.8 Production index vs. thermal maturity for lower Vaca Muerta and Vaca Muerta outcrop 
samples. 
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Figure 1.9 Van Krevelen diagram showing lower Vaca Muerta and Vaca Muerta outcrop SRA data. 

The mineralogical composition of the rock is varied and highly complex. Data from the LJE.x-

1010 core shows that the formation is comprised mainly of quartz, calcite, feldspar, and varying clay 

minerals. Clay content comprises roughly 26% by weight (Garcia et al., 2013 stated a maximum limit of 

30%), with the majority of that clay being illite/mica or in the mixed layer illite/smectite phase. Minor 

chlorite, kaolinite, and pure smectite are present. Average calcite and quartz content is 20.6% and 29.6% 

by weight, respectively. Dolomite is present in streaks, comprising up to 64% by weight of the rock in one 
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of the measured samples. Bulk rock composition from the LJE.x-1010 core was determined from multiple 

tests (Figure 1.10 and Figure 1.11). 

 

Figure 1.10 Bulk rock composition for the deepest portion of the lower Vaca Muerta from XRD and SRA 
analyses. 

0% 20% 40% 60% 80% 100%

3115.6063

3115.3600

3114.0826

3113.6800

3113.0036

3111.1888

3110.1187

3109.1557

3108.9600

3107.7000

3107.4400

3106.0948

3105.6994

3104.8827

3103.5619

3102.4100

3100.6035

3100.3041

3099.5100

3099.3951

3097.9983

Weight % 

M
e

as
u

re
d

 D
e

p
th

 (
m

) 

QUARTZ

K-FELDSPAR

PLAGIOCLASE

CALCITE

ANKERITE/ FE-DOLOMITE

DOLOMITE

PYRITE

FLUORAPATITE

BARITE

SMECTITE

ILLITE/SMECTITE (I/S)

ILLITE+MICA

KAOLINITE

CHLORITE

Other

TOC



11 
 

 

Figure 1.11 Quantitative scanning electron microscope (QEMSCAN) image of a sample from the LJE.x-
1010 core. The sample is on its side, hence, the bedding is oriented vertically. Notice the bedding parallel 
microfracture (white) near the right of the image. 

Mineralogy from the PRo.x-1 well shows similar results (Figure 1.12), with streaks of dolomite, yet 

less calcite and more feldspar, with clay content also exceeding 40% in some samples.  

 

Figure 1.12 XRD data from the PRo.x-1 core. The left side of the figure shows bulk rock composition with 
all clays colored green, while the right side of the figure indicates a breakdown of the clay fraction. 
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The LJE block has a normal faulting regime, with maximum horizontal stress azimuth varying 

from 60º - 240º to 90º - 270º as determined from image logs in the LJE.x-1010 and LJE.x-1011 wells. The 

microseismic event locations for the wells confirm that this orientation is in general agreement with the 

world stress map (Figure 1.13). 

 

Figure 1.13 World stress map data for the Neuquén basin showing maximum horizontal stress magnitude 
approximately east-west (Heidbach et al., 2009). 

1.4 Available Data 

Data from multiple wells was available, including core samples, well logs, and microseismic. 

1.4.1 Core Data 

Core from one well, the LJE.x-1010 in the Loma Jarillosa Este block of the Vaca Muerta, has 

been available (Figure 1.14). This core was taken from the bottom of the formation in the organically-rich 

shale “kitchen” (Figure 1.15).  
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Figure 1.14 Overview of the Loma Jarillosa block. Wells are colored using pins.  Red pins indicate wells 
still in planning, green pins indicate wells used in the study, and black pins indicate unused wells. The 
LJE.x-1010 is near the road on the right side of the block. 

 

Figure 1.15 Log interval from the LJE.x-1010 well showing where the core was taken (black box, track 2). 
In track 1 the cluster analysis from TerraTek is shown which was used to help pick core points. Track 4 
contains the gamma ray, gamma ray minus uranium (CGR), and total gas mud log. Track 5 shows the 
elemental components from the spectral gamma ray. Track 6 contains the dynamic image log. Each tick 
mark in the depth track represents 2.5 m. 



14 
 

The core is 18 m long and was depth matched to measured depth using core spectral gamma 

ray.  Additional core was taken from a similar depth interval in the PRo.x-1, but only mineralogical and 

petrophysical data is available for this core at the time of the completion of this study (Figure 1.6). 

TerraTek performed a full analysis of the core, including geomechanical properties, PKS (porosity, 

permeability, and saturation), XRD, and source-rock analysis. The selection of core points was 

determined by using cluster analysis on the log responses over the cored interval in order to help with 

representative sampling. Of the eight clusters determined from the log suite selected by TerraTek (which 

is unknown as TerraTek did not tell us which logs they used to determine the clusters), six were chosen 

for geomechanical analysis. For each depth point chosen, three oriented core plugs were taken; parallel 

to bedding (referred to as horizontal), perpendicular to bedding (vertical), and at 45º to bedding. The 

standard dimension of each core plug is a length of approximately 1.5 inches and a diameter of 0.75 

inches (Figure 1.16). These cores were used to determine the intrinsic anisotropy of the formation. 

 

Figure 1.16 Three oriented plugs from the LJE.x-1010 core. Even though the PPL5-3 plug was taken 2 
cm deeper than the other plugs, it is considered to be at the same depth. The orientations are vertical: 
PPL5-2, horizontal: PPL5-3, and 45º: PPL5-4. Scale of the ruler is in millimeters. 

1.4.2 Log Data 

Logs from 22 different wells penetrating the Vaca Muerta formation have been provided by 

PlusPetrol. Twelve of these wells are in the Loma Jarillosa Este block (LJE), five in the Puesto Silva block 

(PSO), and five in the Cinco Saltos block (CS) (Table 1.2). The LJE block, being the only one with 

available geomechanical core data, was used as the primary block for this study. Of the twelve wells 

provided in the LJE block, three of them had either poor quality or insufficient log data to be used for 

geomechanical work (1005h, 1007h, and 1009h). 
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Table 1.2 Available logs for the Vaca Muerta formation 

Lease 
Block 

Well 
Name 

GR DRES NPHI PEF RHOB DTCO DTSM DTST Image 

Loma 
Jarillosa 

Este 
(LJE) 

1001 x x     x x      

1002 x x x x x x x    

1003 x x   x x x x   x 

1004 x x   x x 
 

     

1005h x x 
      

 

1006 x x   x x x x    

1007h x x x x x 
   

 

1008h x x     
 

x x x  

1009h x x 
      

 

1010 x x x x x x x x x 

1011 x x x x x x x x x 

1014 x x x x x x x x  

Puesto 
Silva 
(PSO) 

1001 x x x x x x      

1002 x x     x x      

1003 x x x x x x x    

1004 x x   x x x      

1005 x x   x x x 

regular 
and 

cased 
hole 

cased 
hole 

 

Cinco 
Saltos 
(CS) 

PRo.x-1 x x x x x x x x x 

AB.x-1 x x x   x x      

BCr.x-1 x x x x x x      

CS.x-1 x x x   x x      

LaMo.x-1 x x x x x x      

 

Synthetic density and compressional slowness curves were calculated for the LJE.x-1008h and 

LJE.x-1004 respectively. Cross-dipole acoustic logs are available from the LJE.x-1010, LJE.x-1011, 

LJE.x-1014, PRo.x-1, and PSO.x-1005. The cross-dipole from the PSO.x-1005 was logged in the cased 

hole. Therefore, the data from the cased hole log has not been used due to the unknown processing 

performed/required. Well path/deviation data was provided for each well for TVD computations. 

1.4.3 Microseismic Data 

Microseismic data was collected in three wells during hydraulic fracture stimulation; the LJE.x-

1010, LJE.x-1011, and PSO.x-1005. Two stages were pumped in each well with downhole sensors from 

adjacent wells being used for monitoring (deviated wells for the LJE wells, vertical for the PSO) (Table 

1.3).  
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Table 1.3 Microseismic pump summaries 

  
Well 

Average Rate 
(bpm) 

Average Pressure 
(psi) 

Total Fluid (m
3
) Total Proppant (lb) 

Stage 1 Stage 2 Stage 1 Stage 2 Stage 1 Stage 2 Stage 1 Stage 2 

LJE.x-
1010 44.5 68.9 6862 6316 1186.3 2125.8 479,429 735,806 

LJE.x-
1011 49.6 59.1 6186 6827 1191.6 1463.5 491,296 629,016 

PSO.x-
1005 40 60 6500 7000 1084 1316 245,993 515,110 

 

Each stage was monitored using 12 3-C geophones with 30 m spacing (Osorio and Muzzio, 

2013). The data for the LJE block contains over 1,500 individual events. The LJE.x-1011 microseismic 

was reprocessed by a second company. Therefore, there are two different sets of event locations. 

1.5 Project Workflow 

This project consists of the analysis of several various data sources. A general workflow is 

presented to better understand the steps taken. The individual components introduced in the workflow are 

explained in greater detail in the following chapters. Numbers in front of headers denote the chapter in 

which that methodology is elaborated upon (Figure 1.17). 

The methodology for the project is as follows: 

1) Data inventory: This involved determining all available data for every well, including logs, 

microseismic data, and drilling data. 

2) Core analysis: Involved analyzing the available core data, including mineralogy and 

geomechanical properties. 

a. Determination of an appropriate dynamic to static correlation using the dynamic and 

static test measurements provided by TerraTek for the plugs from the LJE.x-1010 

core. 

b. Analysis of the intrinsic anisotropy of the rock through the examination of core 

Thomsen parameters. 

3) Log analysis: Quality control, normalization, and detailed analysis of anisotropy using the logs 

available. 

a. Determining which runs to use, splicing data as necessary, and examining whether 

log data is of sufficient quality for use. 

b. Examination of anisotropy through image logs and cross-dipole logging tools. 

4) Cluster analysis: Determination of useful clusters based on different log suites in a key well, 

the LJE.x-1010. 

a. Tagging master clusters to all of the additional wells with the appropriate logs. 
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5) Data export to Excel for Backus averaging to determine average properties for each cluster 

for each well individually. 

a. Average of all wells to determine final cluster properties for the region. 

6) Data export to Petrel for 3D modeling. 

a. 3D grid designed for LJE block and clusters upscaled to grid scale from well logs. 

b. Upscaled clusters modeled to the 3D grid as facies for final 3D model using kriging 

technique. 

Microseismic analysis: microseismic event locations for the three wells with available data were compared 

to cluster groups to see if cluster groups had any control on the location of microseismic events. 
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Figure 1.17 Workflow followed in this thesis research.  
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CHAPTER 2  

LITERATURE REVIEW 

 

In order to understand what research has been previously performed, and to find additional 

sources of guidance, a literature review was performed related to the subject of this thesis. 

2.1 Geomechanics 

The geomechanical properties of shale are vitally important for determining the economic 

productivity of the formation. In addition to standard logging techniques used to determine properties such 

as porosity and fluid saturations, evaluation of shales mandates determination of both TOC and 

geomechanical properties in order to determine where hydraulic fractures should be initiated and whether 

they will be successfully implemented (Grieser and Bray, 2007). In addition to these issues, published 

data on the elastic moduli of shales is very limited (Abousleiman et al., 2007; Kumar et al., 2012; 

Sondergeld et al., 2010). 

2.1.1 Basic Geomechanical Properties 

There are several properties of rocks that govern their geomechanical behavior (Fjaer et al., 

2009; Mavko et al., 2003). Young’s modulus, E, is the ability of a material to resist yielding due to stress 

applied in one direction and governs the stiffness of a material. 

  
      

      
  (2.1) 

 

Poisson’s ratio, ν, is the way in which a material expands in one direction as stress is applied 

from another direction.  

   
       

      
  (2.2) 

 

The shear modulus, G, of a material governs its resistance to being sheared. 

  
 

  
  (2.3) 

 

The bulk modulus, K, of a material is a measure of the resistance of a material to volumetric 

compression under hydrostatic loading. 

  
 

           
  (2.4) 
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The plane wave modulus (p-wave modulus), M, is directly related to the compressional wave 

velocity of the material. An additional modulus, Lame’s parameter, λ, is used primarily by geophysicists. 

All of these moduli, except for Poisson’s ratio, have the same units as stress, force per area. Poisson’s 

ratio is unitless. 

2.1.2 Dynamic vs. Static Properties 

Geomechanical properties can be measured using two techniques. A representative sample of 

the material can be tested directly by applying force and recording the necessary stress and strain. Based 

on the test, moduli are calculated using the proper relationships of stress and strain. This technique is 

called a static measurement because the measurement usually takes place at a very low frequency of 

applied force, or “static” condition, such as a triaxial compression test. Another way to calculate these 

properties is to measure wave propagation travel times from both shear and compressional sources and 

use these to calculate what are called dynamic properties. The frequency of the force being applied is 

much greater and therefore, the material generally reacts differently, especially in porous media 

containing fluids. For an isotropic material like steel, the dynamic and static moduli are equal (Fjaer et al., 

2009). When disparities, heterogeneities, pores, and fluids are introduced, the rock begins to behave 

differently depending on the strain rate of the applied force (Fjaer et al., 2009; Mavko et al., 2003). In all 

stress states, the dynamic moduli are greater than the static moduli (Tutuncu 1992, 2010, 2012).  

When the compressional (DTC) and shear (DTS) slowness of the material is known along with 

bulk density, Equations 2.5 and 2.6 can be used to calculate the dynamic Young’s modulus and Poisson’s 

ratio for isotropic materials (Tutuncu, 1992; Barree et al., 2009): 

       
( 
    

    
  )

(    (
    

    
  ))

  (2.5) 

     
(
    

    
  )

( 
    

    
  )

  (2.6) 

Because hydraulic fracturing requires static moduli input (Tutuncu, 1992; Tutuncu and Sharma, 

1992; Miskimins, 2009b; Warpinski et al., 1998), much work has been conducted to determine the 

relationship between the dynamic and static properties (Tutuncu et al. 1998a, b; Mavko et al., 2003; 

Barree et al., 2009; Eissa and Kazi, 1988; Morales and Marcinew, 1993; van Heerden, 1987; Jizba and 

Nur, 1990; Martinez-Martinez et al., 2012; Ciccotti and Mulgaria, 2004; Mockovciakova and Pandula, 

2003; Tutuncu, 1992). Several empirical correlations representative of the dynamic to static moduli 

relationship for a multitude of rock types have been published over the years. The majority of these 

correlations follow the general forms provided in Equations 2.7, 2.8 and 2.9. 



21 
 

          (   )     (2.7) 

      
   (2.8) 

          (2.9) 

 

Dynamic to static correlations strictly for unconventional formations are much less prevalent, yet 

lab data has shown that these correlations should be similar to that of standard models for clastic 

reservoirs (Britt and Schoeffler, 2009; Barree et al., 2009). 

The best fit for dynamic to static Young’s modulus is a log-linear fit in Equation 2.10 that is 

introduced first by Barree et al. (2009) as a modified version of the Eissa and Kazi (1988) correlation: 

         (   )        (2.10) 

The Young’s modulus is in millions of psi (Mpsi) and bulk density is in g/cm
3
, slight modification of 

from Barree et al. (2009) which uses gigapascal (GPa) for moduli, yet the same equation works using 

both units. 

Correlations between dynamic and static Poisson’s ratio are not as evident. Experimental studies 

have shown that the difference between the dynamic and static Poisson’s ratio are not significant 

(Warpinski et al., 1998; Barree et al., 2009; Tutuncu and Sharma, 1992). Therefore, most models simply 

utilize the dynamic Poisson’s ratio being equal to static value. 

2.1.3 Isotropy 

When a material, such as a rock, has properties that are independent of direction, then this 

material is said to be isotropic with respect to the property of interest. For elastic isotropic materials, two 

geomechanical moduli are enough to represent the full geomechanics properties (Mavko et al., 2003) 

(Table 2.1). 

Table 2.1 Relation of isotropic moduli to each other (adapted from Fjaer et al., 2008) 

 

The stiffness tensor for an isotropic material is comprised of three moduli, of which only two are 

independent. 
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While most shale formations are not isotropic, it is most often necessary to make an assumption 

due to lack of data to represent the rock in a more complex, yet realistic state. A standard dipole sonic 

logging tool can only be used to calculate two independent elastic moduli that provide input for the 

isotropic stiffness tensor.  

2.1.4 Anisotropy 

When a material’s properties are directionally dependent, the material is said to be anisotropic 

with respect to the property of interest (Fjaer et al., 2009; Mavko et al., 2003). A property which is 

commonly anisotropic in rocks is permeability (Tutuncu and Mese, 2011). The layered nature of many 

formations causes the permeability to be greater parallel to bedding than perpendicular to it. The same is 

true for geomechanical properties and acoustic velocities (Zoback, 2007; Fjaer et al., 2009). There are 

several common forms of anisotropy found in rocks. They are; vertical transverse isotropy (VTI), 

horizontal transverse isotropy (HTI), and orthotropic anisotropy. A transversely isotropic material 

(commonly referred to as TI media) will exhibit the same properties in the plane of isotropy, but different 

properties in the transverse plane. An orthotropic material has different properties in all directions. An 

example of a VTI material is a layered rock (Fjaer et al., 2009; Mavko et al., 2003) (Figure 2.1). 

  

Figure 2.1 Isotropic (left) and VTI (middle), and orthotropic (right) examples. For the isotropic material, 
V1= V2 = V3. For the VTI material, V1 = V2 ≠ V3. For the orthotropic material, V1 ≠ V2 ≠ V3.  

An HTI material could be a massive sandstone body with vertically oriented planer fractures. An 

orthotropic material could be a combination of these two, a layered rock with vertically oriented fractures. 
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Many shale formations exhibit anisotropic behavior, primarily VTI like behavior (Zoback, 2007; Suarez-

Rivera et al., 2011). Other geologic causes of anisotropy include bedding parallel microcracks caused by 

hydrocarbon generation, aligned platy minerals and kerogen, and pore geometry (Vernik and Nur, 1992; 

Vernik and Liu, 1997; Vernik, 1993; Vernik 1994; Saberi et al., 2011; Sayers, 2013) 

A wide variation of geomechanical properties are dependent on the direction in which they are 

measured, with variations of two to ten times in Young’s moduli in cores adjacent to one another 

(Tutuncu, 2010; Tutuncu, 2012; Tutuncu and Mese, 2011; Barree et al., 2009). For rocks exhibiting VTI 

behavior, the stiffness parallel to the plane of isotropy is generally greater than that in the transverse 

plane (Higgins et al., 2008), resulting in a horizontal Young’s modulus (Eh) that is generally greater than 

the vertical Young’s modulus (Ev). The horizontal to vertical moduli ratio can be anywhere from one to 

four in unconventional formations. Similar behavior has been observed in the shear moduli in the isotropic 

plane versus the transverse plane (Suarez-Rivera et al., 2011; Jaeger et al., 2007). From rock physics 

perspective, the Reuss bound, or isostress average of a modulus, is similar to a series of stacked layers, 

and is the weaker form of a rock. The Voigt bound, or isostrain average, is similar in orientation to a 

horizontal core, and is the stiffer form of a rock (Mavko et al., 2003). 

The stiffness tensor for a TI material contains five independent elastic moduli (Mavko et al., 

2003). These stiffness coefficients are similar to their isotropic equivalents but simply contain directional 

dependence. 

[
 
 
 
 
 
         
         
         

          
          
         

            
   
   

     
     
     ]

 
 
 
 
 

 

The Cij style notation is based on a coordinate system in which the 3 notation is the z-direction, 

and 1 and 2 are in the x and y directions respectively (Figure 2.2). For VTI symmetry to be true, the 

stiffness tensor should reduce to the following tensor based on the symmetry dictating Equation 2.15: 

[
 
 
 
 
 
         
         
         

          
          
         

            
   
   

     
     
     ]

 
 
 
 
 

 

The vertical shear moduli, C44 and C55, should also be very close in value. If these values are 

substantially different, the material may contain anisotropy in the vertical direction, potentially due to 

natural fractures, in which case both HTI and VTI will exist, making the material more orthotropic in 

nature. 
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Figure 2.2 VTI symmetry and associated stiffness coefficients. 

The symmetry conditions for a VTI material are as follows: 

            (2.11) 

        (2.12) 

            (2.13) 

        (2.14) 

         (2.15) 

 

The off diagonal terms, C12 and C13, are a form of Lame’s parameter. Once these five stiffness 

coefficients are determined, the directional mechanical properties of a VTI material can be determined 

using Equations 2.16 thru 2.19 (Higgins et al., 2008): 

        
   

 

       
  (2.16) 
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   (2.17) 

   
   

       
  (2.18) 

   
          

 

          
   (2.19) 

 

For determining the full elastic tensor from acoustic logging measurements in the field, a full 

waveform cross-dipole sonic tool is required. These tools can be used to extract compressional slowness, 

fast and slow shear slowness, and the Stoneley slowness. From the Stoneley slowness, it is possible to 

calculate a horizontal shear velocity which can be used to calculate C66 using Equation 2.20 (Jocker et al., 

2013).  

                   
√           

 

√
    
  

  (2.20) 

 

From the slowness curves, it is possible to calculate four of the five elastic stiffness coefficients 

necessary to define a TI medium. 

        
   (2.21) 

                 
   (2.22) 

                 
   (2.23) 

                     
   (2.24) 

 

Two more independent constants, C12 and C13, must still be calculated in order to fully solve the 

system. Using core measurements, it is possible to determine a relationship between these parameters 

that can then be applied to the log data as in the MANNIE method described by Suarez-Rivera and 

Bratton, (2012) in Equations 2.25 and 2.26. 

               (2.25) 

          (2.26) 

 

The coefficients ζ and ξ are experimentally determined from cores taken in multiple orientations 

to the bedding. Core plugs horizontal, perpendicular, and at 45º to the bedding must be measured in 

order to solve for the full system (Sondergeld and Rai, 2011) (Figure 2.3).  
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Figure 2.3 Example of cores taken at different angles to bedding. From left to right: perpendicular, 45º, 
and horizontal. 

To solve for the final coefficient, C11, an equation of symmetry is considered (Mavko et al., 2003) 

              (2.27) 

 

A measure of the anisotropy for a material was introduced by Thomsen (1986) that was later 

named after him. Thomsen’s anisotropy parameters are: 

  
       

    
  (2.28) 

  
       

    
  (2.29) 

  
 

    
 [ (       )

  (       )(            )]  (2.30) 

 

The Thomsen parameters epsilon and gamma will be positive values for a VTI material, while 

they will be negative for an HTI material. Epsilon is a measure of the anisotropy in the compressional 

velocity, and gamma is a measure of the anisotropy in the shear velocity. Thomsen’s delta parameter is 

more of a measure of the vertical anisotropy of a system and is useful for geophysicists in the normal 

move out calculations (Thomsen, 1986; Sondergeld and Rai, 2011). It also relates to energy loss taking 

place during the passage of the compressional and shear waves (Tutuncu, 2010). 

In addition to the geomechanical properties of rocks, anisotropy has a large effect on more than 

mechanical properties of rocks. The wellbore stability and hydraulic fracturing are highly sensitive to 

anisotropy in formations (Suarez-Rivera et al., 2006). Formation breakdown may not even be reached in 

some horizontal wells in the Barnett shale due to the large anisotropy the formation exhibits (Waters and 

Zhao, 2011). The calculation of the minimum horizontal stress assuming an isotropic formation is different 

from that of an anisotropic formation (Economides and Nolte, 2000; Waters and Zhao, 2011): 

      (
 

   
) (      )       (2.31) 
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(
  

    
) (       )        (2.32) 

 

When large differences occur between the hiso and haniso calculated using Equations 2.31 and 

2.32, there may be consequences of ineffective hydraulic fracturing operations or premature wellbore 

failure.  The minimum horizontal stress derived from the anisotropic equation will almost always be 

greater than the isotropic method. 

2.1.5 Brittleness 

Brittleness is a loosely defined term that is meant to define the ability of a formation to be 

fractured and maintain the fracture (Rickman et al., 2008; Warpinski et al., 2009). One commonly used 

definition, defined by Rickman et al., utilizes a normalized combination of Poisson’s ratio and Young’s 

modulus in order to define a brittleness index. 
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  (2.33) 

where BRIT is the formation brittleness, Es is static Young’s modulus and s is the static Poisson’s ratio. 

The brittleness terminology Rickman et al. (2008) introduced for the Barnett shale provides a 

normalized Young’s modulus with maximum of eight Mpsi and minimum of one Mpsi. Other researchers 

have defined brittleness as a function of mineralogy. Jarvie et al. (2007) used the Barnett Shale to come 

up with the following definition for brittleness  

            
      

                   
  (2.34) 

 

Buller et al. (2010) also introduced a Relative Brittleness Index utilizing the ratio of quartz and 

calcite to clay content. 

While the brittleness of a formation is not a measurable property, studies have shown that there is 

at least a weak relationship between brittleness and hydraulic fracturing performance (Rickman et al., 

2008; Grieser and Bray, 2007; Osorio and Muzzio, 2013). 

2.1.6 Relationship of Geomechanics to Mineralogy 

The relationship of Young’s modulus to the composition of shales has been compared in several 

studies. Kumar et al. (2012) performed a nano-indentation geomechanical study on shale samples from 

the Barnett, Woodford, Ordovician, Eagle Ford, and Haynesville formations. In this study they found that 

the Young’s modulus decreased with increasing clay, increasing TOC, increasing porosity, and increased 

with increasing brittle mineral content (quartz plus carbonate). Another study by Aoudia et al. (2010) using 

only sonic velocities from a handheld acoustic velocity probe on a Woodford Shale core, determined a 
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similar trend in both Young’s modulus and Poisson’s ratio, with both showing a noticeable decrease as a 

function of increasing TOC. Analysis of data for Woodford Shale data from Abousleiman et al. (2007) 

indicates no conclusive results for Young’s modulus as a function of TOC, brittle mineral content or soft 

components (clay plus kerogen plus porosity). 

2.2 Hydraulic Fracturing 

Hydraulic fracturing, while first documented in 1947 (Miskimins, 2009b), was not applied to 

unconventional reservoirs until the 1980s (EIA, 2011). 

2.2.1 Necessity 

Unconventional reservoirs commonly have very low matrix permeability in the sub microdarcy 

range. In order to achieve economical production, these reservoirs must be stimulated. The most 

common method to stimulate shale formations is through hydraulic fracturing treatments.  The 

requirement for stimulation in unconventional reservoirs have even become part of the definition for shale 

reservoirs in that they are necessary in accomplishing economically viable production in these reservoirs 

(Miskimins, 2009a, 2009b). There is also a correlation between increased reservoir surface area and 

stimulated reservoir volume with cumulative production (Warpinski et al, 2009), implying that hydraulic 

fracturing is key to well economics. 

2.2.2 Properties that Affect Hydraulic Fracturing 

The success of hydraulic fracturing of a rock is a function of many different factors including rock 

properties, structural features, in situ stress, and formation pressures. Hydraulic fractures will open in the 

direction of the least principal stress due to this being the path of least resistance, and they will propagate 

in the plane of the two remaining principal stresses (Economides and Nolte, 2000). In a normal stress 

regime in which the overburden stress is the maximum principal stress, hydraulic fractures will propagate 

in the direction of the maximum horizontal stress while opening in the direction of the minimum horizontal 

stress. Because of this tendency, it is important to understand the in-situ stress state of the formation of 

interest, as well as the formations around it. Pore pressure will also contribute to fracture propagation, not 

only by increasing the minimum horizontal stress, but also by increasing the difficulty of entry of the fluid 

into the formation. Fracture barriers exist where minimum horizontal stress increases, and the ratio of Eh 

to Ev can cause large variations in minimum horizontal stress in anisotropic formations (Equation 2.32). 

Treating a material isotropically can also lead to underestimations of minimum horizontal stress and 

overestimation of fracture half-length and fracture width (Khan et al., 2012). 

The geomechanical properties of the formation are play a significant role in controlling hydraulic 

fracturing behavior. Young’s modulus govern the stiffness of a rock and will be imperative in determining 

the width of created fractures (Economides and Nolte, 2000; Suarez-Rivera et al., 2011). 
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  Anisotropy in conjunction with a layered formation with varying moduli, this can lead to varying 

fracture width and proppant placement (Smith et al., 2001). Poisson’s ratio has a strong effect on the 

minimum horizontal stress calculations and so will have a large effect on the height growth of the 

fractures, as well as limited contribution to the width of the fracture. This can also lead to restrictions in 

height growth when ductile shale layers with high Poisson’s ratio are encountered. In anisotropic 

formations, the minimum stress is a function of both Young’s modulus and Poisson’s ratio. Therefore, 

while the minimum stress is the main contributor to height growth, geomechanical property variations will 

control fracture propagation in areas where stress contrast is minimal (Warpinski and Teufel, 1987; 

Suarez-Rivera et al., 2005).  

2.2.3 Vaca Muerta Results 

According to Ejofodomi et al. (2013), over 300 stimulation treatments have been performed in the 

Vaca Muerta formation since 2010. These are generally comprised of four stage completions in vertical 

and 10 stages in horizontal wells. While some wells flow without stimulation, the majority require massive 

hydraulic fracturing for production. 

An examination of the microseismic data from the LJE.x-1010, LJE.x-1011, and PSO.x-1005 

wells used in this study as well as their comparison to geomechanical properties and formation stresses 

has recently been published by Osorio and Muzzio (2013). The geomechanical properties used in their 

study were determined using well logs and they concluded that fracture growth occurred primarily upward 

out of the Vaca Muerta and that while some of the fractures had a definite orientation, most were complex 

and had different growth directions. Minimum horizontal stress, horizontal stress anisotropy, and pore 

pressure are contributing factors to this complex behavior. It was also noted that the regions of the rock 

with high Poisson’s ratio and low Young’s moduli have little to no microseismic occurrence. Therefore, 

brittleness (as defined by Rickman et al., 2008) plays a key role, in the lower Vaca Muerta that has lower 

brittleness and hence no microseismic activity. 

Production logs from the Vaca Muerta were also run on the same wells showing that a large 

portion of the production comes from the lower Vaca Muerta even though very few microseismic events 

have been observed in this area. The upper section of the middle Vaca Muerta and the lower section of 

the upper Vaca Muerta also contribute to production that is consistent with the microseismic events 

(Figure 2.4). The LJE.x-1010 production log indicated that production is lost from the upper Vaca Muerta 
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approximately one month after the fracturing job. The LJE.x-1011 production logs had fluids broken down 

by type, and it is evident that water comes from the very bottom portion of the Vaca Muerta. This may be 

due to natural fractures at the base of the formation causing water from the lower Tordillo to flow 

upwards. While not shown, the PSO.x-1005 well presents very similar results to the LJE.x-1011, with 

water and gas coming from the lower Vaca Muerta.   

 

Figure 2.4  Production logging summary from the LJE.x-1010 and LJE.x-1011 post fracturing. 

In another study, Velez et al. (2013) utilized after fracture cased hole cross-dipole log data to 

discern the extent of propped fracture heights through examination of fast and slow shear wave velocities. 

They analyzed three wells and presented several trends noted in their study. Hydraulic fractures initiated 

in the deep kitchen portion of the shale produced varying results. One well showed growth upward and 

downward, resulting in a fracture with a height of 60 m with a constant fracture azimuth. The second well 

showed similar growth upward and downward with propped height of 45 m, but this time in a more 

complex manner. The third well had the fracture only grow upward to a propped height of 40 m with only 

one azimuth. One well had a fracture initiated in the middle and upper Vaca Muerta. The lower fracture 

only grew three meters upward, while the upper fracture also grew vertically out of the Vaca Muerta to a 

propped height of 35 m with two primary azimuths. 
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Upward fracture growth out of the Vaca Muerta has also been noted by Ejofodomi et al. (2013) as 

a consequence of using too high of pump rates in the lower and upper Vaca Muerta. For the lower and 

upper Vaca Muerta, where the shale is more laminated, lower pump rates have been recommended, 

while the middle interval may yield improved production with higher pump rates. 

2.3 Microseismic 

Microseismic monitoring has been used for commercial monitoring of oil field processes since the 

beginning of this century (Warpinski, 2009). Based on seismology principles, the method utilizes 

geophones, placed downhole in a nearby wellbore or in a large surface array, to monitor hydraulic 

fracturing treatments by listening to very small earthquakes. These events, typically of very low 

magnitude, release both compressional and shear waves which can be recorded by the nearby 

geophones. The resulting “clouds” of data can be used to interpret hydraulic fractures (Zimmer et al., 

2009). These clouds can give insight into the fracture geometry, growth azimuth, and the success of the 

treatment in contacting reservoir rock. Some interpretations can “indicate a seemingly random evolution 

of fracturing events, in some instances with events far away from the wellbore occurring before or 

synchronous to events near the wellbore” (Suarez-Rivera et al., 2005). Hence, the limitations and error of 

the interpretation must be well understood. 

Placement of the geophones has an effect on the quality of the data. For downhole sensors, the 

best position is to have the sensor array cover both the reservoir as well as its overburden and 

underburden formations, helping to describe vertical growth (Warpinski, 2009). Because processing is 

very important to microseismic interpretation, a good velocity model is essential. While logging tools 

provide vertical velocities, horizontal velocity is what is needed for downhole sensors (Warpinski, 2009). 

Due to the presence of multiple ways of processing the microseismic data involving various migration 

methods, multiple interpretations of the same events is possible. There are many contributing factors to 

how many events will be recorded and what their magnitude will be. The fracturing process, including the 

fluid type, injection pressure, pump rate, and total volume injected will affect the total input energy into the 

formation and therefore, the microseismic response. The events recorded are also primarily shear events, 

not necessarily related to tensile failure, resulting in certain fracture forming events may be unnoticeable. 

Microseismic events are not a measure of where the proppant is going, and so while no microseismic 

events may be recorded, proppant may still be placed in conductive fractures. Likewise, microseismic 

events do not necessarily indicate the presence of propped conductive fractures.  

Laboratory data was correlated to microseismic data in studying the failure mechanisms in order 

to infer the significance of the fluid compatibility on the level of scatter observed in the events and the 

alteration of the stress magnitude and failure mechanisms in Tutuncu (2013). It was shown that 

microseismic event scatter is a strong function of the compatibility of the native fluids and injected fluids. 

Statistical parameters obtained from the microseismic data set were correlated to fracturing, production 
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and geomechanical measurements conducted under various stress states to investigate the sources of 

the events (manmade vs. tectonic). This allowed the author to capture small shear slippages, larger shear 

in the form of fault reactivation in the vicinity of faults, and other environmental and safety risks. 

Fault reactivation and preferential growth along faults can also be spotted, and are generally 

visible on magnitude versus distance plots as abnormally high magnitude events as shown in Figure 2.5 

(Warpinski, 2009; Miskimins, 2009b). Similar to earthquake seismicity, the b-value for microseismic 

events can be calculated and can be used to determine if the recorded events indicate fault reactivation 

or the formation and/or re-activation) of fractures (Gutenberg and Richter, 1941). 

 

Figure 2.5 Magnitude vs. distance plot modified from Warpinski (2009) showing distinct fault features. 

2.4 Cluster Analysis 

One of the methods for determining electrofacies involves a cluster analysis approach. The 

principal behind the cluster analysis technique is grouping log responses into clusters by recognizing 
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patterns in the recorded data. The data is grouped in a manner that the data in the same cluster are 

similar to each other than the data in the other clusters. 

2.4.1 Cluster Analysis Introduction 

Unconventional reservoirs are characterized by complex mineralogy, thin beds, and are generally 

very heterogeneous due to diagenetic effects and multiple depositional cycles (Suarez-Rivera et al., 

2012) (Figure 2.6).  

 

Figure 2.6 Heterogeneity observed in the LJE.x-1010 core. The picture represents a section 
approximately 10 centimeters in length and 9.5 cm in diameter. 

Conventional log analysis requires a large number of log inputs due to the amount of unknowns 

(in excess of 10 different minerals, multiple fluids, clay bound water, etc.) and will make logging cost a 

substantial financial burden for the operators. In order to help simplify the problem, cluster analysis has 

been used to group rock types by log responses in order to allow for time saving bulk analysis. These 
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clusters can then help core selection better describe each individual cluster and can help by providing 

more representative upscaled input parameters for characterization and modeling. 

K-means method is a methodology for determining clusters by taking the input logs and 

translating them into n principal components in n-dimensional space. If three logs are chosen for cluster 

analysis, for example bulk density, photoelectric factor, and compressional slowness, then they will be 

transformed into three principal components. The translation is performed in such a manner to maximize 

the variability in one of the principal components relative to another. Cluster centroids are guessed based 

on these principle components, and the cumulative distance between all of the points in the cluster and 

the cluster centroids is calculated as illustrated in Figure 2.7. The centroids are then moved to the mean 

of the new cluster and the procedure is repeated for the specified number of runs until the minimum 

cumulative distance is determined based on the specified number of clusters. 

 

 

Figure 2.7 Cross-plot showing two principal components and the associated cluster centroids (dark green 
stars) along with the assigned cluster data points. (a) Contains eight clusters; (b) contains twelve clusters 
and is under resolved. 

The number of clusters is a user input into the model and should be varied in order to determine 

the proper amount of clusters that the model can reasonably determine from the given dataset. The 

cluster analysis should be run over a sufficient interval in the well of interest in order to properly determine 

the number of clusters specified based on the variations in the log responses (Figure 2.8).  

Diagnostic plots are then used to determine if the number of clusters specified is statistically 

significant and holds sufficient variability. A box and whisker plot shows the distribution of data for each 

input by cluster (Figure 2.9). 

(a) (b) 
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Figure 2.8 Example of two different cluster realizations using the same logs from the LJE.x-1010 well. 
The grouping on the right contains twelve clusters. 

For each log input, the box and whisker plot will show the median, upper and lower quartiles, 

maximum and minimum values, and outliers for each cluster (Figure 2.10). 
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Figure 2.9 Box plots for each example (eight and twelve clusters) showing each clusters average, 
standard deviation, and maximum and minimum values for each log input. 
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Figure 2.10 Explanation of a box and whisker plot. 

Variability between the clusters should be present based on visual inspection. In the box plots 

shown in Figure 2.9, the green and yellow clusters in the lower plot both have very similar distributions for 

bulk density (RHOZ), yet contain wide variability in photoelectric factor (PEFZ). The most important 

diagnostic plot, the fall-off chart will also show how statistically significant the clusters identified are. The 

number of runs can be specified, in our cluster analysis, up to 200 was used. The cumulative distance 

(fall-off) will decrease until the minimum distance has been determined. If the number of clusters and 

inputs are sufficiently variable, the fall-off should be relatively flat for the last 10% of the runs (20 in this 

case). 

 

 

Figure 2.11 Fall-off plot showing the cumulative fall-off distance as a function of run number. (a) Eight 
cluster realization shows good fall-off character; (b) twelve cluster realization shows unresolved behavior. 

In the fall-off plot in Figure 2.11a it is shown that the unique centroid distribution was determined 

within the final 20 runs. The fall-off plot for the twelve cluster realization in Figure 2.11b does not show 

(a) (b) 
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that a unique solution was found, as the cumulative distance was still declining at the final run. The 

difference between these two results is like finding a local minimum (in the case of twelve clusters) versus 

a global minimum for the eight clusters (Figure 2.12). 

 

Figure 2.12 Example of fall-off chart and a local versus global minimum. The green ball is the global 
minimum while the red ball is a local minimum. The fall-off chart from Figure 2.11b may represent only the 
solution from the red ball, while the one from Figure 2.11a represents the solution from the green ball. 

The last diagnostic plot, the silhouette plot, shows how dissimilar each cluster is from its neighbor 

and how precise each cluster is. Negative values indicate that some of the points within that cluster may 

be more appropriately matched to the neighboring cluster (Figure A.1a, b). 

2.4.2 Cluster Tagging 

After the clusters have been determined, they can then be tagged to other wells. Each depth in 

the wells to be tagged will be assigned a cluster based on a minimization of the cumulative distance from 

the nearest cluster centroid. The program will then output the assigned cluster, an associated tagging 

error (related to the distance of the point from the nearest cluster centroid, referred to as compliance), 

and an array probability track which will show the probability that each of the clusters would be chosen at 

each depth (the cluster with the highest probability is chosen for each depth). The clusters are also 

tagged back to the original well and will give a good idea of how well the clusters can be tagged to the 

master and where a mismatch might occur (as predicted by the silhouette plot).  
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2.4.3 Previous Uses 

Cluster analysis in various forms has been in use since late 1980s. Robinson (1989) used cluster 

analysis to relate a group of four well logs (bulk density, neutron porosity, gamma ray, and deep 

resistivity) to productive zones in Texas. Previous case studies using k-means clustering have been 

applied to geologic characterization of unconventional reservoirs at multiple scales, from continuous core 

measurements to well logs and even seismic data (Suarez-Rivera et al., 2011, 2012).  

In a recent study, Jocker et al. (2013) used a cluster based method to upscale the anisotropic 

parameters of clusters from a well with cross-dipole acoustic logging tools. The clusters were determined 

from data unrelated to the sonic data (density and volume of shale) using k-means clustering. From the 

identified clusters, the transversely isotropic parameters were determined based on the velocity data for 

each clusters. These elastic parameters are then compared back to volume of shale and bulk density of 

the formation, and relationships of Thomsen’s parameters to this data are then developed for use in 

seismic upscaling. While not specifically geomechanics related, this study did use similar methods to what 

this thesis will utilize, although the method for determining each clusters properties is based on a root 

mean square iterative process. 

In this thesis, the cluster analysis is used to combine geological characteristics as well as the 

elastic properties of shale formations to help in better aiding fracturing design and placement. 

2.5 Upscaling of Geomechanics for Modeling 

Hydraulic fracturing can produce fractures with large height and half length, covering large areas 

of a reservoir. Because of this, it is necessary to upscale and model geomechanical properties over large 

areas in order to help well planning, understand drilling hazards, and model hydraulic fracturing. 

2.5.1 Necessity 

In order to properly simulate hydraulic fracturing, the numerical model grid has to be created in a 

proper size to have a reasonable run-time for the simulator. If data is incorporated from every well log 

data point (every six inches) then the simulation grid will be too fine. One of the issues with 

geomechanical modeling is that thin layers with different layer properties can greatly affect the formation 

behavior. A thin ductile layer may stop hydraulic fracture growth, while another relatively thin layer may 

cause a wellbore to fail. Therefore, the problem is how to upscale these properties in an appropriate 

manner to a coarser grid scale that will recreate identical behavior. There is also the issue of lateral 

heterogeneity in shale formations due to diagenesis, variable mineralogy and kerogen distribution 

(Suarez-Rivera et al., 2005). If geomechanical properties can be appropriately upscaled and modeled 

vertically and laterally, it will benefit in better well placement and enhance stimulation design and 

execution success. 
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2.5.2 Mechanical Earth Model (MEM) 

Mechanical earth models (MEM) are models combining elastic properties with rock properties, 

stress magnitudes and directional characteristics (Khajeh et al., 2012; Ostadhassan et al., 2012). The 

purpose of an MEM is to generate a coarse scaled model which reproduces the response of the fine 

scale heterogeneities. A 1-dimensional model utilizes data from a single wellbore. A 2-dimensional model 

utilizes data from two wellbores, while a fully 3-dimensional model incorporates stress in all directions as 

well as directional geomechanical properties.  

2.5.3 Backus Averaging 

Backus averaging is a methodology developed by George Backus (1962) in order to interpret 

seismic wave propagation through laminated media. The method takes a layered anisotropic media (VTI 

in this case) comprised of individual anisotropic (or isotropic) layers and upscales them to a single layer 

which maintains VTI symmetry. The newly calculated stiffness coefficients for this composite layer can 

then be used to calculate the seismic, and hence geomechanical, properties of that layer. Assumptions of 

the model include the following (Mavko et al., 2003): 

 All materials are linear elastic 

 No sources of intrinsic energy dissipation such as friction or viscosity 

 Layer thickness must be much smaller than seismic wavelength. Exact number unknown, but rule 

of thumb that wavelength must be 10 times the layer thickness 

If a media is composed of a number of isotropic (or anisotropic) layers with stiffness tensor: 
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Then if these layers are stacked, the new stack will have the following composite stiffness tensor: 
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The brackets are used to denote volumetric proportions (Mavko et al., 2003). In the following 

example, the horizontal shear modulus, C66 or M, is calculated from three layers by 

  
              

        
  (2.43) 

 

Since most models will be developed over an equal surface area, the volume term can be 

reduced to the thickness of each layer, so that 

  
              

        
  (2.44) 

 

The final product is a single layer with a single stiffness tensor (Figure 2.13). 

 

Figure 2.13 Graphic describing the Backus upscaling procedure. The rock on the left is composed of 
three distinct layers with different stiffness tensors each. The upscaled rock on the right has only one 
effective stiffness tensor. 
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This makes it possible to use the Backus method with well log data, where each depth reading 

(every six inches) can be treated as a different layer with a unique stiffness tensor. While this method was 

designed for seismic scales, since the vertical resolution of a sonic tool (vertical resolution is comparable 

to the wavelength) is six feet, or 72 inches (Schlumberger, 2005), then a six inch layer is less than 10 

times than the wavelength of the wave emanating from the tool. Therefore, under these assumptions the 

method should be applicable. 

The Backus method has been used in the upscaling of well logs to seismic scales for velocity and 

density matches. A sequential Backus averaging, implemented much like a moving average, has been 

used to upscale borehole acoustic data to seismic frequencies with good results (Lindsay and Koughnet, 

2001). The author was not able to locate any previous work involving the use of Backus averaging for 

geomechanical analysis. 
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CHAPTER 3  

CORE ANALYSIS 

 

The cores from the LJE.x-1010 well were analyzed for intrinsic anisotropy. This is essential for 

calibrating the log based analysis of the formation anisotropy. It is also useful in determining the 

background anisotropy of the rock to detect and remove the background anisotropic effects if fractures 

are present. 

3.1 Introduction 

There were six sets of directional plugs (vertical, horizontal, and 45º) made available for this 

study. They were utilized to determine the full elastic stiffness tensor at each depth. 

3.1.1 TerraTek Mechanical Analysis 

Each core plug was put through a standardized testing procedure at TerraTek for the mechanical 

testing. 

1. Allow pore pressure of the core plug to equilibrate to the atmospheric pressure 

2. Place core plug under confining pressure of 2,500 psi 

3. Hydrostatically load to 8,000 psi, then hydrostatically unload it to a confining pressure of 2,500 psi 

4. Uniaxially load the sample by increasing the axial load to 8,000 psi while maintaining no lateral 

strain by adjusting the confining pressure, then unload in the same manner back to a hydrostatic 

state of 2,500 psi 

5. Load the sample in triaxial stress until the sample fails 

The confining pressure of 2,500 psi is greater than the true effective minimum horizontal stress 

(minimum horizontal stress minus pore pressure) at the depth that the cores were extracted from. 

However, the 2,500 psi was selected by TerraTek based on the fact that the coring and plugging 

operation induces microcracks within the core plugs which are then closed at a confining pressure of 

2,500 psi or greater. Based on TerraTek’s experience, overloading the samples does not overestimate 

the mechanical properties of the rock, yet definitely does overestimate the peak strength of the rock 

(Chaitanya Deenadayalu, personal communication). We believe the cores need to be tested under true 

triaxial stress and elevated pore pressure conditions in order to accurately determine the geomechanical 

properties. However, due to time consuming processes necessary for the extra care taken for the ongoing 

measurements at the UNGI Geomechanics Laboratory, the analysis performed by TerraTek was utilized 

in the research presented in this thesis. 
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3.1.2 Core Properties 

Using Equations 3.1 to 3.7, the oriented core data for Young’s modulus and Poisson’s ratio were 

obtained to determine the stiffness tensor for each core set (Ostadhassan et al., 2012; Suarez-Rivera et 

al., 2011). 
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 The geomechanical properties obtained are listed in Table 3.1. 

3.2 Core Anisotropy 

Each core set indicated the expected behavior for a VTI system. Both epsilon and gamma are 

positive, and the stiffness coefficients in each direction are consistent with rock physics theory for VTI 

material properties calculated from Voigt and Reuss bounds (Mavko et al., 2003) indicative of the 

horizontal Young’s modulus being greater than the vertical Young’s modulus in all cores (Figure 3.1). 

Because epsilon is not equal to gamma (Figure 3.2), the ANNIE approximation cannot be utilized, 

and the MANNIE method must be used instead (Suarez-Rivera and Bratton, 2012). This core data can be 

used to determine the coefficients ζ and ξ for analysis of the stiffness tensor as prescribed in the MANNIE 

method (Suarez-Rivera and Bratton, 2012) (Figure 3.4 and Figure 3.3).  
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Table 3.1 Geomechanical and anisotropic parameters for core plugs from LJE.x-1010 core 

Core 

Measured 
Depth 

ρaverage Ev Eh νv νh C11 C33 C44 C12 C66 C13 γ ε δ 

m g/cm
3
 Mpsi Mpsi v/v v/v Mpsi Mpsi Mpsi Mpsi Mpsi Mpsi 

 
  

PPL1 3099.51 2.466 3.648 4.610 0.216 0.253 5.419 4.265 1.641 1.796 1.811 1.557 0.0519 0.1353 0.1008 

PPL2 3102.41 2.423 3.063 4.880 0.233 0.302 6.228 3.889 1.463 2.649 1.790 2.068 0.1117 0.3007 0.2477 

PPL3 3107.59 2.280 2.160 3.397 0.225 0.316 4.345 2.702 1.036 1.868 1.239 1.398 0.0981 0.3040 0.2432 

PPL4 3108.96 2.367 2.613 4.237 0.230 0.279 5.266 3.276 1.258 2.101 1.582 1.694 0.1288 0.3038 0.2461 

PPL5 3113.68 2.423 3.118 3.810 0.211 0.273 4.521 3.621 1.392 1.565 1.478 1.284 0.0309 0.1243 0.0905 

PPL6 3115.21 2.570 4.186 6.226 0.226 0.289 7.717 5.146 1.971 3.048 2.334 2.433 0.0923 0.2498 0.1973 
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Figure 3.1 Directional Young's modulus from the core data. The dashed line represents the line where Eh 
= Ev. 

 

Figure 3.2 Thomsen parameters obtained using the core measurements. The dashed line represents the 
line where γ = ε. 
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Figure 3.3 Plot of core data used to determine the value of the coefficient ζ. 

 

Figure 3.4 Plot of core data used to determine the value of the coefficient ξ. 
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Using the data, the coefficient ξ (also known as the C13 multiplier) was determined to be 1.2500 

and ζ (also known as the C33 multiplier) to be 1.2180. The R
2
 for both of these values was very high and 

even for the small number of samples used (six) the R
2
 fit shows 99% confidence for both coefficients 

(Figure 3.5). 

 

Figure 3.5 Plot of R
2
 value required for a 99% confidence level based on the number of data points used 

in the determination of the regression equation (Fisher and Yates, 1963). 

3.3 Dynamic to Static Correlations 

Formation static moduli are a desired input for any geomechanical modeling. The available core 

data in our study was used to calibrate a dynamic to static correlation in order to utilize the well log data 

from the field effectively. The vertical and horizontal cores were used to determine an empirical dynamic 

to static correlation for Young’s modulus and to determine if existing correlations were useful. The 

vertical, horizontal, and 45º cores were all used to develop a new method to calculate static Cij stiffness 

coefficients as well as static Young’s moduli and Poisson’s ratios. 

3.3.1 Existing Correlations 

For the calculation of static Young’s modulus, the Barree empirical correlation, Equation 2.10, 

was used. This correlation does not provide a reasonable match to the field and core data (Figure 3.6). 

3.3.2 Empirical Log-Linear Method  

Using the core data, separate correlations for the horizontal and vertical Young’s modulus were 

calculated using the same form as Equation 2.7 (Figure 3.7). 

 

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1 10 100

R
2  

V
al

u
e 

Number of data points 



49 
 

 

Figure 3.6 Comparison of lab measured static Young's modulus values to those calculated using the 
Barree equation utilizing the laboratory measured dynamic Young’s moduli values obtained in vertical and 
horizontal core plugs. 

 

Figure 3.7 Dynamic to static correlations for Young’s modulus from Vaca Muerta core data. Different 
correlations for the horizontal (green) and vertical (blue) Young’s modulus were determined using the 
same form as Equation 2.7. 
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(3.8) 

         
(                       )  

(3.9) 

 

While the R
2
 values for these two correlations do not match the 99% confidence interval, they do 

have relatively good matches, especially the correlation for the vertical Young’s modulus. This method 

yields much better matches to the core data (Figure 3.8). 

 

Figure 3.8 Comparison of lab measured static Young's modulus values to those calculated using the log-
linear method (Equations 3.8 and 3.9) utilizing the laboratory measured static and dynamic Young’s 
moduli. 
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shown in Figure 3.9.  
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Figure 3.9 The static versus dynamic Cij values calculated using six sets of oriented cores from LJE.x-
1010 well. The C13 dynamic values (orange) calculated using the 45º cores indicate the most scatter. 

The equation for the conversion of dynamic Cij to static Cij values obtained is given in Equation 

3.10. 

                             (3.10) 

 

This method led to similar results obtained using the Barree equation in the Vaca Muerta 

formation (Figure 3.10); however, it gives lower values for the static Young’s modulus in the Quintuco and 

Tordillo formations when applied to the log data as shown in Figure 3.11.  
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Figure 3.10 Comparison of lab measured static Young's modulus values to those calculated using the Cij 
linear method (Equation 3.10) utilizing the laboratory measured Cij values. 

The poor fit to the data may be due to a poor match between measured core velocities and log 

measured velocity (Figure 3.11). The cores selected will likely contain no fractures and in general have 
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cores of this study show that none of the cores have natural fractures present, confirming this hypothesis. 
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prove to provide higher accuracy for upscaled properties. 
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Figure 3.11 The slowness and Young's moduli comparison of the core and log measurements in LJE.x-
1010 well. Notice the poor match between the core measured slowness and log measured values (track 
2). The similarity in the static Young’s moduli obtained using the correlations of Barree and the Cij method 
presented in this study is displayed in track 4. The log-linear method is also displayed and consistently 
shows higher static values. Core bulk density and log bulk density comparison indicates a good match 
(track 1). 
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CHAPTER 4  

LOG ANALYSIS 

 

Anisotropy at the logging scale was determined using image logs, cross-dipole sonic logs, and 

other standard logs. The procedures followed and anisotropy determination used in this research study is 

discussed in the following sections. 

4.1 Introduction 

Modern cross-dipole acoustic logging tools, in conjunction with the image logs, can be utilized to 

determine formation anisotropy due to the layering as well as the natural fractures or stress induced 

anisotropy typically present in shale reservoirs. In order to follow a procedure in a consistent manner, the 

log data used must be quality controlled and a common workflow methodology must be used. 

4.1.1 Log Quality Control 

Before the log data was utilized for anisotropy analysis, it has been checked for quality control 

issues. The process included choosing which logs to use from which runs, splicing data, and histogram 

matching. The processing for the cross-dipole tools was performed by the logging company 

(Schlumberger), and included dispersion analysis and slowness time coherence analysis. The dispersion 

analysis helps to analyze the type of anisotropy and the quality of the logging data. It can also help 

calibrate the mud velocity necessary to calculate the Stoneley shear slowness (Figure 4.1). 

 

Figure 4.1 Example of a slowness dispersion plot from the LJE.x-1011 well used in interpreting the type of 
anisotropy as well as the quality of the shear (red = fast, blue = slow) and Stoneley (aqua) data. 



55 
 

Slowness time coherence (STC) is used to determine the best value for each slowness curve at 

every depth. Since the logging tool has multiple detectors, several signals are acquired at each depth and 

stacked in order to eliminate noise and ensure that the right waveform is being picked (Ellis and Singer, 

2008). A schematic illustration of multiple receiver configuration used in modern logging tools is shown in 

Figure 4.2. 

 

Figure 4.2 Illustration of multiple receivers being used to record several measurements at the same 
depth. 

The STC method was used in our study to pick the best arrival times for each wave in the wells 

(Figure 4.3). The compressional arrival pick is evident throughout the different formations, but the 

Stoneley, and especially the shear wave, become difficult to identify within the Vaca Muerta formation. 
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Figure 4.3 Slowness time coherence for the LJE.x-1014 well. In the colored track on the far right, the 
black curve is the best compressional pick from the STC. Red indicates good signal to noise. The shear 
and Stoneley (regions of red which start at the bottom in the Tordillo where the waveforms are clear) are 
difficult to pick in the Vaca Muerta. 
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4.1.2 Synthetic Curves 

Two of the wells in the LJE block, namely the LJE.x-1004 and LJE.x-1008h, had either a density 

curve without a compressional slowness or a compressional slowness without a density log. For these 

two wells, synthetic curves were generated using a cross-plot of the DTCO and RHOZ logs from the wells 

with cross-dipole data only in the Vaca Muerta formation. Therefore, this synthetic curve is only valid 

across the Vaca Muerta interval.  

 

Figure 4.4 Cross-plot of compressional slowness and bulk density for the Vaca Muerta formation using 
data from the LJE.x-1010, LJE.x-1011, and LJE.x-1014 wells. The data is colored by the density 
correction log. The regression coefficient for the linear fit is 0.675. 

The linear regression obtained is given in Equation 4.1. 

                                 
(4.1) 

 

For calculating the synthetic curves, a RHOZSYN and DTSYN were generated from whichever curve 

was available for that well using Equation 4.2 or 4.3. 

      
             

            
  (4.2) 

                                 (4.3) 
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4.1.3 Sonic Log Workflow 

A cross-dipole acoustic logging tool can be used to discern compressional slowness, fast and 

slow shear slowness (as well as fast shear azimuth), and Stoneley slowness. The processing of this data 

can also give valuable information for the shear slowness in the horizontal plane (referred to as the 

Stoneley shear slowness) from the Stoneley slowness. In combination with the bulk density log, the data 

can be used to solve the stiffness tensor at every depth. It is also possible to calibrate this model to the 

core data based on the analysis performed. To solve for the tensor, the following workflow is used. 

 

For wells LJE.x-1010, LJE.x-1011, and PRo.x-1, the Stoneley-shear was provided by 

Schlumberger. For the LJE.x-1014, the Stoneley-shear was calculated using the mud density from the log 

header and by adjusting the mud velocity in order to produce an isotropic match in the lower (and 

assumed isotropic) Tordillo Formation using Equation 2.20. 

Before this workflow was applied, the Thomsen gamma parameter was calculated as a way to 

determine the degree of anisotropy of the formation. Both the C44 and C66 coefficients are measured by a 

cross-dipole tool (with some assumptions going into the calculation of C66). Hence, this is the best way to 

directly measure the anisotropy of the formation. A cutoff value of gamma to define the isotropy-

anisotropy boundary is then selected such that ζ and ξ are not applied to isotropic rocks, as these 

coefficients are designed specifically for anisotropic formations (and should be equal to one for the 

isotropic case). 

4.2 Anisotropy at Log Scale 

The log data was used to analyze the intrinsic anisotropy of the formation. Several logs were 

used, primarily the image logs and cross-dipole data. 

4.2.1 Standard Logs 

Normal triple combo logs such as gamma ray, bulk density, and array resistivity cannot be used 

to analyze formation anisotropy. These tools only measure properties in the vertical direction and cannot 

detect differences in horizontal and vertical properties. Mud logs and drilling reports were used for 

additional information on if fractures exist in the formation. It was determined that at the base of the Vaca 

Muerta Formation, natural fractures may exist as evidenced by loss circulation and no mud gas return in 

the LJE.x-1010. 



59 
 

4.2.2 Image Logs 

Image logs were available in three wells in the LJE block (LJE.x-1010, LJE.x-1011, LJE.x-1003) 

and one in the CS block (PRo.x-1). The image logs can be used to view thinly bedded formations, natural 

fractures, drilling induced fractures, and borehole breakouts. These can be used to discern the direction 

of earth stresses, help define the magnitude of pore pressure and fracture gradient, and understand the 

natural fracture geometry and distribution within the Vaca Muerta Formation. One item that had to be 

checked with the image logs was the relative dip between the formation and the borehole. If this angle is 

less than 15º, then measurements from a cross-dipole sonic tool do not need any adjustment (Tom 

Bratton, 2013). Based on the information obtained from the image logs, it was determined that the relative 

dip was negligible. 

The image logs indicated that the Vaca Muerta Formation is thinly bedded, implying that VTI 

symmetry is likely an accurate description of the formation anisotropy (Figure 4.5). The underlying Tordillo 

formation is more massive, while the overlying Quintuco formation also shows thinly bedded nature like 

the Vaca Muerta (Figure 4.6). An abrupt transition occurs from thinly bedded rock in the Vaca Muerta to 

more massive rock in the Tordillo (Figure 4.5 and Figure 4.6). 

The image logs in the LJE.x-1010 show no noticeable fractures within the Vaca Muerta 

Formation. This could be due to the fact that a vertical (or nearly vertical) wellbore is unlikely to intercept 

vertically oriented natural fractures. The image log from the LJE.x-1003 shows some fractures in the 

lower Vaca Muerta with dips approaching vertical. These dips appear to have been selected by an 

automatic picking program and under visual inspection, several picks appear inaccurate (Figure 4.7). 

Upon re-examination, seven or eight fractures are clearly visible, although this image log only went 

through the lower Vaca Muerta interval.  

The image log from the LJE.x-1011 picked up six fractures in the Vaca Muerta. Some drilling 

induced fractures were also evident in this well. The image logs from the PRo.x-1 well in the Cinco Saltos 

block (which are of poorer quality) show what appear to potentially be some natural fractures, and as well 

as several drilling induced fractures. 

4.2.3 Cross-dipole Acoustic Data 

A cross-dipole acoustic logging tool can be used to directly measure the anisotropy due to natural 

fractures, as would be the case in a horizontal transverse isotropy (HTI) case. Because the Vaca Muerta 

has clear bedding, if natural fractures play a significant role in the level of the anisotropy measured, then 

the system may instead need to be considered as an orthotropic formation. If this is true, then the system 

will be essentially unsolvable with the available data and will require numerous assumptions to be made, 

potentially introducing large error. 
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Figure 4.5 Available image logs for the Vaca Muerta formation. The Middle and Lower Vaca Muerta as well as the uppermost Tordillo are included. 
The Pro.x-1 well on the far right is from the Cinco Saltos block, approximately 50 kilometers to the south of the LJE block. 
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Figure 4.6 Image logs from the LJE.x-1011 well. The Tordillo formation (far left) is massive and shows an 
abrupt transition to the Vaca Muerta (shown by blue line). The Vaca Muerta (middle) is thinly bedded. The 
Quintuco (right) shows a thin bedded nature much like the Vaca Muerta. 
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Figure 4.7 Example from the LJE.x-1003 well showing fractures (pink) and bedding planes (dark green) 
picked by an automated program. Track one is the buttons, track two shows the true dip, and track three 
the enhanced image. The upper image shows three fractures picked by an automated program not 
necessarily translating to three fractures when looking at the image buttons. The lower image shows a 
fracture which appears to have been missed. 

The measurement of the fast and slow shear slowness (as well as the fast shear azimuth) can be 

utilized to understand the effect of fractures on the mechanical properties of the formation. It can also be 

used to help understand the orientation of these fractures and earth stresses. The data from the three 

wells with cross-dipole data shows that the formations do not generally exhibit HTI behavior, as the fast 

and slow shear curves are very similar. The Stoneley-shear slowness can also be used to determine the 

degree of VTI anisotropy through Thomsen’s gamma parameter. In the Vaca Muerta, the majority of the 

formation exhibits to some degree VTI anisotropy (Figure 4.8). The same is true of the lower Quintuco 

formation. 
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Figure 4.8 Shear slowness logs from the lower Vaca Muerta in the LJE.x-1010 well. HTI behavior is 
shown by the green shaded region in track 3. Mud gas loss is visible in blue in track 1 at the base of the 
lower Vaca Muerta. Depth is measured depth. 
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CHAPTER 5  

CLUSTER ANALYSIS 

 

In this research project, the LJE.x-1010 well was chosen to be the primary well due to the 

presence of the core and prior cluster work performed by TerraTek. The well also has a multitude of logs 

allowing the determination of a number of cluster sets. In the following sections, the cluster analysis 

conducted in this study is discussed in detail. 

5.1 TerraTek Cluster Analysis 

Since the master for the clusters used at TerraTek was not available to the CSM researchers, 

new clusters have been established and then matched to the TerraTek clusters. TerraTek derived their 

clusters over only the cored interval of the well for 18 m length, and eight clusters were identified (Figure 

1.15).  

When we attempted to duplicate TerraTek’s eight clusters over the cored interval, the fall-off plot 

never reached a unique solution. Therefore, the interval for determining the clusters was increased to the 

entirety of the Vaca Muerta in the LJE.x-1010 well. For the mechanical clusters, the interval was 

increased to include parts of the Quintuco and Tordillo formations. The number of clusters for each 

classification group was determined to be acceptable through the use of the diagnostic plots. For all of the 

classifications, the maximum number of clusters distinctly identifiable by the log suite (according to the 

fall-off chart and repeated tests) was utilized. 

5.2 Normalization 

Before the cluster tagging was performed, the gamma ray curves from the wells to be tagged 

were compared to see if any normalization was needed. The environmentally corrected gamma ray curve 

from the LJE.x-1011 well was deemed acceptable without normalization. However, the gamma ray from 

the remaining wells had to be adjusted. A mean normalization one-point shift was used to normalize the 

curves to the LJE.x-1010 and LJE.x-1011 (Figure 5.1). The gamma ray for the PRo.x-1 well in the Cinco 

Saltos block approximately 50 km from the wells in the Loma Jarillosa Este block has a slightly different 

signature but is still used for cluster tagging in order to upscale mechanical properties. All wells in the 

Cinco Saltos and Puesto Silva blocks were normalized to the LJE.x-1010 well, several using a mean one-

point shift, but others necessitated a quantile two-point shift (Figure 5.2). 

The bulk density and compressional slowness histograms show that the wells match relatively 

well, especially for the high density/fast velocity intervals in the formation (Figure 5.3 and Figure 5.4).  
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Figure 5.1 Gamma ray histogram for the LJE wells used in the study across the Vaca Muerta formation. 
All gamma rays are environmentally corrected or normalized to match the environmentally corrected 
gamma ray from the LJE.x-1010 well (highlighted in bold red). 

 

Figure 5.2 Gamma ray histogram for wells from the Puesto Silva and Cinco Saltos lease blocks. These 
wells are normalized to the LJE.x-1010 well (blue). The PRo.x-1 GR curve is in dark purple. The 
histogram matches are not as good as the wells from the LJE block. 
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Figure 5.3 Histogram of compressional slowness for the Vaca Muerta formation in the LJE block. The 
LJE.x-1004 (black) is a synthetic curve generated from Equation 4.2. 

 

Figure 5.4 Histogram of bulk density for the Vaca Muerta formation in the LJE block. The LJE.x-1008h 
curve (gray) is a synthetic curve generated from Equation 4.3. 
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The slowness data was not normalized due to the possibility of gas effect on several sonic logs in 

addition to not destroying potential real variation recorded thru these tools. The LJE.x-1014 well (purple 

curve) has a greater number of slow velocity data points as shown in Figure 5.3. These are located 

primarily in the lower Vaca Muerta and may be associated to the presence of gas, but may also be due to 

the rock being weaker at this interval. The LJE.x-1002 (gold curve), has a similar characteristic curve for 

bulk density to the LJE.x-1014 (Figure 5.4), and it is the closest well to the LJE.x-1014 (both of which are 

the furthest from the other wells), confirming our thought process that this may be real data.  

The Stoneley shear slowness used in calculating C66 was provided by Schlumberger for the 

PRo.x-1, LJE.x-1010, and LJE.x-1011 wells while we have calculated it for the LJE.x-1014 using Equation 

2.20. The LJE.x-1014 shows similar distribution to the slowness provided by Schlumberger for the other 

wells, yet contains a larger percentage of slow values (Figure 5.5). 

 

Figure 5.5 Histogram of Stoneley shear slowness for the Vaca Muerta and lower Tordillo formations. The 
LJE.x-1014 (pink) was calculated using Equation 2.20 while the other curves were given. 

5.3 Log Suites 

Several sets of clusters were generated, each using a different set of log suite. The goal of this 

process we followed was to determine which cluster group would be useful in describing geomechanical 

properties through Backus averaging. All of the cluster groups from Table 5.1 were used to generate 

different cluster sets from the same interval in the LJE.x-1010 well (except the mechanical group, for 

which a much larger interval was used). 
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Table 5.1 Cluster Groups and Input Logs 

Cluster 
Group 

Gamma 
Ray 

Bulk 
Density 

Neutron 
Porosity 

Deep 
Resistivity 

Compressional 
Slowness 

Volumetric 
Photoelectric 

Factor 

Number 
of 

Clusters 

All GR_EDTC RHOZ NPOR AT90 DTCO U 8 

VM GR_EDTC RHOZ NPOR AT90  U 8 

Nuclear GR_EDTC RHOZ NPOR   U 6 

Texture GR_EDTC   AT90 DTCO  7 

Mechanical GR_EDTC RHOZ   DTCO  9 

 

The basic methodology for the cluster analysis follows the flow-chart shown in Figure 5.6. 

 

Figure 5.6 Flow-chart for the cluster analysis. 
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The mechanical cluster group was derived based on the full stimulated height in the LJE.x-1011 

well that included approximately 50 meters of the Tordillo and 150 meters of the lower Quintuco 

formations for a total height of approximately 300 meters. This was the most interesting among the cluster 

groups studied from the geomechanical perspective. The fall-off for the clusters shows that the solution is 

unique, and repeated runs of the same cluster group presented the repeatability of the final answer 

(Figure 5.7). 

 

Figure 5.7 Fall-off plot for the Mechanical clusters. Notice the flat nature for the final 25% of the runs. 

The box plot of the average cluster properties by input log shows a relatively tight distribution of 

log response for each cluster group. As the cluster number increases, the bulk density increases while 

both the compressional slowness and gamma ray decrease (Figure 5.8).  

 

Figure 5.8 Box plot for the Mechanical clusters from the LJE.x-1010 well. 
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The distribution of values for each cluster is generally tight except for several compressional 

slowness values, where the outlier values can be extreme (see blue clusters and dark green). Additional 

diagnostic plots for the cluster groups are included in APPENDIX A. 

5.3.1 Tagging Results 

The clusters for all groups were tagged to all wells with available data in Table 5.2 and the LJE 

block cross-section is shown in Figure 5.9. 

Table 5.2 Wells Utilized for Cluster Tagging 

Lease Block Well Name 

Loma Jarillosa Este 

LJE.x-1001 

LJE.x-1002 

LJE.x-1003 

LJE.x-1004 

LJE.x-1006 

LJE.x-1008h 

LJE.x-1010 (key well) 

LJE.x-1011 

LJE.x-1014 

Puesto Silva 

PSO.x-1001 

PSO.x-1002 

PSO.x-1003 

PSO.x-1004 

PSO.x-1005 

Cinco Saltos 

PRo.x-1 

AB.x-1 

CS.x-1 

BCr.x-1 

LaMo.x-1 

 

The tagging error generally was in acceptable range within the Vaca Muerta interval. In the 

formations directly above (Quintuco) and below (Tordillo) the Vaca Muerta, tagging errors were generally 

much higher, although still generally within acceptable ranges, especially within the proximal lower 

Quintuco. This may be due to the fact that like the Vaca Muerta, the Quintuco is predominately carbonate. 

Therefore the lithology of the Vaca Muerta, especially in the Upper Vaca Muerta, will be much similar to 

the Quintuco than anything in the Vaca Muerta will be to the Tordillo, which is a sandstone. It still had 

reasonable tagging errors though. 

The tagging error for the mechanical clusters, while generally very low for the Vaca Muerta, is 

high for certain wells in sections of the Vaca Muerta when the clusters were determined using only the 

Vaca Muerta interval (Figure 5.10). This appears to be a cause of potential bad density or sonic data, as 

most of the tag errors are associated with jumps in one of these logs. Upon examining the caliper and 

density correction logs, this is confirmed for most of the cases, and appears to be a consequence of bad 

hole conditions. The LJE.x-1014 well, while having cross-dipole data, appears to have an unprocessed 
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compressional slowness curve (Figure 5.3). This could be the reason for bad tagging error in this well. 

The difference in the slowness could also be due to the fact that the lithology in this section of the Vaca 

Muerta is different as the LJE.x-1014 is the furthest from the other wells, although it could also be due to 

higher gas content as the Vaca Muerta formation is slightly deeper there. 

 

Figure 5.9 LJE block with wells used in the following A-A’ cross sections. 

The mechanical clusters determined using only the Vaca Muerta Formation have not shown good 

character for the Quintuco Formation and had bad tagging results. The Quintuco appeared to be a 

massive formation, while image logs appear to show different (Figure 4.6). When the mechanical cluster 

master was expanded to include a range of the Tordillo and Quintuco formations in the LJE.x-1010 (2850 

– 3150 m measured depth), the tagging error became essentially non-existent, regardless of the log 

quality (Figure 5.11). The resultant mechanical clusters are shown with respect to the Vaca Muerta in 

Figure 5.12. 
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Figure 5.10 Tagging results for the mechanical clusters in the LJE block. Depth is in TVDSS. For each well track 1 contains the gamma ray and 
calipers, track 2 bulk density and density correction (dashed black), track 3 compressional slowness, track 4 the tagged Mechanical clusters, track 
5 the tagging error (shaded yellow when greater than 20), and track 6 the cluster probability track. The different units within the Vaca Muerta are 
highlighted. The Lower Vaca Muerta in green, the Middle Vaca Muerta in pink, and the Upper Vaca Muerta in blue. Most tagging errors within the 
Vaca Muerta are associated with bad hole conditions. 

A A’ 
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Figure 5.11 Cross section through the LJE block showing mechanical clusters tagged using portions of the Quintuco and Tordillo formations. 
There is essentially no tagging error with these new clusters, and notice the Quintuco Formation includes thin beds.  

A A’ 
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Figure 5.12 View of the wells tagged with the mechanical clusters in the LJE block. The surfaces shown are the base of the Vaca Muerta (green) 
and the top of the Vaca Muerta (red). 
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CHAPTER 6  

MECHANICAL CLUSTER UPSCALING 

 

The Backus averaging technique was performed on each cluster set that was generated. Based 

on the results, the mechanical clusters were the only set to truly distinguish properties from one cluster to 

another. 

6.1 Backus Averaging 

In order to upscale the geomechanical properties of each cluster, the stiffness coefficients 

determined through the combined core and log analysis were upscaled using Backus averaging. A Visual 

Basic code was written (see APPENDIX C). The necessary log data (bulk density, compressional 

slowness, fast shear slowness, slow shear slowness, Stoneley shear slowness, and mechanical cluster) 

is exported to an Excel spreadsheet. The start and stop depth for the upscaling domain were defined for 

the upscaled properties to include only the lithologies of interest (namely the upper Tordillo, Vaca Muerta, 

and lower Quintuco formations). The program was run to solve the stiffness tensor at each depth using 

the constants ξ and ζ as determined from the core data. A check for the isotropy of the formation is 

conducted using the Thomsen gamma parameter. The program is designed to treat the rock as isotropic 

if the absolute value of gamma is below a certain threshold value (0.025 was chosen in our study). When 

the value of gamma is below the selected threshold value, ξ and ζ are set equal to one, as rocks with a 

gamma value close to zero are assumed to behave isotropically. The program then calculates the 

stiffness tensor at each depth and outputs the log values. Once the stiffness tensor is determined at each 

depth, it is used to calculate the directional dynamic Young’s moduli and Poisson’s ratio, and dynamic to 

static correlations are applied to calculate static Young’s moduli and Poisson’s ratio for each depth.  

Thomsen’s anisotropy parameters are also output for each measurement depth. 

The code then goes through the Backus averaging and upscaling model. A methodology is 

implemented for taking all of one cluster type and turning it into one stack of rock, upscaling the entire 

stack using each log depth as a different layer, and outputs a single stiffness tensor and geomechanical 

properties for that cluster group, including the dynamic and static Young’s modulus and Poisson’s ratio in 

both the horizontal and vertical directions (Figure 6.1). The program will also output the Thomsen 

coefficients for each cluster group. 

6.2 Cluster Properties 

The same Backus averaging procedure was performed on four different wells with cross-dipole 

acoustic logging tools; LJE.x-1010, LJE.x-1011, LJE.x-1014, and PRo.x-1. While the PRo.x-1 is 

approximately 50 kilometers from the wells in the LJE block and the Vaca Muerta is approximately 150 

meters shallower in this location, the properties were still used for comparison in order to increase the 
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number of data points and to see how well the correlation may extend regionally. Since no 

geomechanical core data exists from the Cinco Saltos block, it is impossible to know if the static values 

derived from the clusters are reliable in this well. All cluster groups were tested on all of the wells to 

determine which group presented the most geomechanical variability from cluster to cluster. The group 

with the most variability, the mechanical clusters, was selected and used for the final analysis.  

 

Figure 6.1 Example of Backus averaging procedure. The recognized clusters (left) are grouped into 
stacks (middle) which are then upscaled using Backus averaging to a single stiffness tensor for each 
cluster (right). 

Before upscaling the values using Backus averaging, distributions for each value to be upscaled 

were examined in an attempt to understand where error may originate (Figure 6.2, Figure 6.3 and 

APPENDIX A). One thing that stands out is the presence of outlier values in the LJE.x-1014 for both the 

C11 and C66 stiffness coefficients. C11, C66, C12, and C13 also have noticeably larger distributions of values 

for clusters seven to nine than the other values. 
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Figure 6.2 Box plot of C11 modulus broken down by mechanical cluster within the Vaca Muerta and lower 

Quintuco formations. Tan = LJE.x-1010, yellow = LJE.x-1011, gray = LJE.x-1014, and pink = PRo.x-1. 

 

Figure 6.3 Box plot of C33 modulus broken down by mechanical cluster within the Vaca Muerta and lower 

Quintuco formations. Tan = LJE.x-1010, yellow = LJE.x-1011, gray = LJE.x-1014, and pink = PRo.x-1. 
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6.2.1 Backus Averaging Stiffness Coefficients 

The results of the Backus averaging for each elastic stiffness coefficient are generally consistent 

from well to well. Both C33 and C44 are calculated directly from the measured sonic data, and both give 

similar answers in every well for the upscaled property by cluster. The PRo.x-1 doesn’t fit the data as well 

in clusters four through eight, but generally gives very similar answers to the wells from the LJE block 

(Figure 6.4 and Figure 6.5). 

 

Figure 6.4 Backus averaged C33 modulus by mechanical cluster for each well. 

 

Figure 6.5 Backus averaged C44 modulus by mechanical cluster for each well. 

The C66 coefficient is calculated from the Stoneley shear slowness (Figure 6.6). Equation 2.20 

was used to estimate a Stoneley slowness curve for the LJE.x-1014. The consistency from well to well 
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isn’t as good for this stiffness coefficient, primarily due to the LJE.x-1014 and its more variable values for 

the Stoneley shear slowness (Figure 5.5). 

 

Figure 6.6 Backus averaged C66 modulus by mechanical cluster for each well. 

The C13 and C12 coefficients show the same behavior due to the fact that the C12 coefficient is 

calculated from C13 using Equation 2.26. C13 is also calculated from a combination of C33 and C44 using 

Equation 2.26. Therefore, there is the potential that larger error will be present in these two coefficients 

than some of the others due to propagating error. The consistency for both is not very good except for 

clusters two, three, and seven (Figure 6.7 and Figure 6.8). 

 

Figure 6.7 Backus averaged C13 modulus by mechanical cluster for each well. 
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Figure 6.8 Backus averaged C12 modulus by mechanical cluster for each well. 

The C11 coefficient is calculated from C66 and C12 using Equation 2.27 and therefore, also 

contains more variability and potential propagating error. The consistency for each cluster is relatively 

good, yet with the LJE.x-1014 well once again providing a source of error (Figure 6.9). 

 

Figure 6.9 Backus averaged C11 modulus by mechanical cluster for each well. 

6.2.2 Backus Averaging Geomechanical Properties 

The directional dynamic Young’s moduli were then calculated in each well using the Backus 

averaged Cij values for each mechanical cluster. The PRo.x-1 well, while it does not match the LJE wells 

very well in several of the clusters, otherwise fits well. The vertical Young’s modulus, calculated from C33, 

C11, C12, and C13 still shows a remarkably consistent fit for each cluster in all of the wells in the LJE block 
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(Figure 6.10). The horizontal Young’s modulus also has a good fit with more variability in the LJE.x-1014 

and PRo.x-1 wells (Figure 6.11). 

 

Figure 6.10 Dynamic vertical Young's modulus calculated from Backus averaged Cij values by mechanical 

cluster for each well. 

 

Figure 6.11 Dynamic horizontal Young's modulus calculated from Backus averaged Cij values by 

mechanical cluster for each well. 

The values for the dynamic Young’s moduli are also consistent with the log values of Young’s 

moduli for each cluster as shown with box plots (APPENDIX A). The dynamic Poisson’s ratio values are 

not as consistent from well to well. This could be due to the fact that Poisson’s ratio does not have a large 

variability in rocks, with theoretical values only existing between 0 to 0.5. For most rocks, these values will 
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be closer to 0.15 to 0.4, so any erroneous numbers, potentially due to bad sonic data, presence of gas, or 

poor density values due to bad hole conditions can cause the Backus averaged value to skew. Also, any 

extreme values due to real rock properties will cause the averages to skew. The vertical Poisson’s ratio 

has a decent correlation from well to well for each mechanical cluster (Figure 6.12) while the horizontal 

values show much greater variability (Figure 6.13). 

 

Figure 6.12 Dynamic vertical Poisson’s ratio calculated from Backus averaged Cij values by mechanical 

cluster for each well. 

 

Figure 6.13 Dynamic horizontal Poisson’s ratio calculated from Backus averaged Cij values by 

mechanical cluster for each well. 
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For each property except Poisson’s ratio, the stiffness increases with cluster number universally. 

This is expected as the density increases and the compressional slowness decreases with an increase in 

the cluster number, which will lead to stiffer rocks. For Poisson’s ratio the largest values are seen in the 

stiffest clusters, while the lowest values exist in clusters three and four. 

6.2.3 Backus Averaging Thomsen Parameters 

The distribution of Thomsen parameters is not as consistent from well to well (Figure 6.14), and 

no real insight can be made besides the general decline in Thomsen parameters with increasing cluster 

number. 

 

Figure 6.14 Thomsen parameter from Backus averaged Cij values by mechanical cluster for each well. 

6.2.4 Backus Averaging Static Geomechanical Properties 

In order to calculate the static Young’s moduli using the Barree and log-linear equations, an 

average density value was calculated by cluster for each well (Figure 6.15). This can be completed for 

every well individually because the density curve must exist in order to determine the mechanical clusters 

in the first place. This value is then used with Equation 2.10 or 3.8 and 3.9 to calculate the static Young’s 

moduli using upscaled dynamic Young’s moduli from each cluster. 
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Figure 6.15 Average density by mechanical cluster for each well used for calculation of static Young’s 
modulus using the Barree and log-linear equations. 

The fit is very similar to the dynamic values, and is generally good, with the exception of the 

PRo.x-1 for some of the clusters (four and seven primarily) with the vertical Young’s moduli. The LJE.x-

1014 has some variation in the horizontal Young’s moduli for clusters one, two, and seven (Figure 6.16 

and Figure 6.17). Another option is to simply use the density curve at every depth to multiply by the 

cluster average dynamic Young’s moduli. This will not give a block curve for the static Young’s modulus, 

but may be better at capturing variability and layers with extreme values adversely affecting fracture 

propagation. For the LJE.x-1010 well, the static vertical Young’s modulus calculated using the density 

curve was at most 0.30 Mpsi different than the one calculated using a cluster averaged density. For the 

static horizontal Young’s moduli, the maximum difference was 0.36 Mpsi. This difference is essentially 

negligible. 

 

Figure 6.16 Static vertical Young's modulus by mechanical cluster for each well. 
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Figure 6.17 Static horizontal Young's modulus by mechanical cluster for each well. 

The log-linear method generally gives lower static Young’s modulus values than the other two 

methods presented previously, especially for the stiffer clusters (Figure 6.18 and Figure 6.19). 

 

Figure 6.18 The static horizontal Young’s modulus by mechanical cluster for each well using Equation 
3.9. 
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Figure 6.19 The static horizontal Young’s modulus by mechanical cluster for each well using Equation 
3.8. 

 The results for the static Young’s moduli using Equations 2.16 and 2.17 are shown in Figure 6.20 

and Figure 6.21. The static Poisson’s ratios determined using Equations 2.18 and 2.19 are shown in 

APPENDIX A.  

 

Figure 6.20 The static vertical Young’s modulus by mechanical cluster for each well using the method 
introduced in this study. 
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Figure 6.21 The static horizontal Young’s modulus by mechanical cluster for each well using the method 
introduced in this study. 

6.2.5 Averaged Cluster Properties and Error 

To find a single value for each Backus averaged property to assign to each cluster, the stiffness 

values from the four wells were averaged. The values and the coefficient of variation (standard deviation 

divided by average value) for this process are shown in Table 6.1 and Table 6.2. The average values are 

also shown in graphical form in Figure 6.22 and Figure 6.23. 

Table 6.1 Average and coefficient of variation for dynamic elastic properties 

Cluster C11 (Mpsi) C12 (Mpsi) C13 (Mpsi) C33 (Mpsi) C44 (Mpsi) C66 (Mpsi) 

1 5.372 18.4% 2.433 19.8% 1.956 19.0% 3.473 11.2% 1.119 8.2% 1.469 18.7% 

2 6.424 7.0% 2.844 9.3% 2.295 8.7% 4.185 2.8% 1.368 2.9% 1.790 8.3% 

3 7.597 3.9% 3.313 5.9% 2.665 5.5% 4.928 5.8% 1.635 6.9% 2.142 3.4% 

4 8.875 9.7% 3.934 10.8% 3.175 10.4% 5.930 11.7% 1.978 12.4% 2.470 9.5% 

5 9.929 7.3% 4.513 10.9% 3.737 8.1% 7.105 6.0% 2.305 7.3% 2.708 6.4% 

6 10.927 10.6% 4.931 12.4% 4.113 8.2% 7.895 4.6% 2.550 5.9% 2.998 11.5% 

7 12.259 3.7% 5.773 4.1% 4.806 3.7% 8.997 5.3% 2.862 7.6% 3.243 6.3% 

8 14.181 7.7% 7.025 9.7% 5.886 7.4% 10.666 1.8% 3.255 3.6% 3.578 7.1% 

9 15.444 6.1% 7.677 9.3% 6.676 6.7% 12.543 1.1% 3.717 1.4% 3.884 3.3% 
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Table 6.2 Average and coefficient of variation for dynamic geomechanical properties 

Cluster Ev (Mpsi) Eh (Mpsi) νv (v/v) νh(v/v) 

1 2.491 8.9% 3.851 17.8% 0.251 4.3% 0.313 5.9% 

2 3.047 2.8% 4.675 7.4% 0.248 3.9% 0.307 4.7% 

3 3.625 6.0% 5.585 3.4% 0.244 2.2% 0.304 3.6% 

4 4.355 11.7% 6.477 9.6% 0.248 2.9% 0.311 4.8% 

5 5.170 6.1% 7.142 6.0% 0.259 2.8% 0.319 6.2% 

6 5.758 4.4% 7.890 10.5% 0.260 4.7% 0.317 8.0% 

7 6.434 6.3% 8.627 5.1% 0.267 2.4% 0.331 5.7% 

8 7.398 2.4% 9.622 6.6% 0.278 2.0% 0.345 4.2% 

9 8.687 1.6% 10.456 3.7% 0.289 0.5% 0.346 2.7% 

 

 

Figure 6.22 Average dynamic stiffness coefficients for each mechanical cluster calculated from the four 
wells. 
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Figure 6.23 Averaged dynamic Young's modulus for each mechanical cluster from the four wells. 

The average log-lin static Young’s modulus values, calculated by taking the average of the static 

value from each of the four wells, show the same trend as the dynamic values (Figure 6.24). 

 

Figure 6.24 Averaged static Young's modulus for each mechanical cluster from the four wells. Static 
values calculated using log-lin equation. 

As the number of the cluster increases, every elastic stiffness coefficient and both of the Young’s 

moduli increase universally. The coefficient of variation for each stiffness coefficient by cluster is shown in 

Figure 6.25. From this data set, it is evident that the single value assigned to each cluster is more 

accurate in some clusters than others. The clusters with the most consistent data are clusters two, three, 

seven, eight, and nine. All of these clusters have a coefficient of variation less than 10% for every 
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property. Cluster one has by far the most variation. This is most likely caused by propagating error due to 

the wide range in input values for C66 (APPENDIX A). 

 

Figure 6.25 Coefficient of variation for the dynamic Cij coefficients for each mechanical cluster. 

The variation in Young’s moduli and Poisson’s ratio is generally less than that of the individual 

stiffness coefficients (Figure 6.26). The variation in Young’s moduli is less than 10% for every cluster 

except for clusters one, four, and six. The horizontal Young’s modulus in cluster one contains the most 

relative error, with almost 18% variation. Once again this is most likely due to propagating error due to 

variation in the C66 input, primarily caused by the LJE.x-1014 well. Surprisingly, Poisson’s ratio generally 

has the least variability.  

 

Figure 6.26 Coefficient of variation for the dynamic geomechanical elastic constants for each mechanical 
cluster. 
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The anisotropy of each cluster is measured through the ratio of the horizontal Young’s modulus to 

the vertical Young’s modulus and through the Thomsen parameters. The ratio of Young’s moduli 

generally declines as the clusters get stiffer, with clusters one through three having almost the same 

Young’s modulus anisotropy (Figure 6.27). Even the stiffest cluster still has a ratio of Eh/Ev of 1.2. 

 

Figure 6.27 Ratio of horizontal to vertical static Young's modulus (using the Barree equation) for each 
cluster. 

The Thomsen parameters do not show as clear a trend with the clusters as the stiffness 

coefficients do. While the anisotropy appears to decline as cluster stiffness increases (showing similar 

behavior to Young’s modulus) (Figure 6.28), the variation coefficients are generally high preventing the 

values to be used with any confidence (Table 6.3).  

 

Figure 6.28 Average Thomsen coefficients for each cluster calculated from the four wells. 
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Table 6.3 Average and coefficient of variation for Thomsen parameters. 

Cluster Epsilon Gamma Delta 

1 0.268 24.7% 0.152 50.3% 0.400 10.8% 

2 0.267 13.4% 0.153 26.5% 0.380 10.4% 

3 0.272 13.5% 0.157 29.6% 0.380 7.2% 

4 0.250 19.8% 0.128 47.4% 0.384 4.0% 

5 0.200 30.1% 0.090 70.8% 0.332 25.1% 

6 0.193 44.0% 0.090 95.0% 0.313 33.0% 

7 0.183 22.0% 0.069 86.4% 0.333 9.0% 

8 0.165 28.2% 0.051 98.1% 0.332 19.8% 

9 0.115 27.3% 0.023 85.5% 0.250 25.0% 

 

Delta has the lowest variation coefficient, while epsilon has variability that may still make the 

upscaled values useful. The Backus averaged gamma values are almost completely useless except for 

clusters two and three (Figure 6.29). 

 

Figure 6.29 Coefficients of variation by cluster for each Thomsen anisotropy parameter. 

6.2.6 Core Cluster Properties 

For the six sets of geomechanical core data in the LJE.x-1010, the values were compared to the 

mechanical cluster they were associated with. The Cij coefficients determined from the static Young’s 

moduli and Poisson’s ratios (Table 3.1) are static in nature since they were determined from static and 

not dynamic geomechanical properties. Therefore, while the absolute values of the core properties may 
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Table 6.4 Average static core values by mechanical cluster 

 
C11 C33 C44 C12 C66 C13 Ev Eh νv νh 

Cluster Mpsi Mpsi Mpsi Mpsi Mpsi Mpsi Mpsi Mpsi Mpsi Mpsi 

1 4.805 2.989 1.147 1.984 1.410 1.546 2.387 3.817 0.228 0.298 

2 5.389 3.925 1.499 2.004 1.693 1.637 3.276 4.433 0.220 0.276 

5 7.717 5.146 1.970 3.048 2.334 2.433 4.186 6.226 0.226 0.289 

 

Only three clusters have core data available, but for these clusters every elastic moduli average 

value increases as the cluster number increases (Table 6.4). This is the same behavior seen in the 

Backus averaged mechanical cluster values. The shear and p-wave elastic moduli as well as the Young’s 

moduli show the best correlation between core data and cluster number (Figure 6.30, Figure 6.31, and 

Figure 6.32). The lame’s coefficients (C12 and C13) show somewhat the same relationship, but it is not as 

consistent (Figure 6.33). Poisson’s ratio and the Thomsen parameters show no clear trend (Figure 6.34 

and Figure 6.35).  

 

Figure 6.30 Elastic shear moduli from core data. Shear moduli generally increase with increasing 
mechanical cluster number. 
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Figure 6.31 Elastic p-wave moduli from core data. Moduli generally increase with increasing mechanical 
cluster number. 

 

Figure 6.32 Static Young’s moduli from core data. Young’s moduli generally increase with increasing 
mechanical cluster number. 
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Figure 6.33 Elastic Lame’s coefficients from core data. Lame’s coefficients do not show as clear a trend 
with mechanical cluster. 

 

Figure 6.34 Static Poisson’s ratio from core data. Poisson’s ratio does not show a clear trend with 
mechanical cluster number. 
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Figure 6.35 Thomsen parameters gamma and epsilon from core data. Thomsen coefficients do not show 
a clear trend with mechanical cluster number. 

When the dynamic Young’s moduli are compared to the mechanical clusters, they show the same 

trend to what is observed in the Backus averaged values as well as the core data (Figure 6.36). The line 

of missing data is due to the threshold gamma value for determining isotropic rock. In APPENDIX A is an 

example where a different threshold value for gamma is chosen for comparison. 

 

Figure 6.36 Dynamic horizontal Young's modulus vs. dynamic vertical Young's modulus colored by 
mechanical cluster in the Vaca Muerta and lower Quintuco formations. The black line is the 1:1 line. The 
gap in the data is due to the selection of an arbitrary gamma value to define whether the formation is 
isotropic so that the coefficients ζ and ξ are not applied. In this case, the isotropy check is for when |γ| < 

0.025. 
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6.2.7 Cluster Mineralogy 

A comparison of the mineralogy from the wells used for the cluster upscaling was examined to 

see if there is a relationship between mineralogy and the mechanical clusters. The ternary plots all have 

carbonate in the uppermost corner, clay in the lower left hand corner, and quartz-feldspar-mica in the 

lower right hand corner. The core mineralogy data only spans four of the clusters and none of the stiffest 

ones (Figure 6.37).  

 

Figure 6.37 Ternary plot of core mineralogy from the LJE.x-1010 colored by mechanical cluster. Points in 
the upper corner are composed of 100% carbonate (calcite and dolomite), the bottom right hand corner is 
100% quartz, feldspar, and mica minerals, and the bottom left hand corner is 100% clay minerals (illite, 
smectite, kaolinite, etc.). The data is limited to only four different clusters. 

The softer clusters generally show more clay, higher quartz-feldspar-mica fraction, and generally 

lower carbonate. The stiffer clusters (neon green and yellow), show higher carbonate fractions as well as 

lower clay concentration. Spectroscopy logs were run in the LJE.x-1010, LJE.x-1014, and PRo.x-1 and 

processed using a mineral solver, but this processing requires an input for what minerals are believed to 

be present. The results from the LJE.x-1010 include a large component of anhydrite and no pyrite, while 

the XRD data shows no anhydrite (or gypsum) is present while pyrite is present in measureable quantities 

(Figure 6.38). The other wells which had the same tool run give results more in line with the XRD data, 

yet their output is still not similar to each other. A mineral solver was also run for the LJE.x-1010 well 

using more than fifteen log inputs, and the solution shows that the stiffer clusters generally contain less 

quartz and clay, to the point that the stiffest clusters are greater than 70% carbonate (Figure 6.39). 
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Figure 6.38 Ternary plot of spectroscopy logging tool based mineralogy from the LJE.x-1010 well color 
coded by mechanical cluster. Data is limited to the lower Quintuco and Vaca Muerta formations. 

 

Figure 6.39 Ternary plot of petrophysical forward modeling based mineralogy from the LJE.x-1010 well 
color coded by mechanical cluster. Data is limited to the lower Quintuco and Vaca Muerta formations. 

The spectroscopy results from the LJE.x-1014 show that the stiffer clusters generally have less 

clay and quartz-feldspar-mica, while the stiffest clusters having essentially zero clay (Figure 6.40). The 

most compliant of the clusters (blue and sky blue) have the highest clay and quartz-feldspar-mica 

fractions. Petrophysical forward modeling based mineralogy gives similar results (Figure 6.41).  
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Figure 6.40 Ternary plot of spectroscopy logging tool based mineralogy from the LJE.x-1014 well color 
coded by mechanical cluster. Data is limited to the lower Quintuco and Vaca Muerta formations. 

 

Figure 6.41 Ternary plot of petrophysical forward modeling based mineralogy for the LJE.x-1014 well 
color coded by mechanical cluster. Data is limited to the lower Quintuco and Vaca Muerta formations. 

Spectroscopy results for the PRo.x-1 show a similar trend, with the stiffest clusters being primarily 

carbonate, while the compliant clusters have higher clay and quartz-feldspar-mica fractions (Figure 6.42). 
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Figure 6.42 Ternary plot of spectroscopy logging tool based mineralogy from the PRo.x-1 well color 
coded by mechanical cluster.  Data is limited to the lower Quintuco and Vaca Muerta formations. 

In general it can be shown that the stiffer the cluster, the more carbonate, less clay, and in 

general less quartz-feldspar-mica fraction the formation will have. When looking at this result from the 

brittleness perspective, the mineralogy based definitions of brittleness from section 2.1.5 show that the 

brittleness should be a function primarily of quartz and calcite. Here it is seen that the stiffness of clusters 

(and hence potentially brittleness) is controlled more by the relative amount of carbonate to clay. This is 

observed in every well and may be due to the fact that with the Vaca Muerta being shaly marl, the quartz 

is more likely to be fine grained, while the calcite forms more continuous layers and is composed of larger 

grains as observed from the thin section analysis. This will make the calcite contribute more to the 

strength than the fine quartz grains which are more likely to be suspended in a matrix of soft clay and 

organic matter. 

6.3 Application to LJE Wells 

The cluster averaged properties from Table 6.1 and Table 6.2 were applied to the wells in the LJE 

block. Figure 6.43 shows the LJE.x-1010 with all of the input data as well as the geomechanical and 

Backus output. From a first glance several things are evident: the core velocity, as previously noted, is 

much faster than the logging data. The Backus averaged values appear to match the logging data well, 

but are not as good for matching the Poisson’s ratio or core data. The curves shown are dynamic based. 

Hence, the core data should not necessarily be expected to match. The general trends of the curve are 

matched well, but jumps are missed by the upscaled curve. The Backus averages also do not represent 

well with Thomsen parameters, especially delta. 
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Figure 6.43 LJE.x-1010 well with dynamic elastic properties and Backus average values. The dotted 
block curves (green for vertical properties, sky blue for horizontal properties) represent the Backus 
averaged values. For the log curves, black represents horizontal properties and red represents vertical 
ones. 

The error in the key geomechanical output, Young’s moduli and Poisson’s ratios, are shown in 

Figure 6.44. The error is calculated by a percent difference of the four well averaged Backus values from 

Table 6.2 and the value of the measured log data using Equation 6.1. 

       
                              

         
      (6.1) 
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Figure 6.44 Error in Young's moduli and Poisson's ratios for wells in the LJE block (LJE.x-1011 at left, LJE.x-1010 middle, and LJE.x-1014 at 
right). Yellow implies the Backus value overestimates the actual value, while green represents an underestimation. 
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The error in the horizontal properties is generally greater than the vertical ones. Poisson’s ratio is 

matched well in most places, but extreme jumps in the error exist, while Young’s modulus contains more 

consistent error but not as many jumps. The most error occurs in the Tordillo and Quintuco formations, 

while the least error occurs in the upper and lower Vaca Muerta, except for the LJE.x-1014, where the 

lower Vaca Muerta has the greatest error. This could be due to previously explained variations in the 

sonic data from the LJE.x-1014. Overall, the error is less than 25% in most locations, although the 

problem exists in geomechanics that the extremes, which are not matched well here, may be what control 

a fracture treatment by causing large variations in closure stress or mechanical ductility and brittleness. 

So while this procedure does a good job of creating an upscaled geomechanical model which gives an 

idea about the average geomechanical response of a formation, the exact nature of a fracturing treatment 

cannot be discerned from these clusters alone. It is interesting to note that in locations where large error 

jumps in Poisson’s ratio exist (which will be one of the primary controls on minimum horizontal stress 

variation) in the Quintuco formation are generally locations where compliant clusters (green and blue) are 

present (circled in Figure 6.44). This could be useful to understand potential fracture containment. 

6.4 Application to CS Block 

In the Cinco Saltos block, the PRo.x-1 well was used to analyze the applicability of the Backus 

cluster values to other blocks in the Vaca Muerta (Figure 6.45).  

 

Figure 6.45 Percent error in Young's moduli and Poisson's ratios from Backus average value to logging 
value in the PRo.x-1 well. Yellow implies the Backus value overestimates the actual value, while green 
represents an underestimation. 
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The error in the Vaca Muerta interval is low, while the Quintuco mainly has the issue that most of 

the values are underestimated by the Backus averages. 

6.5 Microseismicity and Mechanical Clusters 

The microseismic event locations from each well were compared to the mechanical clusters for 

each well to see if there was a correlation between event locations and the clusters (Figure 6.46). 

 

Figure 6.46 Microseismic events by stage for the three stimulated wells. From left to right: LJE.x-1011, 
LJE.x-1010, and PSO.x-1005.  The purple and red dots in the fourth track for the LJE.x-1011 well are the 
reprocessed locations of the events. Depth is in TVDSS and the cross-section has been flattened on the 
base of the Vaca Muerta. 

 First, the total stimulated height was determined in each well from either stage. Then the fraction 

of each cluster comprising this interval was determined. Next, the fraction of events occurring in each 

cluster was compared to the total distribution of clusters in the interval to see if there was a correlation 
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between the microseismic events and clusters or if the distribution of events simply reflected the number 

of clusters available for stimulation (Figure 6.47). 

 

Figure 6.47 Method for the comparison of microseismic event locations to clusters within the perturbed 
height. 

The microseismicity results from the LJE.x-1010 appear to show a correlation between where 

events occur in comparison to pump rates (Figure 6.48). The first stage, pumped from the lower Vaca 

Muerta at a low pump rate, tends to cause microseismic activity in the clusters with medium compliance 

(clusters 3 - 5). The second stage, pumped from the middle and upper Vaca Muerta, was pumped at a 

pump rate more than 1.5 times the first and results in upward fracture growth, with more of the events 

occurring in the stiffer clusters (clusters 4 – 7), although height growth appears to stop at one of the 

stiffest clusters in the lower Quintuco (Figure 6.46). 

+
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Figure 6.48 Microseismic events for the LJE.x-1010 grouped by which cluster they occurred in. Both sets 
of events were processed by Schlumberger. 

The LJE.x-1011 shows similar results, with the first stage initiated in the lower Vaca Muerta and 

pumped at a similar rate to stage one in the LJE.x-1010. The microseismicity also occurs in the more 

compliant clusters (3 - 5) with minimal height growth. The second stage, pumped at 1.2 times the rate of 

the first stage and initiated in the middle and upper Vaca Muerta, shows extensive height growth and 

events in more of the stiffer clusters in addition to the compliant ones (clusters 3 – 9) (Figure 6.49). 

 

Figure 6.49 Microseismic events for the LJE.x-1011 grouped by which Mechanical cluster they occurred 
in. Both sets of events were processed by Schlumberger. 
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 The microseismic events from the LJE.x-1011 were reprocessed by a different company at the 

request of PlusPetrol. These new event locations show that both stages tend to case microseismic events 

in the stiffer clusters, especially the second stage (Figure 6.50). 

 

Figure 6.50 Reprocessed microseismic event locations for the LJE.x-1011 well. The interval selected was 
based on the maximum vertical extent of microseismic events. 

The data from the LJE.x-1011 well may not be useful for this study due to potential fault 

reactivation. The majority of the events in stage two show a clear trend toward a b-value of one, which is 

evidence of fault reactivation (Figure 6.51). The graph of magnitude versus detection distance also shows 

similar behavior to faulting for this stage (Figure 6.52).  

 

Figure 6.51 B-values for stage 2 of the LJE.x-1011. The events lying along the B=1 line (red) are 
indicative of faulting behavior and not fracturing. 
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Figure 6.52 Graph of microseismic moment magnitude and distance from source for the LJE.x-1010, 
LJE.x-1011, and PSO.x-1005 stimulation treatments. The cluster of large magnitude events in the LJE.x-
1011 stage 2 (green dots near the LJE.x-1011 detectability limit) appears to be indicative of fault behavior 
(see Figure 2.5). 

If the events recorded in the second stage of the LJE.x-1011 are simply due to fault reactivation, 

the extreme height growth seen in the reprocessed microseismic should have no relation to the 

mechanical clusters.  

The microseismic data from the PSO.x-1005 shows that more compliant clusters produced 

events. The first stage had a low pump rate and only nine events were recorded in total (Figure 6.53).  

 

Figure 6.53 Microseismic events grouped by which mechanical cluster they occurred in for the PSO.x-
1005 well. The interval selected was based on the maximum vertical extent of microseismic events. 
Events processed by Schlumberger. 
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The second stage had a much higher pump rate (1.5 times the first) with some upward growth out 

of the Vaca Muerta, but the more compliant clusters were still where the majority of the events were 

recorded. 

In situ stress needs to be taken into account in relation to the fracturing treatments, and the stress 

does appear to influence the propagation of the fractures (Osorio and Muzzio, 2013). The base of the 

lower Vaca Muerta is a region dominated by high pore pressure and therefore larger magnitudes of 

minimum horizontal stress (Figure 6.54).  

 

Figure 6.54 Vaca Muerta pressure and stress regime in the LJE.x-1010 well. The center track shows the 
pore pressure (sky blue), isotropic minimum horizontal stress (blue), anisotropic minimum horizontal 
stress (red), and overburden (orange). The microseismic for both stage one and stage two are shown 
(stage two is squares in last track). Perforations for stage one are shown in light green and for stage two 
in black. 
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This most likely contributes to the upward growth of the hydraulic fractures and may be a factor in 

the lack of microseismic activity in the base of the lower Vaca Muerta.  

Microseismic events are seen to occur in the higher stress regime between the upper and middle 

Vaca Muerta though. Hence, stress cannot be a complete control on the location of the events. A 

combination of both stress and geomechanical properties, represented here by the mechanical clusters, 

must be taken into account when planning and interpreting hydraulic fractures.  

It must also be noted that the microseismic events being recorded here are not necessarily 

associated with production. As the post fracture production logs show in 2.2.3, a large portion of the 

production comes from the lower Vaca Muerta where minimal microseismic activity is seen. This could be 

showing that while the microseismic events are records of shear failure, they do not indicate where the 

proppant is going and not a direct indicator of increased permeability and where conductive fractures are 

being created. While the lower Vaca Muerta shows no activity, it may be that fractures are being created 

and proppant is being placed in them, leading to large production from this interval. The mechanical 

clusters could explain this in that the lower Vaca Muerta is composed primarily of clusters one and two 

which are the most compliant clusters and therefore the most ductile. This rock is least likely to cause a 

signature recognizable through microseismic. The clusters comprising the middle and upper Vaca Muerta 

and the lower Quintuco on the other hand are stiffer and more “brittle”, leading to more microseismic 

events being recorded in these formations, even if they don’t contribute to effective production volumes. 

Recent ongoing research also provides similar evidence on the association of shear slippage 

microseismic events which do not contribute to flow enhancement (Tutuncu, 2013).  

6.6 3D MEM Petrel Model 

The basis of a three dimensional mechanical earth model (MEM) was developed using Petrel 

software. The model is based on upscaling of the mechanical clusters and not on upscaling of the 

geomechanical log curves generated. The model covers the full extent of the LJE lease block in order to 

help get an idea of what the geomechanical property distribution may be in areas where new wells are 

planned to be drilled (Figure 1.14). The model has eight zones (from deepest to shallowest): Tordillo, 

lower Vaca Muerta, middle Vaca Muerta, upper Vaca Muerta, lower Quintuco (additionally broken down 

into the LQ_4), middle Quintuco, and upper Quintuco. The Vaca Muerta and LQ_4 formations all have an 

average vertical layer height of one meter. The other formations have a 2 meter layer height except for 

the upper Quintuco which has only one block for the whole formation due to a lack of microseismic 

activity. The horizontal grid size is 20 meters square. The larger horizontal grid size had to be chosen due 

to computing limitations, as the ultimate model contains over 100 million cells. 

The mechanical clusters were treated as facies, and to upscale them to grid scale a “most of” 

upscaling technique was used. In this method, a one meter grid block is evaluated and the highest count 

of any log value within this meter is determined. Because the most compliant and stiffest clusters (blue 
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and pink) may have the most adverse effects on a fracturing treatment, they can be weighted more in the 

most of upscaling procedure. Different upscaling processes have been performed, with one of the final 

models weighting the stiffest (cluster nine) and most compliant (cluster one) by four times each. 

 

Figure 6.55 Example of the most of upscaling procedure with and without weights. In the example of the 
left, yellow comprises four of the ten measurements and so is the upscaled value. On the right, because 
the pink cluster is weighted four times, it is selected as the upscaled value despite there being three 
yellow clusters. 

Once the clusters have been upscaled to grid scale, they are then geologically modeled as facies, 

with no training image used. Each formation is modeled to have a self-consistent property distribution, 

with different models using the original well logs and some using the upscaled well logs to define the 

facies distribution. An exponential variogram is always used, with either zero or 0.0001 nugget. These 

modeled geomechanical facies give a better idea about the geomechanical variation of the formations, 

which can be useful in delineating geomechanical sweet spots both vertically and, more importantly, 

laterally. See APPENDIX B for examples of each of these upscaling techniques. For the final 

interpretation, the weighting method for the stiffest and most compliant clusters was used, with an 

exponential variogram with zero nugget and a property distribution consistent with the original well data, 

not the upscaled data (Figure 6.56). When facies weighting is not used, the clusters which populate the 

model tend to move towards the middle clusters, while the extremes are actually what are most important 

because they are what truly control the geomechanical behavior of the model. 
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Figure 6.56 Cross section looking from the west with the LJE.x-1010 well and microseismic events 
displayed. The Tordillo (coarser unit at base), lower Vaca Muerta (blue), middle and upper Vaca Muerta 
(green), and lower Quintuco (pink) formations are shown. (a) Model uses zero nugget, and matches well-
log properties; (b) model uses the same settings but also utilizes facies weighting during upscaling. 

The model is also useful to investigate how microseismic events compare to the geomechanical 

facies not just vertically but also laterally (Figure 6.57). While the lateral distribution of the microseismic in 

comparison to the mechanical clusters cannot be quantified, from visual inspection the same trends seem 

to hold as seen from the well logs. For example, it appears that the second stage for the LJE.x-1011 

appears to follow a trend in the layering of the mechanical clusters (outlined in Figure 6.58) where the 

(a) 

(b) 
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events appear to cluster between the yellow band and a streak of dipping orange, red, and green 

clusters. Noting behavior like this could lead to better prediction of how fractures will propagate. 

 
 
 

 

 

Figure 6.57 Modeled geomechanical facies. The microseismic events from the LJE.x-1011 (left in (a), 
right in (a)) and LJE.x-1010 (right in (a), left in (b)) are shown, with yellow events being stage one, and 
blue events being stage 2. The lower Vaca Muerta (prevalently blue), middle and upper Vaca Muerta 
(green), and lower Quintuco (pink) formations are shown. The dip between the two wells is due to a fault 
which was not mapped. 

(a) 

(b) 
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Figure 6.58 Microseismic events from the LJE.x-1011. Outlined area shows what appear to be 
microseismic events following trends in the Mechanical cluster distribution. 

The Vaca Muerta formation within the LJE block is geomechanically relatively homogeneous. 

There is some lateral heterogeneity, but the majority of the individual formations appear to consist of 

much the same clusters. Around the LJE.x-1014 well, the Vaca Muerta and lower Quintuco appear to be 

more compliant (Figure 6.59). In this area the lower Vaca Muerta is composed of almost entirely cluster 1, 

while in the other regions of the formation it consists of a mixture of clusters one through three. The 

middle and upper Vaca Muerta also contain more compliant layers containing blue clusters, and the lower 

Quintuco shows similar behavior as well. This could be due to previously pointed out issues, such as the 

quality of the sonic data from the LJE.x-1014 (although data from the LJE.x-1002, the closest well to the 

LJE.x-1014, seems to somewhat disprove this) while it could also be caused by other effects leading to a 

generally weaker formation in this area. Geologically this could be due to the diagenetic changes, varying 

lithology, or increased natural fracture density. Core has been taken recently in the LJE.x-1014 well that 

may confirm this through future core geomechanical measurements. 

 

Figure 6.59 View from the north of the LJE.x-1014 well and modeled Mechanical clusters. West is to the 
left of the figure. 
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Both the Vaca Muerta and lower Quintuco appear to be stiffer to the west and east of the LJE 

block than in the center. This should be incorporated into future drilling plans. Locations where new wells 

are planned (Figure 1.14) appear to be in the stiffer regions where stimulation response should be similar 

to the LJE.x-1010 and LJE.x-1011. Faults are not mapped in this model, and they must be incorporated in 

order to avoid them during well planning to avoid any fault reactivation with stimulation, as may have 

been the case in the LJE.x-1011. 

A wellbore is less than one foot in diameter, and the grid scale of this model, one meter in the 

vertical direction and twenty meters in the horizontal directions, is much larger than the resolution of the 

well dimensions. While this model is coarse compared to a single wellbore, in order to economically 

develop the Vaca Muerta, hydraulic fractures with half lengths in excess of 100 m will have to be formed 

along laterals with lengths in excess of 1,000 m, and these length scales are more in alignment with the 

model. It is also true that with the limited data available, the model can only be made at a certain 

resolution. Without either seismic (reservoir scale tie) or additional wells, it is not possible to calibrate the 

model accuracy down to such a fine scale (Figure 6.60). 

 

Figure 6.60 View of the wells used to create the mechanical cluster MEM in the LJE block. 

6.6.1 Well Planning Based on Model 

Because the direction of maximum horizontal stress is roughly east-west, it would be advised to 

drill the lateral portion of horizontal wells north-south. Because of the immense thickness of the Vaca 

Muerta, it may be necessary to land two separate horizontal wells at different depths as a single wellbore 

is unlikely to stimulate the full 100-plus meters of the formation. Because significant production is seen 

from the lower Vaca Muerta in the LJE.x-1010, a horizontal should be landed on top of the organic rich 

section.  In the LJE.x-1011, production was also observed to come from the upper Vaca Muerta. 

Therefore, another lateral at the base of the upper Vaca Muerta should be drilled (Figure 6.61). These 

two laterals, stimulated properly by avoiding excessively high pump rates to limit vertical growth in the 

Quintuco, should be sufficient to stimulate the full extent of the Vaca Muerta. In order to avoid fracture 
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interference and redundancy, the wells should not be stacked directly on top of each other, yet rather 

staggered (Figure 6.62). 

. 

 

Figure 6.61 Lateral landing locations relative to the Vaca Muerta Formation and theoretical hydraulic 
fractures. 

 

Figure 6.62 Theoretical well placement plan for the Vaca Muerta formation. Wellbores (gray circles) are 

staggered to limit overlap in the hydraulic fractures (tan squares). This method may also allow for pad 

drilling to be used. 
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6.6.2 Additional Model Uses 

Due to the fact that each cluster is populated with an anisotropic stiffness tensor, it is also 

possible that these clusters could be used for interpreting seismic. The stiffness properties have already 

been upscaled using Backus averaging, a standard geophysical upscaling technique, and by using the 

upscaled clusters it may be possible to use this same model for seismic wavelengths in addition to 

logging methods. Thus, it may be possible to recognize the clusters using seismic data and tying to wells 

drilled using logs. It may also be helpful when interpreting property modeling of seismic data and may 

lead to iterative modifications of the mechanical model. The 3D model could also be very useful in 

geosteering operations, helping to keep laterals in the zones of interest. 
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CHAPTER 7  

CONCLUSIONS AND RECOMMENDATIONS 

 

The goal of this study was to determine clusters based on standard logging tools and examine if 

Backus averaging could be used to upscale the geomechanical properties of these clusters for providing 

representative input data for the well planning and stimulation design.  

7.1 Conclusions 

Mechanical clusters based solely on compressional slowness, gamma ray, and bulk density, were 

used in conjunction with Backus averaging to upscale anisotropic geomechanical properties. Even though 

the input data contained no information on geomechanical anisotropy, the final upscaled values for each 

cluster yielded consistent anisotropic behavior. This may be evidence that the anisotropy observed in the 

core data is consistent throughout the Vaca Muerta and lower Tordillo formations, and this may be due to 

the layered nature of both formations. The new methodology and its application could lead to the use of 

simple logging tools to obtain reasonable information on the anisotropy of the formation. 

While this analysis of microseismicity somewhat ignores the contribution of the stress and pore 

pressure, it still determines a good relation between the location of the microseismic events and 

geomechanical properties of the formation. While these two cannot be used independent from one 

another, assuming that the stress regime throughout the Loma Jarillosa Este block is relatively uniform, 

the mechanical clusters can help to understand how the geomechanical properties effecting hydraulic 

fracturing vary throughout the lease block, greatly aiding the placement of wells and landing locations for 

horizontal laterals and benefitting geosteering operations. 

From this work several key conclusions can be drawn: 

1. Mechanical clusters determined from only compressional slowness, bulk density, and gamma ray 

logs are good proxies for anisotropic geomechanical properties. The addition of a shear log, 

which is generally harder to measure with confidence, could help determining even more distinct 

clusters. 

2. Backus averaging can be used to upscale stiffness coefficients determined from electrofacies.  

3. The lower Vaca Muerta Formation does not exhibit many microseismic events during stimulation 

but contributes greatly to production, implying that either prevalent natural fractures exist (which 

is somewhat supported by other measurements) or that the hydraulic fracturing is stimulating this 

portion of the formation without a recognizable microseismic signature but proppant is being 

placed there. 

4. Certain mechanical clusters seem to preferentially trigger microseismic responses. While most 

production comes from the lower Vaca Muerta, this zone shows virtually no microseismic activity. 
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The middle and upper Vaca Muerta, composed of clusters three – nine, show a significant 

number of microseismic events while providing less to production. Therefore it must be noted that 

microseismic events are not definitive evidence of conductive fractures being created, and a lack 

of events is not indicative of a failed fracturing treatment. 

5. Initiating fractures in the middle and upper Vaca Muerta may result in non-productive fracture 

propagation, as microseismic shows growth upward out of the Vaca Muerta and into the lower 

Quintuco. To alleviate this issue, more work may need to be put into understanding the proper 

fluids and pump schedules in order to maximize the efficiency of the stimulation. 

6. To properly stimulate the reservoir it may be necessary to land more than one lateral in the Vaca 

Muerta. One landed on top of the organic-rich lower Vaca Muerta and another landed at the base 

of the upper Vaca Muerta may be the best way to stimulate the reservoir. 

7. Certain mechanical clusters are preferentially treated depending on the stimulation parameters, 

and mapping these clusters as facies in a three-dimensional earth model may help to locate 

geomechanical sweet spots. When combined with petrophysical sweet spots, this could be used 

for improved well placement and specifically horizontal well planning and geosteering. 

8. The anisotropic stiffness tensor for the Vaca Muerta was determined using a core calibrated 

model and cross-dipole logging tools. Dynamic to static correlations determined using an 

empirical log-linear equation are applicable to the Vaca Muerta, and with additional core 

measurement a new method was introduced that may become useful after field validation. 

9. This process may be applicable to other lease blocks in the area, including the PSO and CS 

blocks. While the absolute values of the static moduli requires core data to calibrate, the same 

procedure used in the LJE block yielded similar results in the CS block. The Backus averaging 

method in conjunction with the mechanical clusters should be applicable anywhere within the 

Vaca Muerta Formation, and potentially other unconventional formations such as the Eagle Ford. 

10. Acoustic logging measurements from multiple wellbores need to be processed using the same 

methods to ensure that variation in the data being used for the analysis is due to natural features 

and is not an artifact of different processing techniques. 

7.2 Recommendations for Future Work 

Because of the fact that the Vaca Muerta is still in an early stage of the development, additional 

research is required to incorporate the full exploration perspective in all the areas. The results of this 

study can be expanded and further validated in the entire region. One of the most pertinent ways to 

expand this study would be to use the mechanical clusters as an input into a 3D MEM and incorporate the 

stress variations in the Vaca Muerta Formation. This could then be used to run hydraulic fracture 

simulations to see if the results from the microseismic can be recreated. The simulation results for 

individual wells with cluster based geomechanical data could be compared to simulations using the 

measured log data to see how well of a match there is in a simple 1D case. Stress magnitudes, 

directions, and reservoir pressures could be determined using available data in the LJE block and 
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incorporated into the total MEM, which could then be used to design a fully coupled geomechanics flow 

simulator. 

In order to ensure that the dynamic to static correlations used for the elastic moduli are accurate, 

it would also be beneficial to get more core data in order to better constrain elastic moduli and dynamic to 

static correlations. This is especially true for the lower Quintuco and middle Vaca Muerta formations 

where no core geomechanics data was available. The LJE.x-1014 core should be utilized to help 

constrain the lateral variations in the geomechanical properties and to determine if the Vaca Muerta really 

is more compliant in the region of the LJE block around this well. 

It may also be beneficial to determine sets of mechanical clusters for the Vaca Muerta and the 

Quintuco formations separately, as the Quintuco may experience more isotropy than is present in the 

Vaca Muerta. This may also increase the accuracy of the final stiffness tensor assigned to each cluster 

due to the more specific results that may be obtained by partitioning the reservoirs. This is of course 

dependent on core data being available to help classify each cluster and confirm the results. 

 Additional clusters based on geologic and petrophysical parameters should be designed in 

conjunction with the mechanical clusters. These different cluster sets can then be used in an integrated 

study to determine the best place to drill and the best interval to land horizontal wells. While the 

mechanical clusters may show where mechanically unique layers are, additional clusters determined from 

different log suites which focus more on fluid and mineralogical properties may help to not only 

understand why the mechanical clusters are different but also how the other properties affect the 

mechanical properties. Some of these additional cluster groups were examined for geomechanical 

variability (see Table 5.1), but did not show nearly as much variability as the mechanical cluster group 

(Figure 7.1). These clusters may be helpful in picking out different lithologies which can then be used 

along with the mechanical clusters to better design horizontal lateral landing points and drilling paths. 

They may also be useful as flags to help qualify where potential fracture barriers may exist and. The error 

between the Backus average values and the log values could also potentially be minimized if different 

relationships between the mechanical clusters and other groups are noted which allow for a better final 

interpretation. This final analysis would combine the rocks where fracturing will be easiest with intervals 

where production is most likely to come from to develop a fully integrated stimulation plan.  

If sophisticated logs are only available in even one well, it may still be beneficial to use them for 

cluster analysis in order to potentially compare them to the mechanical clusters. Spectral gamma ray 

outputs and spectroscopy logs (available in the LJE.x-1010, LJE.x-1014, and PRo.x-1) can give highly 

detailed information on elemental composition of rocks and could give the best logging perspective on 

mineralogy. When used in a cluster analysis and combined with additional core data, these spectral 

clusters could potentially give great insight into the mineralogical controls on geomechanical properties 

(Figure 7.2). 



121 
 

 

Figure 7.1 Multiple cluster sets (as shown in Table 5.1) in the LJE.x-1010 well potentially showing a 
combination of geomechanical, petrophysical, and mineralogical properties which in combination could 
ultimately lead to the selection of the best interval to land laterals and hydraulically fracture. The 
mechanical clusters are on the far right. Notice in the outlined section how the mechanical clusters show 
only a single cluster while the other cluster groups show the interval as comprised of multiple layers. 

The core from the LJE.x-1014 well is approximately 70 meters in length, and when data from that 

core becomes available this methodology may be able to greatly expand upon the knowledge of how to 

properly unlock the potential of the Vaca Muerta Formation. 
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Figure 7.2 Example of spectral clusters from the LJE.x-1010 well in comparison to the mechanical 
clusters (far right) used in this study. 
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APPENDIX A  

CLUSTER DIAGNOSTICS 

 

The diagnostic plots for the clusters as laid out in Table 5.1 are shown as well as some of their 

tagging results. Additional plots of cluster properties are also presented similar to the ones shown in 

section 6.2. 

 

 
 

 

 

Figure A.1 Cluster silhouette plot showing the number of points for each cluster and the cumulative 
variability for each cluster. Negative values for the blue, red, brown, and purple clusters indicate that 
those points may more appropriately have been classified as the cluster to the left. A) analysis for 8 
clusters, b) analysis for 12 clusters. 

(a) 

(b) 
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Figure A.2 Silhouette plot for the mechanical clusters. There is potential for some tagging error with a few 
clusters, primarily the third (green). 

 

Figure A.3 Example cross plot for the Mechanical clusters. 
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Figure A.4 Diagnostic plots for the texture clusters. 
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Figure A.5 Tagging results for the texture clusters in the LJE block. Depth is in TVDSS. For each well track 1 contains the gamma ray, track 2 bulk 
density, track 3 deep resistivity, track 4 the tagged texture clusters, track 5 the tagging error (shaded yellow when greater than 20), and track 6 the 
cluster probability track. The different units within the Vaca Muerta are highlighted. The Lower Vaca Muerta in green, the Middle Vaca Muerta in 
pink, and the Upper Vaca Muerta in blue. The layered nature of the Vaca Muerta is evident relative to the underlying Tordillo. 

A A’ 
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Figure A.6 Diagnostic plots for the nuclear clusters. 
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Figure A.7 Diagnostic plots for the VM clusters. 
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Figure A.8 Diagnostic plots for the All clusters group. 
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Figure A.9 Box plot of C44 modulus broken down by mechanical cluster within the Vaca Muerta and lower 

Quintuco formations. Tan = LJE.x-1010, yellow = LJE.x-1011, gray = LJE.x-1014, and pink = PRo.x-1. 

 

Figure A.10 Box plot of C66 modulus broken down by mechanical cluster within the Vaca Muerta and 
lower Quintuco formations. Tan = LJE.x-1010, yellow = LJE.x-1011, gray = LJE.x-1014, and pink = 
PRo.x-1. 
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Figure A.11 Box plot of C12 modulus broken down by mechanical cluster within the Vaca Muerta and 
lower Quintuco formations. Tan = LJE.x-1010, yellow = LJE.x-1011, gray = LJE.x-1014, and pink = 
PRo.x-1. 

 

Figure A.12 Box plot of C13 modulus broken down by mechanical cluster within the Vaca Muerta and 
lower Quintuco formations. Tan = LJE.x-1010, yellow = LJE.x-1011, gray = LJE.x-1014, and pink = 
PRo.x-1. 
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Figure A.13 Box plot of dynamic vertical Young's modulus broken down by mechanical cluster within the 
Vaca Muerta and lower Quintuco formations. Tan = LJE.x-1010, yellow = LJE.x-1011, gray = LJE.x-1014, 
and pink = PRo.x-1. 

 

Figure A.14 Box plot of dynamic horizontal Young's modulus broken down by mechanical cluster within 
the Vaca Muerta and lower Quintuco formations. Tan = LJE.x-1010, yellow = LJE.x-1011, gray = LJE.x-
1014, and pink = PRo.x-1. 
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Figure A.15 The static vertical Poisson’s ratio by mechanical cluster for each well using the method 
introduced in this study. 

 

Figure A.16 The static horizontal Poisson’s ratio by mechanical cluster for each well using the method 
introduced in this study. 
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Figure A.17 Examples of different dynamic Young’s modulus calculations when using different values of 
gamma for the isotropy threshold. (a) The threshold value for gamma is 0.025; (b) the threshold value is 
0.05. Notice the shift in the data gap as the threshold increases. Only data from the LJE.x-1010 is shown. 

  

(a) 

(b) 
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APPENDIX B   

PETREL MECHANICAL CLUSTER MODELING 

 

In this Appendix eight different realizations from the Petrel Mechanical cluster upscaling are 

presented for comparison. 

 

Figure B.1 Mechanical cluster modeling using zero nugget, matched to upscaled data, and using facies 
weighting. Shown is the LJE.x-1010 well and associated microseismic. 

 

Figure B.2 Mechanical cluster modeling using zero nugget, matched to well data, and using facies 
weighting. Shown is the LJE.x-1010 well and associated microseismic. 
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Figure B.3 Mechanical cluster modeling using 0.0001 nugget, matched to upscaled data, and using facies 
weighting. Shown is the LJE.x-1010 well and associated microseismic. 

 

Figure B.4 Mechanical cluster modeling using 0.0001 nugget, matched to well data, and using facies 
weighting. Shown is the LJE.x-1010 well and associated microseismic. 
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Figure B.5 Mechanical cluster modeling using zero nugget, matched to upscaled data, with no facies 
weighting. Shown is the LJE.x-1010 well and associated microseismic. 

 

Figure B.6 Mechanical cluster modeling using zero nugget, matched to well data, with no facies 
weighting. Shown is the LJE.x-1010 well and associated microseismic. 
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Figure B.7 Mechanical cluster modeling using 0.0001 nugget, matched to upscaled data, with no facies 
weighting. Shown is the LJE.x-1010 well and associated microseismic. 

 

Figure B.8 Mechanical cluster modeling using 0.0001 nugget, matched to well data, with no facies 
weighting. Shown is the LJE.x-1010 well and associated microseismic. 
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APPENDIX C  

SUPPLEMENTAL ELECTRONIC FILES 
 

This Appendix contains the Excel macro enabled file containing the Visual Basic code that helps 

compute the stiffness tensor at each depth and performs the Backus averaging for each cluster. 

Cij Backus Cluster Solver.xlsm This program takes as input: depth, bulk density, 

compressional slowness, shear slowness (fast and 

slow if available), Stoneley shear slowness, and 

cluster and outputs a stiffness tensor at every depth 

and will perform Backus averaging by cluster over a 

specified interval. 

1. Paste all of the relevant log curves into the 

program. If the Stoneley shear slowness curve 

is not available, but the service company 

provided a “C66_app” curve instead, use this. 

If neither is provided, the Stoneley shear 

slowness must be calculated from the 

Stoneley slowness, mud slowness, bulk 

density, and mud density. 

2. Enter the well name and the well number. 

Each well must be numbered differently 

3. All fields highlighted in yellow require user 

inputs. Chose values for the isotropy 

threshold, C33m, C13m, Cij dynamic to static 

linear equation coefficients, and the top and 

bottom depth of the interval over which the 

Backus averaging will be performed. 

4. Click the turquoise box marked “1. Cij Log 

Solver”. 

5. Click the green box marked “2. Backus 

Averaging”. 

6. When this process is finished, click the purple 

box marked “3. Duplicate Sheet”. This will 

reproduce the sheet so that the results are 

saved. 

7. For the next well, click the red box marked “4. 

Clear All Data”. 

8. Enter a new well name and new well number, 

and repeat from step 1. 

9. The sheet marked “Cluster Properties” will 

record all of the Backus averaged values by 

cluster for each well. 

 

 


