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Abstract 

In this thesis, it is first found that there are three types of anisotropic salt: chevron-

crystal salt, recrystallized salt and burial-metamorphic salt. Velocity tests of many salt 

samples under varying pressure and temperature suggest that there is little resulting velocity 

change. But pure halite shows a different Vp/Vs pattern than mixtures of halite with sylvite 

and impure salt. Exact expressions for phase velocities in any arbitrary direction are derived 

for cubic symmetry. Group velocity formulae are also developed in symmetry planes. The 

maximum difference between the qsv and qsH velocities occurs in a direction halfway 

between symmetry axes. 

Physical modelling experiments were undertaken on different types of salt, 

including a chevron-salt sphere. Pure chevron-salt and recrystallized-salt are found to 

exhibit shear-wave splitting. However, impure salts (salt mixed with clay, sands, etc.) 

show no shear-wave splitting. It is found that chevron-crystal salt exhibits cubic symmetry. 

A pillar of potash ore was selected for a high-resolution seismic experiment in the 

Prairie Evaporite formation about 1 km underground in Saskatchewan. I observed shear-

wave splitting for many of the three-component record sets acquired in this experiment and 

attribute it to the alignment of salt crystals in the rock in response to the stress field 

prevailing at the time of recrystallization. 
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Chapter 1 - Introduction 

1.1 Background 

Devonian salts play a very important role in hydrocarbon accumulation and 

distribution in western Canada (Anderson and Brown, 1991a, b). The Athabasca anticline, 

the largest single liquid oil accumulation in the world indicated by new data, is a trap 

structure caused by Devonian salt removal (Masters, 1984). 

The importance of salt units and their history of dissolution and deformation in 

sedimentary basins has been documented by many authors (e.g. De Mule et al., 1964; 

Parker, 1967; Smith and Pullen, 1967; Langstroth, 1971; Lohmann, 1972; Edmunds, 

1980; Oliver and Cowper, 1983; Simpson, 1984; Wilmot, 1985; Hopkins, 1987; Jenyon 

and Taylor, 1987; Jenyon, 1988; Anderson, 1991; Anderson and Brown, 1991a, b). 

Dissolution in the western Canada basin, particularly of Devonian salt units, and the 

subsequent differential subsidence, has helped to establish hydrocarbon reservoirs by 

creating structural closure in the overlying section, as well as various controls on 

contemporaneous or later deposition. Edmunds (1980) has stated that salt removal is 

perhaps the most important hydrocarbon-trapping mechanism in western Canada. Salt 

remnants and dissolution features can also, unless fully recognized, lead to gross 

misinterpretation in the subsurface in terms of reefs, basement structure, etc. By salt we 

mean primarily halite (NaCl) but potash or sylvite (KC1) often occurs together with halite 

and both have cubic symmetry. 

Among sedimentary rocks, as documented by Gardner et al. (1974), salt is a special 

type of rock. It has anomalously high velocity (4.5 to 5.5 km/s) and low density (2000 to 

2200 kg/M3) (Figure 1.1). Salt may be changed from elastic to anelastic rock at lower 

temperature and pressure, compared with other sedimentary rocks. 
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FIG. 1.1. P-wave velocity-density relationship for different lithologies showing the special 
location of salt in the density-velocity plot (after Gardner et al., 1974). Solid lines 
show the range of velocity-density change of each lithology; numbered dashed lines 
are constant acoustic impedance. 

The question of whether salt layers in the subsurface may be anisotropic or not is a 

controversial one. Geologically, as seawater evaporates, the concentration of the 

carbonates, sulphates and chlorides increases to the point where one or more salts will 

precipitate. The depositional sequence of evaporites is that calcite and gypsum are the first 

salts to precipitate, followed by halite and sylvite. Under subsurface conditions, gypsum is 

converted to anhydrite due to increased pressure and temperature. This sequence is very 

common in the Devonian of western Canada where salt (halite and sylvite) is usually 

associated with anhydrite. Salt crystals grow in certain trends where salt was originally 

deposited in a stable environments. Different types of salt represent different original 

depositional environment and diagenesis histories. Chevron-salt represents a stable 

environment. The thicker and purer the chevron-salt unit stratigraphically, the more stable 

the environment of deposition was. Chevron-salt is quite common in western Canadian 
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Devonian units (e.g., the Whitkow Member of the Prairie Evaporite Formation, (Meijer 

Drees, 1986). Crystal lattices in recrystallized salt can be rearranged in a certain way due to 

the paleogeothermal gradient and pressure in the region. 

Salt textures have been documented. Skrotzki and Welch (1983) studied the relation 

between salt texture and temperature and concluded that the preferred orientation developed 

in extruded salt is a function of extrusion temperature. Also the connections with the 

diapirism of salt domes were discussed. Larsen (1983) did a textural analysis and 

crystallographic orientation study of a salt dome. Spencer and Lowenstein (1990) 

systematically analyzed diagenesis and geological process of different types of salt and 

textural features. Those types of salt that have preferred crystal orientation exist widely. 

In order to understand what types of salt are anisotropic, the features of salt 

anisotropy, and how the anisotropy can be observed, I first did a classification of salts. 

Then I carried out a physical modelling study and an investigation that included microscope 

study of salt texture correlated with laboratory velocity measurement. Theoretical derivation 

of phase and group velocity for cubic symmetry has been completed. Group velocities 

versus ray angle have been observed and fit well with theoretical calculations for salt 

samples with chevron crystals from the Whitkow Member of the Prairie Evaporite 

Formation in the western Canada basin. The experimental study has been done on 17 salt 

samples which were collected from different areas in Alberta, Canada. From some 

ultrasonic laboratory experiments ( 105-106  Hz), I have found some types of salt to 

exhibit shear-wave splitting (Sun et al., 1991). 

Because salt crystals (halite, sylvite, etc.) have cubic symmetry and are therefore 

elastically anisotropic, we have been considering the possibility of using the diagnostic 

properties of this seismic anisotropy (such as shear-wave splitting) as an additional tool for 

mapping salt, in combination with the traditional well-logging tools - mainly caliper and 

gamma-ray logs. In order that salt units exhibit such diagnostic properties for frequencies 

of relevance to exploration (f 10l02 Hz), salt crystals would have to be aligned 
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throughout certain volume of salt layer. The objective of the field 3-component study 

(Chapter 5) is to see whether in-situ salt might exhibit observable seismic anisotropy in the 

so-called high-resolution frequency range (f 103 Hz), closer to that of exploration. 

1.2 Thesis objectives and structure 

This thesis is concerned with seismic anisotropy of salt for the purpose of mapping 

salt in a new way. Salt anisotropy study is not only meaningful in seismic theory but also 

important in practice such as separating salt remnants from reefs on seismic sections and 

the possibility of exploiting these properties, e.g. directional dependence of salt structure 

migration etc. After salts were classified into different types in terms of possible seismic 

anisotropy, the laboratory velocity measurements on different types of salt were 

implemented (Chapter 2). The phase and group velocity formulae for cubic symmetry were 

elaborated, which provide a theoretical prediction of phase and group velocity for cubic 

symmetry (Chapter 3). Much evidence of salt anisotropy was collected through physical 

modelling, and the results fit the theoretical prediction (Chapter 4). The field 3-component 

study (Chapter 5) was carried out and it was found that the recrystallized and 

thermomechanically altered salt studied in this experiment appears to exhibit observable 

seismic anisotropy in the so-called high-resolution frequency range (f- 103 Hz), closer to 

that of exploration. The symmetry axes of the anisotropy appear to be consistent with a 

cause rooted in the alignment of salt crystals. 

1.3 Data sets used in thesis 

The following datasets were created and used while the salt seismic anisotropy 

study was pursued through theoretical study, modelling, and 3-component experiments in a 

potash mine. 
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1.3.1 Core laboratory velocity data 

The data for all the plots of compressional and shear velocity versus pressure and 

temperature shown in Chapter 2 were measured at Core Laboratories Division of Western 

Atlas Canada Ltd. using ultrasonic instruments on different types of salt samples which 

were from the Core Research Centre of the Energy Resources Conservation Board 

(ERCB). 

1.3.2 Modelling datasets 

(1) The physical modelling data set shown in Chapter 4 was created in the elastic 

and acoustic modelling laboratory at The University of Calgary. Different types of salt 

samples were used as modelling materials. 

For zero-offset transmission modelling with azimuthal rotation of the sample, the 

shear source and receiver transducers were oriented with the same polarization. For source-

receiver offset transmission experiments source and receiver were polarized both in the 

same direction and perpendicular to each other. A similar source-receiver setup was used 

for the transmission experiments around a chevron-salt sphere. Further descriptions are 

given in Chapter 4. 

A table of salt anisotropy parameters (Chapter 3) was deduced using velocity data 

measured from a large pure salt crystal in the same laboratory. 

(2) The numerical synthetic data set shown in Chapter 4 was created by the program 

coded by Sean Guest at Queen's University, Ontario, Canada. 
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1.3.3 Three—component field experiments datasets 

A three-component data set was recorded in the spring of 1993 using a hammer-

impact source in the Allan Mine of the Potash Corporation of Saskatchwan, Saskatoon, 

Canada using acquisition parameters summarized in Table 5.1. The data were acquired in a 

high frequency range (f—b 3 Hz). Normal, inline and crossline components were acquired 

by changing the geophone orientation. Detailed acquisition procedure is given in Chapter 5. 

1.4 Hardware and software used 

Salt velocity measurement under pressure and temperature was performed using the 

Core Laboratories Canada ultrasonic system. All the physical modelling was performed 

using the CREWES Project acoustic modelling system at The University of Calgary, 

Canada. Panametrics V103 piezoelectric transducers were used for both P-wave sources 

and receivers. Panametrics V153 piezoelectric transducers were used for both S-wave 

sources and receivers. Amplified modelling data were recorded using a Nicolet oscilloscope 

connected, through an [BM—XT, which controls the experiment, to a Perkin—Elmer 3240 

seismic processing system for storage. The three-component experiment in Allan Mine of 

PCS was implemented using a 24-channel Bison GeoPro for data recording and storage. A 

hammer was employed as the energy source (frequencies from 100 to 2000 Hz), and high-

frequency geophones were used for recording. 

Programming was undertaken mostly on a SUN workstation through the UNIX 

operation system. Field recorded seismic data were converted to SEGY IBM format using 

the VISTA software package (Seismic Image Ltd). Some additional programming was 

undertaken on IBM PC 386. Some data processing work was done using the Inverse 

Theory and Applications (ITA) and ProMax processing packages, running on SUN 

workstations. The seismic displays were generated using a Versatec plotter attached to the 
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system. The thesis text was written on the Macintosh computer with Microsoft Word while 

the mathematical equations were generated using Expressionist. The figures and tables 

were created using graphics software such as Canvas, Cricket Graph, MacDraw, and 

Photoshop on Macintosh computers. 
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Chapter 2 - Salt classification and velocities measurement in 

laboratory 

2.1 Introduction 

In order to facilitate the description of the evaporitic deposits in a very simple way, 

Meijer Drees (1986) subdivided evaporitic deposits into two groups. Major evaporitic 

deposits are thick, extensive and include interbeds of halite. Minor evaporitic deposits are 

relatively thin, have a local distribution, and do not include salt beds. 

Geologically, on the one hand, as seawater evaporates, the concentration of 

carbonates, sulphates and chlorides increases to the point where one or more salts will 

precipitate. The depositional sequence of evaporites is that calcite and gypsum are the first 

salts to precipitate, followed by halite and sylvite. This sequence can be seen in the 

Devonian of western Canada (Meijer Drees, 1986). Under subsurface conditions, gypsum 

is converted to anhydrite due to increased pressure and temperature. On the other hand, 

brine crystallization is more complex than ordinarily believed. It is influenced by a number 

of variables including brine concentration, temperature, solubility of the salts in the brine, 

and paleo-environmental factors such as energy, depth of water, bathymetry of the basin, 

and geomorphological characteristics of the adjacent land bodies. Additionally, salt layers 

in the subsurface afterwards undergo diagenesis. 

In this chapter I present salt classification based on salt velocity features and seismic 

anisotropy. Under laboratory conditions some types of salt have been found to exhibit 

shear-wave splitting (Sun et al., 1991). By salt I mean primarily halite, NaCl; but sylvite 

(potash), KC1, often occurs together with halite and both have cubic symmetry. As a matter 

of fact, chevron salt is produced syndepositionally in a very stable environment and has a 

syntaxially grown crystalline framework consisting of vertically oriented and elongated 

crystals. The preferred orientation can be developed in extruded salt as a function of 
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extrusion temperature (Skrotzki and Welch, 1983). Schwerdtner (1966) also reported a 

preferred orientation found in halite rocks of Gulf Coast domes (U.S.A.). 

In the process of seismic exploration, an understanding of seismic velocities in 

rocks plays a vital role in the success of seismic methods. The objectives of salt-velocity 

measurements in the laboratory are to observe the changing pattern of Vp/Vs and elastic 

velocity anisotropy, and to determine the degree of velocity contrast among different types 

of salt. 

2.2 Salt classification 

Geophysically, the criterion for classifying salts is to observe whether the different 

types of salt cause seismic waves to behave differently as they propagate through the salt 

units, with a view to observing any anisotropy. Geologically, these properties of salt 

depend on several factors such as: origin, composition, and the influence of diagenesis or 

burial metamorphism. The salt classification presented below is related to the velocity 

characteristics (properties) of salt. 

Primarily, salt can be classified according to composition into two groups: pure, 

and impure salts. Impure salts are those in which salt crystals are mixed uniformly with 

clastic deposits (due to intrasedimentary growth of salt). Pure salt layers interbedded with 

non-salt thin layers (e.g., thin anhydrite layers) are considered as pure salt. If salt crystals 

are mixed uniformly with elastic deposits, the crystals are usually randomly oriented 

(Figure 2.1a). My laboratory results show that such salt is isotropic. According to the 

characterization of salt-crystal orientation and alignment, pure salt is classified into three 

types: chevron-crystal, detrital, and recrystallized or burial-metamorphic. 

I: Chevron-crystal salt: this type of salt is produced syndepositionally in open 

spaces on the bottom of a brine body and has a syntaxially grown crystalline framework 

consisting of vertically oriented and vertically elongated crystals. This type of salt is 
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commonly preserved in modern and ancient evaporites. It represents a stable environment 

(e.g., an ephermeral lake-salt pan or permanent brine body). Gypsum is also reported with 

similar features (Schaller and Henderson, 1932; Lowenstein, 1982, 1988). Visually, the 

sample in Figure 2.lb and c shows white to colourless halite, with a 2-3 mm thick 

anhydrite lamination (c), cloudy or milky paths of vertically oriented, and equigranular 

(around 2 mm) crystals, crystallographic orientation is not observable. The experimental 

results show crystals are vertically oriented. 

In geological processes, salt type I is layered and has a syntaxially grown 

crystalline framework consisting of vertically oriented and vertically elongated crystals. In 

essence, this fabric represents competitive crystal growth upward into a free-standing, 

saturated brine. Vertical orientation exhibits two forms: (1) vertically directed "chevrons" 

(syntaxial overgrowths on upward-facing cube coigns, Spencer and Lowenstein, 1990) 

and "cornets" (syntaxial overgrowths on upward-facing cube faces); (2) upward-

coarsening and widening crystals. 

Stratigraphically, a salt layer usually consists of many salt units interbeded with thin 

shale (mud), anhydrite or carbonate. This entails three different causes: (1) environmental 

change, whereby the concentration of evaporite changes to the point where gypsum or 

carbonate precipitates; (2) dissolution or erosional surfaces that truncate vertically oriented 

crystals and act as substrates for growth of a new crystalline layer; and (3) clastic deposits, 

such as clay, moved to the brine pools via certain channels (e.g. rivers) from outside a 

brine pool while salt crystals were growing. One typical example of this is in Qaidam 

Basin, China (Casas et al., 1992). There are two processes that produce this type of salt: 

(1) mechanical accumulations of cubes that precipitated in a water column and settled to the 

bottom of brine pool (Lowenstein and Hardie, 1985); and (2) frameworks of abraded 

crystals sorted by bottom currents (Weiler et al., 1974). 

II. Detrital-framework salt: the framework of grains with point contacts establishes 

a primary detrital texture in evaporites which is produced in high-energy ephemeral 



well: 1032-45-1W4 
depth: 3440 - 3500 ft 

well: 6-30-86-13W4 
depth: 2215 - 2272 ft 

well: 16-27-55-12w 
depth: 4454 - 4463 ft 

well: 6-30-86-13W4 
depth: 2215 - 2272 ft 

well: 10-3-49-6W4 
depth: 3764 - 3824 ft 
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well: lO-3-49-6W4 
depth: 3764 - 3824 ft 

well: 1O-32-45-1W4 
depth: 3440-3500 ft 
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FIG. 2. 1. Photographs of all type of salt samples 
(a) Impure salt, fine crystalline halite, sylvite uniformly distributed with 
abundance of clay. The sample is from the depth range: 1048.5 - 1066.8 m in 
well: 10-32-45-1W4, Alberta, Canada, Leofnard Member, Devonian. 
(b) and (c) Chevron-crystal salt, white to colourless halite, with 2 to 3-mm thick 
anhydrite lamination (c, converted from gypsum), cloudy or milky paths of 
vertically oriented, equigranular (around 2 mm) crystals, and crystallographic 
orientation is not observable, sample from depth range: 675.1-692.5 m, well: 6-
30-86-13W4, Alberta, Canada; Whitkow Member, Prairie Formation, 
Devonian. 

(d) Detrital-framework salt, tiny white (≤1 mm) halite crystals with point 
contacts establishes a primary detrital texture, mostly equigranular and euhedral 
crystals, with random crystallographic orientation, and high porosity; sample 
from modern deposit of Dabasun Lake, Qinghai, P.R.China. 
(e) Recrystallized salt, large pure crystalline halite, brown clay fragments show 
up occasionally; transparent, same crystallographic orientation; sample from 
depth range: 1357.6 - 1360.3 m, well: 16-27-55-12W4, Alberta, Canada, 
Upper Lotsberg Salt, Devonian. 
(f) Recrystallized salt, halite (size: 0.2-0.5 cm) with seasonal intrasediments 
clay (visually layered); crystallographic orientation is not observable, sample 
from depth range: 1147.3 - 1165.5 m, well: lo-3-49-6W4, Alberta, Canada, 
Leofnard Member, Prairie Formation, Devonian. 

(g) Recrystallized salt, high content sylvite (≤ 0,5 cm) with minor halite, 
crystallographic orientation is not observable; sample from depth range: 1147.3 
- 1165.5 m, well: 10-3-49-6W4, Alberta, Canada, Leofnard Member, Prairie 
Formation, Devonian. 
(h) Recrystallized salt, pure fine crystalline halite with minor sylvite, 
crystallographic orientation is not observable; sample from depth range: 1048.5 
- 1066.8 m, well: lo-32-45-1W4, Alberta, Canada; Leofnard Member, Prairie 
Formation, Devonian. 
(i) Recystallized salt, sylvite (darker) with minor halite (lighter) (crystal size: 
0.2-1.0 cm) thermomechanically altered salt; sample from the Allan Mine of 
Potash Corporation of Saskatchewan, the Patience Lake Member, Prairie 
Formation, Devonian. 
(j) Crystal-oriented salt, from dissolution-reprecipitation. It is transparent, one 
single crystal but perhaps an amalgamated crystal (same crystallographic 
orientation); sample from the Allan Mine of the Potash Corporation of 
Saskatchewan; the Patience Lake Member, Prairie Formation, Devonian. The 
scale of this salt block is about 5.0 meters in diameter. 

environments as clastic rocks. The salt layer exhibits isotropic features. Figure 2. Id shows 

this type of salt with tiny white (≤ 1 mm) halite crystals, mostly equigranular, and euhedral 

crystals, with random crystallographic orientation, and high porosity. 

III Recrystallized and burial metamorphic salt: This type of salt is diagenetically 

altered by subsurface conditions,. and it could be anisotropic or isotropic. Salt in a salt 

dome fit into this texture. Its crystals may have a strongly preferred orientation (Skrotzki 
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and Welch, 1983; Larsen, 1983). It may also be strongly altered by temperatures and 

pressures due to burial in which case it is called anhedral mosaic salt. 

Salt can have a strongly preferred crystal orientation due to recrystallization and 

metamorphism (Strotzki and Welch, 1983; Larsen, 1983). It also can be strongly altered by 

the temperatures and pressures due to burial where it may be called anhedral mosaic salt. 

The textures of these three types of salt are depicted in Figure 2.2. 

The basic feature of anhedral mosaic salt is its polygonal mosaic texture that is a 

product of annealing recrystallization whereby grains "optimize" their size, shape and 

orientation to minimize the energy. Anhedral mosaic salt notably lacks vertical orientation; 

primary growth features have been destroyed. Instead, the anhedral mosaic consists of 

clear grains that meet at triple junctions that approach 1200 angles in typical annealing-

recrystallization polygonal-mosaic fashion. What the velocity characteristics are for this 

type of salt is still unclear. It is predicted that anhedral mosaic salt mostly exhibits isotropy. 

However, the recrystallization may be very patchy and the primary unaltered chevron halite 

could coexist with anhedral mosaic halite, which exhibits weak anisotropy. 

(a) 

FIG. 2.2. Crystal framework of three major types of salt: (a) chevron-crystal, (b) detrital, 
(c) recrystallized, burial-metamorphic and anhedral mosaic (right panel) salt. 

Recrystallization as applied to metamorphic salt refers to the reconstitution of an 

exisiting phase and controlled by pressure and temperature. It is a time-dependent process. 

The preferred orientation developed in extruded salt has been found as a function of 

extrusion temperature (Skrotzki and Welch, 1983). Two kinds of preferred orientations can 
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be developed in salt: 

(1) Dimensional-preferred orientation: inequidimensional such as elongate, flaky or 

prismatic crystals have a tendency towards parallelism of one or more of the morphological 

axes. 

(2) Lattice-preferred orientation: The crystal structures ('lattices') and hence optic 

directions and various crystallographic features (face, cleavage, etc.) have related 

orientations. 

I use the North American crystal indices convention in this thesis. Square brackets 

[ ] denote uniaxial directions; and braces <>denote all similar directions in a crystal. 

Parentheses ( ) denote a unique face; and curly brackets { } denote all similar faces of a 

crystal, e.g. the form of a crystal. 

In most cases in salt, according to Strotzki and Welch (1983), the preferred 

orientations are lattice-preferred orientation. With increasing temperature a <100> fibre 

develops by recrystallization. When crystallization is suppressed by impurities, which 

happens often in natural rock salt, the deformation texture is more pronounced and the 

development of the <100> recrystallization fibre starts only at higher temperature. 

Figure 2.3 shows the experimental results of Skrotzki and Welch (1983) which 

indicate that extrusion of NaCl polycrystals above room temperature leads to a <100> 

<111> double fibre texture. The [ 1001 fibre intensity runs through a maximum at a certain 

temperature (T0) where the [111] fibre has a minimum. This result indicates that a texture in 

salt domes will lead to anisotropic behavior under thermomechanical strain. For the 

experiment strongly resembled extrusion process, the results suggest that a double fibre 

texture near <100> and <Ill> in salt domes is in the vertical direction, i.e., in direction of 

flow. 

One other case is that salt that is produced from dissolution-reprecipitation usually 

has a lattice-preferred orientation. It is, however, small scale compared with that of burial-

metamorphic recrystallization. In this case an initial floodwater causes extensive tubular 
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networks of vertical and horizontal dissolution cavities. Subsequent evaporative 

concentration of the flood water results in halite-saturated brines and renewed crystal 

growth. Figure 2.1 e consists of oriented salt crystals, or a single crystal or perhaps 

amalgamated crystal (same crystallographic orientation). Also, of course, it has strong 

preferred orientation. It is produced from dissolution-precipitation in the subsurface. Salt 

classification is summarized in Table 2.1. 
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FIG. 2.3. Temperature (Tex) dependence of the intensities of the preferred fibres in 
extruded synthetic salt (dashed curves, open symbols) and natural salt (solid 
curves, filled symbols). Intensities are given in units of a random orientation 
distribution I (modified after Skrotzki and Welch, 1983). 



Table 2. 1. Salt classification and velocity features 

type pure salt impure salt 

subtype I II III 

salt crystals 
uniformly 
mixed with 
elastic 
deposits 

name chevron-crystal salt detrital-framework salt recrystallized, metamorphic salt 

features 

• syndepositional 

• vertically oriented 
and elongated and 
vertically directed 
"chevrons" 

• vertically oriented 
and elongated, upward- 
facing cubes (flat-topped) 

• mechanical 
accumulations of cubes 

• frameworks of abraded 
crystals sorted by bottom 
currents 

• salt crystals randomly 
oriented 

strongly perferred 
crystal orientation 
when strained 

thermomechanically 

lack of vertical 
orientation, 
anhedral mosaic 
crystals 

velocity 
property anisotropic isotropic anisotropic isotropic isotropic 

occurrence normal salt units normal salt units normal salt units, salt domes, salt plugs normal salt 

environment ephemeral lake-salt pan 
permanent brine body 

permanent brine body or 
 high-energy ephemeral 
system 

reprecipitation 
diagenetic alteration of salt 

intrasediment 
growth of salt 
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2.3. Laboratory measurement of compressional- and shear-wave 

velocities 

As discussed above, salts are classified as various types that may have different 

attributes of velocity as they are different with respect to the origins of evaporites, the 

influence of diagenesis, or burial metamorphism. Velocity always is a very important 

parameter in seismology. In multicomponent seismic studies, Vp/V5 is an useful indicator 

of lithology. It was reported that the Beaverhill Lake salt has a VSP-determined Vp/V5 1.97 

(Geis et al., 1989) which was recommended as a diagnostic to distinguish salt from other 

lithologies. In fact our measurements show that Vp/V5 varies as the salt type changes. 

Laboratory velocity measurements were made on many salt samples with P- and S-wave 

ultrasonic -transducers, simulate in-situ conditions, in which pressure and temperature 

effects were considered. 

2.3.1. Experimental apparatus and procedure 

Figure 2.4 shows the schematic diagram of the experimental apparatus. An 

ultrasonic pulse-transmission method was employed in the experiments. Overburden 

pressure (Pc) and pore pressure (Pr) can be controlled separately. However, with the 

exception of detrital-framework salt, most salt samples are considered as non-pore rock. 

Therefore, neither a pore-pressure controller nor a back-pressure controller were used 

during the experiments. A pump with a step motor-drive controls overburden pressure. A 

thermometer (T) was employed to control the temperature of the sample inside the pressure 

vessel. A heater in the pressure vessel was used to increase the temperature. The 

transmitting and receiving transducers consist of both compressional (F) and shear (S) 

piezoelectric crystals of 500 kHz. A P-wave transducer is located in the centre while 8 S-

wave transducers are displayed in a circle around the P-wave transducer, by which means 
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the quasi-S i (faster quasi-shear wave) may be received progressively earlier. The 

transmitting transducer converts the ultrasonic pulse generated by the pulse generator 

(Figure 2.3.1.1) to elastic waves. The receiving transducer, identical to the transmitting 

transducer, converts the elastic wave traveling through the rock sample back to electrical 

signals. The received waveforms are displayed and digitized by an oscilloscope and then 

stored for further processing and traveltime analysis using a microcomputer. 

Pump 

Pump 

PC 

Back 
pressure 

Ira sducer 

End View 

P-P-wave transducer 
S-S-wave transducer 

Sample 

Tra sducer 

(1se Generator) 

(Usc 1110 score) 

mPuter) 

Pressure Vessel   T 

Pore pressure controller and gauges 

Uuerburden pressure controller and gauges 

(j—Temperature controller and gauges 

FIG. 2.4. Schematic diagram of the acoustic measurement system. 

The waveforms stored in the computer can be retrieved and amplified (in both 

horizontal and vertical directions) so that accurate traveltimes can be picked. The velocities 

were calculated using the measured core sample length and picked traveltimes. The total 

uncertainty in the calculated velocities is estimated to be less than ± 1% (Wang et al., 
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1991). 

The rock salt samples were cut flat on both ends. Each sample had a diameter of 8.8 

cm whereas the lengths of samples ranged from 10 to 28 cm. Both recrystallized and 

detrital-framework salts were measured but the chevron-crystal salt could not be tested 

because the samples, due to previous cutting, were not round. 

The sample was jacketed in a high-pressure and high-temperature plastic sleeve then 

loaded into a hydrostatic pressure vessel. Overburden pressure was increased to 6000 psi 

for most samples and then lowered to 0 psi. Then the rock sample was heated and for 

temperatures from 21.9°C to 139.3°C, velocities were measured to determine the 

temperature effects. Also one heated sample was used to measure the velocities versus both 

overburden pressure and temperature. 

2.3.2. Experimental results 

In this velocity measurement, various samples of recrystallized salt and detrital-

framework salt have been tested. Chevron-crystal salt could not be jacketed in the high-

pressure, high-temperature plastic sleeve due to previous cutting. 

In general, apart from the detrital-framework salt, the velocities (both P-wave and 

S-wave) do not change dramatically as pressure or temperature varies. If salt is not pure 

halite, Vp/Vs versus pressure or temperature shows two different characteristics: first 

Vp/Vs increases and gradually drops after 1000 psi or 1500 psi, which indicates a greater 

increase of compressional-wave velocity than shear-wave, followed by the opposite. In 

pure halite (no matter whether it has dissolution cavitivities or not and no matter what the 

crystal size) Vp/V5 declines as pressure increases, indicating that shear-wave velocity 

increases relatively more rapidly than the P-wave velocity. Following analysises are based 

on laboratory tests attached in Appendix C for samples B, C and E). 
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2.3.2.1 Pressure effects 

Figure 2.5 shows, as an example, the velocities and Vp/Vs versus effective 

pressure in an impure salt sample from the Leofnard Member, Devonian (sample D, Well: 

10-32-45-1W4 Alberta, Canada, depth range: 1048.5 - 1066.8 m) which is fine crystalline 
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halite with sylvite uniformly distributed and plenty of clay. As will be discussed in Chapter 

4, impure salt exhibits isotropic features. That is, there is only one shear-wave velocity: the 

one plotted in figure 2.5a. It is indicated in the plot that both compressional (Vp) and shear 

(V5) velocities do not increase significantly as the overburden pressure increases. The 

Vp/V5 ratio increases up to I kpsi and gradually drops thereafter. Figure 2.5b, the plot of 

Vp/V5 ratio versus pressure, can be separated into two parts: below I kpsi, the V5 increases 

slightly but less relative to Vp. Above I kpsi V5 increases more rapidly than Vp. This can 

be seen from the plot of Vp/V5 versus pressure (Figure 2.5b). The Vp/V5 ratios determined 

range from 1.70 to 1.75. A similar result can be found in the sample of halite with 

abundant sylvite (see Figure 2.6) from the Leofnard Member, Devonian (well: 10-3-49-

I W4, depth range: 3764 - 3824 ft, Alberta, Canada). The Vp/V5 ranges from 1.60 to 

—1.76. 

However, the pattern of velocity and Vp/Vs of pure halite is different. Even though 

recrystallized salt visually can be very different as formation history and diagenesis are 

different, as will be discussed below, experiment results have shown that all pure 

recrystallized halites have the same plot pattern of Vp/V5 versus overburden pressure, 

whereas a mixture of halite with sylvite or clay shows a different pattern. 

A large pure crystalline halite (crystal size: 3-4 cm) with only occasionally shows of 

small brown clay fragments was selected for an overburden pressure test (sample G) . In 

Figure 2.7, even though both compressional and shear velocities do not change 

significantly as the overburden pressure increases, they increase smoothly. The faster 

shear-wave velocityVS i increases greater than Vp. It is important to notice that the pattern of 

Vp/V5 versus pressure is different from the previous case. Both plots of Vp/V5 versus 

pressure and velocity slope (refer to Appendix C) indicate that shear velocity increases 

more rapidly as pressure increases than does compressional velocity. 
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FIG. 2.6. (a) Compressional (Vp) and shear (Vs) velocities and (b) Vp/Vs ratio, versus 
pressure in a salt sample (A) composed of halite and sylvite. 



24 

(a) 

5000 

(b) 

4500 

4000 -

3500 

3000 -

El P-wave 
• S-wave 

 a 

2500 -

2000 
0 1000 2000 3000 4000 5000 6000 

Pressure (psi) 

1.73 

1.69   
0 

I . 

1000 2000 3000 
Pressure (psi) 

4000 5000 6000 

FIG. 2.7. (a) Compressional (Vp) and shear (Vs) velocities and (b)Vp/V5 ratio, versus 
pressure in a large pure recrystallized halite sample (G). 
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FIG. 2.9. (a) Compressional (Vp) and shear (V5) velocities and (b)VpIV5, versus pressure 
in a visually layered recrystallized pure halite sample (E). 
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sample shown in Figure 2.ld) which is pure halite. As predicted, Vp/Vs dramatically 

increases when pressure increases, but the curve of Vp/Vs shows the same pattern as 

previous pure halite samples. 
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FIG. 2.10. Compressional (Vp) and shear (V5) velocities (a) and Vp/Vs versus pressure in 
pure very large halite crystal with minor clay fragment inclusions. 
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This fact indicates that for recrystallized salt, the salt components are the dominant 

factor that affects velocities and Vp/V5. The diagenesis (e.g., salt dissolution) only changes 

the value of Vp or V5, but does not change the pattern of Vp/V5 versus pressure. 
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FIG. 2.11. (a) Compressional (Vp) and shear (V5) velocities and (b)Vp/V5, versus pressure 
in pure halite of detrital-framework salt. 
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2.3.2.2 Temperature effects 

As discussed above, velocity of salt always increases with increasing pressure. 

Figures 2.12a, 2.13a and 2.14a show that the velocities decrease with increasing 

temperature. The Vp/Vs ratio increases with increasing temperature from 210 to 70°C 

(Figure 2.12b). This means that, compared with Vp, VS decreases relatively more rapidly 

with increasing temperature in a recrystallized salt sample composed of fine crystalline 

halite with minor sylvite under the same pressure. 

The Vp/Vs versus temperature curve(Figure 2.12b) shows similar patterns to those 

of the Vp/Vs versus pressure curve (Figure 2.13b). A sample composed of halite and 

minor sylvite was tested and the result plotted in Figure 2.13. A pure halite sample was 

also tested with increasing temperature (Figure 2.14). The Vp/Vs ratio declines as 

temperature increases, which indicates that Vp decreases relatively more rapidly with 

increasing temperature. 
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FIG. 2.13. (a) Compressional (Vp) and shear (V5) velocities and (b)Vp/Vs ratio versus 
temperature in a salt sample composed of halite with sylvite. 
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FIG. 2.14. (a) Compressional (Vp) and shear (V5) velocities and (b) Vp/Vs ratio, versus 
temperature in a pure halite sample. 
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2.3.2.3 Sensitivity analysis of Vp/Vs pattern 

Though the Vp/Vs pattern difference between pure and impure salt were examined 

through different samples, the sensitivity of these patterns is subject to the accuracy of 

velocity measurement. In the velocity measurement, errors might arise from uncertainties in 

picking the first arrival time of the waves, measuring the sample length, and controlling 

temperatures and pressures. Both compressional- and shear-wave arrivals are very sharp in 

the salt because of low attenuation. The end-surfaces were finely polished to parallel during 

sample preparation. The total error in the velocity values was estimated in the salt velocity 

measurement to he very similar to that of Wang et al. (1991), i.e. about ±1%. 

First, P-wave velocity is increased I% whereas S-wave velocity is decreased 1%; 

and second, P-wave velocity is decreased 1% whereas S-wave velocity is increased 1%. 

The third-order polynomial regression has been applied to the data of Vp/Vs versus 

pressure or temperature in two different ways so that the sensitivity of Vp/Vs pattern can be 

seen. The polynomial regression, is first applied to the Vp/V5 data described above, then 

applied to the data for the two cases with error. 

In general, the trends of the Vp/Vs patterns versus pressure or temperature for both 

pure and impure salts are similar to the previous results (see Figure 2.15, 2.16, 2.17, and 

2.18 and compare with Figure 2.8h, 2.5h, 2.11 h, and 2.14b). The estimated VP/V5 error 

can he approximately ± 0.04 in maximum due to 1% total error of velocity measurement. In 

the case of P- and S-wave velocities are both increased or decreased 1% in value the Vp/Vs 

curves (see the middle curves in Figure 2.15a, 2.16a, 2.17a, and 2.18a) are the same and 

almost identical to corresponding Vp/Vs curves without adding velocity error (Figure 2.8h, 

2.5h, 2.1 lb, and 2.14h), which indicates that a systematic error does not make Vp/Vs 

pattern recognition of pure and impure salts fail. However, if the random error is 

significant, the Vp/Vs pattern recognition can he failed. These conclusions do not apply to 

detrital-framework salt as it can he seen in Figure 2.17 due to wider change of velocity as 

pressure increases. 
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0 S-velocity increased I % and P-velocity decreased I % 
FIG. 2.16. Pressure Vp/Vs patter1 sensitivity analysis for impure halite (sample D, mixed 

with clay, compare with Figure 2.5b). Polynomial regression (3rd order) was 
applied to each individual case as denoted therein. 
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Pressure (psi) 

n both P- and S- velocity increased 1%; + both P- and S-velocity decreased 1 9 

• P-velocity increased 1 % and S-velocity decreased 1 % 
0 increased I % and P-velocity decreased I % 

FIG. 2.17. Pressure Vp/Vs pattern sensitivity analysis for detrital-framework salt (sample J, 
compare with Figure 2.11 b). Polynomial regression (3rd order) was applied to 
each individual case as denoted therein. 
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FIG. 2.18. Temperature Vp/Vs pattern sensitivity analysis for pure halite (sample L, 

compare with Figure 2.14b). a) polynomial regression (3rd order) was applied 
to each individual case as denoted therein. 
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Chapter 3 - Theory of anisotropic media of cubic symmetry 

3.1 Introduction 

One wants the exact expressions for seismic velocities as functions of propagation 

direction because velocity variation with propagation direction is one of the fundamental 

properties of seismic anisotropy. However, it can be extremely complicated to get the exact 

expressions for velocities with directional dependence in an arbitrary off-symmetry plane. 

This directional dependence of velocities for transversely isotropic media has been studied 

by Thomsen (1986) and Eaton and Stewart (1991); and in symmetry planes of 

orthorhombic media by Brown et al. (1991). 

The crystal structure of halite salt belongs to the cubic symmetry class. For this 

case, I have derived the exact expressions for phase velocities in any direction. Group-

velocity formulae are also developed for propagation in symmetry planes. One structure 

included in the cubic symmetry class has three 4-fold symmetry axes. 

3.2 Determination of anisotropic parameters of salt 

In order to deduce the stiffnesses of cubic salt, I selected a pure salt crystal sample 

(100% halite) (measuring I 15x1 15x100 mm) (Figure 3.1). This large salt crystal grew in a 

very stable environment. Therefore, the crystal alignment was perfect. It is colorless to 

white, and crystallographic orientation is very clear. 

In the cubic symmetry class, we define special directions (1,0,0), (0,1,0), and 

(0,0, I) as X, Y, Z , respectively. The direction halfway between X and Y is defined as 

(1,1,0). The planes that are orthogonal to those special directions are called symmetry 

planes [l,0,0], [0, 1,0], [0,0,1], and [1,1,0] (see Figure 3.2). As will be described, phase 

velocity, group velocity, and stiffness have specific relationships in those directions. 
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FIG. 3. 1. Photograph of a large pure halite crystal (measuring 115x] 15x100 mm) used for 
determining anisotropic parameters of halite. 

X 

FIG. 3.2. Crystal symmetry and definition of directions (1,0,0), (0,1,0), (0,0,1), and 
(1,1,0) and symmetry planes [1,0,0], [0,1,0] and [0,0,1], using convention 
defined in Chapter 2. 

Optically, cubic symmetry is isotropic. Elastically, cubic symmetry is anisotropic. 

This can, simply, be explained by German's Theorem (Helbig, 1994). The optical 

properties of a crystal (tensor of rank two) are rotationally invariant with 
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respect to any n-fold axis with n > 2. In cubical crystals the three coordinate axes are four-

fold, thus cubic crystals are optically isotropic. However, the elastic properties (tensor of 

rank four) are rotationally invariant with respect to any n-fold axis only when n > 4, thus 

cubic crystals are elastically anisotropic. 

The waves propagating in anisotropic elastic media can be described by the well 

known Kel vin-Christoffel equation: 

(nnIcJkj- pV2öjk)Pk = 0 (3.1) 

where Einstein's summation convention is employed, flj is the unit vector normal to the 

wavefront, cjjkj is the tensor of elastic stiffnesses, p is the density (for salt p=2.165 g/cm3, 

at 25 °C), v is the phase velocity, i5jk is the Kronecker delta, and P k is particle motion or 

polarization vector. 

The fourth-order tensors cijkl can be written as a second-order (6x6) symmetric 

matrix due to symmetry (Musgrave, 1970; Thomsen, 1986; Winterstein, 1990). In the 

case of cubic symmetry, only three independent stiffnesses have nonzero values 

(Musgrave, 1970; Miller and Musgrave, 1956). That is, 

c11 =c22 =c33, cI2=c13=c23, c44 =c55 =c66 

In the principal direction nj = (1,0,0), equation (3.1) gives solutions: 

Cii=pv?i, C44=pv2=pv3 

(3.2) 

(3.3) 

where Vjj is phase velocity, also equal to the group velocity due to the symmetry. The 

wave propagation direction is referred to by i, andj refers to the particle motion direction. 

The relationship between phase velocity and group velocity has been discussed by 
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Thomsen (1986). In the direction flj =( I, 1,0), equation (3.1) gives the solution for P-wave 

phase velocity: 

pv 4 = RCI 1+C 12+2C44) (3.4) 

where v44 is the phase velocity in the direction halfway between symmetry axes. In 

order to deduce the stiffnesses, velocity measurements were carried out in the specific 

directions (1,0,0) and (1,1,0) through that salt crystal (Figure 3.1). The F- and S-wave 

velocities in two specific directions are listed in Table 3. 1, together with deduced 

anisotropic parameters (stiffnesses). 

Table 3.1 Salt anisotropy parameters 

Vp (km/s) V (kmls) C11 * 
C12* C44 * 

(1,0,0) (1,l,0)(l,0,0) (1, 1,0) 

47.0 14.0 12.3 
4.66 4.45 2.38 

SI: 2.83 

S2: 2.38 

* unit: 1011 dyn/cm2 

3.3 Formulae for phase and group velocities in media of cubic 

symmetry 

It can be extremely complicated to get the exact expressions for directional 

dependence of velocities, which is one of the fundamental properties of seismic anisotropy 

in an arbitrary off-symmetry plane. However, I have derived the exact expressions for 

phase velocities in any direction for the case of cubic symmetry. Group-velocity formulae 

are also developed for propagation in symmetry planes. 

Cubic symmetry is the structure that has three 4-fold rotation axes. For the case of 

cubic symmetry, the 3x3x3x3 stiffness tensor Cjjkl may be reduced to a 6x6 symmetric 
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matrix in which only three independent stiffnesses have nonzero values (Musgrave, 1970, 

Miller and Musgrave, 1956). That is: 

C" C, 2 C,3 C14 C15 Ci 6 
C21 C22 C23 C24 C25 C26 
C3, C32 C33 C34 C35 C36 
C4, C42 C43 C44 C45 C46 
C5i C52 Cs3 C54 Cs5 C56 
C61 C 2 C63 C64 C'65 C66_ 

Ci, C12 13 
ç12c22 C23 

= C13—C23C33 
0 0 0 
0 0 0 
0 0 0 

0 0 0 
0 0 0 
0 0 0 
CLI&0 0 
0Cs5 0 
0 0 

(3.5) 

In order to provide intuition into and simplify the phase- and group-velocity 

expressions, I introduce three parameters e, Y, and ço for cubic symmetry (see Appendix 

D). 

= (Ct, - C44)2(a - - a(C + C,2)2 

Y= /3[(C,2 + C44)2(3C,, - 2C,2- 5C44) - (C,, - C44)3J 

+ a(C11 - C44)(C,, + C,2)(C,i - C,2 - 2C44) - (C,, - C44)3 
3 27 

3y  
= arccos[ 2(-E)312 

where 

(3.6) 

(3.7) 

(3.8) 

(3.9) 

a= n?n + n2/13+ nn?, and =III n 2n 3 (3.10) 

Recall that the unit vector (n i, 112, n) is a function of phase angle (0)• We have the 

exact expressions for the phase velocities as functions of phase angle in 3-D space (any 

arbitrary direction) (see Appendix D). 
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3.3.1 Phase Velocity 

The P-wave and two shear-wave phase velocities can be expressed by: 

3.3.1.1 P-wave phase velocity 

C1  + 2C44  
V 1? = 21/(3s) 3p Cos 3 + 3p 

3.3.1.2 SV-wave phase velocity 

2 2(-3s) ,( r.. C11 +2C44  
vst, = 3 COs(-- + + 3p 

3.3.1.3 SH-wave phase velocity 

V.31 = 2Y(-3s) Cos( T + 41r) + C11 +2C44  
3p 3 3 3p 

(3.11) 

(3.12) 

(3.13) 

The shear-wave singularities (two shear waves having the same phase velocity) in 

salt are on the major symmetry axes. At these points, formulations can be written as 

follows: 

V2 = _  
I,— P 3p 

v. v = l'.i = + Ci i + 2C 44  
2p 

(3.14) 

(3.15) 
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3.3.2 Group Velocity 

Components of the group velocity can be computed by using the equation 

developed by Kendall and Thomson (1989), as long as the phase slowness is available. In 

a symmetry plane the group velocity can be determined from phase velocity using well-

known relationships (Postma, 1955; Backus, 1965) 

V2(Ø) = v2(6) + (dv\2 
kdo) (3.16) 

vtanO+ .JL 

tanØ= dO 
v- dv 

.- tanO 
dO 

(3.17) 

It is indicated in (3.16) and (3.17) that along a symmetry axis, group velocity is equal to 

phase velocity and phase angle (0) or slowness direction is the same as the group angle (,) 

or angle of incidence of the ray. This is because the derivative of phase velocity with 

respect to phase angle in that direction is zero, namely: 

(3.18) 
dO 

Phase velocities (v) and slowness against phase angle (0) in a typical symmetry plane of 

salt indicate that, at those points which represent symmetry axes, the velocity is stationary 

with respect to phase angle in that direction. It is also indicated in (3.16) and (3.17) that 

group angle (0) is a function of phase angle (8). More detailed and intuitive discussion is 

given by Brown et al. (1991). Group-velocity surfaces in these symmetry planes are 

similar. In one of the symmetry planes, the unit vector (n 1, fl2, fl3) is given by: 
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n1=cosO, n2= sin 9, n3 =0. (3.19) 

From equation (3.10) we have a = cos20sin29 and 0 = 0. The following formulae are 

derived (Appendix A) for group velocities (Vp, V, V) in a typical plane of cubic 

symmetry: 

W = cOS2( (p/3)sin2(40)(C 11 + C12 II - C12 - 2C) - 

48p2vs 

S c0s2+ 2Jr)/3)sin2(46)(C = S  ((p 48p2v + C12)2(C 11 - C12 - 2C) 
s 

V - c0s2((4+ 47r)/3)sin2(40)(C 
=v 1  48p2v + C12)2(C 11 - C12 - 2C). 

(3.20) 

(3.21) 

(3.22) 

Again, at those points where there are shear-wave singularities the group velocities are 

expressed by the following formulae: 

(4)213sin2(46)  
V=v+ (CI 1 + C12)2(C 11 + C44)2(C 11 —C 12 -2C44)2 

81p2v(4 1)2 
(3.23) 

(4)213sin2(4  
V= V =v+ 324p2v 1(4 (C 11 + C12)2(C 11 + C44)2(C 11 — C12 - 2C 4). (3.24) 

The first quadrant of the wave surfaces (or group-velocity surfaces) on the section, 

illustrated in Figure 3.6 were generated from slowness surfaces and represent theoretical 

wavefronts at 1 second. As indicated by Figure 3.6, the qSH wavefront is nearly circular 

and the maximum shear-velocity difference is approximately 20% in the (1,1,0) direction. 

Also, the P-wave velocity in that direction approaches a minimum value. The points where 
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the two shear waves have the same velocity are on the principal or symmetry axes. This 

agrees with the results observed experimentally (Table 3.1). 

3.4 Phase and group velocity surfaces in cubic salt 

Let us recall the definition of phase and group velocity. The relationship between 

phase velocity and group velocity has been discussed by many authors (Musgrave, 1970, 

Thomsen, 1986, Brown et al. 1991). Except for some special directions, such as symmetry 

directions, the group-velocity direction (raypath direction) is not, in general, the same as 

the phase-velocity direction (wavefront-normal) (see Figure 3.3). 

Figure 3.3 shows the notation documented by Brown et al. (199 1) which is similar 

to Musgrave's (1970). Physically, except in situations when transducers are too large 

and/or samples too small, group velocity is the one that can he estimated through laboratory 

measurement. 

The phase- and group-velocity surfaces of cubic salt can he calculated through 

formulae described above (equation 3.20-3.24) using the anisotropic parameters listed in 

Table 3.1. Also, components of group velocity can he computed by using the equation 

developed by Kendall and Thomson (1989), as long as the phase slowness is available. 

Vi = CipiDp  

pDqq 

where is a cofactor of the matrix - 6jk' and p is slowness. 

(3.25) 
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t + & 

cos4 = v/V 

v=ABA5t 

v=cA5t 

FIG. 3.3 Schematic diagram of a wavefront in an anisotropic medium at times t and t + Si, 
showing the phase and group velocities (v and V respectively), their respective 

unit vectors (flj and cj) and the angle 4 between flj and j (modified after Brown 
etal., 1991). 
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FIG. 3.4. Phase-velocity surfaces for compressional- and shear-wave in 2 quadrants on 
section [0,0, 1] (symmetry plane) for cubic salt. 
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The phase-velocity surfaces (4 quadrants) on section [0,0,1] were computed and 

plotted in Figure 3.4, These are identical for faces [1,0,0] and [0, 1,0] due to the cubic 

symmetry. Suppose that there are P-wave and shear-wave sources located in the coordinate 

(0.0, 0.0). These wave surfaces then represent the theoretical wavefront normal of 

compressional wave and the two shear waves at I second. The phase-slowness surfaces in 

the first quadrant (Figure 3.5) were generated directly from the phase velocities. The wave 

surfaces (or group-velocity surfaces) on the section, as the final results were approached, 

were generated and illustrated in Figure 3.6 (first quadrant). As indicated by Figure 3.6 the 

qSH-wave surface is nearly circular and the maximum shear-velocity difference is 

approximately 20% in the (1, 1,0) direction which is half way (450) between the vertical and 

horizontal axes. Also the shear-wave cusp points, where there are more than two shear 

velocities, are around this direction. The P-wave velocity in that direction approaches a 

minimum value. The directions in which the two shear waves have the same velocity are 

along the symmetry axes. This agrees with the results observed in the experiments (see 

Table 3.1). 
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FIG. 3.5. Phase-slowness surfaces for compressional and shear waves in the first quadrant 
on section [0,0, 1] (symmetry plane) for cubic salt. 
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FIG. 3.6. Group-velocity (wave) surfaces for compressional and shear waves in the first 
quadrant on section [0,0, 1] (symmetry plane) for cubic salt. 
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Chapter 4 - Physical modelling with salts and numerical 

modelling with cubic salt 

4.1 Introduction 

Salt anisotropy is related to geological process that salt experienced. It is now clear 

that chevron salt and recrystallized salt are anisotropic, whereas metamorphic salt can be 

anisotropic or isotropic depending on the nature of the metamorphic alteration. The features 

of cubic salt anisotropy and how the anisotropy can be observed have been discussed in 

chapter 3. In order to study salt anisotropy further, integrated modelling studies have been 

carried out. In this chapter I will discuss the results of shear-wave physical modelling 

(zero-offset and offset transmission experiments through different types of salt, physical 

modelling around a chevron-salt sphere), and the results of numerical modelling through a 

VSP model with an anisotropic layer. 

The physical modelling experimental study was done on 17 salt samples which 

were collected from six different areas in Alberta, Canada. The shear-wave records are 

shown for four salt samples: (I) a large pure salt crystal with lengths 115.0, 106.3, 100.4 

mm in the A, B, C directions, respectively; (2) a fairly pure salt core (recrystallized salt) 

with length 95.9 mm and 101.0 mm in diameter (crystal size 5-12 mm, from well: 10-32-

45-1W4); 3. a chevron salt sample with length 279.9 mm. and 88.0 mm in diameter (crystal 

shape cannot be seen, from well: 6-30-86-13W6); 4. an impure salt sample mixed with clay 

with length 145.43 mm and 101.0 in diameter (crystal size 1-5 mm, from well: 10-32-45-

1W4). All four samples were used in the zero-offset azimuthal rotation transmission 

experiment. Only sample 2 was used in the offset transmission experiment, and a salt 

sphere was made of chevron salt. 

This chapter addresses the following issues: (1) it examines what types of salt 

exhibit anisotropy as predicted in chapter 2; (2) the features of anisotropy ; (3) the percent 
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velocity change of the two shear waves; (4) shear-wave event identification and analysis on 

the offset transmission-time section; (5) the properties of chevron-salt and cubic symmetry; 

and 6) numerical characteristics of a VSP model with cubic salt. 

4.2 Physical modelling with different types of salt 

4.2.1 Experimental setup 

The experiments were set up with piezoelectric P-wave and S-wave transducers as 

both the acoustic sources and receivers, a sample holder that clamps the sample, a 

protractor that controls the azimuth, and an azimuth pointer (see Figure 4.1). Both types of 

transducer are flat-faced cylindrical contact transducers with an active element 12.6 mm in 

diameter. The P-wave transducer (Panametrics V103) is normally polarized, with the 

maximum sensitivity normal to the contact face. The S-wave transducer (Panametrics 

V153) is plane polarized, with the maximum sensitivity parallel to a direction across the 

contact face. 

For zero-offset transmission modelling with azimuthal rotation of the sample, the 

shear source and receiver transducers were oriented with the same polarization. For offset 

transmission experiments the radial component (or SV component) was recorded by using 

shear source and receiver transducers with polarizations parallel to each other, while the 

transverse component (or SH component) was recorded by using shear source and receiver 

transducers with polarizations perpendicular to each other. 

Amplified data were sampled every 50 ns using a Nicolet digital oscilloscope 

connected, through an IBM-XT, which controls the experiment, to a Perkin-Elmer 3240 

seismic processing system for storage. Each trace contains 4000 samples and was stored 

on disk in SEG-Y format. The record length was 0.2 ms. 
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TRANSDUCER 

FIG. 4.1 Schematic diagram of apparatus used for shear-wave splitting experiments. The 
apparatus clamps the sample between two shear-wave transducers of parallel and 
orthogonal polarization. During the experiment the sample is rotated whereas the 
transducers remain fixed. A circular protractor scale is used to determine the 
azimuth of the rotation. 

4.2.2 Zero-offset azimuthal-rotation transmission experiment 

In this experiment, the sample was placed between two fixed shear-wave 

transducers which were aligned with parallel polarizations. The sample was rotated 

between the transducers and a pointer on the sample was used to determine the azimuth of 

the sample with respect to a fixed circular protractor (Figure 4.1). Data were recorded every 

11 .25' per trace (from 00 to 3600) with 32 traces per record. Similar experiments were 

carried out by Tatham et al. (1987) for the study of fracture-induced shear-wave splitting 

and Cheadle et al. ( 199 1) in an orthorhombic-anisotropy model study. 
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The transmission records for propagation through a pure salt crystal sample (where 

a principal axis is the same as a rotational axis) are shown in Figure 4.2. The plot shows 

that there is no time shift of shear-wave first arrivals in any of the polarization directions. It 

indicates that the results from actual observations agree with the theoretical wave surfaces, 

i.e. there is only a single shear-wave velocity along the principal axis. 
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FIG. 4.2. Shear-wave record of a zero-offset transmission experiment on a pure salt crystal 
(axis length: 100.4 mm), showing no shear-wave splitting; the rotation axis is a 
principal axis of symmetry (approximately) of the salt crystal . Both shear-wave 
transducers were rotated from 0° to 360° at increments of 11.25°. 

The experimental results from a chevron salt core sample is shown in Figure 4.3. It is 

shown that the shear-wave first arrival traveltimes change as the polarization changes. The 

change in shear-wave velocity is 4.8% (Table 4.1). The result for a recrystallized pure salt 

core sample, for which crystal sizes range from I to 6 mm, is shown in Figure 4.4. The 

shear-wave velocity change is 4.6% (Table 4.1). However, impure salt (mixed uniformly 
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with clay), with crystal sizes from I to 10 mm, does not show shear-wave splitting (Figure 

4.5). The P, S 1, S2 velocities measured from different samples are summarized in Table 

4.1. These values are group velocities based on the transit time. The time picks used to 

calculate the velocities were made directly on the digital oscilloscope for maximum 

accuracy. 
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FIG. 4.3 Shear—wave record of a zero-offset transmission experiment on a chevron-salt 
sample (length: 279.9 mm) with the same experimental setup as in Figure 4.2, 
showing shear-wave splitting as first arrivals vary with respect to polarization; the 
rotation axis is the core axis direction. 
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FIG. 4.4. Shear—wave record of a zero offset transmission experiment on a recrystallized 
salt sample (length: 95.9 mm, crystal size: 1-6 mm) with the same experimental 
setup as in Figure 4.2; the rotation axis was the core axis, showing shear-wave 
splitting as first arrivals vary with respect to polarization. 

All the shear—wave records that show anisotropy, except on a symmetry axis, have 

a period of 180° for the two shear-waves. This is an important feature of shear waves 

propagating in anisotropic media, i.e., there are usually two different polarizations 

perpendicular to each other. On the sections of wave surfaces such as in Figure 3.5 we can 

see shear-wave cusp points where more than two shear-wave velocities can be seen. 

The above experiments show that chevron-salt and recrystallized salt are 

anisotropic. The velocity difference between the fast and slow shear-wave velocities, 

observed from cores in the laboratory, is around 5%, indicating that the core-axis (near-

vertical) is not the direction (1,1,0) of maximum anisotropy (20% from theoretical 

prediction). 
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FIG. 4.5 Shear—wave record of a zero-offset transmission experiment on an impure salt 
sample mixed uniformly with clay (length: 145.4 mm) with the same experimental 
setup as in figure 4.2, showing no shear-wave splitting; the rotation axis was the 
core axis. 
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Table 4. 1. Velocities on different types of salt samples 

samples 
wave 

propagation 
direction 

length 

(mm) 
P-wave 
velocity 
(km/s) 

Si 
velocity 
(km/s 

S2 
velocity 
(kmIs 

OF-velocity 
change 
(%) 

pure salt 
crystal (1,1,0) 155.80 4.45 2.83 2.38 20.1 

recrystallized 
salt 0 $ 95.90 4.42 2.69 2.56 4.6 

chevron 
pure salt 4 279.93 4.51 2.61 2.49 4.8 

salt mixed 
with clay 4 145.43 4.38 2.58 0 

4.2.3 Offset transmission experiment 

In the above experiment, S 1 was observed at an azimuth of 45° and S2 at an 

azimuth of 135° in the recrystallized salt sample (Figure 4.4). In the present experiment, 

compressional and shear transducers have been used to obtain time sections that include 

both compressional and shear events in the case of nonzero source-receiver offset. 

Figure 4.6 shows the plan view and cross-section of the model. One transducer 

was on the bottom of the model, and the other was moved along the lines on the top of the 

model. The actual spatial increment between traces is 0.5 cm. The centre of the transducer 

at the bottom is at an offset of 0.6 cm. The maximum value of X is 9.5 cm. So each section 

contains 19 traces along the line. 

The data have been acquired along three lines: a "random" line (Line 1) at an 

azimuth of 33.75° (same labelling system as the above experiment); a line along the fast 

shear direction (Line 2, Sl, the direction with shortest first-arrival time on the plot of 

azimuthal transmission experiment); and a line along the slow shear direction (Line 3, S2). 

Before the experimental results are shown, one should note some of the features of 

this experiment. Due to the limitation of the sample size, distances as small as 0.5 cm were 

used as receiver interval. This implies some source overlap at adjacent receiver locations 
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(there may be source effects to the results of the experiment) because the radius of 

transducers is an even 0.6 cm. 

S2 

10.1 cm  low 

4 
9.5 cm 

I 

FIG. 4.6 Plan view and cross-sectional schematic diagram of the offset transmission 
experiment. D (depth) is the length of the salt sample. X is the lateral offset of 
receiver position, and H is the hypotenuse connecting the source and receiver. 

Secondly, the energy radiation pattern of this experiment is that most energy (both 

P and S) is restricted within a certain solid angle like a "beam" (see Figure 4.7) because of 

the flat contact between transducers and rock faces. When the source transducer is fixed at 

a certain location, the energy received from source to receiver decreases rapidly as the 

source—receiver offset increases. 
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FIG. 4.7. Schematic diagram of energy radiation pattern of source-receiver offset 
transmission experiment, showing that most energy is restricted within a narrow 
range of angle (the near offsets); the further the offset the lower the energy density 
leaving the source. 

Thirdly, for SV—wave records, polarity can be reversed due to source-receiver 

geometry. Excluding the vertical ray path (Figure 4.7) the polarity of SV waves recorded at 

receivers to the right is the opposite of that recorded at receivers to the left. 

As described in Chapter 3, there is no shear—wave splitting on the symmetry axes in 

an anisotropic medium of cubic symmetry (Figure 4.8), i.e.these are singular directions 

and there are three such. Therefore, compared with TI media and azimuthal anisotropic 

media, there is more opportunity for shear—wave raypath to fall near singular directions, 

where there is no splitting. Still, for any raypath sufficiently off the symmetry axes, shear— 

wave splitting is observable; and the amount of anisotropy can be as high as 20% in the 

direction half way between symmetry axes. 



58 

I 

symmetry axes 

- - - 

SH SV 

FIG. 4.8. Shear—wave splitting rationale in an anisotropic medium of cubic symmetry; 
except for propagation on symmetry axes (three directions), shear—wave splitting will 
occurs. 

A compressional (P) wave record is shown in Figure 4.9 with P—wave source and 

P—wave receiver. When the two transducers (source and receiver) are parallel and the 

contact between transducer and core sample face are well coupled, a P—wave record usually 

does not show shear waves (Figure 4.9). Exceptions sometimes occur when two ends of 

the sample are not parallel. The purpose of recording P waves was to observe whether the 

first P—wave arrivals fall onto a hyperbolic curve. We will find that both the P—wave and 

S—wave first arrivals are nonhyperbolic. 

Line 3 is oriented in the direction close to the polarization of S2 (slower shear-

wave) (Figure 4.6). The data recorded from an inline shear source (polarized in the 

direction of fast shear) with both inline and crossline receivers (polarized in the direction of 

slow shear) over a salt block are shown in Figure 4.10. 
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FIG. 4.9. Record of an offset transmission experiment with a P-wave source and P-wave 
receiver from Line 2. 

As was expected, a weak P-wave event, a strong S2 event and a weak S 1 event are 

shown on this section of inline source and inline receiver (Figure 4.1 Oa). On the section of 

inline source and crossline receiver we expect to see both strong S I and S2 event because 

the line is oriented to S2 (slow shear polarization). 

Figure 4.11 shows a shear—wave record along the "random" line (Line I) where 

clear shear-wave splitting can be detected due to the orientation of the line. The polarity of 

the fast shear (S I or SV) is reversed after trace 5. This is explained by the offset effect i.e., 

the SV polarity reverses when the offset changes sign. In contrast, the S2 or SH polarity 

does not change polarity when the offset changes sign. This effect enables us to identify S I 

and S2 with confidence.. Figure 4.12 shows the shear-wave record .along Line 2 which is 

oriented along a direction close to the polarization of S I (fast shear wave) (Figure 4.6). The 
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FIG. 4.10. Shear—wave record of an offset transmission experiment along Line 3 with 
inline shear source and both (a) inline and (b) crossline receivers. 
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first P-wave event is stronger on the record of the inline source (polarized S 1) and inline 

receiver than on that of the inline source and crossline receiver (polarized S2 direction), 

which indicates the presence of a component of P-wave energy from shear-wave 

transducer. Also, as was expected, the amplitudes on the first shear-wave record (Figure 

4.12a) are much stronger than that of second (Figure 4.12b). As a matter of fact, it is hard 

to see fast shear arrivals on the inline source crossline receiver (Figure 4.12b). 

Trace 

FIG. 4.11. Shear—wave record of an offset transmission experiment along a random line 
(Line I) with inline shear source and crossline receiver, showing fast shear (S 1) 
and slow shear (S2) and polarity reversal of S I. 
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FIG. 4.12. Shear-wave record of an offset transmission experiment along Line 2 (fast shear 
direction) with inline shear (SI) source and both inline (a) and crossline (b) 
receivers. 
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The observations of the offset transmission experiments have further shown 

chevron and recrystallized salts to be anisotropic. Also, the experiments indicate that shear-

wave events can be identified on offset time sections. However, they are probably not 

hyperbolic and the recorded amplitude of each trace is the vector summation of a faster 

shear wave and slower one. That is, the two shear waves overlap and interfere with each 

other. Far-offset shear-wave events die out or change due to the radiation pattern and some 

effects of anisotropy. 

4.2.4 Transmission experiment around a chevron-salt sphere 

The third physical modelling study was carried out by recording shear waves 

propagating through a sphere made of a chevron salt sample which consists of equigranular 

(around 1-2 mm), white to colourless halite crystals, with vertically oriented cloudy and 

milky patches. Crystallographic orientation is not observable (salt type IA). The modelling 

scalings were the same as above (frequency scaling 10,000:1, distance and time scaling 

10,000). The data were recorded at 150 per trace (from 0° to 1800) with 13 traces per 

record. The schematic diagram of the modelling geometry is shown in Figure 4.13. The 

circumference of the circle I is 11.7 cm which indicates that the diameter of the sphere is 

3.72 cm. In order to observe the anisotropic properties of this salt medium, shear-wave 

transducers are oriented in three different ways: 

• Radial—Radial (R—R) polarization. 

The two transducers (source and receiver) are parallel to each other and oriented in 

the radial (inline) direction. 

• Transverse—Transverse (T—T) polarization. 

The two transducers are parallel to each other and oriented in the transverse 

(crossline) direction. 

Radial—Transverse or Transverse—Radial (R—T or T—R) polarization. 
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The polarizations of the source and receiver transducers are perpendicular to each 

other. 

FIG. 4.13. Schematic diagram of the modelling geometry showing the layout of the sources 
and receivers; black dots represent transducer locations (sources and receivers). In 
each pair, the source receiver connected by a straight line. Sources and receivers 
were moved after the 'shot' was finished at one pair of locations (one diameter). 

The theoretical curves of group velocities against ray angle are plotted in Figure 

4.14 (calculated by applying the equations of Chapter 3). They represent velocities of the P 

wave first arrival and shear waves (SH and SV) versus ray angle. 

The shear-wave transmission records along Circle 1 are plotted in Figure 4. 15. 

Figure 4.15a is the plot with R—R transducer polarization. In the plot, the pattern of first 

arrivals is very similar to the SV curve in Figure 4.14. Figure 4.15b shows the shear-wave 

record for T—T polarization. There is not much time-shift of the first arrival and it is similar 

to the SH curve in Figure 4.14. A little first-arrival time-shift in some traces can be caused 

by the two transducer polarizations being nonparallel also Circle 1 is randomly selected and 

may not lie exactly on a symmetry plane. Similar results were obtained along Circles 2 

(Figure 4.16a, b, and c) and 3. The shear-wave pattern shown in Figures 4.15 and 4.16 

indicates that this type of salt probably exhibits cubic symmetry. Amplitudes are very low 
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on the shear-wave record with R—T (or T—R) polarization because of the low energy 

projection. 
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FIG. 4.14. Group velocities versus ray angle calculated from theoretical equations 
presented in Chapter 3. 
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FIG. 4.15. Zero-offset shear transmission record over chevron-salt sphere along circle 1: 
a) R-R polarization; b) T-T polarization; c) T-R polarization 

T-T Polarization 

Trace number 

2 3 4 5 6 7 8 9 10 1112 13 

R-T Polarization 
Trace number 

1 2 3 4 56 7 8 9 10 1112 13 

(c) 

0.0100 

0.0125 

0.0150 

0.0175 

0.0200 



R-R Polarization T-T PolarizationR-T Polarization 

0.0100 

0.0125 
U) 

E 
I-

0.0150 

0.0175 

0.0200 

Trace number 

1 2 3 4 5 6 7 8 9 10 1112 13 
Trace number Trace number 

1 2 34 5 Ii 7 8 9111111213 1 

11101111111 
11111 

2 S 4 S ö 7 8 

111111 

9111111213 

(a) (b) (c) 

FIG. 4.16. Zero-offset shear transmission record over chevron-salt sphere along circle 2: 
a) R-R polarization; b) T-T polarization; c) T-R polarization 

0.0100 

0.0125 

0.0150 

0.0175 

0.0200 



68 

4.3 Numerical modelling with cubic salt 

4.3.1 Model description 

The geometry of the VSP experiment is schematically shown in Figure 4.17. Let us 

consider a Cartesian coordinate system in which the x axis, representing source offset, is 

the horizontal axis. The z axis is vertical and positive downward. The x axis is positive to 

the east (to the right on Figure 17). 

source A 

+ 
Om b4 — 400 m -ioo  

100m VP=3.10km/s, 

1100 m 

source B 

+ 
1000m 00. 

V5= 1.90km/s. 

I 
i= 6.60kmls, 

p =2165 kg/m3 
Cii = 47.0 
Ci2 = 14.0 
C44 = 12.3 
cubic symmetry 

thickness changeable: 
100m,500rn. 

can be moved up and down 

P = 2500 kg/M3 

V= 3.44km/s, p = 2700 kg/M 3 

+ 
/ 

Note: 111 receivers ranging from 0 m to 1100 rn in increments of 10 m 

Source A and source B are applied separately. 

FIG. 4.17. Schematic diagram of VSP numerical model and model parameters with a layer 
of cubic anisotropic medium (layer 2). 

The model consists of three layers separated by four interfaces (Figure 4.17). 

Interface I represents the free surface. Interface 2, the bottom of layer 1, is situated at z = 

100 m depth. Interface 3, the bottom of layer 2, is situated at two different depths z = 200 
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m and z 600 mdue to the thickness change of layer 2. Interface 4, the bottom of layer 3, 

is situated at depth z = 1100 rn. All the interfaces are assumed to be horizontal. 

The first layer is homogeneous and isotropic with P— and S—wave velocities of 3.1 

and 1.9 km/s, and a density of 2500 kg/m3. 

The second layer is an anisotropic medium of cubic symmetry, namely salt. The 

elastic parameters are listed in Figure 4.17 (Sun et al., 1991) discussed in Chapter 3. Let 

us suppose that the salt cube is an upward-facing cube face (flat-topped), e.g. the x and z 

axes are on major symmetry axes. 

Layer 3 is homogeneous and isotropic with P- and S-wave velocities of 6.6 km/s 

and 3.44 km/s respectively, and a density of 27(X) kg/m3. 

Three-component receivers are moved and located in the vertical borehole every 10 

m covering the depth range from 0 to 1100 m for a total of 111 levels. The vertical 

component (V) is polarized parallel to the z axis, positive downward. The radial component 

is polarized parallel to the x axis, positive away from the source. The transverse component 

is polarized perpendicular to xz plane so that the system is right-handed. 

Two locations of point sources at the free surface are considered (Figure 8). Source 

A and B are situated at coordinates (400, 0) and (1000, 0). Source offsets are 400 m and 

1000 m. Single-force point sources of unit strength are considered but effects of the free 

surface at sources are not considered. Two different orientations of the single force were 

used: a radial force along the line connecting the source and the mouth of the borehole, 

pointing away from the source, and a transverse force perpendicular to the radial force and 

z axis and oriented so that the two forces and the z axis form a right-handed system. As a 

source time function, a Ricker wavelet with a dominant frequency of 50 Hz was used. The 

signal is approximately cosine shaped. 
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4.3.2 Analysis of VSP synthetic seismograms 

All primary reflected unconverted waves, including direct waves, are considered by 

using the software package developed at Queen's University, Ontario, by Guest (1993). To 

show the effects of anisotropy, the following comparisons are made from synthetic 

seismograms computed for two different source locations with different layer-2 

thicknesses. 

• Same source location with different thickness of layer 2; 

• Same thickness of layer 2 with different source location; 

• Transverse shear source and radial shear source with same source location and 

same thickness of layer 2. 

Figure 4.18a, 4.19a, and 4.20a show ray diagrams and time-distance curves. Interfaces are 

also plotted. The time-distance curves of qSV and qSH. waves are specified. The wave 

propagating through layer 1 from the source to the receiver (located at the point where 

interface 2 intersects the borehole) takes more time than the wave propagating through layer 

I and 2 because the velocity of layer 2 is higher than that of layer I. The same thing 

happens between layer 2 and layer 3. Therefore there are time-shifts at cross interfaces in 

all the time-distance curves (both qSV and qSH). Comparing Figure 4.18 with Figure 

4.19, we can see that the larger the offset the more the time-shift. As evident from the time-

distance curve and synthetic seismograms, the direct quasi-shear wave splits below 100 m, 

where the wave enters the anisotropic medium. The time difference between the slowest 

and fastest quasi-shear waves increases with the depth (Figures 4.18, 4.19, and 4.20). 

Comparison between Figures 4.18 and 4.19 indicates that the farther the source offset the 

better the shear-wave feature that can be seen. The source offset is not important when 

layer 2 (anisotropic layer) is thick enough in terms of observing shear-wave splitting 

(Figures 4.18 and 4.19). It is seen clearly from all the plots (Figures 4. 18, 4. 19, 4.20) that 

two shear waves are reflected back and transmitted into layer 3 from interface 3. 
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Multisource three-component VSP synthetics are shown in part (b) of all the above three 

figures. They contain three frames corresponding to the radial, transverse, and vertical 

components of receivers. There are three panels in parts (b) of Figures 4. 18, 4.19, and 

4.20. The right and left panels correspond to inline single-force point source; the middle 

panel corresponds to a transverse single-force point source. No amplitude power scaling is 

applied; true amplitudes are presented. There are no projections of energy into the 

transverse component when the radial shear source is applied. Therefore, in this case, 

converted shear waves from a P-wave source will not enable us to detect shear-wave 

splitting (two shear waves shown on the same plot can not be detected). Use of a shear 

source nonparallel to any symmetry direction is required in order to observe shear wave 

splitting. 



(a) (b) 

FIG. 4.18. Ray diagram, time—distance curves, multisource three—component synthetic seismograms generated by source B 
(1000 m offset) with 500 m salt thickness (layer 2). 
(a) Ray diagram of SV source (bottom) and time—distance curves (top); 
(b) VSP synthetics generated by shear sources at location B; shear—waves recorded on the radial and vertical component (left 

and right panel) were generated by a radial (inline) shear source; shear—wave recorded on the transverse component (middle 
panel) was generated by a transverse (crossline) shear source. 

t.) 



(a) (b) 

FIG. 4.19. Ray diagram, time—distance curves, multisource three-component synthetic seismograms generated by source B 
(400 m offset) with 500 m salt thickness (layer 2). 
(a) Ray diagram of SV source (bottom) and time—distance curves (top); 
(b) VSP synthetic seismograms generated by shear sources at location A; shear—waves recorded on the radial and vertical 

component (left and right panel) were generated by a radial (inline) shear source; shear—wave recorded on the transverse 
component (middle panel) was generated by a transverse (crossline) shear source. 



(b) (a) 
FIG. 4,20. Ray diagram, time-distance curves, multisource three-component synthetic seismogram generated by source A 
(400 m offset) with 100 m salt thickness (layer 2). 
(a) Ray diagram of SV source (bottom) and time-distance curves (top); 
(b) VSP synthetic seismograms generated by shear sources at location A; shear—waves recorded on the radial and vertical 

component (left and right panel) were generated by a radial (inline) shear source; shear—wave recorded on the transverse 
component (middle panel) was generated by a transverse (crossline) shear source, showing difficulties to see shear-wave 
splitting. 
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Chapter 5 - Three-component seismic anisotropy experiment around a 

salt pillar 

5.1 Introduction 

Because of the important roles played by salt in various exploration scenarios, and 

because salt crystals (halite, sylvite, etc.) have cubic symmetry and are therefore 

elastically anisotropic, we have been considering the possibility of using the diagnostic 

properties of this seismic anisotropy (such as shear-wave splitting) as an additional tool 

for mapping salt, in combination with the traditional well-logging tools - mainly calipre 

and gamma-ray logs. In order that salt units exhibit such diagnostic properties for 

frequencies of relevance to exploration (f lO-10 Hz), salt crystals would have to be 

aligned throughout certain volume so that shear-wave splitting can be seen. As we have 

observed, some salt core samples (related to certain salt types) have been found to exhibit 

shear-wave splitting (Chapter 4) in ultrasonic laboratory experiments (f- 105-106 Hz). 

This chapter represents a new step, i.e. to see whether in-situ salt might exhibit 

observable seismic anisotropy in the so-called high-resolution frequency range (f -j iO 

Hz), closer to that of exploration. In order to study possible seismic anisotropy due to 

crystal alignment in salt, in-situ experiments were carried out in the Devonian Prairie 

Evaporite about one kilometre underground in the Allan Potash Mine, near Saskatoon, 

Saskatchewan. The work was carried out using a high-resolution (-1-kHz) seismic 

acquisition system and a tomographic (transmission) type of experimental design. The 

main purpose of the study was to establish whether or not the anisotropic seismic 

properties of these salts, which are believed to have undergone several episodes of 

recrystallization and thermomechanical alteration, show any promise of being useful in 

the mapping of such salt units. 
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5.2 The high-resolution experiment 

A pillar of potash ore (roughly 75% halite and 25% sylvite) was selected for the 

experiment on the basis of accessibility and rock integrity. A hammer was employed as 

the energy source (frequencies from about 100 to 2000 Hz) and each record was obtained 

by vertically stacking the records from five repeated hammer blows. Geophones were 

affixed to one face of the pillar in three orthogonal orientations. Records were acquired in 

three separate steps, each with identical geometry but different orientations of the 

geophone polarization: first normal to the wall, then vertically tangential to the wall, and 

finally horizontally tangential. 

The high-resolution three-component experiment was carried out in the Allan 

Mine of the Potash Corporation of Saskatchewan, about 40 km southeast of Saskatoon. 

Keeping salt classification in mind, I observed the salt to be recrystallized and 

thermomechanically altered. Stratigraphically, it is located in a main production zone of 

the Patience Lake Member of the Devonian Prairie Formation (Figure 5.1). The pillar 

consists entirely of recrystallized salt that has undergone some metamorphism and 

alteration by pressure and temperature. 

Experiments were conducted in a mining pillar that was chosen as being freshly 

excavated and as free of deformation (fracture, flow) as possible. However, deformation 

begins immediately after excavation so some is unavoidable. A plan view of the pillar is 

shown in Figure 5.2. High-frequency geophones were attached rigidly to the wall with a 

small steel bracket. The geophone was screwed to one end of the bracket, which was 

fixed to the rock with a fastener. Fasteners are threaded Hilti bolts that were driven into 

the rock salt with a gun using explosive cartridges. 
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FIG. 5.1. A stratigraphic section of the mining zone, the experiments were carried out in 
the main production ore zone. 

The data were sampled every 0.05 ms and recorded to a length of 50 ms by a 24-

channel Bison GeoPro seismograph. Field parameters are listed in Table 5.1. There were 

29 shot positions and each shot was recorded simultaneously with 23 receivers that were 

affixed to the northern part of the west wall at 0.5-rn intervals. The sources were 

positioned over the rest of the pillar at 2-rn intervals (Figure 5.2). Five hammer blows 

were struck at each source location for each component. Both receivers and sources were 

kept at the same height. The experimental procedure was as follows: 
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FIG. 5.2. Plan view of the experimental salt pillar showing source and receiver locations 
and mine-survey stations. Three-component record sets are displayed below for 
the highlighted source locations. 

Table 5.1. Field recording parameters for all experiments. 

Filters: high-cut: 2000 Hz 

Sample rate: 0.05 ms 

Channels: 24 

Samples: 1001 

Recording length: 50 ms 

AGO off 

low-cut: 96 Hz 
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I) shots around all four sides of the pillar were recorded with geophone 

polarizations normal to the pillar, denoted N; 

2) the geophone polarizations were changed to tangential-vertical (crossline, 

upward), denoted V - everything else unchanged - and the shot series was 

repeated; 

3) the geophone polarizations were changed to tangential-horizontal (inline, 

southward), denoted H, and the shot series was carried out a third time. 

Thus, for each of the 29 shots, three-component transmission records were 

acquired representing propagation through the salt pillar. These records have been 

analyzed for evidence of shear-wave splitting. In such analysis the peculiar geometry of 

this survey must be kept in mind (a horizontal line on a vertical rock face) compared with 

that of conventional reflection-seismic geometry. Here, the sagittal plane is horizontal 

rather than the conventional vertical; geophones recording horizontal motion normal to 

the pillar face (N) correspond to the conventional vertical-component phones; geophones 

recording vertical motion tangential to the pillar face (V) correspond to the conventional 

transverse or crossline horizontal-component phones, and geophones recording horizontal 

motion tangential to the pillar face (H) correspond to the conventional radial or inline 

horizontal-component phones. 

There is a clear relationship between polarities on the N and H components for P 

and SV waves, depending on where the shotpoint was located. However, there is no such 

clear relationship between polarities on the V and H (or the V and N) components since, 

ideally our hammer blows should not have any net vertical component of force. For this 

reason, in the absence of very clear first S-wave breaks, there would be some ambiguity 

in correlating S 1 (on N and H) with S2 (on V) for the purpose of determining split-shear 

time delays: one could, for example, correlate an SI peak on N with either a peak or a 

trough of S2 on V. 
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5.3. Results and interpretation 

If seismic anisotropy is observed in this rockmass, there are two possible causes 

that seem most likely One candidate is the alignment of salt crystals, which would have 

occurred during recrystallization under the control of the prevailing stress regime. 

Another is the microcracking and fracturing that evidently initiates throughout the 

neighbourhood of the exposed rock faces immediately following excavation. This would 

be in response to the sudden release of compressive stress normal to each excavated 

surface (horizontal and vertical surfaces in most mines), giving rise to cracks with 

accordingly preferred orientations. In the former case, one would expect symmetry 

directions of the anisotropy to conform to those of the prevailing principal stresses. In the 

latter case, one would expect these symmetry directions to conform with the normals to 

the excavated rock faces. In either case we would expect the horizontal plane to be a 

plane of symmetry, i.e. the vertical direction to be a direction of symmetry, in view of the 

presumed maximum principal stress due to gravity and the horizontal/vertical nature of 

the mine cuts. We would, however, expect the two scenarios to give, in general, different 

horizontal symmetry directions. 

Recall that the slownesses and group velocities in halite for qS and qP waves 

propagating in a symmetry plane of halite (Figures 3.5, and 3.6, Chapter 3), presumably 

the horizontal sagittal plane of our experiment. Because of the unconventional geometry 

of this survey, the shear waves normally thought of as SV, polarized within the plane of 

propagation, are here polarized horizontally; and the shear waves normally thought of as 

SH, polarized transversely to the plane of propagation, are here polarized vertically. We 

therefore look for the fast shear waves, qSl (qSV), on the N- and H-component 

geophones, and the slow shear waves, qS2 (qSH), on the V-component geophones. 

In examining the records obtained in this survey, we find significant shear-wave 

splitting for many of the shot-receiver directions and little or no splitting for others. 
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Figures 5.3 to 5.7 show the three-component records acquired for five different shot 

locations: S-6 (south wall, shotpoint 6), E-12, W-22, E-2 and E-28. The positions of these 

shots are indicated in Figure 5.2. Note that propagation through the entire spread covers a 

range of directions. The first two of these shotpoints, S-6 and E-12 (Figures 5.3 and 5.4), 

have been chosen as record sets showing the least shear-wave splitting, whereas the 

remaining three, W-22, E-2 and E-28 (Figures 5.5 to 5.7), have been chosen as record sets 

showing more-or-less maximum splitting. 

Directions of no splitting correspond to symmetry directions (see Figure 3.4) so 

this observed pattern indicates symmetry directions roughly ENE-WSW and NNW-SSE. 

These do not correspond to the roughly N-S and E-W symmetry of the recording wall, 

but do concur quite well with directions reported in the literature for observed fracture 

lineament trends and for the stress regime in the western Canada basin. The observed 

pattern of shear-wave splitting as a function of direction appears to be incompatible with 

the hypothesis of excavation stress release as the cause, but quite compatible with the 

hypothesis of crystal alignment controlled by the prevailing stress field. 
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FIG. 5.3 Three—component record set for the shotpoint at S-6, i.e. south wall, shot location 6. 
There is little or no shear—wave splitting observed. 
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FIG. 5.4. Three—component record set for shotpoint at E 12, i.e. east wall, shot location 12. There is no 
obvious shear—wave splitting observed particularly on the farthest offsets. 
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FIG. 5.5. Three—component record set for the shotpoint at W 22, i.e. west wall, shot location 22. there 
appears to be significant shear—wave splitting on all traces. 



N 
6 11 16 2 

0.0 

S, 

5.0 

10.0 

V 
6 11 16 21 

H 

6 11 16 21 
0.0 

5.0 

10.0 

15.0  V(fl( I'V'P'kP A70N icic  15.0 

FIG. 5.6. Three—component record set for the shotpoint at B 2, i.e. east wall, shot loaction 2. There 
appears to be significant shear—wave splitting on all traces. 
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FIG. 5.7. Three—component record set for the shotpoint at E 28, i.e. east wall, shot location 28. There 
appears to be significant shear—wave splitting on all traces. 



87 

Among published studies on the western Canadian plains, Stauffer and Gendzwill 

(1987) document orthogonal fracture sets, consistently trending NE-SW, that they 

interpret as having originated in the Late Jurassic or earlier and to be related to North 

American plate motion. Also, Mollard (1988) reported on the results of several studies on 

the orientation of fracture lineaments and principal stress axes using a wide array of 

observations: remote sensing, photo lineaments, joint sets, principal stresses from mines 

and from oil-well breakouts, and inferred tectonic plate motion. These studies all indicate 

directions close to NE-SW and NW-SE, with the inferred direction of contemporary 

maximum horizontal compressive stress varying locally over the plains from ENE to 

NNE. 

I have found the hammer-impact source to be quite effective in producing shear 

waves, in some cases even of greater amplitude than the P waves. This effect has also 

been observed by D.J. Gendzwill (pers. comm.). The records shown in Figures 5.3 to 5.7 

also contain spurious resonances, which could be removed by designing appropriate 

deconvolution filters. This ringing also contributes to the ambiguity in correlating S I and 

S2, as mentioned above. Nevertheless, the compressional- and shear-wave arrivals are 

clear enough for one to conclude with some confidence that significant time delays exist 

in Figures 5.5 to 5.7 between the S I arrivals seen on the normal (N) and the inline (H) 

components and the S2 arrivals observed on the crossline (V) components. 

5.4 Discussion 

The recrystallized and thermomechanically altered salt studied in this experiment 

appears to exhibit seismic anisotropy. The symmetry axes of the anisotropy appear to be 

consistent with a cause rooted in the alignment of salt crystals, perhaps of the 

recrystallized and thermomechanically altered salt type. This is in accord with our 

expectation, on the basis of salt classification, that this type of salt could display elastic 

anisotropy, depending on the degree and type of alteration. The cracking and fracturing 
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resulting from the mine excavation appears not to have been a significant factor in the 

observed anisotropy. This is in agreement with the findings of Holmes et al. (1993) who 

observed less effect on shear-wave signals from excavation damage than from long-

standing stress-controlled rock fabric in an experiment in the Underground Research 

Laboratory of Atomic Energy of Canada Ltd at Pinawa, Manitoba. 
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Chapter 6 - Conclusions 

This thesis has started to study a relatively new realm of seismic anisotropy - cubic 

symmetry, and tried to extend research results to salt mapping. Salts first were classified in 

terms of velocity characteristics and possibility of seismic anisotropy. Both P—wave and S— 

wave velocities were measured under different pressure and temperature conditionsfor 

different types of salt. Theoretical studies can provide prediction of anisotropic 

characteristics of cubic symmetry. Considerable evidence concerning salt anisotropy has 

been collected through physical modelling experiments, followed by numerical modelling, 

both of which can help us to understand and identify shear—wave splitting. A field 3—C 

study has indicated that the symmetry axes of the anisotropy of a salt pillar appear to be 

consistent with a cause rooted in the alignment of salt crystals instead of resulting from the 

mine excavation. 

The study of Chapter 2 has shown that there are at least three types of anisotropic 

salt, chevron-salt, highly recrystallized salt in a stable environment, and 

thermomechanically altered salt. A metamorphic salt layer may exhibit moderate anisotropy, 

weak anisotropy, or isotropy depending on the geological process that the salt has 

experienced. Anisotropic behaviour can accompany the texture in salt domes resulting from 

thermomechanical strain and alteration. Basically, the velocities observed in the laboratory 

are probably close to those in the subsurface because the P-wave and S-wave velocities 

exhibit only a slight increase with increasing pressure and a slight decrease with increasing 

temperature. However, the Vp/Vs pattern of impure salt or mixtures of pure halite and 

sylvite is very different from that of pure halite; the former shows first an increase and then 

a decrease around I - 2 kpsi while the latter always shows a Vp/Vs decrease. 

Phase- and group-velocity formulae have been developed for cubic symmetry and 

can be applied to any medium with cubic symmetry. Theoretically, except on symmetry 

axes, shear-wave splitting can be observed. The maximum shear-velocity difference is in 



90 

the (1,1,0) direction (halfway between symmetry axes). The P-wave velocity is also 

slowest in this direction. 

Physical modelling study shows that the shear-wave properties of chevron-crystal 

salt fit the assumption of cubic anisotropy well. It further proves that chevron-salt, highly 

recrystallized salt, and thermomechanically altered salt are anisotropic. The maximum 

velocity difference between fast-shear- and slow-shear-wave velocities is 20% observed 

from a large pure salt crystal, and around 5% observed from cores in the laboratory. 

Impure salt shows isotropic behaviour. An offset transmission experiment indicates that 

shear-wave splitting can be identified on offset time sections. The first-arrival times are not 

hyperbolic and the amplitude of the split shear-waves usually overlap and interfere with 

each other, which generally makes shear-wave data analysis complicated in anisotropic 

media. Far-offset shear-wave observation is limited due to the characteristics of the 

radiation patterns of the transducers. 

The VSP numerical modelling over a salt layer has shown that the greater the source 

offset the better the shear-wave features that can be observed. Shear-wave splitting cannot 

be observed on P-SV data if the receivers are on one of the symmetry axes. 

According to the result above, shear-wave seismic data may be useful in detecting 

and mapping salt. We can expect shear-wave anisotropy from 0 to 20%. In order to 

generate a 5-ms time shift between split shear waves, a thickness of about 125 m of salt 

(-63 m for two-way time) is required if salt anisotropy is about 10%. For an effective 

anisotropy of about 5%, as observed on laboratory samples, these thicknesses would 

become —250 m and —125 m respectively. The first figure would be appropriate in a P-SV 

converted-wave survey. 

A so-called high-resolution experiment (frequency range!— 103 Hz) was carried 

out and showed that the recrystallized and thermomechanically altered salt studied in this 

experiment appears to exhibit seismic anisotropy. The symmetry axes of the anisotropy 

appear to be consistent with a cause rooted in the alignment of salt crystals, perhaps of the 
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recrystallized type. This is in accord with our expectation, on the basis of salt classification, 

that this type of salt could display elastic anisotropy, depending on the degree and type of 

alteration. The cracking and fracturing resulting from the mine excavation appears not to 

have been a significant factor in the observed anisotropy. This is in agreement with the 

findings of Holmes et al. (1993) who observed that only a secondary effect of excavation 

damage on shear-wave signals in an experiment in the Underground Research Laboratory 

of Atomic Energy of Canada Ltd at Pinawa, Manitoba. 
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Appendix A - P- and S-wave velocities of salt versus pressure 

SAMPLE 
PRESSURE(PSI) 

TYPE 
000 1000 2000 3000 4000 5000 6000 

Sample A Sample length: L = 101.683 mm 
Vp (m / s) 4043.1 4430.6 4459.8 4459.8 4469.6 4479.4 4489.3 

Recrystal. 
salt 

V (m s) 2551.6 2504.5 2520.0 2625.3 2535.7 2545.3 2551.6 

Vp/V5 1.585 1.769 1.770 1.765 1.763 1.760 1.759 

Sample B Samp e length: L= 162.13 mm 

Vp(m/s) 4448.0 4516.2 4528.8 4541.5 4547.8 4547.8 4554.2 
Recrystal. 

salt V (m/s) 2541.2 2596.2 2627.7 2638.4 2651.3 2657.9 2664.4 

Vp / V5 1.750 1.740 1.723 1.721 1.715 1.711 1.709 

Sample C Samp e length: L = 153.40 mm 

Vp(mis) 4389.1 4505.1 4525.0 4538.5 4551.9 4558.7 4565.5 
Recrystal. 

salt 
V (m s) 2462.3 2556.7 2573.8 2593.4 2597.8 2606.6 2611.1 

Vp / V5 1.783 1.762 1.758 1.750 1.752 1.749 1.748 

Sample D Sample length L = 145.43 mm 

Vp(mis) 4315.4 4488.6 4495.5 4509.5 4516.5 4523.5 4530.5 
Impure 

salt V (m s) 2540.3 2618.0 2627.5 2637.0 2649.0 2661.1 2680.7 

Vp/V5 1.699 1.715 1.711 1.710 1.705 1.700 1.690 

Sample  Sample length L= 171.125 mm 

Vp(m/s) 4371.0 4456.4 4462.2 4473.9 4479.7 4485.6 4491.5 
Recrystal. 

salt 
V (m i s) 2588.9 2663.4 2673.8 2682.2 2686.4 2690.6 2694.9 

Vp/Vs 1.688 1.673 1.669 1.668 1.668 1.667 1.667 

Sample F Sample length: L = 95.903 mm (21 °C) 

Vp (m / s) 4430.0 4545.0 4556.0 4567.0 4567.0 4578.0 4578.0 
Recrystal. 

salt V (mis) 2716.8 2767.8 2767.8 2791.9 2800.1 2804.2 2808.3 

Vp/Vs 1.630 1.642 1.639 1.636 1.631 1.632 1.630 

Sample F Sample length: L = 95.903 mm (70 °C) 

Vp (m i s) 4340.0 4461.0 4481.0 4492.0 4492.0 4492.0 4502.0 
Recrystal. 

salt V (m S) 2652.9 2667.7 2678.9 2686.4 2686.4 2690.1 

Vp/V5 1.681 1.680 1.677 1.672 1.672 1.674 

Sample G Sample length: L = 98.978 mm 
Vp(mis) 4499.0 4540.3 4561.2 4571.7 4582.3 4582.3 4582.3 

Recrystal. 
salt V (m i s) 2611.6 2657.1 2675.1 2689.6 2693.3 2700.6 2708.0 

Vp/V5 1.723 1.709 1.705 1.700 1.701 1.697 1.692 
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Appendix A (continued) - P- and S-wave velocities of salt versus 
pressure 

SAMPLE 
PRESSURE(PSI) 

TYPE 
1450 1812 2465 2900 3625 4350 5800 7250 8700 10150 

Sample J Detrital 
framework 

salt 

V(m/s) 3101 3355 3596 3723 3973 4054 4153 4219 4233 4246 

Vs(m/s) 1722 1819 2023 2208 2342 2461 2601 2634 2652 2668 

VP /V8 1.800 1.844 1.788 1.686 1.696 1.647 1.597 1.602 1.596 1.592 

Appendix B - P- and S-wave velocities of salt versus temperature 

SAMPLE 
L 

TEMPERATURE (°C) 
TYPE 

21.9 32.1 39.0 56.2 66.6 83.1 96.6 107.3 139.3 

VP (m / s) 4432.0 4385.0 4358.0 4312.0 4266.0 4222.04191.0 4167.0 4097,0 , 

, CD 

cD 

V (m / s) 2375.0 2347.0 ' 2336.0 2332.0 2304.0 2287.0 2276.0 2260.0 2227.0 

Vp/Vs 1.866 1.868 1.866 1.849 1.852 1.846 1.841 1.844 1.840 

SAMPLE 
L 

TEMPERATURE (°C) 

21.9 29.5 48.2 66.0 78.1 97.0 128.2 

VP (M / s) 3992.0 3987.0 3976.0 3960.0 3939.0 3913.0 3875.0 

V (m / s) 2344.0 2342.0 2337.0 2324.0 2320.0 2306.0 2281.0 

VP I VS 1.703 1.702 1.701 1.704 1.698 1.697 1.699 



Appendix C - Empirical relations between seismic velocities and pressure or between seismic 
velocities and temperature 

The following empirical formulae show the relationships between seismic velocities (both P and S) and pressure, or between 

seismic velocities and temperature, for different types of salt. These equations were determined by least-square linear regression 

based on the data measured in Core Laboratories as described in Chapter 2. The units of velocity, pressure and temperature are as 

follows: 

velocity (v): m/s, 

pressure (p): kilopounds per square inch, 

temperature (I): T. 

SAMPLE CURVE 

A P-wave 

S-wave 

VP/VS 

VELOCITY EOUATION  

= 4068 + O.40'736p - 1.203x104p2 + l.O77xl0 8p 

v = 2489 + 1.83 17x102p - 2.288X10 6p2 + l.6389x10 10p3 

VpiV— 1.6241 +2.983X10 4p2.l26X10 7p2+36.817XlOh'P 3 

- l.O13x10 14p + 5.667xlO 19p 

R2=0.943 

R2=O.997 

R2 = 0.999 

SALT TYPE 

Recrystallized 

salt 

B P-wave v = 4451 + 7.269x102p - 1.848x10 5p2 + 1.544x 10-9p R2 = 0.981 Recrystallized 



S-wave v = 2542 + 6.541x102p - 1.379x10 5p2 + 1.053x10 9p R2 = 0.997 salt 

VP/VS VpIV5 l.751-l.590Xl0 5p +2.155X10 9p2 1.11lX10'3p3 R2 0.981 

C P-wave v = 4396 + O.l2O7p - 3.126x10 5p2 + 2.664x10 9x R2 = 0.973 Recrystallized 

S-wave v = 2467 + 9.9218x10 2p - 2.493x10 5p2 + 2.081x10 9x3 R2 = 0.973 salt 

VP/VS Vp/V5 = 1.782 - 2.27 1x10 5p + 5.488x10 9p2 + 4.444x1013x 3 R2 = 0.977 

D P-wave v = 4327 + 0.l'l5lp - 4.985x10 5p2 + 4.422x10 9x R2 = 0.943 Impure 

S-wave v = 2545 + 8.0465x102p - 2.219x10 5p2 + 2.106x10 9x3 R2 = 0.974 salt 

VP/VS Vp/V5 = 1.701 + 1.463x105p - 4.702X10 9p2 + 3.333xl0 13x R2 = 0.923 

E P-wave v = 4377 + 8.5821x10 2p - 2.332x10 5p2 + 2.050x10 9x R2 = 0.957 Recrystallized 

S-wave v= 2593 + 7.841x102p - 2.120X10 5p2 + 1.839xl0 9x R2 = 0.970 salt 

VP/VS Vp/Vs = 1.687 - 1.706x10 5p +4.595x109p2 - 3.889xl0 13x R2 = 0.983 

F P-wave (21 °C)v = 4437 + O.119Op 3.3l1X10 5p2 + 2.889x10 9p 

P-wave (70 °C)v = 4346 + O.l35Op - 3.806x10 5p2 + 3.333x10 9p 

S-wave (21 °C)v = 2720 + 5.269x 10-2p - 1.212x10 5p2 + 9.722x10 10p3 

R2 = 0.955 Recrystallized 

R2=0.978 salt 

R2 = 0.985 



S-wave (70 °C)v = 2629 + 2.850x102p - 4.782X10 6p2 + 2.870x10 10p3 

Vp/V5(21 °C) VpIV5 = 1.6311 + 1.286X10 5p5.143X10 9p2+5.000X10'3p3 

VpIV5(70 °C) Vp/V5 = 1.6773 + 6.831x105p - 3.504x10 9p2 + 3.796x10 13p 

R2=0.994 

R2=0.849 

R2 = 0.981 

P-wave 

S-wave 

VP/VS 

v = 4500 + 4.6101x102p - 8.750x10 6p2 + 5.611x10 10x 

v = 2613 + 5.2335x102p - 1.184X10 5p2 + 9.639x10 10x 

Vp/Vs = 1.723 - 1.673x10 5p + 4.429X109p2 - 4.167x10 13x 

R2=0.996 

R2=0.997 

R2=0.990 

Recrystallized 

salt 

P-wave 

S-wave 

VP/VS 

v=2165 +0.8151p- 1.073Xl0 4p2+4.658X10 9x3 

V = 971 + O.6000p - 7.172x10 5p2 + 2.865x10 9x 

Vp/V5=1.999- 1.312X10 4p + 1.385X10Sp2 4.775X10 l3pS 

R2 = 0.995 

R2=0.997 

R2 = 0.933 

Detrital 

framework 

salt 

P-wave 

S-wave 

VP/Vs 

v = 3980 + 1.0253T- 2.780x10 2T2 + 1.044x10 4T3 

v= 2346 + 3.7608x10 2T- 5.958x10 3T2 + 1.338x10 5T3 

Vp/V5 =1.6969 + 3.781x10 4T - 6.953x10 6T2 + 3.215X 10-8T3 

R2=0.998 

R2 = 0.997 

R2=0.615 

Detrital 

framework 

salt 

P-wave 

S-wave 

v = 4533 - 5.1662T+ 2.173x10 2T2 - 5.098x10 5T3 

v = 2411 - 2.0908T+ 1.036x10-2T2 - 3.484x10-5T3 

R2 = 0.999 

R2 = 0.984 



VP/VS Vp/Vs =1.8795 -4.668x1O 4T - 9.883x1O 8T2 + 1.O38x1O 8T3 R2 = 0.915 
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Appendix D - Phase and group velocity in anisotropic media of 
cubic symmetry 

In the case of cubic symmetry, only three independent stiffness have nonzero 

values (Musgrave, 1970). That is, with equal values connected by lines: 

C11 C12 C13 C14 C15 C16 c1, C12 13 
C21 C22 C23 C24 C25 C26 c 2C22 C23 
C31 C32 C33 C34 C35 C36 C13—c23'-C33 
C41 C42 C43 C44 C45 C46 - 0 0 0 
C51 C52 C53 Cs4 C55 C56 0 0 0 

._C61 C62 C63 C64 C6s C66_ 0 0 0 

0 0 0 
0 0 0 
0 0 0 
C4 0 0 
0055 0 
0 0 ••-C66_ 

(D-1) 

From the well known Kelvin-Christoffel equation, we have the Kelvin-Christoffel 

stiffnesses: 

3 3 

I-jk = fli 'i Cj', 

1=1 1=1 

j,k= 1,2,3 

where ni is the unit vector normal to the wavefront, and C1Jk1 is the tensor of elastic 

stiffnesses. 

In a medium of cubic symmetry, the Kelvin-Christoffel stiffnesses are 

= n2 C11 + (n + nfl C44 

T22=n Cii+(n?+n') C44 

P33 = fl C1 + (n? + n) C44 

F23 = F32 = L n2n3(C44 + Ci2) 

P31 = M = n1n3(C44 + C12) 

Ti2 = T'2i = N= n1n2(C44 + C12)-

(D-2) 

Suppose 2. = pv2 (P is the density, v is the phase velocity), the Kelvin-Christoffel 

equation becomes 

fli— N 

N 

M L 

M 

L 

P33—A, 

P1 

P2 = 0 

P3 

(D-3) 
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where P1, P2 and P3 are components of the particle motion or polarization vector. In order 

to decide the phase velocity we require 

T11 -A. N M 

N T22-X L 

M L 

So we have: 

=0 (D-4) 

(F11 - A)[(r22 - A)(T33 - 2) - L2] - N[z\T(r33 - A) - LM] + M[NL - M(T'22 - A.)] =0 
(D-5) 

This becomes a cubic equation: 

A. 3-(FH +r22 +r33)A. 2+(riir22 +r22r33 +r33fl i L2 M2 N2)A. 

- (1-11 r'r33 + 2LMIV) + (L2T'11 + M2 F22 + N2 F33) =0 

Equation (D-6) is a standard cubic equation as: 

aoA.+a1A.+a2A. +a3=0 

where ao=1; al= -(FII+122+F33); a2=fljT22 +F22T'33+133F11-L2-M2-N2 

and a3 = - (1-11 F221-33 + 2LMN) + (VP11 + M2 F22 + N2F33. 

From (D-2) we can deduce expressions for the coefficients of (D-6): 

-a1 =1 11 + F22 + F33 = (ii? + + i + 2(n + + n2 )C44 

= C11 +2C4 

where n? + n + n = 1. Also, 

1-11 F22 + F22P33 + - (L2 + M2 + N2) 

= 2(n?n + nn + nn?)C4 + (nn + nn + nn?)Ci 

+ 2(n + 4 + 4)C, 1 C44 + 2(n?n + nn + nn?)Ci 1C44 

+ (nf + 4+ n)C4 - 2(n?n + nn + nn?)Ci2C44 

- (n?n + nn + 

(D-6) 

(D-7) 
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Suppose a nn + nn + /3 n?nn, then nf + + = 1- 2Q And we 
have 

a2=T'11F22 + r22r'33 + 1 33fl1 - (L2 +M2 +N2) 

= C 4+ aC +2(1-a) C11C44 - aC 12(2C44 + C12) 

Further, 

F1 1 F22133 = /3C? 1 +(a- 3P) C21  +(1+ 3/3- 2a)C 11C 4+ (a- P) C434 

and 

2LMN = 2/3(C44 + C 2)3 

Finally, 

+ + N2 F22 = (C44 + C12)2[340 C11 + (a - 3/3)C44] 

So that 

a3 = (VF 1 + M2F33 + N2F22) -(F11P22F33 + 2LMN) 

= (C44 + C12)2[3/3C + (a - 3/3)C44] - 2f3(C44 + C12)3 

-/3C?1 -(a -3f3)C1C44 -(1+3f3-2a)CiiC4 -(a -f3)C4 

From (D-6) we have: + a1 2 + a2 + a3 = 0 

The roots of this are: 
3 

2.= 0 +022 V 4 27 1J 

2a? a1a2 af where S -- + a3, (.)= a2 - 

Oi and 02 are: 

for 

for A2 
01 01 = 02 = 
= e 27r113 02 =e2 ''3 

2 + 3 

4 27 
al 
3 

(D-8) 

(D-9) 

(D-10) 

(D-11) 
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for /13 Oi=e 22v113 0 2  (D-12) 

Notice, if we substitute A = x - '- into (I) we get: 

X3 + (Ox + £ = 0, oi ande as given in (3). Note also U = VT. 

Substituting from (D-7), (D-8) and (D-9) into (D- 11), we get: 

(0 = (cu I - a(c44 + c12)2 

and 

=p [(c12+c44)2(3c11 -2cu 2-5c44)- (Cl 1-c44)]+ 
(c11 - c44)(cj I + c12)(c11 - C12 - 2c) - - c44)3 

3 27 

let 8 =- + OP 
4 27 

There are two cases to consider 

(1)8≥0; (2)8≤0 

In case (2), is imaginary and we have cube roots of complex numbers: 

(D-13) 

(D-14) 

(D-15) 

Still we know that the three roots 2, are all real because of the symmetry of the Kelvin-

Christoffel matrix. And indeed, the 2 imaginary parts will cancel out because 

and ,/- . - '[ii. are complex conjugates, as are O and 2 . In case (1) it can be shown 

that 6 > 0 leads to complex roots, therefore in this case 8 = 0 only. Introduce also 

= tan '[1] = cos 3 i13 E ] 

t2(_w) 312i 

Phase Velocity 

Now, following general formulations give phase velocity of an arbitrary off-symmetry and 

symmetry planes in 3-D space. 

P-wave phase velocity: 
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when 6< 0 

2 2(-3s) qC 11 +2C44  
VP = 3 cos .1 

SV-wave phase velocity: 

2 21/(3E) ,(P ')ir C11 +2C44  
v, -  cos(-- + + 3 

SH-wave phase velocity: 

2 "'\ +2C44  
VSH - 3p '3 3 / 3p 

(D-14) 

(D-15) 

(D-I6) 

When 6 = 0 the two shear waves have the same phase velocity; such points are 

called shear-wave singularities. The formulations can be written as: 

2  + C11 + 2C (D-17) 
V - p- 3p 

VVVH+ "44. (D-18) 
2p 3p 

Group Velocity 

In a symmetry plane, group velocity can be determined from phase velocity by 

using the relation (Postma, 1955; Backus, 1965 

V2()=v2(0)+ Av. 2 
•dO . (D-19) 

Because of the symmetric feature of the unit vector (n i, n2, n3), I arbitrarily choose one of 

the symmetry planes (others are equivalent) have: 

n  = cos 0, n2 = sin 0, n3 = 0, then a= co520sin20, /3=0 (D-20) 

VP2 V2= - c052( 13)5in2(40)CII + C12)2(C 11 - C12 - 2C)2 (D-21) 
48p2vE 

V\, cos2((q + 2ir)/3)sin2(40) 
VJ - (Cl + C12)2(C1 - C12 - 2C)2 (D-22) 

48p2VvE 
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VS2 2 cos2((q+ 42r)/3)sin2(40)(c I I + C12)2(C 11 - C12 - 2C) 
H=VH - 48p 2v Hs 

(D-23) 

At those points where the two shear waves have same phase velocity (singularities), 

they also have the same group velocity, given by: 

(4 213sin2(4O) 
V v + (C11 + C1 2)2(C 11 + C44)2  (C - C - 2C)2 

8 1p2v2(4 2 

VH = VSV = VH + (4 213sin2(4O) 2 
324p2vH(42' + C)(C1 )2 

(CI C44)(C1 )2 
- C12 - 2C 

(D-24) 

(D-25) 


