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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 studied kerogen-rich shales using Scanning Acoustic
Microscopy and ultrasonic wave propagation. We show quantification of microstructure
in kerogen shales as variations in acoustic impedance using scanning acoustic
microscopy (SAM). The acoustic maps are used to understand the seismic response of the
rock using ultrasonic wave propagation. We show examples of impedance maps in
kerogen-rich shales with acoustic microscopy kerogen shales along with velocity
measurements on core-plugs. We also show that an increase in elastic modulus with
increasing kerogen maturity can be directly related to the microstructural acoustic
impedance changes. A positive relation is established between microstructural changes
and velocity variations as functions of kerogen maturity.

Secondly, we have initiated measurements on sands as part of our study on Seismic
properties of Ultra-deep-water sediments . We present the instrument design and initial
results here.



4

TABLE OF CONTENTS

Technical Report 2nd. Quarter 2002 ................................................................................. 1
DISCLAIMER............................................................................................................ 2
ABSTRACT ............................................................................................................... 3
TABLE OF CONTENTS ............................................................................................ 4
LIST OF GRAPHICAL MATERIALS........................................................................ 5
INTRODUCTION ...................................................................................................... 6
EXPERIMENTAL METHODS .................................................................................. 6
RESULTS AND DISCUSSION.................................................................................. 7
CONCLUSION......................................................................................................... 13
REFERENCES ......................................................................................................... 14



5

LIST OF GRAPHICAL MATERIALS

Figure 1. (a) The Stanford sample holder. (b) The Stanford pressure vessel in its stand. .. 7
Figure 2. Top: P- and S-wave velocity (Vp and Vs, respectively) variations as functions

of pressure (Pc) in Berea (black dots) and Boise sandstones (gray dots) measured in
cm-sized core-plugs. Bottom: Microstructure and impedance variations imaged with
acoustic microscopy in Berea (left) and Boise (right). Impedance contrast is low
between the grains and the cement region in Boise sandstone whereas it is quite
significant in the Berea sandstone............................................................................ 8

Figure 3. Velocity variations in shales as function of their maturity. Above maturity stage
II, VP is directly related to the maturity stage of the shales: increasing maturity leads
to an increase in velocity. ........................................................................................ 9

Figure 4. Effect of maturity stage on impedance microstructure of the shales showing the
transition from the load-bearing kerogen in the immature shales (HI=319) to grain-
supported matrix in the mature shales (HI=122). (..contd.) .................................... 10

Figure 5. Effect of maturity stage on impedance microstructure of the shales showing the
transition from the load-bearing kerogen in the immature shales (HI=319) to grain-
supported matrix in the mature shales (HI=122). ................................................... 10

Figure 6. Impedance variations in shales as function of their maturity given by Hydrogen
Index measured on in a 1 mm area and on a core plug of 2.5 cm length. There is a
remarkable agreement between the impedance values measured at two different
scales. The micro-impedance values lie between the fast and slow directions of wave
propagation in the core plugs................................................................................. 11

Figure 7. Typical signals through a dry sand at 20 MPa. (a) Compressional waves (b)
Shear waves .......................................................................................................... 12

Figure 8. Ultrasonic velocity results for dry and water-saturated samples of the Santa
Cruz aggregate. (a) Vp and (b) Vs for the four sand samples. ................................ 13



6

INTRODUCTION

In this quarter, we have focused our attention on relationships between seismic
properties and rock microstructure and on seismic properties of sands. We have used
acoustic microscopy techniques to quantify rock microstructure in terms of impedance
values. The first set of samples included kerogen-rich shales. The focus was to
characterize and quantify dependencies between seismic and rock physical properties and
the changes in impedance with maturation of the shales. Microstructure in terms of elastic
micro-impedance was quantified and microscopic properties that are diagnostic of wave
propagation properties identified. Using glass beads, we have initiated experiments to
understand the seismic properties of sands at very low pressures.

EXPERIMENTAL METHODS

For the impedance microstructure quantification, we have used SAM at 1 GHz to
measure impedance in kerogen-rich shales. (Instrument description, see Technical Report
4th Quarter, 2001)
Several improvements to standard high-pressure ultrasonic techniques are required to
overcome experimental challenges and simulate low-pressure conditions in the
laboratory. Since unconsolidated sediments are highly attenuating, high signal energy is
necessary to propagate elastic waves through them. Very low pressures must be
maintained in experiments to simulate the in situ conditions of Ultra-deep-water
sediments. Experimental design should avoid impedance mismatch between standard
high-impedance acoustic transmitters and low-impedance soils. Finally, saturation varies
considerably in soils above the water table. We had to address all these effects to make
our measurements.
An apparatus was developed in the Rock Physics Laboratory at Stanford University using
pulse transmission to measure the ultrasonic P and S velocities and attenuations of
unconsolidated sands at hydrostatic pressures from 100 kPa to 20 MPa. It was designed
to simulate very low pressures and yet generate a high signal output to propagate through
unconsolidated materials. The apparatus allowed us to measure velocities in sediments at
dry and at fully saturated conditions. Special care was taken to ensure generation of
interpretable signals at low pressures of 0.1 MPa.
This apparatus consists of a sample holder (Figure 1a) that is placed into a pressure vessel
(Figure 1b) capable of producing confining pressures of up to 20 MPa. The sample holder
consists of two end caps that contain the ultrasonic transducers and that are supported in a
steel frame. The transducers were constructed with lower (200 kHz) than traditional
ultrasonic (1 MHz) frequency piezoelectric crystals and with low-impedance face plates
made out of a glass-filled polycarbonate in order to maximize the elastic wave energy
propagated through the sample. The sample holder was also designed to be disassembled
and reassembled easily, and can be placed in the pressure vessel with minimal
disturbance. These features were necessary in order to permit consistent sample
preparation so as not to obscure the effects of the textural variations of the sands on the
ultrasonic measurements. With this arrangement we were able to get interpretable shear
wave signals through saturated samples at pressures as low as 100 kPa. An error analysis
that took into account errors in the length measurements, the measurement of the delay
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times, and ambiguities in the pick of arrival times gave error estimates of about 2% for
the Vp values, and about 4% for the Vs values over the entire pressure range.
The static strain on the sample was also measured, using three axial gauges that measured
the length change between the end caps and one circumferential gauge that measured the
change in the circumference of the middle of the sample. The axial measurements
allowed us to determine accurately the length of the sample and to detect any tilting of
the end caps relative to each other.  The circumferential gauge allowed us to make better
estimates of the volume and porosity of the sample, as it told us how much the sample
deviated from a purely cylindrical shape.

(a) (b)

  
Figure 1. (a) The Stanford sample holder. (b) The Stanford pressure vessel in its stand.

RESULTS AND DISCUSSION

We have examined kerogen-rich shales with acoustic microscopy and a sand sample with
the newly developed apparatus. . Table 1 gives a list of the samples along with their main
petrophysical characteristics and composition. The samples used were either thin sections
or rock billets with the final polish made with 0.1 mm polishing powder. The sample
selection was made to study two aspects:

1. Kerogen maturation controls on micro-impedance
2. Relation between micro-impedance changes and seismic property variations on

kerogen maturation
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Table 1. Samples used in this study. P- and S-wave velocities (Vp and Vs) were
measured on cm-sized core plugs at 1 MHz frequency and 25 MPa pressure. The
fast-direction kerogen shale velocities are taken from Vernik and Nur (1994)
and Vernik and Liu (1997).

Sample Lithology Maturity Porosity
Vp
(km/s)

Vs
(km/s)

Hydrogen
Index

Sand Quartz sand na
Bakken Kerogen shale II 0.70 3.93 2.31 584
Bakken Kerogen shale III 0.68 4.19 2.57 319
Bakken Kerogen shale IVa 0.75 4.48 2.55 294
Bakken Kerogen shale IVb 0.97 4.67 2.74 175
Bakken Kerogen shale V 1.08 4.36 2.59 122

Kerogen maturation controls on micro-impedance and seismic properties

We now present how quantifying microstructure as impedance variations can help
understand the effects of maturity changes in kerogen shales. Figure 2 shows porosity-
velocity relations in shales as compared with sandstones. Plus signs mark low porosity
kerogen shales and open circles mark high porosity kerogen shales. The sandstone data
(Han et al., 1986) from samples with varying amounts of clay content, is marked by filled
circles with varying gray shade: black denotes clean sandstones, progressively lighter
gray shades mark increasing clay contents. High porosity kerogen shales resemble
sandstones. Velocity increases with decreasing porosity and clay content. This trend does
not apply to the low porosity kerogen shales. Thus, a different approach is required to
understand their velocity variations.
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Figure 2. Top: P- and S-wave velocity (Vp and Vs, respectively) variations as functions
of pressure (Pc) in Berea (black dots) and Boise sandstones (gray dots)
measured in cm-sized core-plugs. Bottom: Microstructure and impedance
variations imaged with acoustic microscopy in Berea (left) and Boise (right).
Impedance contrast is low between the grains and the cement region in Boise
sandstone whereas it is quite significant in the Berea sandstone.

Plotting the velocity as a function of maturity in Figure 3 shows that the velocity
increases with kerogen maturity stage. In stage II maturity, the shales appear uncorrelated
with maturity stage. These shales have higher porosity than the higher maturity kerogen
shales. As maturity increases from stage II up to stage VI, the velocity also increases.
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Figure 3. Velocity variations in shales as function of their maturity. Above maturity stage
II, VP is directly related to the maturity stage of the shales: increasing maturity
leads to an increase in velocity.

An examination of the microstructure shows variations in acoustic impedance that can
explain this increase in velocity. Figure 4 shows a comparison of the impedance
microstructure in four Bakken shales with increasing maturity marked by Hydrogen
Index (in yellow numbers). Figure 5 shows the same samples now displaying the change
in contact properties and the distribution of the kerogen at the contact level. To
emphasize the change in position of the low-impedance kerogen material, the areas with
impedance between 0 — 2% of the calibrated values are marked by red. Thus, red color
denotes impedances from 1.5 — 4 Mrayls. In the lowest maturity shale with highest
Hydrogen Index value, the texture is dominated by the low impedance material, which
also appears to be load bearing. As maturity increases and Hydrogen Index decreases, the
low impedance material also reduces until it is relegated to isolated pockets and the
higher impedance shale becomes load bearing.
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Figure 4. Effect of maturity stage on impedance microstructure of the shales showing the
transition from the load-bearing kerogen in the immature shales (HI=319) to
grain-supported matrix in the mature shales (HI=122). (..contd.)
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Figure 5. Effect of maturity stage on impedance microstructure of the shales showing the
transition from the load-bearing kerogen in the immature shales (HI=319) to
grain-supported matrix in the mature shales (HI=122).
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The quantitative acoustic microscopy results showed significant changes in
microstructural impedance of the kerogen shales with maturation. We now compare the
microstructural impedance changes (Figures 4 and 5) with velocity increase with maturity
(Figure 3). Figure 6 shows a direct comparison between micro-impedance measurements
made with acoustic microscopy and impedance values measured for core samples in
ultrasonic pulse transmission experiments. Despite the difference in scale and frequency
of measurement, there is a remarkable agreement between the two values. This gives us a
valuable tool to diagnose and interpret remote measurements to detect presence and
maturity of kerogen shales.
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Figure 6. Impedance variations in shales as function of their maturity given by Hydrogen
Index measured on in a 1 mm area and on a core plug of 2.5 cm length. There is
a remarkable agreement between the impedance values measured at two
different scales. The micro-impedance values lie between the fast and slow
directions of wave propagation in the core plugs.

Seismic properties of sands at very low pressures

The measurements collected with the hydrostatic apparatus at Stanford were all made on
samples of the Santa Cruz aggregate, a fine-grained, well sorted, angular quartz sand
from Santa Cruz, California. Water-saturated samples were prepared by first sliding the
jacket over the lower end cap and then filling it with water.  The sand was then poured
slowly into the water and was stirred slightly to allow any air bubbles to escape and to
level off the top of the sample.  The upper end cap was then slid into the jacket above the
sample until it just rested on the top of the sand, so the sand was not pre-compacted.  The
sample holder was then assembled and placed into the pressure vessel. To ensure
repeatability and yet maintain high initial porosity, dry samples were prepared by air
pluviating the sand into the jacket, and then leveling off the top by placing a 160 g
aluminum weight on top of the sand about 20 times. Once the sample holder was placed
in the pressure vessel, measurements were made at regular pressure steps as the pressure
was cycled through one to five pressure cycles, with each cycle peaking at a slightly
higher pressure up to 20 MPa. The measurement results from two water-saturated sand
samples and two dry sand samples are presented. Typical waveforms for P- and S-waves
in the samples are shown in Figures 7a and 7b, respectively.
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Figure 7. Typical signals through a dry sand at 20 MPa. (a) Compressional waves (b)
Shear waves

Figure 8 shows the Vp and Vs results for four samples of the Santa Cruz aggregate tested
in the Stanford hydrostatic apparatus. The most important result for seismic applications
is that the velocity — pressure dependence can be described by a fourth-root relation. The
velocity data are very consistent between different samples and between different
pressure cycles for the same sample. They also agree well with similar sand data from
Domenico (1976), Prasad and Meissner (1992), Yin (1992), and Robertson et al. (1995).
Solid lines in Figure 7 represent empirical fits to the data. Also shown are water-saturated
Vp values determined using the Gassmann (1951) fluid-substitution method to predict
saturated Vp values from dry Vp values for sample Dry 1.
Empirical fits to the velocity data in Figure 4 are of the form

                                                    cbPaV +=                                                               (1)

where V is the velocity (m/s), and P is the pressure (MPa). These empirical fits
demonstrate a velocity dependence to approximately the fourth root of the pressure. The
exact empirical coefficients for each case are given in Table 2.

Table 2. Empirical fits to the velocity data for Santa Cruz aggregate samples (between 0.1
and 20 MPa).

A b c 1/c (root)

VS – dry 130 299 0.324 3.091

VS – wet 112 349 0.289 3.457

VP – dry 328 436 0.345 2.899

VP – wet 1801 142 0.438 2.282
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Figure 8. Ultrasonic velocity results for dry and water-saturated samples of the Santa
Cruz aggregate. (a) Vp and (b) Vs for the four sand samples.

CONCLUSION

We have shown how quantitative acoustic microscopy can be used for petrophysical
studies of reservoir rocks. The gray scale of acoustic microscopy images is calibrated
with materials of known impedance. Variations of micro-impedance values in unknown
samples can be determined by comparing the gray scale of their images with the
calibration values. Our considerations show that the microstructural changes in sediment
texture are controlled also by its sedimentation history. In our case study of kerogen
shales with varying maturity, quantitative acoustic microscopy helps to interpret and



14

understand the impedance variations in kerogen shales as they undergo maturation. The
change in core velocity as a function of maturity is understood in terms of change in load-
bearing properties of the shales.
We have shown the importance of conducting laboratory experiments at pressures
relevant for the ultra-deep-water environment. Our results on unconsolidated sediments
show that in dry sands, the pressure dependence of P- and S-wave velocities can be
empirically described by a fourth root dependence on pressure. At low pressures, velocity
in dry sands shows a strong increase with pressure. Poisson s ratio values are low (0.18 —
0.3) at low pressures.
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