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DISCLAIMER 
 
 
 
 
This report was prepared as an account of work sponsored by an agency of the United 
States Government. Neither the United States Government nor any agency thereof, nor 
any of their employees, makes any warrantee, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or usefulness of any information, 
apparatus, product, or process disclosed, or represents that its use would not infringe 
privately owned rights. Reference herein to any specific commercial product, process, or 
service by trade name, trademark, manufacturer, or otherwise does not necessarily 
constitute or imply its endorsement, recommendation, or favoring by the United States 
Government or any agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States Government or any agency 
thereof. 
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ABSTRACT 
 
As part of our study on “Relationships between seismic properties and rock 
microstructure”, we have continued our work on analyzing well logs and microstructural 
constraints on seismic signatures. We report results of three studies in this report. The 
first one deals with fractures and faults that provide the primary control on the 
underground fluid flow through low permeability massive carbonate rocks. Fault cores 
often represent lower transmissibility whereas the surrounding damaged rocks and main 
slip surfaces are high transmissibility elements. We determined the physical properties of 
fault rocks collected in and around the fault cores of large normal faults in central Italy. 
After studying the P- and S-wave velocity variation during cycles of confining pressure, 
we conclude that a rigid pore frame characterizes the fault gouge whereas the fractured 
limestone comprises pores with a larger aspect ratio. The second study was to 
characterize the seismic properties of brine as its temperature decreases from 25 ºC to – 
21ºC. The purpose was to understand how the transmitted wave changes with the onset of 
freezing. The main practical reason for this experiment was to use partially frozen brine 
as an analogue for a mixture of methane hydrate and water present in the pore space of a 
gas hydrate reservoir. In the third study we analyzed variations in dynamic moduli in 
various carbonate reservoirs. The investigations include log and laboratory data from 
velocity, porosity, permeability, and attenuation measurements.  
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INTRODUCTION 
 
In this quarter, we submit results of our work on analyzing well log response in chalks 
and on the correlations between transport and seismic properties in carbonate rocks. We 
also present some results of an experimental study on the elastic and anelastic properties 
of brines and brine-ice. The carbonate rocks paper deals with fractures and faults that 
provide the primary control on the underground fluid flow through low permeability 
massive carbonate rocks. Fault cores often represent lower transmissibility whereas the 
surrounding damaged rocks and main slip surfaces are high transmissibility elements. We 
determined the physical properties of fault rocks collected in and around the fault cores of 
large normal faults in central Italy. After studying the P- and S-wave velocity variation 
during cycles of confining pressure, we conclude that a rigid pore frame characterizes the 
fault gouge whereas the fractured limestone comprises pores with a larger aspect ratio. 
The experimental study was to characterize the seismic properties of brine as its 
temperature decreases from 25 ºC to – 21ºC. The purpose was to understand how the 
transmitted wave changes with the onset of freezing. The main practical reason for this 
experiment was to use partially frozen brine as an analogue for a mixture of methane 
hydrate and water present in the pore space of a gas hydrate reservoir. In our analyses of 
well log response in chalks, we have investigated variations in dynamic moduli in various 
carbonate reservoirs. The investigations include log and laboratory data from velocity, 
porosity, permeability, and attenuation measurements. 
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PAPER 1 
 
Agosta, Prasad, and Aydin: ROCK PHYSICAL PROPERTIES OF CARBONATE FAULT 
ROCKS, FUCINO BASIN (CENTRAL ITALY) 
 
 
 

Paper 1: Total of four figures in paper 



Rock Physical properties of carbonate fault rocks, Fucino basin (central Italy) 
1Fabrizio Agosta,  2Manika Prasad*, and 1Atilla Aydin, 1Department of Geological and Environmental Sciences 
and 2Department of Geophysics, Stanford University, CA. 
 
Summary 
Fractures and faults provide the primary control on the 
underground fluid flow through low permeability massive 
carbonate rocks. Fault cores often represent lower 
transmissibility whereas the surrounding damaged rocks 
and main slip surfaces are high transmissibility elements. 
We determined the physical properties of fault rocks 
collected in and around the fault cores of large normal 
faults in central Italy. The cemented fault rocks present 
along the main slip surfaces have low porosity and high 
bulk and shear moduli, which are very similar to those 
characterizing the Cretaceous limestone host rock. 
Conversely, the fault gouge within the fault cores and the 
fractured limestone have higher low porosity and high bulk 
and shear moduli relative to the host rock. These two rocks 
are however composed by a different pore frame. After 
studying the P- and S-wave velocity variation during cycles 
of confining pressure, we conclude that a rigid pore frame 
characterizes the fault gouge whereas the fractured 
limestone comprises pores with a larger aspect ratio.   
 
Introduction 
Both geometrical and physical properties of faults and fault 
rocks are the main parameters used to evaluate how faults 
impact the subsurface fluid flow. In general, the 
geometrical arrangement of fault-related structures is tied 
together with porosity and permeability measurements 
performed on fault rock samples to calculate fault 
transmissibility (Walsh et al., 1998; Manzocchi et al., 1999) 
and upscaled fault permeability (Flodin, 2003). The goal of 
this study is to determine the physical properties of both 
host and fault rocks. In particular, we study the pore 
geometry of the different fault rocks collected in and 
around the fault core of the strands of large normal faults in 
order to understand the microstructure of the fault rock and 
its relation to fluid flow. 
 
The study samples have been collected along and across the 
normal faults bounding the eastern side of the Fucino basin, 
central Italy. The faults strike N110-140, dip 50° to 65°, 
and form a SW-dipping fault zone. The fault zone 
bordering the basin accommodated as much as 0.8 km of 
offset, which rapidly decreases towards zero at the fault tips. 
Their internal structure consists of brecciated Quaternary 
sediments in the hanging wall, and meter(s) thick fault core 
of cemented and matrix-supported fault rock (fault gouge) 
and breccia in the footwalls. The faults are surrounded by 
less-damaged fractured carbonates, which are up to ten(s) 
of meter thick. The primary mechanism of deformation of 
these rocks is the sequential formation and shearing of 
solution seams along sheared fractures (Graham et al., 

2003). The cm-wide zones of cemented fault rocks 
localized along the main slip surfaces in the adjacent 
granular fault rock. The cements are composed of low-Mg 
calcite, and precipitated from original meteoric fluids that 
mixed with the local groundwater and/or soil before 
entering the faults (Agosta and Kirschner, 2003).  
 
Experimental Procedure 
Two hand samples of the Upper Cretaceous limestone host 
rock, the Calcare Massiccio formation, and seven samples 
of fault rocks have been thin-sectioned for mineralogic 
analysis. Each sample was cut along the two directions 
orthogonal to the bedding/fault surface. A total of 16 thin-
sections, two for each of the eight rock samples, have been 
studied under the optical microscope by using cross-
polarized, transmitted light. The focus of this study is the 
mineral characterization of all diagenetic phases present 
within the host rock, and the structural characterization of 
abutting and crosscutting relations among the fractures 
present in the fault rocks. Results of XRF analyses of 
sample powders obtained by cemented specimens collected 
in the same area are also reported in Table 1. 
 
Porosity and ultrasonic measurements were conducted on 
cylindrical core samples with 25 mm diameter and 20-30 
mm length, which were prepared with their faces parallel to 
within 100 µm (Table 2). One sample was prepared from 
each hand specimen collected in the field. The axis of these 
cylindrical samples is orthogonal to the faults’ strike. The 
axis of the sample drilled from the limestone host specimen 
is parallel to the bedding. Bulk and grain densities and 
porosity were measured using a Helium porosimeter. The 
pulse transmission technique was used for P- and S-wave 
velocity (VP, VS, respectively) measurements. Experiments 
were conducted during cycles of confining pressure, Pc (cf., 
Prasad et al., 1999, 2003; Vanorio et al., 2003).  
 

 
Table 1: Results of XRF analysis of powder samples obtained from 
host rock (red) and cemented fault rocks (black) collected along 
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large normal faults in central Italy (data from Agosta and 
Kirschner, 2003). 
 

 
Table 2: Main petrophysical properties of the nine rock samples 
object of this study. Porosity, grain and bulk density are shown in 
this table. Both host rock and cemented fault rocks values are 
shown in red. Values of fractured host rock and fault rock are in 
black.  
 
Results of Mineralogical analysis 
Mineralogical analysis of the samples shows that the 
limestone host rock is composed of platform-related 
boundstones with dark and very-small lime mud filling the 
pore-space (Figure 1A). The platform carbonate rocks 
formed in the Upper Cretaceous and underwent two main 
diagenetic phase: the early marine and the late burial 
diagenesis. Soon after deposition, micritic crusts formed 
around and enveloped the fossils. These crusts provided the 
substrate on which acicular cement (originally aragonite, 
now calcite) and ulterior micritic crusts precipitated. 
Marine diagenesis also involved in the re-crystallization of 
lamellar calcite within fossils and formation of lime-mud 
from the original calcareous algae present in the rock. 
Sparry calcite precipitated within the pores during the later 
phase of burial diagenesis. Since the sparse presence of this 
calcite in the thin-sections and the lack of evidences for 
strong compaction, this boundstone rock was characterized 
by very-low porosity at the moment of burial diagenesis. 
 
The fault rock formed due to dissolution of the host rock 
along localized zones of deformations, in the form of 
solution seams, and their subsequent shearing. A few 
meters wide belts adjacent to, and on either sides of the 
fault cores of large faults, the original lithology of the host 
rock is still discernable. Fractures crosscut the limestone 
and form localized zones of enhanced deformation along 
minor fault with m-slip. Within the fault core, comminution 
and fragmentation of the fractured host rocks occur at 
microscale due to cataclastic deformation. The effect of this 
process is the formation of matrix-supported fault rocks, 
which are often bounded by major slip surfaces. These 
rocks are composed of angular-to-subrounded survivor 
clasts embedded in fine calcite matrix (Figure 1B). The 
texture of a tiny cataclastic band within the matrix-

supported gouge is shown in this photograph. Occasionally, 
low-Mg calcite cement is present in the fault rock either 
within fractures or as meniscus cement.  
 
 

 
Figure 1:  Thin-sections under optical microscopy, polirized lenses. 
A: Upper Cretaceous limestone host rock, Calcare Massiccio 
formation. B: Fault gouge rock collected in the footall of the 
Venere-Gioia dei Marsi normal fault, 0.5 m away from the main 
slip surface. 
 
Results of Porosity and Ultrasonic analyses 
We present here results of analyses performed on intact and 
fractured limestone host rocks, and cemented and not-
cemented fault gouge. The legend for the plots of ultrasonic 
velocity measurements is shown on Figure 2. Figure 3A 
and B report the results of our P- and S-wave velocity 
measurements during cycles of confining pressure. High P-
wave velocity characterizes the two cemented fault rock 
samples. Their velocity increases slightly during the first 
increments of Pc, and then it forms plateau around 5.8 
km/sec. This behaviour is similar to the host rock P-wave 
velocity trend, which increases slightly only during the first 
steps of Pc and then remains stable at values ~5.65 km/sec. 
All the three aforementioned samples, cemented fault rock 
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and limestone host rock, are characterized by a small 
hysteresis during cycles of Pc. Conversely, both the 
fractured limestone and fault gouge show a significant 
hysteresis and lower values of P-wave velocity. In 
particular, Vp increases significantly in the four fractured 
samples during the first increments of Pc and then it 
stabilized around values of 5.4-5.5 km/sec. In contrast, the 
fault gouge has lower Vp, which can be as low as ~5.2 
km/sec, and it changes a more uniformly during all the 
increments of Pc. 
 
Vs shows a similar behaviour as Vp. Both cemented fault 
rocks and limestone host rock have high S-wave velocity, 
which plateaus at around 3.15 km/sec under increasing Pc. 
These values are a little higher of those of the fractured 
limestone, which can range between 3.05 and 3.1 km/sec. 
The S-wave velocity of these fractured samples increases 
significantly during the first increments of Pc, which is not 
shown for the other study samples. S-wave velocity values 
of 2.9-3.0 km/sec characterize the fault gouge.  
 
Figures 3C and D represent that variation of the elastic 
moduli during cycles of pressure. The cemented fault rocks 
have values of K of ~ 55 GPa, the limestone host rock of ~ 
49 Gpa. These two values are higher that those of fractured 
limestone, which ranges between 34 and 44 Gpa, and fault 
gouge. The shear modulus of both host and cemented rocks 
is ~ 27Gpa, and it does not change significantly during 
increasing confining pressure. The fault gouge has the 
lowest values of µ among the study samples.  

 
Figure 2:  Legend of the following plots of ultrasoinc velocity 
measurements. Four main groups of samples have been analyzed: 
both cemented fault rock and host rock have similar physical 
properties. The number on the left of the symbol represents the 
porosity at Pc=0.   
We now examine the affect of porosity on the elastic 
properties of the study samples (Figure 4). Results The k-φ 
(Figure 4A) and µ-φ (4B) plots are consistent with the 
increase of the elastic moduli and decrease of porosity as 
Pc increases. This behaviour is more pronounced in the 
fractured limestone samples, whereas it is less marked in 
the fault gouge. Both host rock and cemented fault rocks do 

not show significant changes of k and µ with lower 
porosity.  
 
A 

 
B 

 
C

 
 

D 

 
Figure 3: Results of ultrasonic experiments performed under cycles 
of confining pressure. A: P-wave velocity; B: S-wave velocity; C: 
bulk modulus, K; D:shear modulus, µ.  
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A 

B 
 

 
Figure 4: Variation of elastic moduli k and µ relative to changes in 
φ during increment of Pc. The arrows in the plots represents 
direction of increasing pressure during the experiments. A: bulk 
modulus, K; B:shear modulus, µ.  
 
Conclusions 
 
Our results of porosity and ultrasonic experiments show 
that both host and cemented fault rock samples have low φ, 
high Vp, Vs, K, and µ relative to the fractured and fault 
gouge samples. The pressure dependence of P- and S-wave 
velocities in the fractured samples vary according to their 
original porosity: samples with higher original porosity 
show a sharper increase of Vp and Vs under increasing 
confining pressure (Pc). These velocity changes during 
cycles of Pc show that pores in the fractured host rocks are 
soft and with large aspect ratio, which is consistent with the 
presence of the presence of crack-like pores in the rock. 
Conversely, the fault gouge samples are characterized by 
high porosity. The P- and S-wave velocity show a short 
increase under increasing Pc forming then plateaus, which 
represents the occurrence of a hard pore frame –no 
fractures- in the rock. The whole rock is thus characterized 
by sub-spherical pores that localize within the lime mud, 
and by solution seams that are less pervasive relative to the 
fractured limestone. 
 
Both the presence of localized carbonate cements in the 
fault zones, and the very low permeability of both fault 
rocks and damaged host rocks indicate that the study faults 
act as both conduits and barriers. Due to the low values of 

permeability, faults are effective barriers to cross flow and, 
provide conduits only for fault-parallel flow via high 
permeability slip surfaces. These surfaces are present both 
at the hanging wall-footwall contact and within the damage 
zones. This permeability structure thus determines the fluid 
compartmentalization in and around the main slip surfaces. 
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Velocity and Attenuation of Compressional Waves in Brines 
Manika Prasad* and Jack Dvorkin, Stanford University and Rock Solid Images 
 
Summary 
 
We conducted an acoustic pulse transmission experiment in 
brine as its temperature decreased from 25 ºC to – 21ºC.  
The purpose was to understand how the transmitted wave 
changes with the onset of freezing.  The main practical 
reason for this experiment was to use partially frozen brine 
as an analogue for a mixture of methane hydrate and water 
present in the pore space of a gas hydrate reservoir.  The 
results indicate that as the brine cools, the P-wave velocity 
decreases from 1500 m/s to 1480 m/s.  With the onset of 
freezing, the velocity begins to increase until it reaches a 
maximum of 3700 m/s.  Counter to our intuition, this 
increase in the velocity is accompanied by a strong 
reduction of the signal’s amplitude and frequency content. 
The signal quality does not recover even after a brine 
sample was kept frozen at – 21ºC for over two months.  
This result may partly explain the reported effect that the 
attenuation in methane hydrate sediment is relatively large 
although the hydrate in the pore space acts to dramatically 
increase the velocity. 
 
Introduction 
 
Brine reacts to freezing very differently than pure water.  
While the latter becomes solid ice as the temperature falls 
below freezing, the former remains slush even at very low 
temperatures.  The reason for this behavior is that salty 
water does not freeze and the ice generated from brine is 
always fresh.  As larger and larger portions of brine turn 
into fresh ice, the remaining liquid pockets become more 
and more concentrated which further inhibits the freezing. 
 
We have decided to investigate the effect of this behavior 
on the acoustic properties.  One reason was scientific 
curiosity – to the best of our knowledge, such experimental 
data are nonexistent. 
 
The other reason was practical.  Unexpectedly large 
attenuation in sediments with gas hydrates has been 
recently observed at different geographical locations, in 
different depositional environments, and at different 
frequency (Guerin et al., 1999; Sakai, 1999; Wood et al., 
2000; Guerin and Goldberg, 2002; Pratt et al., 2003). 
 
Experimenting with methane hydrate is expensive and 
difficult.  This is why we decided to use frozen brine where 
ice and salty water coexist at the pore-scale level as an 
elastic analogy to methane hydrate and seawater present in 
the pore space of sediment.  These experiments are not 
intended to entirely explain the mechanism of elastic-wave 
attenuation in methane hydrate reservoir but rather partially 

unveil it. 
 
Experimental Setup 
 
The experimental setup consisted of a Plexiglas container 
that held the brine.  Immersion transducers (1 MHz 
Panametrics Transducers V303-SU) were positioned on 
two sides of the container such that their distance was fixed 
during the experiment (Figures 1 and 2). 

To pulserTo scope

Brine
Receiver Transmitter

sealant

Thermometer

To pulserTo scope

Brine
Receiver Transmitter

sealant

Thermometer

 
 

Figure 1.  Experimental setup (a scheme) used in the study.  The 
transducers are immersed in the brine at all times and freeze 
together with it. 

 

 
 

Figure 2.  Experimental setup (photograph) 
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The transducers were excited using a Panametrics pulser.  
The signals through the brine were received and digitized 
by a Tektronix oscilloscope. 
 
The brine was a solution of NaCl in distilled water with 
concentration 50,000 parts per million.  It was de-aired in 
vacuum. 
 
The whole setup was placed in the freezer.  With the onset 
of freezing, the slush was mechanically stirred to ensure 
homogeneous distribution of ice crystals in the brine. 
 
Results 
 
Figure 3 shows the waveforms as the brine cools.  Above 
freezing, the waveforms do not noticeably react to 
temperature variations, except for a small delay in the 
arrival time and reduction in the peak-to-peak amplitude as 
the brine becomes cooler. 
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Figure 3.  Waveforms registered in the cooling and freezing brine 
with temperature marked. There is a significant reduction in signal 
amplitude and frequency as the brine freezes.  At -21ºC the 
amplitude is reduced by almost a factor of 100 (bold blue 
waveform on the left side of the graph), while the velocity is 
almost doubled.  After two months in the freezer, the velocity 
increases slightly (red waveform on the left side of the graph).  
However, the amplitude does not fully recover. 
 
However, there is a significant reduction in signal 
amplitude and frequency as the brine freezes.  At -21ºC the 
signal amplitude is reduced by about two orders of 
magnitude, while the velocity is almost doubled. 
 
After two months in the freezer, as the frozen brine matures, 
the velocity increases slightly.  At the same time, the 
amplitude recovers but only to half of its original value at 
18ºC (Figure 3 and Table 1). 
 
Figure 4 shows normalized amplitude frequency spectra of 
the waveforms versus temperature. The spectra were 
calculated from the first cycle of the corresponding 

waveforms. 
 
Above freezing, the frequency content of the waveforms 
does not change.  However, there is a significant reduction 
in signal frequency as the brine freezes.  At -21ºC the 
principal frequency of the signal is reduced to almost one-
third of its original value (from about 740 kHz to 200 kHz).  
After two months at -21ºC, the signal recovers almost 85% 
of its original frequency content at 18ºC. 
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Figure 4.  Normalized waveform spectra. The thick black and cyan 
colored lines show spectra at -21ºC. The black colored spectra was 
measured in the frozen brine after only a few hours. The cyan 
colored spectra show changes during the two months that the setup 
remained at -21ºC. The small arrow marks increasing time. 

  Table 1: Velocity, frequency, and amplitude versus temperature. 

 

Temperature
(ºC) 

Velocity
(m/s) 

Principal 
Frequency 
(kHz) 

Peak-Peak 
amplitude 
(mV) 

18 1499 732 3188 
9 1491 732 3139 
5 1482 732 3143 
3 1463 732 3104 
0 1454 732 3090 
0 1477 732 3082 
-3 1431 732 3059 
-3 1435 732 3064 
-3 1624 586 1770 
-4 1655 341 683 
-4 1738 268 389 
-20 3082 219 158 
-21 3236 342 33 
-21 aged 3686 537 1214 
-21 aged 3679 537 1197 
-21 aged 3679 586 1383 
-21 aged 3709 634 1670 

 
In Figure 5, we summarize the observed changes in the 
acoustic properties of the brine as a function of temperature. 
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Figure 5.  Velocity (A), peak-to-peak amplitude (B), and frequency 
(C) in the brine as a function of temperature. The arrow marks 
changes observed with increasing time as the brine matures in the 
freezer at a constant temperature. 

 
Finally, in Figure 6, we show how the velocity and 
frequency vary with time at -21ºC as the frozen sample 
matures.  The increase in the velocity is not large as 
compared to the velocity increase that occurred during 
freezing.  However, the frequency recovers and so does the 
amplitude (Table 1), although not quite to their original 
values in liquid brine at room conditions. 
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Figure 6.  Velocity (black, left axis) and principal frequency (red, 
right axis) versus elapsed time as the frozen brine matures for 
about two months at -21ºC.  
 
Conclusions 
 
The main result from our experiment that as the brine 
freezes the velocity increases and so does the attenuation is 
somewhat unexpected.  The intuition tells us that the faster 
the material the smaller the attenuation.  However, the 
results presented here counter this common assumption. 
 
At this point we avoid any speculations about the nature of 
the observed phenomenon – several reasons for it may exist, 
including artifacts of ultrasonic pulse transmission – or any 
generalization of these results.  Also, we do not resort to 
complicated theory that would explain these results. 
 
In order to confidently generalize and mathematically 
describe the phenomenon, more experiments have to be and 
will be conducted and their practical and fundamental 
significance established. 
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Rock Physics and Stastical Well Log Analyses in Carbonates 
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Resources DTU, Technical University of Denmark, Kgs. Lyngby, Denmark 
 
Summary 
 
Chalks and marl reservoirs may maintain high porosity at 
more than two kilometers of burial depths due to 
overpressure and the presence of hydrocarbons. As a result, 
formation stability is compromised considerably and wells 
are is danger of being lost. Analyses of the variations in 
velocity, attenuation, and static compression modulus in 
carbonates allow us to better interpret seismic 
measurements in terms of subsurface petrophysical 
parameters and to understand the failure and damage 
potential. We present a study of variations in dynamic 
moduli in various carbonate reservoirs. Our study includes 
log and laboratory data from velocity, porosity, 
permeability, and attenuation measurements. 
 
Introduction 
 
Chalks and marl reservoirs may maintain high porosity at 
more than two kilometers of burial depths due to 
overpressure and the presence of hydrocarbons. As a result, 
formation stability is compromised considerably and wells 
are in danger of being lost. Analyses of the variations in 
porosity, clay content, and compressional velocity and 
modulus in carbonates allow us to better interpret seismic 
data in terms of subsurface petrophysical parameters and to 
understand the failure and damage potential. We present a 
study of variations in dynamic moduli in various carbonate 
reservoirs. Our study includes log data of velocity, porosity, 
vshale, and resistivity measurements. 
 
We present analyses of well logs from the region. The 
analyses using rock physics models and statistical principal 
component analyses allow us to better understand the 
reservoirs and to differentiate between the different 
response of oil-bearing and water-bearing wells. Thus, we 
find that the first three principal components can explain 
about 80% of the data. The oil-bearing wells can be 
separated from the water-bearing wells by examining the 
first three principal components. We also show how such 
statistical analyses can be understood and used to make 
more meaningful using rock-physics models. 
 
Location 
 
We analyzed well logs from the chalks, limestones, and 
marls from the Valdemar Field located in the central 
Graben in the North Sea (see Figure 1). The Valdemar field 
in the North Sea is a low relief marly chalk structure, sealed 
from the overlying Chalk by calcareous shale. Six wells 

were used for this study. Table 1 gives a summary of the 
wells used in the study. 
 

 
Figure 1: Location of the study area (left) and well location (right) 

    Table 1: Wells used in the study 

Well name Well type Fluid type 
BO Exploration Water 
BOJE Exploration Water 
NJENS Exploration Oil 
VAL1P Production Oil 
VAL2P Production Oil 
VAL3P Production Oil 

 
Raw Data from Well Logs 
 
Figure 2 presents the well logs used in this study. We used 
Caliper (Cal), Gamma Ray (GR), Neutron Porosity (NPHI), 
LithoDensity (RHOB), Resistivity (RT), and Sonic Logs 
(DTP) for our analyses.   
 

BO
Caliper NPHIGR RHOB DTP (µs/ft)RT

BOJE
Caliper NPHIGR RHOB DTP (µs/ft)RT

Nord JENS
Caliper NPHIGR RHOB DTP (µs/ft)RT

VAL1P
Caliper NPHIGR RHOB RT DTP (µs/ft)

VAL2P
Caliper NPHIGR RHOB DTP (µs/ft)RT

VAL3P
Caliper NPHIGR RHOB DTP (µs/ft)RT

RAW DATA FROM WELL LOGS

 
Figure 2: Raw data from the well logs 

From the data presented in Figure 2, we do not observe any 
apparent differences between the oil and water wells. In 
this study, we examine the rock physics properties of the 
different wells. We use statistical Principal Component 
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Analyses to improve the rock physics models, to 
understand the various correlations between the different 
parameters, and to examine the differences between oil-
bearing and water-bearing carbonate formations in the 
different wells. 
 
Results 
 
Rock Physics Relations: Figure 3 shows the rock physics 
relations derived for all the wells. In the plots of P-wave 
slowness (DTP) against porosity (NPHI), the symbols are 
color-coded by values of gamma ray logs (GR). Although, 
there is a correlation between DTP and porosity and GR, 
the scatter is quite large.  
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Figure 3: Porosity – DTP relations for all wells.  

Principal Component Analyses: We made Principal 
Component (PC) analyses of all the wells using depth, 
gamma ray logs (GR), neutron porosity (NPHI), 
lithodensity (RHOB), shallow resistivity (RT), and P-wave 
slowness (DTP) as input parameters for our analyses. The 
PC analyses were made on all wells together and on each 
well separately. Table 2 gives the values of the first three 
principal components for all wells.  
Table 2: First, Second, and Third PC values based on depth, GR, 
NPHI, PHOB, RT, and DTP in the wells used in the study. 

 PC1 PC2 PC3 
Depth 0.2851 0.3970 0.7423 
GR 0.1513 0.7268 -0.2189 
NPHI -0.4728 0.2661 -0.3649 
RHOB 0.5432 0.0435 -0.1738 
RT -0.4049 -0.2087 0.4644 
DTP -0.4618 0.4448 0.1485 

From the Principal Component (PC) values in Table 1, we 
can distinguish between the correlations in the data set for 
the wells. Thus, NPHI, RHOB, DTP, and RT (saturation) 
play a major role in PC1. NPHI and DTP have a negative 
correlation with RHOB: As porosity increases, slowness 
also increases and density decreases. 
The main contributions in PC2 are GR and DTP with some 
minor effects of NPHI, Depth, and RT. GR has a positive 
correlation with DTP. As clay content increases, slowness 
also increases. This observation is consistent with the 
laboratory data on sandstones that show a decrease in 
acoustic velocities with increasing clay content (Han et al., 
1986; Prasad et al., 2002). The data in Table 2 suggests that 
there might be a depth dependence of the clay content. Also, 
the fact that NPHI has a large contribution but not RHOB 
implies a water saturation effect. Finally, the PC3 is 
describes by effects of mainly Depth, NPHI, and RT. 
 
In Figures 4 and 5, we present our PC analyses of all wells 
together (top figures) and each well separately (bottom 
figures). 
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Figure 4: Relations between First and Third Principal Components 
for all wells (top) and each well (Bottom) 
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Figure 5: Relations between Second and Third Principal 
Components for all wells (top) and each well (Bottom) 

Understanding Lithology: Figure 6 shows the results of 
principal component analyses on the well logs. The scatter 
in the 1st and 2nd principal components for NJens can be 
better understood by separating the trends for the water-
bearing Sola Formation and the oil-bearing Tuxen 
Formation. In Bo and Boje wells, both formations are 
water-bearing. 
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Figure 6:  Crossplot of the First and Second Principal Components 
for three wells. Both water bearing wells, BO and BOJE show a 
similar trend (the Tuxen trend). The oil well (NJENS) shows a 
very different trend (the Sola trend). 
 
Rock Physics Transforms for Velocity: Next, we 
calculated P-wave velocity for each well using the 
uncemented model from Dvorkin et al. (1999). The results 
of our calculations are shown as solid lines in Figure 7. The 
well log data for each well is shown as symbols color 
coded by clay content as calculated from the gamma ray 
(GR) logs. The solid lines in Figure 7 were calculated for 
calcite - clay mixtures from 100% calcite to a 50-50 calcite-
clay mixture. We will present the variations in rock physics 
models that need to be considered in modeling these 
carbonate lithologies and compare them to other existing 
models to identify a best scheme to make realistic 
predictive models of carbonate reservoirs. 
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Figure 7: Relations between Second and Third Principal 
Components for all wells (top) and each well (Bottom) 

Differentiating Fluids 
To further examine the differences between the different 
fluids in the wells, we investigated the correlations between 
the PCs of each well. Table 3 shows the correlation 
coefficient values. The correlation coefficient patterns 
between oil- and water-bearing wells follow different 
schemes: Water-bearing wells have a negative-positive-
negative sequence, whereas oil-bearing wells have a 
positive-negative-negative sequence. 
Table 3: Correlation coefficients between PC1-PC2, PC1-PC3, and 
PC2-PC3 for all wells. Water-bearing wells have a negative-
positive-negative sequence, whereas oil-bearing wells have a 
positive-negative-negative sequence. 

 PC1-PC2 PC1-PC3 PC2-PC3 Fluid 
BO -0.742 0.341 -0.186 
BOJE -0.821 0.325 -0.265 

Water 

NJENS 0.049 -0.659 -0.173 
VAL1P -0.050 -0.448 -0.333 
VAL2P 0.181 -0.491 -0.215 
VAL3P -0.149 -0.324 -0.294 

Oil 

 
Conclusions 
 
Our rock physics and statistical analyses of well log data 
from the Valdemar field in North Denmark show that: 

1. The correlation coefficient patterns between oil- and 
water-bearing wells follow different schemes: Water-
bearing wells have a negative-positive-negative 
sequence, whereas oil-bearing wells have a positive-
negative-negative sequence. 

2. The scatter in the 1st and 2nd principal components 
for NJens can be understood by separating the trends 
for the water-bearing Sola Formation and the oil-
bearing Tuxen Formation. In Bo and Boje wells, both 
formations are water-bearing. 

3. Using the principal component analyses, we can make 
different rock physics models: the Sola can be better 
approximated by the cemented contact model, whereas 
the Vp in the Tuxen formation matches the 
Uncemented Sediment Model by Dvorkin et al. (1999). 
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