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SUMMARY

filtering for better imaging beneath and around salt structures?
Unlike many other sedimentary rocks, crystalline salt often has
a very low in-situ porosity of around 1% (Kelsall and Nelson,
1983). However, fractures and micro-cracks can easily initiate and develop during deformation, excavation, or drilling. In
this abstract, we estimate attenuation values of GoM salt samples from ultrasonic pulse transmission data recorded under
varying pressure and temperature conditions in the lab. The
relationship with other parameters is also investigated.

We have measured vibrational attenuation in rock salt (halite)
using the ultrasonic pulse-transmission method in the lab.
We undertook measurements on a variety of Gulf of Mexico
(GoM) rock salt (>95% wt. of halite) samples using 1 MHz
axial and shear transducers and estimated the attenuation of
compressional (P-) and shear (S-) waves with a spectral ratio
method. Under room-dry conditions, the P-wave attenuation
factor QP is estimated to be in the range of 34 to 57 and Swave attenuation factor QS from 34 to 41. Increasing triaxial
pressure elevates Q (decreases attenuation) mainly due to the
closing of cracks. For example, a 40-MPa confining pressure
increases QP to 280 at 24 C. Elevating temperature doesn’t
show a significant effect until reaching some 93.3 C (200
F), where QP drops sharply (attenuation increases). This may
be caused by increasing thermal cracking. A well-constrained
empirical relationship was found between QP and VP . These
Q values in salt may be useful in processing seismic data, rock
physics characterization and modeling.

SAMPLES FOR THE LAB MEASUREMENTS
We measured two sets of rock salt samples prepared from the
cores collected in Hockley Salt Mine, TX, and Bayou Corne
Salt Dome, LA. Situated in the East Texas-South Louisiana
salt dome basin and sourced by the Jurassic Louann salt deposition (Anderson et al., 1973; Jackson, 1984), the rock salt
samples are characterized by coarse halite aggregates with grain
sizes from 3 to 20 mm (Figure 1). The X-ray powder diffraction (XRD) and the inductively coupled plasma-mass spectrometry (ICP-MS) tests reported the composition as pure halite
( > 97 wt.%) with the remains mainly being anhydrite (CaSO4 )
(Zong et al., 2016). The Hockley cores were prepared into
two 101.6 mm-diameter cylinders: H1 with a length of 96.9
mm, and H2 length at 60.5 mm. They were measured room-dry
and compared with two reference aluminum standards, respectively.

INTRODUCTION
The attenuation of seismic waves in a rock is strongly associated with its physical state, lithology, porosity, saturation,
fluid viscosity, and permeability (Knopoff, 1964; Toksöz et al.,
1979; Sato et al., 1989). Attenuation can be more sensitive
than velocity to some of these properties (Best et al., 1994;
Quan and Harris, 1997). Numerous mechanisms have been
proposed to interpret attenuation over the past several decades.
In general, two types of physical processes contribute to the
measured apparent attenuation values: the intrinsic attenuation, or absorption, due to the conversion of mechanical energy
to heat (Biot, 1956a,b; Walsh, 1966; Mavko and Nur, 1975;
Dvorkin et al., 1995), and the scattering or reflections due to
pores, irregularities, or heterogeneity (O’Doherty and Anstey,
1971). Based on the study of intrinsic attenuation mechanisms,
the quantitative relationships between Q and other rock properties or physical state of interest can be established (e.g., Stewart et al., 1983; Mavko and Jizba, 1991; Dvorkin and Nur,
1993; Klimentos,1995; Dvorkin and Mavko, 2006). The correcting for attenuation has been widely applied via Q filtering to treat seismic waveform distortion (e.g., Hargreaves and
Calvert, 1991; Wang, 2006).
Rock salt is a key element in many hydrocarbon traps as well
as underground mining storage facilities (Davison et al., 1996;
Schoenherr et al., 2007; Beltrao et al., 2009). However, its
attenuation properties have not been fully studied yet. The effects of composition, crystalline structure, pressure, and temperature on the velocities of a variety of rock salt samples have
been discussed in previous work (Brown and Sun, 1993; Sun,
1994; Zong et al., 2017). Questions follow as to how these factors influence the anelasticity, and can we improve inverse-Q
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Figure 1: (a) The prepared H1 and H2 , from the Hockley Salt
Mine, TX, for room-condition measurements. (b) The prepared salt plug from the Bayou Corne Salt dome, LA. (c) and
(d) show the raw surfaces of the salt core under microscope.
The Bayou Corne core was shaped into a 26.4 mm-wide, 46.5
mm-long cylinder (Figure 1b) and measured under varying pressure and temperature. We examine the changes in the received
pulses and calculate for the attenuation variations.
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METHOD

trace) and the salt sample (solid trace). Their amplitude spectra were then computed and plotted in the middle panel. The
natural logarithm of the amplitude spectral ratio was then calculated and plotted in the bottom panel (solid curve). A leastsquare fitting line is determined in the dominant frequency
range of 500-1400 kHz (dash line). As shown in Equation (1),
we can solve Q from the slope.
We estimated an average QP as 32 ± 4, and QS as 34 ± 3 for
H1 . For H2 , we determine an average QP as 43 ± 6, and QS
as 34 ± 4. The root-mean-square (RMS) values for the line
fits are listed in the Tables. The standard deviations (STD)
came from three measurements for each sample. The reasons
for Q being slightly different in two samples may include the
differences of micro-crack densities, crack distributions, and
inclusions in the samples.
Since H1 and H2 come from one long core, and the Q values
estimated above are in a similar range, we cross-check the results by assuming an equal Q for two samples and comparing
the transmitted pulse spectra at different travel distances. Figure 2b shows an example of the calculation. Three repeated
measurements on both samples yield nine possible estimations
listed in Table 3. We calculated an average QP of 56.8 ± 13
and QS of 41.2 ± 2.2 in the dominant frequency range of 3001300 kHz. Both of them are close, but somewhat higher and
more variable than what we evaluated from the aluminum standard tests. The assumption that the two rock salt samples share
identical Q can be a main cause: e.g., any crack density or distribution difference, which is unavoidable, would weaken such
assumption. Nonetheless, the two methods estimate the Q values within 25% of each other.

1. Ultrasonic Pulse-Transmission Method
The ultrasonic pulse-transmission technique is often used to
find the velocity and attenuation characteristics of geologic
materials, especially for the measurements of the jacked sample in a pressure vessel (Toksöz et al., 1979; Mavko and NolenHoeksema, 1994; Vernik and Liu, 1997; Stewart et al., 2012).
We used 1 MHz, axial and shear transducers in this study.
During the room-condition measurement, a pair of transducers were pressed against either end of the cylinder samples.
The source transducer generates an ultrasonic compressional
or shear pulse signal, which travels through the sample and is
recorded by the receiving transducer. During the triaxial pressure and high-temperature measurements, the sample cylinder
is vertically enclosed in a sleeve and placed in a pressure chamber with two rigid ends. The axial stress is applied by lowering
one end while the confining pressure is controlled by the fluid
pressure surrounding the sample sleeve. Ultrasonic axial or
shear transducers are attached in two rigid ends to make measurements while varying pressure and temperature.
2. Spectral Ratio Method
In this abstract, we report the quality factor Q calculated using Spectral Ratio (SR) method (Toksöz et al., 1979). Under
benchtop conditions, we studied the amplitude decay in the
rock salt sample by comparing that with a reference sample.
Aluminum cylinders are used as the standard references in this
study. The natural logarithm of amplitude spectral ratios of the
plane seismic waves can be written as:
ln(

A
p ·t
)= (
A0
Q

G
p · t0
) · f + ln( ),
Q0
G0

(1)

where A = amplitude, t = travel time, and f = frequency.G
is the geometric spreading term, which is independent of the
frequency. Subscript 0 represents for the aluminum reference.
Compared with natural rocks, attenuation in aluminum is negligible (Q0 ⇠
= +•). Thus, Q can be determined from the slope
of a linear fit of ln( AA0 ) versus f .
As an additional value, we then compare the received pulses
of H1 and H2 . Assuming that the pulses are traveling different
distances in the same rock material (Q1 is equal to Q2 ), the
common Q can be resolved using Equation (1). Under varying pressures and temperatures, we further compared the pulse
shapes and calculated for the relative Q changes. The same
equation can be used to compare Q for two samples or two
different states.

(a)

Figure 2: Steps for attenuation measurements using the SR
method with (a) an aluminum reference, and (b) the target rock
salt of different lengths. Top: The received pulses that transmitted through the samples. Middle: The amplitude spectra
of the above pulses as a function of frequency. Bottom: The
natural logarithm ratio of the above two spectra for the SR Q
determination. The dashed line is the least-square fit to the
data in the dominant frequency range which is indicated by
the range of solid line.

LAB MEASUREMENTS
1. Q under the room conditions
At room conditions of around 25 C and relative humidity of
46%, we transmitted both P and S-wave signals through the
Hockley samples and their aluminum references. We repeatedly measured each sample three times and calculated Q as
seen in Tables 1 and 2. Figure 2a shows the examples of Pwave attenuation characteristics of H2 . The top panel displays
the P-wave first arrivals of the reference aluminum (dotted
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2. Pressure and temperature dependence
We next investigated the effects of pressure and temperature.
A 27 mm-diameter, 46 mm-long salt plug, L1 , was prepared
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Table 1: Estimated QP and QS for H1 . Subscript (1)-(3) represent the three repeated measurements. STD: standard deviation.

(a)

Table 2: Estimated QP and QS for H2 .
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from a salt core collected in the Bayou Corne Salt Dome, LA.
L1 was measured in a pressure range of 0.7 - 83 MPa (100 12000 psi), and a temperature range of 24 - 93 C (75 - 200
F). Such pressure and temperature range corresponds to a
burial depth up to 4 km using a common lithostatic pressure
gradient of 22.6 kPa/m (1 psi/ f t) and a geothermal gradient
of 25 C/km. For rock salt, which usually has lower density and higher heat conductivity than the surrounding rocks
(Slack, 1973; Davis and Engelder, 1985; Kukla et al., 2011),
the corresponding depth could be even larger.
In this section, only the relative changes of Q will be discussed
as an aluminum standard wasn’t used. We used the average QP
measured room-dry as the initial value for 75 F and 100 psi.
We computed QP variations at a different pressure or temperature condition using a modified Equation (1). We note that the
absolute QP values can be bulk-shifted up or down depends on
whether we under or over-estimated the initial QP .
Figure 3 gives an example of the P-wave attenuation determinations at 200 F. We noticed that the central frequency
tends to increase as the pressure increases. Contrary to that, it
slightly decreases as the temperature increases (Figure 4). The
computed QP variations were plotted in Figure 5. We observed
the increasing confining pressure tend to decreases attenuation
(increases QP ). The increasing temperature doesn’t show a
significant effect until reaching 200 F. A sharp drop in QP
happens between 150 F and 200 F.
A major factor causing the velocity and attenuation change
with pressure is the closure of cracks (Johnston et al., 1979).
Zong et al. (2017) reported from the CT scanning images that
a considerable amount of micro-cracks are seen in L1 at room
conditions. These micro-cracks were closed after high triax-
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Figure 3: Attenuation characteristics of the P-waves in L1 , under 93 C (200 F) and varying pressure. (a) The recording
pulses and their amplitude spectra. (b) Natural logarithm of
the amplitude spectral ratios between different pressure stages
as a function of frequency. Solid curve: the selected ratios in
the dominant frequency range for fitting. Dashed line: a line fit
to the ratios. Please note that only a portion of the amplitude
spectral ratio fittings is displayed here.

80

23.9o /75 F

60

37.8o /100 F

40

65.6o /150 F

20

93.3o /200 F

0
800

900

1000

1100

1300

0.014

0.5

Ln(A3/A1)

Ln(A2/A1)

0.5
0.013

0

-0.5
800

900

1000

1100

1200

1300

0

-0.5
800

0.5

0.016

1

2

3

4

Received pulses

0

-0.5
800

900

1000

1100

1200

1300

1000

1100

1200

1300

0.5

Ln(A4/A3)

Ln(A3/A2)

0.015

0.017

1200

Frequency(kHz)

0.012

Time (ms)

Downloaded 09/23/19 to 137.132.211.199. Redistribution subject to SEG license or copyright; see Terms of Use at http://library.seg.org/

Attenuation of rock salt: Ultrasonic lab measurements on Gulf of Mexico cores

900

1000

1100

Frequency (kHz)

1200

1300

0

-0.5
800

900

Frequency(kHz)

Figure 4: Attenuation characteristics of the P-waves in L1 , under 2000 psi and varying temperature. Please see the descriptions in Figure 3.
Table 3: Estimated QP and QS from H1 and H2 .
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Figure 6: Estimated QP is plotted against P-wave velocity VP
for the unloading measurements, colored by the temperature.
The higher QP generally correspond to a higher VP , but a lower
temperature.

Figure 5: QP increases with the increasing pressure, while decreases with the increasing temperature.
ial pressure and remained largely closed after unloading. Such
observation explains the QP mismatches during the confining
pressure loading and unloading processes under 75 F (Figure 5). QP increases rapidly during the first round pressure
loading (black dots). While unloading (blue squares), QP decreases at a slower rate and remains higher due to the healing
of micro-cracks and fractures.
The thermal effects on L1 are not quite significant until reaching 200 F, where a sharp drop on QP appears. Chen et al.
(2015) studied the thermal expansion of the rock salt and observed the crack density growing after 230 F. The observed
QP sharp discrepancy might be a result of increasing thermal
cracking between 150 and 200 F in our sample.
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Figure 7: A comparison between measurements in this study
with another set of QP in rock salt samples (Germany) measured by Popp et al. (2001).

doesn’t show a significant effect on the attenuation until reaching some 93.3 C (200 F) in the testing range of this study. A
sharp increase of attenuation (decrease of QP and QS ) might be
caused by the growing thermal cracking between 65.6 and 93.3
C (150 and 200 F) at confining pressure 27.6 MPa (6000 psi)
and higher.
An empirical relationship between the intrinsic QP and VP in
the ultrasonic conditions is fit for the GoM rock salt as:
log10 QP,GoM = 53 · log10 VP 33. This relationship may be
helpful in constructing a Q model for rock salt when velocity
information is available.
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CONCLUSIONS
We estimate the P- and S-wave attenuation factors of GoM
rock salt using ultrasonic lab measurements (1 MHz) in this
abstract. Under room conditions, we estimated QP at 34 - 57,
and QS of 34 - 41. In the tests with varying confining pressure
and temperature, we find the wave attenuation in the rock salt
is dependent on confining pressure mainly due to the closing of
cracks. An increased confining pressure decreases the attenuation (increases QP and QS ) as the micro-cracks and fractures
are closed: e.g., the confining pressure of 40 MPa increases
QP to 280 and QS to 115 at 24 C. The increased temperature
© 2019 SEG
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3. QP vs. VP
We plotted QP against VP for the unloading measurements and
colored by temperature in Figure 6. It is noticeable that they
correspond somewhat as an exponential relationship. We further re-organized a dataset published by Popp et al. (2001) and
plotted together with the current data using a log-log scale,
as shown in Figure 7. The rock samples studied by Popp
et al. (2001) are from Germany, featured with smaller grain
size compared with samples in this study. We found that both
dataset plot in a similar range. Two lines were fitted as:
log10 QP,GoM = 53 · log10 VP

Qp vs. Vp
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