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S U M M A R Y
We present unambiguous evidence that the Mahogany salt body, located in the Northern part
of the Gulf of Mexico, is seismically anisotropic. Evidence of anisotropy comes from shear
wave splitting data obtained from a vertical seismic profile VSP. The data set consists of 48
vertically aligned receivers in a borehole drilled through the salt body. Splitting analysis is
performed on shear wave phases that are converted from compressional waves at the top and
bottom of the salt body. The phase converted at the top of the salt layer shows a clear signature
of seismic anisotropy, while the phase at the base of the salt layer shows negligible splitting.
We investigate the possibility of rock salt halite LPO as a cause of the observed anisotropy. A
finite element geomechanical salt deformation model of the Mahogany salt body is developed,
where deformation history is used as an input to the texture plasticity simulation program
VPSC. Assuming a halite salt body, a full elasticity model is then calculated and used to create
a synthetic VSP splitting data set. The comparison between the synthetic and real VSP data set
shows that LPO of rock salt can explain the observed anisotropy remarkably well. This is the
strongest evidence to date of seismic anisotropy in a deforming salt structure. Furthermore, for
the first time, we are able to demonstrate clear evidence that deforming halite is the most likely
cause of this anisotropy, combining data set analysis and synthetic full wave form modelling
based on calculated rock salt elasticities. Neglecting anisotropy in seismic processing in salt
settings could lead to potential imaging errors, for example the deformation models show an
averaged delta parameter of δ = –0.06, which would lead in a zero offset reflection setting to
a depth mismatch of 6.2 per cent. Our work also show how observations of salt anisotropy can
be used to probe characteristics of salt deformation.

Key words: Creep and deformation; Image processing; Numerical modelling; Seismic
anisotropy.

1 I N T RO D U C T I O N

Since pre-Roman times salt has been of vital economic and cultural
importance. Its special properties make salt crucial for a variety
of historic and contemporary industrial applications. For example,
geological salt formations are used for energy, compressed CO2

and nuclear waste storage. Rock salt is also an important mineral in
hydrocarbon reservoir settings. For example, the Luan Salt basin in
the Gulf of Mexico is associated with significant oil and gas discov-
eries (Hudec & Jackson 2007). Understanding salt processes and
dynamics affecting hydrocarbon reservoir production is important
for their exploration and efficient exploitation. Such understanding
requires accurate imaging of salt (and subsalt) structure, and there
is a long history of seismic investigation of such settings (e.g. Hale

et al. 1992; Lafond et al. 2003; Jackson & Lewis 2012). However,
despite significant advances in sensor technology, compute avail-
ability and algorithms for seismic processing, it is still a common
assumption to treat salt as seismically isotropic (e.g. Jones 2014,
i.e. seismic velocity is invariant with propagation direction). If this
assumption is not valid, seismic images based on it might be dis-
torted (e.g. Alkhalifah et al. 1996). This can result in erroneous
interpretations leading to, for example, costly drilling errors. In this
study, we provide evidence that Mahogany salt body in the Gulf of
Mexico is, in fact, significantly seismically anisotropic.

Salt has a low viscosity and density and is highly deformable
but impermeable over geological timescales. It flows under tectonic
forces if the deviatoric stresses are high enough. Salt is often the
most deformable part of the sedimentary environment and has the
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Figure 1. Location and dimension of the Mahogany salt body in a 2-D
plan view is shown. The figure is modified from (Rowan et al. 2001). The
Mahogany salt body is located in the South Ship Shoal area. The VSP well
is at the South of Ship Shoal block 349. The Mahogany salt body has a
dimension of about 15 km in east–west direction and about 30 km in north–
south direction. The seismic line was used for seismic restoration, performed
by (Rowan et al. 2001). A cross section along this line is shown in Fig. 2.

ability to flow rather than to fracture. It is relatively more buoyant
than the surrounding sediments. The crystalline nature of salt—and
its tendency to be highly deformed—means that it has the potential
to manifest significant seismic anisotropy. Many polycrystalline ma-
terials develop texture (crystal or lattice-preferred orientation, LPO)
and become seismically anisotropic when being deformed (for ex-
ample, olivine; Hess 1964). As rock salt is a common polycrys-
talline solid, which is highly deformed in geological environments,
it is reasonable to investigate its potential for seismic anisotropy
due to crystal alignment. Halite has a cubic crystal structure and
displays a significant elastic seismic anisotropy on single crystal
scale (e.g. Zong et al. 2014; Vargas-Meleza et al. 2015) Thus, when
subject to an overall alignment by crystal plastic deformation, salt
may exhibit anisotropy at a scale relevant to seismic waves.

Some previous work on seismic anisotropy of salt suggests that
despite the general assumption of isotropy, rock salt can display
significant seismic anisotropy. Planchart (e.g. 2014) analysed salt
anisotropy using a VSP from the Mansiyah salt formation, located in
Saudi Arabia. By comparing seismic velocities at different offsets,
the δ-parameter (Thomsen 1986) was estimated to be δ = –0.2—
a significant degree of anisotropy. Direct seismic velocity mea-
surements were performed on pure rock salt samples from Sifto’s
Goderich Mine, Canada (Zong et al. 2014), showed a range in
P-wave velocity from 4.44 to 4.76 km s–1—a P-anisotropy of 6.9
per cent, ascribed to the cubic elastic anisotropy of the halite sam-
ples.

This study is motivated by Raymer et al. (2000b) who numeri-
cally investigated seismic anisotropy in deforming rock salt. They
simulated halite LPO and seismic anisotropy under low temperature
conditions for simple deformation regimes (simple shear and axial

extension) by the use of dislocation plasticity models. The result-
ing fabrics show considerable degree of seismic anisotropy (up to
4 per cent P-wave anisotropy). However, the deformation regimes
tested as well as the amount of strain were partly arbitrary and no
comparison to a seismic data set were made. Here, we take a next
step and take into account the complex deformation history of a salt
structure. First, we investigate seismic anisotropy with a VSP data
set, located in the Mahogany salt body, using shear-wave splitting
(e.g. Silver & Chan 1991). Secondly, we develop a geomechanical
salt sheet deformation model, simulating the deformation of the Ma-
hogany salt body. Numerical texture plasticity models are then used
to simulate LPO and seismic anisotropy by this lattice orientation.
Finally, we compare the splitting determined from full-waveform
synthetic seismograms interrogating this model to our observed re-
sults, showing that LPO of rock salt is a likely candidate to explain
the observed anisotropy.

2 A V S P DATA S E T O F T H E
M A H O G A N Y S A LT B O DY

The Mahogany oilfield is located in the northeast of the Gulf of
Mexico, in the southern Ship Shoal area (block 349 and 359). The
Mahogany salt body extends about 30 km in north–south direction
and about 15 km east–west (Fig. 1). A cross section of the Mahogany
salt body is shown in Fig. 2. Mahogany was discovered 1993 by the
companies Phillips, Anadarko and Amoco (Weimer et al. 1998;
Rowan et al. 2001; Harrison et al. 2010). Three years later in 1996,
Mahogany became the first commercial subsalt oil reservoir in the
Gulf of Mexico (Dribus et al. 2008). The field is a faulted anticline,
forming a stratigraphic structural trap overlain by allochthonous
salt (Camp 1998; Harrison et al. 2010). The subsalt reservoir is
a highly pressured oil-saturated sand with high permeability and
porosity dated around the upper Miocene (20 to 5 Myr, Rowan
et al. 2001). The reservoir is below the large Mahogany salt sheet
that converges with other salt structures neighbouring the salt body.
Gross thickness of the oil-paying reservoir strata ranges from 30
to 107 m, below an approximately 1160-m-thick salt layer (Camp
1998). The large salt sheets pose technical (for example drilling)
and seismic challenges, due to its pressure and velocity contrast to
the surrounding sediments. Most seismic energy is reflected at the
top of the salt, which makes subsalt imaging difficult.

2.1 VSP structure and geometry

The seismic data presented is obtained from a VSP data set located
in the Mahogany oil field, in the South of Ship Shoal block 349
(Fig. 1). The three-component receivers of the VSP are aligned
inside the subsalt well, consisting of 48 receivers, with a spacing
of 15 m between each receiver. The upper 10 receivers are in the
salt and the lower 38 receivers are located in the shale beneath the
rock salt layer. The first receiver is at a depth of about 3540 m.
The source is a single, long-offset source, located northeast of the
borehole. Because of the distant source, strong wave conversions
are seen from both the top and base of the salt. The distance from
the source to the receiver is about 6 km. This is a good geometry for
studying anisotropy in the salt body: the offset VSP provides long
travel paths through the salt (providing the opportunity to accrue
anisotropic effects) while the one way nature of the propagation
reduces possible attenuation problems. The traveltimes should also
not be strongly affected by invaded zones due to drilling processes
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1674 P. Prasse et al.

Figure 2. 2-D Cross section of the Mahogany salt body. The cross section was generated by seismic restoration along the seismic line shown in Fig. 1. Salt
is shown in grey. The picture is redrawn from Rowan et al. (2001) showing the 2-D geometry of the Mahogany salt body along the seismic line, where the
left-hand side is the NNW end of the seismic line and the right-hand side is the SSE end. The VSP location is shown at the right-hand side of the salt body.

Figure 3. The original VSP data, recorded on the two horizontal components (x and y). In the left-hand panel shows the x-component, the right-hand panel
shows the y-component.
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Figure 4. Filtered VSP data for all 48 receivers, where receiver 1 is the shallowest top and receiver 48 is the deepest. The X- (radial) and Y-component
(transverse) are shown in red and blue, respectively, for each receiver. The receivers within the salt (traces 1–10) show higher velocities than the receivers below
the salt (traces 11–48). The picked PS-phases, converted at the top of the salt and bottom of the salt are highlighted for each receiver.

near the borehole. We measure shear wave splitting in P–S conver-
sions at both the top and base of the salt. This allows us to study
seismic anisotropy in the salt body itself, without being contami-
nated by anisotropy in either the over- or underlying sediments.

2.2 VSP data preparation

The data discussed here were originally presented, processed and
analysed by Kendall et al. (1998). The original data we received is
shown in Fig. 3. The X- and Y-component is shown, unfortunately
we do not have access to the vertical component. The data were pro-
cessed to isolate (as best as possible) downgoing shear wave energy.
The up- and downgoing P- and S-wave arrivals were identified in
the data, and the wavefields were separated using a f–k filter (e.g.
Christie et al. 1983; Sheriff & Geldart 1995). In the f–k domain, the
different apparent velocities of up- and downgoing shear waves are
used to distinguish the different phases. Extraneous arrivals were
then removed by the use of the f–k filter. Finally, the data were
then restored to their original position. This is the format we re-
ceived the data in, no access was possible to the original raw data.
The methodology used to obtain the results was not documented.
Here, we re-analyse these data, and use up to date, robust analysis

methods for measuring seismic anisotropy and shear wave splitting
(Wuestefeld et al. 2010).

The final, filtered VSP-data are shown in Fig. 4. The X- (trans-
verse) and Y-components (radial) are shown in red and blue, respec-
tively. Both PS-phases, on which the shear wave splitting measure-
ments are performed, are highlighted. The phases were picked by
hand. Our aim is to analyse seismic anisotropy in the salt: The PS
top-salt conversion will show shear wave splitting associated with
both the rock salt and layers below. The PS base-salt conversion
should only be affected by anisotropy beneath the salt. Thus, the
difference constrains the splitting associated with the salt body.

We estimate splitting parameters (delay time, dt, and fast shear
wave polarization, �) for the VSP field data set on all traces. The
angle of fast shear wave polarization is measured in degrees as the
clockwise angle from the direction of the radial component when
looking along the downgoing vertical (Z-component) towards the
origin (fast shear wave polarizations close ±90◦ means VSH > VSV).
We perform shear wave splitting analysis on two phases: The P to S
converted waves at the top, and base of the salt body, respectively.
The difference between these constrains the seismic anisotropy orig-
inating from the rock salt. Shear wave splitting measurements are
performed with SHEBA (Wuestefeld et al. 2010), which is built
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1676 P. Prasse et al.

Figure 5. Sample shear wave splitting results from receiver 37 from the PS-top converted wave. Shown are the uncorrected and the corrected traces and the
related particle motion. In the uncorrected case, the traces are separated by a time delay dt and the particle motion is elliptical. In the corrected case, the traces
do not show a time delay and the particle motion is linear, because the splitting is removed, and energy is only polarized in one direction. The error-surface of
the eigenvalue-method is shown, and indicates a high degree of confidence in the result.

on the seismic analysis code (SAC) platform (e.g. Helffrich et al.
2013). The splitting parameters are found by rotating the com-
ponents from radial- and transverse into fast- and slow-direction,
using the eigenvalue- and cross correlation method (e.g. Wueste-
feld & Bokelmann 2007). For each measurement, the best splitting
results are found from 100 candidate windows. We also estimate Q,
the shear wave splitting quality (Teanby et al. 2004; Wuestefeld &
Bokelmann 2007). This allows us to assess the robustness of the re-
sult. A shear wave splitting example of receiver 37 from the top- and
bottom converted PS-wave is shown in Figs 5 and 6, respectively.

2.3 Shear wave splitting results

Time delay dt and fast shear wave polarization � of the top- and
bottom converted shear waves are shown in Figs 7 and 8, respec-
tively. The error bars indicate the 95 per cent confidence level in
each measurement (Silver & Chan 1991). Both the top- and base PS-
conversions show evidence of splitting. However, the top-conversion

shows consistently significantly higher delay times than the base-
converted phase (15–20 ms compared to 4–8 ms). The delay time of
the top-converted phase increases with increasing receiver depth,
until the receivers are outside of the salt. After receiver 25, the delay
time is very consistent around 18 ms. The delay time depends on the
traveltime, and incidence angle of the incoming wave to the receiver.
Receiver 11–18 show high delay times (and associated error) and are
marked on Fig. 7 by a red area indicating where wave-conversions at
the salt/sediment boundary may affect the splitting measurements.
For example, we can expect a degree of S–P phase conversion at
the base salt, which might not be entirely removed by the applied
f–k filter. If we discount these results the delay time generally in-
creases with depth within the salt and remains approximately stable
at around 20 ms below receiver 20. The best constrained results are
from the receivers which are well outside of the salt (receiver 32–
48). These have a constantly high quality, low error and give similar
and consistent delay times. The base-converted shear waves shows
evidence of splitting, but the magnitude is significantly less, and the
Q-values are lower. This suggests that the splitting observed at the
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Seismic anisotropy in deforming halite 1677

Figure 6. Sample shear wave splitting results from receiver 37 from the PS-bottom converted wave (same receiver as in Fig. 5). Shown are the uncorrected
and the corrected traces and the related particle motion. In the uncorrected case, the traces are separated by a time delay dt and the particle motion is elliptical.
In the corrected case, the traces do not show a time delay and the particle motion is linear, because the splitting is removed, and energy is only polarized in one
direction. The error-surface of the eigenvalue is shown.

top-converted shear wave originate in the salt. The fast shear wave
polarization of the top-converted phase shows a fast shear wave
polarization around ±90◦ (Fig. 8a). This would correspond, in the
simplest case, to a VTI-medium. The bottom-converted shear wave,
on the other hand, shows a fast polarization close to 0◦ (Fig. 8b),
which would correspond to a HTI medium. The results show strong
evidence that the Mahogany salt body, for the investigated acquisi-
tion and geometry, is seismically anisotropic.

3 N U M E R I C A L T E X T U R E M O D E L L I N G

In following we investigate if the deformation of the Mahogany salt
can lead to effective LPO and consequently seismic anisotropy. We
investigate the simplest case of this anisotropy, LPO of halite. To
do this, we need to model the formation of crystal fabric under real-
istic deformation conditions. We perform texture simulations with
the viscoplastic self-consistent texture modelling approach (VPSC,
Lebensohn & Tomé 1993). VPSC has been successfully used to
model deformation textures of halite, in various deformation setups,

as for example simple shear (Wenk et al. 2009), extension (Wenk
et al. 1989; Lebensohn et al. 2003) and compression (Lebensohn
et al. 2003). Moreover, it was used to model deformation texture of
naturally deformed rock salt (Raymer et al. 2000b, a). Therefore, it
is reasonable to use texture plasticity modelling in more complex,
and realistic deformation regimes.

3.1 Viscoplastic self consistent—VPSC

The VPSC approach can model a range of conditions, from the
homogeneous deformation assumption (Taylor model) to the stress
equilibrium assumption (Sachs model, e.g. Wenk et al. 2009). The
averaged stress predicted by VPSC is placed somewhere between
the predictions by the upper-bound Taylor model and lower-bound
Sachs model. A detailed description can be found in Tomé et al.
(1991) and Lebensohn & Tomé (1993); here we briefly summarize
the approach and its main principles. The shear rate γ̇ s of a slip
system s in an individual grain is assumed to be related to the
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1678 P. Prasse et al.

Figure 7. Comparison of the delay times from the P- to S-converted phase at the top of the salt layer (shown in blue) and the bottom of the salt layer (shown
in red). The red region mark receivers close to the salt/sediment boundary, which might be affected by wave-conversions in the splitting window. The top
converted phase shows significantly higher delay times than the bottom converted phase. The delay time of the top-converted shear wave shows an increasing
delay time with receiver depth. This indicates clear seismic anisotropy in the salt layer.

resolved shear stress τ s
r in the following way:

γ̇ s =
(

τ s
r

τ s
0

)n

γ̇0, (1)

where γ̇0 and τ s
0 are the reference shear rate and the reference

CRSS, respectively. The grain’s shear rate ε̇ is then given by the
sum of shear rates over all slip systems. The stress exponent is n,
which is the inverse of the strain rate sensitivity. For a given set
of reference shear stresses and stress exponents for all active slip
systems, initial lattice orientations and the imposed deformation.
VPSC calculates the microscopic stresses and strain rates for each
grain (σ, ε̇) (Tommasi et al. 2000).

Interaction between grains is represented by embedding each
grain in a homogeneous effective medium (HEM). Its properties
are the averaged properties of all modelled single crystal grains.
The tangent VPSC method uses a more general model description
(Lebensohn & Tomé 1993), which incorporates a formulation for
a plastically anisotropic HEM. The interaction problem is solved
using the inclusion formalism, described by Eshelby (1957). The
local variables (stress σ ij and strain εij) on a grain scale are related to
the same variables on the global scale (�ij, Eij) with the interaction
tensor M, which depends on the shape and the rheological proper-
ties of grains. For the viscoplastic inclusion problem, the Eshelby
solution is (e.g. Walker et al. 2011):

ε̇i j − Ėi j = −αMi jkl (σkl − �kl ) , (2)

where α is a parameter controlling the interaction between the grains
and the HEM, for example to impose more or less strict kinematic
conditions on grains (Tommasi et al. 2000). The tangent VPSC
scheme applied in this work assumes α = 1. The lattice rotation
rate for each grain ω̇ is determined by:

ω̇i j = �̇i j − ω̇
p
i j + ω̃i j , (3)

where � is the antisymmetric component of the imposed defor-
mation, ω̇

p
i j is the plastic rotation rate tensor and ω̃i j describes

the reorientation rate of the associated ellipsoidal inclusion. The
reorientation rate depends on the difference between the grain
and polycrystal strain rate, increasing with increasing deforma-
tion. The VPSC model calculates the crystallographic texture,
the activity of the slip systems and the stress/strain response
of the polycrystal during the deformation. Required inputs are
the initial grain shape and orientation, slip systems and their
critical resolved shear stresses, single crystal properties (density
and the elasticity tensor), the applied deformation and numeri-
cal parameters controlling the convergence and precision of each
simulation.

In the modelling the CRSS are relative values, normalized by the
strength of the weakest slip system. We use a CRSS ratio of 1:5:5,
which means that {110}<110> has a CRSS 5 times lower than
{100}<110> and {111}<110>, which implying low temperature
deformation conditions (Wenk et al. 1989; Picard et al. 2018).
In many numerical, and schematic models of salt diapirism, the
salt diapir reaches the surface and is extruded at the surface as a
salt sheet (e.g. Van Keken et al. 1993; Rowan et al. 2001; Hudec
& Jackson 2007), suggesting low temperature deformation. Stress
exponents used in flow laws for natural rock salt vary between 4
and 6 (Heege et al. 2005). Therefore, we suggest that an input
parameter set of 1:5:5 for the CRSS-ratio and a stress exponent of
n = 6 are best to represent natural deformation conditions. This is in
the range of what has been used by Raymer et al. (2000b) to model
texture in naturally deformed rock salt. The slip systems (from
Carter & Hansen 1983) and the CRSS used in this study are shown in
Table 1.

We use the Von-Mises stress �VM and Von-Mises strain rate ĖVM

to quantify the deformation (described in Hosford 2010). The Von-
Mises strain is a function of the macroscopic stress and strain rate
tensors (�ij and Ėi j , respectively), representing the global stress and
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Seismic anisotropy in deforming halite 1679

Figure 8. Fast shear wave polarization from the PS-top (a) and PS-bottom (b) converted phase. The colour represents the Q-value (–1: perfectly resolved
null, +1:perfectly resolved splitting). Receivers, which are affected by wave conversions at the salt/sediment boundary are shown by the red region. The top
converted shear wave (a) shows a fast polarization around ±90◦ , which would suggest a VTI medium. The data shows good quality and high Q-values. The
bottom converted shear wave (b) shows a fast polarization around 0◦ and low Q-values. The results suggest that the splitting originate in the salt body, meaning
that the Mahogany salt body is seismically anisotropic.

strain state in the following way:

�V M =
√

3

2
�′

i j�
′
i j ,

Ė V M =
√

2

3
Ėi j Ėi j . (4)

3.2 Finite element deformation model

We simulate the geological evolution of a near-surface salt body into
an advancing salt sheet, in a compressional tectonic regime in 2-D,
based on the deformation of the Mahogany salt body. The model
is used to calculate deformation texture of halite inside the model
during deformation. Deformation is interposed with sedimentation
of new material. The model is a plane-strain, forward finite-element
model, with adaptive remeshing, to cope with large deformation
(Perić & Crook 2004). The simulation and model building are done
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1680 P. Prasse et al.

Table 1. Slip systems and slip modes being active in single crystalline halite: {110}〈110〉 is
the weakest slip system; {100}〈110〉 and {111}〈110〉 are more difficult to activate. From Carter
& Hansen (1983). CRSS of 1:5:5 are used for the weak, and stiff slip system, respectively. A
stress exponent of 6 is used for all slip systems.

Slip system Number of slip modes Slip plane Slip direction CRSS n

{110}〈110〉 6 1 1 0 1–1 0 1 6
–1 1 0 1 1 0
1 0 1 1 0–1

1 0 −1 1 0 1
0 1 1 0 1 −1

0 1 −1 0 1 1
{100}〈110〉 6 1 0 0 0 1 1 5 6

1 0 0 0 1–1
0 1 0 1 0–1
0 1 0 –1 0 1
0 0 1 1–1 0
0 0 1 –1 1 0

{111}〈110〉 12 1 1 1 1–1 0 5 6
1 1 1 1 0–1
1 1 1 0 1–1

–1 1 1 0 1–1
–1 1 1 1 0 1
–1 1 1 1 1 0
1–1 1 0 1 1
1–1 1 1 0–1
1–1 1 1 1 0

–1–1 1 0 1 1
–1–1 1 1 0 1
–1–1 1 1–1 0

with the geomechanical modelling software Elfen, developed by
the software company Rockfield Global. We limit the model to two
dimensions, which is sufficient to capture the primary deforma-
tion at Mahogany. A 2-D model also improves the computational
tractability.

Our model consists of two materials, salt and sediments. The
rheology of the salt is represented by the multimechanism defor-
mation (MD) constitutive model. It is a mathematical formulation
describing the mechanical creep behaviour of various rock salts. It
takes into account dislocation climb, dislocation creep and a third
undefined mechanism. The formulation of the MD rheology model
was first presented in Munson & Dawson (1979) and has been used
extensively to model creep behaviour of rock salt. It has been ap-
plied to various rock salt deposits around the world, for example to
Brazilian salts (Firme et al. 2015) or to salts from the Gulf coast
(e.g. Munson et al. 2004; Fredrich et al. 2007; Thigpen et al. 2019).
The salt density is assumed to be ρSalt = 2.1 g cm−3. The sediments
are modelled by the SR3 material model (Crook et al. 2006). The
SR3 material model is a constitutive critical-state poroelastic-plastic
material model, based on the ‘cam clay’ material model concept
(Wood 1990). The bulk density of the sediment is defined based on
assumed grain and fluid densities and the current element porosity.
Therefore, as the material state evolves due to burial and tectonics
the bulk density is updated accordingly. All parameters used for the
model are shown in the Appendix.

The model initial geometry and the evolution of the conceptual
model are shown in Fig. 9. The salt has an initial extension of
about 5 km × 4 km, representing a salt diapir which has penetrated
the upper sedimentary layers and reached the surface. The applied
tectonic stress is solely compression from the left-hand side of the
model with a shortening rate of 1 mm yr–1. The right-hand side of the
model is fixed. 5.9 Myr of deformation time is modelled, while new
material is deposited along with deformation. The sedimentation

is modelled by progressively adding new material on top until pre-
defined horizons are reached. The horizons have a slight angle
basinward, imitating progessive sedimentation. The sedimentation
rate is about 0.6 mm yr–1, slightly lower than the compression rate.
After the deformation completes, the geometry of the salt sheet is
close to the 2-D-cross section of the Mahogany salt body, shown in
Fig. 2.

3.3 Elasticity calculations

VPSC plasticity modelling is used to calculate texture evolution
during the deformation. For this, 512 passive tracer particles are
followed through the Mahogany salt sheet model in time. At each
time step (every 0.1 Myr), the deformation velocity gradient tensor
L of each particle is calculated. It is defined as the change of the
deformation velocity with direction and defines the applied defor-
mation entirely. This contains information about both the strain-
and rotation-rate (Munson et al. 2013) and is used as an input for
the texture plasticity modelling.

Each particle represents one halite polycrystal consisting of an
initial set of 500 randomly oriented grains. Due to its random orien-
tation the polycrystal shows no seismic anisotropy before it is being
deformed. Grains are treated as ellipsoidal inclusions. In their initial
undeformed stage, each has a spherical axis aspect ratio of 1:1:1.
Each crystal has the properties of a halite single crystal. The elastic
properties of halite hve been analysed in various studies; we take the
single crystal stiffness tensor and the density from Gebrande (1982),
which are C12 = 14 GPa, C11 = 49.1 GPa, C44 = 12.7 GPa and a
density of ρ = 2160 kg m−3. After deformation, effective elastic
constants of each polycrystal are calculated, which can be seen as
an average across all stiffness tensors cijkl, it has 21 independent
constants and can rewritten in the Voigt notation as a 6 × 6 tensor
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Figure 9. A finite-element (Elfen) model simulating the transition from a near-surface salt body into an advancing salt sheet. The salt sheet geometry is based
on the present size of the Mahogany salt sheet in the Gulf of Mexico, modelled for 5.9 Myr. Panel (a) shows the initial geometry. Sediments are deposited and
the salt sheet starts to extrude at the surface (panel b). At 2.8 Myr sediments are deposited in the front of the salt sheet (c). The base of the salt ramps up,
non-parallel to the bedding plane (d). This process continues with ongoing time and deposition (e). At 5.9 Myr the salt sheet is thinned towards the basin and
has an extension to about 15 km (f).

Figure 10. Seismic anisotropy inside the Mahogany salt sheet model. Seismic anisotropy is given as the universal-anisotropy index (Ranganathan & Ostoja-
Starzewski 2008)), larger values indicating higher anisotropy. The salt from the diapir is pushed at the surface and rafts along the base, where large strain
accumulates. The salt sheet is thinned towards the basin. The top- and base of the salt sheet shows generally higher anisotropy.
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Figure 11. Wave propagation through the Mahogany model. The 48 receivers are shown in green and are located at the bottom right-hand end of the salt body.
The seismic waves are shown in red and display the displacement normalized to the highest amplitude in each time step. The source is at the left-hand side of
the model near the surface. The wave field is shown at 0.8, 1.7 and 5 s. The P wave and S wave are marked in the first snapshot at 0.8 s. The model consists of
two phases, the isotropic sediment and the anisotropic salt. The model setup should mimics the VSP data set from the Mahogany salt body.
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Seismic anisotropy in deforming halite 1683

Figure 12. Comparison between the delay occurring in the synthetic data and the VSP field data. Field data delay times are shown in blue, synthetics in red.
In general these agree well, especially beyond receiver 25, where both predict a delay time of about 20 ms. The region, in which we infer interference from the
salt-sediment boundary is marked by the red bar.

(ij → i, kl → j, cijkl → Cij, Babuska & Cara 1991). The average
of all rotated stiffness tensors is known as the Voigt-average C V

i j .
Accordingly, the average of all similarly rotated compliance tensors
is called Reuss-average SR

i j . The Voigt and Reuss averages represent
the upper and lower bound, respectively, on the elastic properties
of the polycrystalline aggregate. Assuming equal volume of each
grain, C V

i j and SR
i j are

C V
i j =

500∑
n=1

Cn
i j

1

500
,

SR
i j =

500∑
n=1

Sn
i j

1

500
. (5)

The Voigt–Reuss–Hill (VRH) average (Hill 1952) is the intermedi-
ate value between C V

i j and the inverted compliance tensor,

C R
i j = (

SR
i j

)−1
. (6)

The VRH average thus provides a way to estimate the elastic con-
stants of a textured polycrystal:

C V R H
i j = 1

2

(
C V

i j + C R
i j

)
, (7)

The elastic constants describe, together with the density, the velocity
surface of the entire polycrystal and hence the seismic anisotropy
(e.g. Kendall & Thomson 1989). This process defines a workflow to
link salt deformation and associated seismic anisotropy in any salt
deformation model. A full salt elasticity model generated, consid-
ering LPO-induced seismic anisotropy in the deformed salt sheet.
The full elasticity model with the calculated seismic anisotropy is
displayed in Fig. 10. The highest anisotropy is seen at the very top
and bottom of the salt sheet. Strain analysis base is deformed pri-
marily by shear, and the top part by compression (consistent with
features observed in real salt bodies, e.g Rowan et al. 2001).

3.4 Seismic full wave-form modelling—synthetic VSP
gather

The workflow outlined above provides us with a complex model of
the anisotropy of the Mahogany salt body. In order to compare it with
the shear wave splitting results, we need to interrogate the model in
a way which reproduces the appropriate seismic phases. Thus, we
simulate the propagation of seismic waves through the model using
Specfem2D (Tromp et al. 2008), an open-source full wave form
modelling software. Specfem2D uses the spectral-element method
(e.g. Wang & Cai 2014). It has been used to simulate wave prop-
agation in various complex media. Specfem2D supports seismic
anisotropy, where the velocity is implemented by defining the elas-
ticity and density of the medium. In total 6 s of wave propagation
is modelled. The model geometry and wave field at different times
is shown in Fig. 11. The snapshots are after 0.8, 1.7 and 5 s. The
model geometry is based on the Mahogany salt deformation model
and is similar to the field-data VSP setup. Mesh elements represent-
ing the salt are assigned with elasticities of the closest traced salt
particle to each mesh element. The salt is surrounded by isotropic
sediments with P-wave velocity of VPSediment = 2500 ms−1 and a
shear velocity of VSSediment = 1600 ms−1. The receivers are at the
bottom right of the salt body, and the first 10 receivers are inside the
salt, imitating the geometry of the VSP-data setup. The synthetic
wave-forms are used to estimate shear wave splitting, to compare
the synthetic data with the VSP-field data set. As with the real data,
shear wave splitting measurements are performed with SHEBA,
by rotating the components into fast- and slow-direction, using the
eigenvalue- and cross correlation method (e.g. Teanby et al. 2004).
In Specfem2D no wave conversion from P to SH is possible, because
the P—SV and SH wave trains are decoupled. We use SH-polarized
and SV-polarized shear waves and compare the time delay between
both components. Due to the anisotropy the SH and SV polarized
waves propagate with different velocities through the salt, which
leads to a time delay at the recording receivers between both waves.
These lag times can be compared to the VSP data-set results, and
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are shown in Fig. 12. The predicted delay time times are similar
and show consistent results around 20 ms for both the synthetic-
and field VSP data. The fast-direction cannot be inferred from the
synthetic splitting data, because of the lack of SH–SV coupling in
Specfem2D. We instead calculate the fast synthetic fast polarization
directly from the anisotropic salt model from each set of effective
elastic constants, assuming a density of ρ = 2.16 g cm–3, using the
Christoffel equation (e.g. Babuska & Cara 1991). We assume an
incidence angle of 30◦ (measured from horizontal to ray direction)
and an azimuth of 0◦. The fast orientation is nearly horizontal in
the direction of the flow, consistent with the VTI-observation in the
VSP-field data.

4 D I S C U S S I O N A N D C O N C LU S I O N

The VSP-field data shows clear evidence that the Mahogany
salt body is, for the given geometry and acquisition, seismically
anisotropic. The shear wave converted at the top of the salt shows a
consistently higher delay time than the base converted shear wave.
This delay time changes with receiver depth, which can be attributed
to a longer travel path through the anisotropic salt, or possibly by a
change in incidence angle with receiver depth.

We use texture plasticity modelling, together with a finite-
element Mahogany salt sheet model to predict LPO induced seismic
anisotropy, testing if a deformation-induced crystallographic halite
fabric could explain the observed splitting. We generate a synthetic
VSP data set from the resulting finite element model. Splitting from
the field- and synthetic VSP show results agree remarkably well;
the receivers with the best quality data showing similar delay times
(∼20 ms) between the synthetic- and field VSP-data. The results
strongly suggest that deformation induced LPO of halite can ex-
plain the splitting we observe associated with the Mahogany salt
body. Despite more complexity in the real data, the fast shear wave
polarization also shows a similar pattern, with SH leading SV.

The effect of strong anisotropy in the salt body could be pro-
found. For example, seismic anisotropy can significantly affect seis-
mic imaging. Alkhalifah et al. (1996) compared isotopic and VTI
anisotropic depth images from a seismic survey from the African
coast. Faults could be more clearly identified in the seismic image
considering anisotropy. Our results showed an average delta parame-
ter through the salt of about –0.06, which would lead in a zero-offset
acquisition to a depth misfit of 6.2 per cent; for a 2-km-thick salt
layer this is a misfit of 124 m.

Only dislocation plasticity is included in the VPSC modelling
formulation, other recrystallization mechanisms are not included.
Grain boundary migration tends to weaken LPO (Trimby et al. 2000)
and is observed in wet salts (Urai & Spiers 2007). To investigate
further how valid this assumption is, comparisons to natural rock salt
textures are a possible future direction. Our texture modelling could
also be improved by including other deformation mechanisms, apart
from dislocation plasticity. The model is a 2-D deformation model,
and a full 3-D model might give additional insights.

In this study only we have only considered seismic anisotropy due
to lattice preferred orientation. In future, the derived strain models
could be used to parametrize shape preferred orientation model,
modelling deformed inclusions or deformed halite crystals. Here,
inclusions of, for example water or sediment could be tested. Fur-
thermore, mixed phases, such as anhydrite/halite mixtures, can be
investigated instead of assuming only halite present in the rock salt.
Anhydrite is highly anisotropic on crystal scale (e.g. Vargas-Meleza
et al. 2015), which would increase the delay time in comparison to

the modelled halite LPO shown in this work. Future work could
consider modelling deformation texture of anhydrite and/or mixed
halite/anhydrite phases. Moreover, the work flow we present here
provides the potential to be to be used in an inverse sense to re-
construct the deformation history of specific salt structure from its
contemporary seismic anisotropy pattern. Also, this work can be
applied to other problems involving deforming crystalline solids,
for example, understanding the deformation of glaciers.
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A P P E N D I X

A1 Multimechanism Deformation (MD) constitutive
model

We follow Munson & Dawson (1979), Munson et al. (2004)
and Fredrich et al. (2007) to describe the Multimechanism creep
model. The MD-model is a mathematical formulation, describ-
ing the mechanical behaviour of various rock salts. Depending on
stress/temperature is has been shown that different rock salt de-
formation mechanism are active, controlling the creep behaviour
of rock salt (Munson & Dawson 1979). The MD-model consid-
ers dislocations climb active at high temperatures and low stresses,
dislocation slip at high stresses and a third undefined mechanism
at low temperatures and low stresses, which is experimentally well
characterized (Fredrich et al. 2007). The steady state creep rates for
the three mechanisms described are:

ε̇s1 = A1e−Q1/RT

(
σ

G

)n1

, (A1)

ε̇s2 = A2e−Q2/RT

(
σ

G

)n2

, (A2)

ε̇s3 = H
(
σ − σ0

)(
B1e

−Q1
RT + B2e

−Q2
RT

)
sinh

( q

G

(
σ − σ0

))
. (A3)

The subscripts refer to the different mechanisms, where ε̇s1 is the
strain rate contributed by dislocation climb, ε̇s2 by the undefined
mechanism and ε̇s3 by dislocation glide. A1, 2 and B1, 2 are constant,
Q is the activation energy, T is the absolute temperature. We assume
a temperature gradient of 35 K km–1 and a surface temperature of
10 ◦C. G is the shear modulus, n1, 2 are stress exponents, q is a stress
constant. The contribution of ε̇s3 is limited by a Heaviside function
H with argument σ − σ 0, where σ 0 is a reference stress of this
mechanism. The Heaviside function is equal to 1 if the argument
is positive (σ > σ 0) and is zero if the argument is negative (σ <

σ 0). R is the universal Gas constant and σ describes the equivalent
stress, given in the Tresca Form:

σ = |σ1 − σ3|. (A4)

All the mechanisms act at the same time. The total steady-state
creep rate is therefore the sum over all steady-state creep rates:

ε̇s = ε̇s1 + ε̇s2 + ε̇s3 . (A5)

A multiplier F relates the equivalent strain rate ε̇eq to the steady-state
creep rate ε̇s :

ε̇eq = F ε̇s . (A6)

F is a function representing transient creep behaviour. It includes
a work-hardening branch, an equilibrium branch, and a recovery
branch:

F =

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

exp

(
�

(
1 − ζ

ε∗
t

)2
)

if ζ < ε∗
t

1 if ζ = ε∗
t

exp

(
−δ

(
1 − ζ

ε∗
t

)2
)

if ζ > ε∗
t

, (A7)

where �, is the work-hardening parameter and δ is the recovery
parameter, ζ is the hardening variable and ε∗

t is the transient strain
limit. The curvature is defined by �, or δ , depending on whether
the transient is work-hardening or recovering. The transient limit is

defined by

ε∗
t = K0ecT

(
σ

G

)m

, (A8)

where K0, c and m are constants. The evolution of the kinematic
hardening parameter is given by

ζ̇ =
(

F − 1

)
ε̇s, (A9)

which approaches zero when the steady-state condition is achieved.
The different model parameters need to be found by a fitting

routine. Fredrich et al. (2007) constrain the constitutive response
of deepwater Gulf of Mexico salt diapirs from different regions.
The expected constitutive behaviour of all rock salt samples lies
within the range of well characterized Gulf of Mexico domal salts.
The best estimates to the constitutive behaviour of Gulf of Mexico
rock salts, according to Fredrich et al. (2007), are taken in this
study and are shown in Table A1. Those parameters are used to
model the salt rheology in the Mahogany salt sheet model. Linear
elastic parameters of the Gulf of Mexico salt assumed are a Youngs
Modulus of E = 31GPa and a Poisson’s-ratio of ν = 0.4, chosen
according to Heidari et al. (2016).

In the current model we only use the steady state form of the
described law, which means no transient creep is considered and we
only incorporate mechanisms 1 and 2 (equation 8 and 9). The Heavy-
side function in equation 10 has an argument of σ = 20.57 MPa (see
table 2). It is unlikely that over geological timescales salt experi-
ences such large differential stress. For completeness, we described
the whole MD-constitutive model.

A2 SR3 constitutive model

The rheology of the sediments are modelled using the SR3 mate-
rial model. The SR3 material model is a constitutive critical-state
poroelastic-plastic material model, based on the ‘cam clay’ mate-
rial model concept (Wood 1990). A full description of the SR3-
material model can be found in Crook et al. (2006). An important
factor of this model is that takes into account material inelastic
behaviour (Wood 1990). The yield surface. The yield surface is a
three-invariant surface and is defined as:

φ(σ, ε p
v ) = g(θ, p)q + (p − pt ) tan β

( p − pc

pt − pc

) 1
n
, (A10)

where θ is the Lode angle, which can be considered as a measure of
loading type (Crook et al. 2006), p is the effective mean stress, q is
the deviatoric stress, pt is the tensile intercept, pc is the compressive
intersect, β and n are material constants defining the shape of the
yield surface in p − q plane and g(θ , p) is a function controlling
the shape of the yield surface in the deviatoric plane. The material
hardening is defined as:

pc = pc0 exp

[
vε p

v

λ − κ

]
, (A11)

pt = pt0 exp

[
v(ε p

v )max

λ − κ

]
(A12)

where v is the specific volume, and λ and κ are the slopes of
the normal compression line and unloading-reloading lines; (ε p

v )max

is the maximum dilatational volumetric plastic strain. The plastic
strain rate is defined as:

ε̇ p = λ̇
d�

dσ
(A13)

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/223/3/1672/5898675 by U

niversity of Bristol Library user on 09 N
ovem

ber 2020



Seismic anisotropy in deforming halite 1687

Table A1. MD model parameters used in the Mahogany salt body salt sheet model.

G [GPa] A1 [s−1] Q1 [Kcal mol–1] n1 B1 [s−1]

12.4 5.954e22 25 5.5 4.321e6
A2 [s−1] Q2 [Kcal mol–1] n2 B2 [s−1] σ 0 [MPa]
6.869e12 10 5.0 2.154e-2 20.57
q R [cal/mol − deg] m K0 c [T− 1]
5.335e3 1.987 3 1.342e6 9.198e-3

Table A2. SR3 modelling parameters used for the calculation, according to Nygaard et al.
(2006) and Rockfield Software ltd (2013).

E [MPa] ν K0 [MPa] κ p0
t [MPa] p0

c [MPa]

40 0.25 10 0.01 0.085 −1
β[◦] ψ[◦] β0 β0[MPa−1] α N n
60 51 0.6 0.725 0.25 1.3 0.38

where � is the plastic potential defined as:

�(p, ε p
v ) = g(θ, p)q + (p − pt ) tan ψ

(
p − pc

pt − pc

) 1
n

(A14)

where ψ is a material parameter and dilation angle, λ̇ is a plastic
multiplier. The deviatoric correction term g(θ , p) is defined as:

g(θ, p) =
[

1

1 − βπ (p)

(
1 + βπ (p)

r 3

q3

)]Nπ

, (A15)

Nπ is a material constant, and βπ is a function of p:

βπ (p) = βπ
0 exp

(
βπ

1 p
pc

p0
c

)
, (A16)

βπ
0 and βπ

1 are material constants, p0
c and pc is the initial and current

pre-consolidation pressure.
The values used for in the SR3 material model are listed in Ta-

ble A2. Those values have been successfully used to model sediment
rheology around rock salt in, for example Heidari et al. (2016).
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