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S-wave velocity structure beneath the Kaapvaal Craton from surface-wave inversions
compared with estimates from mantle xenoliths

Angela Marie Larson

(ABSTRACT)

Results from two-station surface-wave inversions across the Archean Kaapvaal craton
of southern Africa are compared with seismic velocities estimated from approximately 100
mantle xenoliths brought to the surface in kimberlite pipes. As the xenoliths represent a
snapshot of the mantle at the time of their eruption, comparison with recently recorded seis-
mic data provides an opportunity to compare and contrast the independently gained results.
These cratonic xenoliths from the southern Kaapvaal, all less than 100 Ma in age, have been
analyzed geothermobarometrically to obtain the equilibrium P-T conditions of the cratonic
mantle to about 180 km depth [James et al 2004]. Seismic velocity-depth and density-depth
profiles calculated on the basis of these P-T data and the mineral modes of the xenoliths
are used to produce theoretical surface-wave dispersion curves and to generate roughly the
upper 200km of a starting/reference model. A regionally-developed crustal structure [Niu
and James 2002] was used for the crust and 300 km of mantle values taken from PREM filled
in down to 500 km depth. This composite model was used as the starting/reference model for
a Neighbourhood Algorithm surface-wave inversion using fundamental-mode Rayleigh-wave
phase velocities for 16 paths within the Kaapvaal Craton from five events. The velocity
structures found by that inversion are consistent with those derived from the xenolith data.
Hence the velocity structure (i.e. thermal structure) of the mantle to a depth of 180km
beneath the Kaapvaal craton is basically the same today as it was 80-90 Ma. Further, syn-
thetics runs show that for this surface-wave dataset, there is no strong low-velocity zone at
depths shallower than at least 200 km.
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1 Introduction/Motivation

Various seismic methods may be used to determine the S-wave velocity structure of the
crust and upper mantle. One common method, surface-wave inversion, has been widely
used to study lithospheric structure beneath southern Africa [e.g. Qui et al 1996, Priestley
1999, Ritsema and van Heijst 2000, Freybourger et al 2001, Saltzer 2002, Goré 2004, Nguuri
2004]. The results from these previous surface-wave studies have varied widely in at least
one respect: the studies of Qui et al and Priestley are the only ones that purport to find
a mantle low-velocity zone (LVZ) beneath the cratons of southern Africa. (The existence
of a significant LVZ — ~ 5% decrease in S-wave velocity — is thought to represent the
asthenosphere, which decouples the rigid lithospheric plates from the deeper mantle.)

In this thesis, I will specifically examine the upper-mantle structure of the Archean
Kaapvaal Craton in much greater detail than has been done in previous studies. A key
part of this study involves combining interstation surface-wave phase-velocity measurements
with prior velocity-depth estimates based on measurements from numerous mantle xenoliths
brought to the surface in the Cretaceous-age kimberlite pipes throughout southern Africa.
These mantle xenoliths can be analyzed using geothermobarometry to obtain equilibrium P-
T conditions at the depth at which they formed [e.g. James et al 2004 with more references
found therein]. The xenoliths are found near the surface in and around kimberlite pipes
after being transported upwards at speeds estimated to approach that of a Volkswagen
Beetle on the highway (about 26 m/s). This rapid ascension preserves the mineral modes
and delivers relatively unaltered mantle rocks to the surface. Velocity and density estimates
can be determined from the xenoliths based on the modal and mineralogic compositions
of each sample, elastic constants known from laboratory studies, and thermobarometrically
computed P-T conditions in that region of the mantle from which the samples were plucked.

In addition, I use synthetic runs to test for the possible existence of an LVZ in the upper
mantle beneath the Kaapvaal Craton. A strong LVZ would signify asthenosphere; most
cratons do not have a strong LVZ [Zhao et al 1999, Snoke and Sambridge 2002].

The thesis is organized as follows: In section 2, the geology and tectonics of the study
area is described and their significance is explained. Section 3 details the elastic parameters
and geothermobarometry calculated from the xenoliths and how the seismic velocities and
density structures are calculated from them. Section 4 and 5 contain the surface wave data:
how phase velocities are calculated from the waveforms and how the set of phase-velocity
dispersion curves are combined into a single composite curve. The composite dispersion
velocity curve is the input for an inversion to find the S-wave velocities for the upper mantle
using the Neighbourhood Algorithm (NA). The optimal NA model is compared with the
xenolith-generated model and synthetic runs are performed to test for a LVZ in the upper
mantle. The geologic and tectonic implications of the findings are discussed in the concluding
section.



2 Study area and previous work

2.1 The Kaapvaal Craton

Southern Africa is an amalgamation of Archean cratons and mobile belts of Proterozoic and
younger ages (figure 1). The region in which this study is concentrated is the Kaapvaal
Craton formed between 2.7 and 3.6 Ga. It is bounded on three sides by Proterozoic mobile
belts. To the north is the Limpopo collision belt, a result of the impact between the Kaapvaal
and Zimbabwe Cratons. To the west is the Kheiss overthrust belt, and to the south is the
subduction-related Namaqua-Natal belt. The generally stable craton has been affected by
mafic intrusions at various points in its history. At 2.0 Ga, the Bushveld Complex intruded
the northern section of the craton creating what is believed to be the world’s largest layered
mafic intrusion. Numerous kimberlite eruptions occurred throughout southern Africa 80-
90 Ma, carrying with them large quantities of mantle xenoliths, some diamond bearing, from
depths as great as 200 km or more. Despite the continental collisions, marginal subduction
zones, and mafic intrusions, the deep mantle root of the Kaapvaal Craton has remained
largely intact since its formation during the Archean. The benefit of studying Archean
cratons is that they can give scientists insight into the formation of continents and the early
geologic processes that affected the planet. Continental lithosphere formed in the Proterozoic
and later times exhibits different characteristics than those of the Archean, suggesting a
change in the Earth’s processes after Archean time.
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Figure 1: Top: The topography and political boundaries of the study area and its sur-
rounding areas. Bottom: The geologic regions and their formation ages. The areas marked
as the Bushveld complex represent the surface expression of the intrusion; it is believed to
extend westward through the study area beneath the subsurface (see figure 5 for more de-
tail). The overthrust Kheiss Belt is considered to be of the same cratonic structure as the
Kaapvaal Craton, and thus a part of the craton for this study.



2.2 The Kaapvaal Project

This Archean craton has been the recent focus of a multi-disciplinary, international research
effort to understand the differences between Archean and younger cratons. This effort, called
the Kaapvaal Project, involved seismic, geochemical, and petrological analysis of the area
[Carlson et al 1996, Carlson et al 2000, http://www.ciw.edu/kaapvaal]. The seismic effort,
termed the South African Seismic Experiment (SASE), involved 54 portable broadband seis-
mic stations (figure 2) deployed between April 1997 and July 1999. These stations were
aligned in a north-east to south-west configuration with approximately 1° interstation spac-
ing. All stations were placed on bedrock. 25 of these stations were re-deployed after the
first year for a total of 79 stations deployed for a minimum of 1 year. A denser array of
31 stations (Kimberley Array) was set up for six months to look more closely at a major
diamond-producing region around Kimberley, SA. Five Global Seismic Network (GSN) sta-
tions complemented the portable array, although three are unusable for this study based
on their geographic location outside of the Kaapvaal Craton (tsum and sur) or digital non-
compatibility (slr). Xenolith analysis was performed by James et al [2004] on approximately
100 samples from locations both on-craton and off-craton (figure 3).
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Figure 2: All deployment sites for SASE. The two-year stations are marked by the dark blue
circles; the one-year stations are shown as light blue circles for the first year, yellow circles
for the second year. The GSN stations are shown as white triangles and the grouping of
small black and white circles in the denser 6-month Kimberley array. Geologic boundaries
are marked by black lines.
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Figure 3: All of the deployment sites for SASE as well as the GSN stations are shown as
yellow circles. The xenolith sites are shown as red diamonds. Political boundaries are shown
as thin black lines and the geologic boundaries are the shaded regions



2.3 Previous studies

Most studies prior to SASE utilized at most six GSN stations and, in some cases, small
portable arrays within southern Africa, so their models for structures were averaged over
several distinct geologic provinces. Durrheim and Green [1992] deployed six portable seismic
stations along two profiles across the Witwatersrand Basin in South Africa. (The Witwater-
srand Basin is about 200 km east and slightly north of the location of the SASE Kimberley
Array, see figure 2.) Although the station spacing was at approximately 10 km intervals,
the area covered represents only a small fraction of the Kaapvaal Craton. By interpreting
distinct body-wave arrivals from mine tremors, Durrheim and Green found a Moho depth
of 35km, a felsic-to-intermediate crust, and an upper-mantle P-wave velocity (~ 8.1km/s)
similar to that observed for other Archean cratons.

Qui et al [1996] propose a Moho at 42km, a high-velocity lid (42 to 120km), and a LVZ
starting at 120 km. These results came from recordings at six GSN stations for regional and
teleseismic earthquakes along 12 paths. Receiver functions based on P-to-S wave conversions
at the Moho were used to determine crustal thickness, and the inversion of multimode sur-
face waveforms was used to compute the velocity structures with regional seismic refraction
results as constraints. A comparison to velocities inferred from a small sample of southern
African mantle xenoliths results in reasonable agreement at depths down to 150 km. Priest-
ley [1999] re-interprets the Qui et al model by considering new Rayleigh-wave phase-velocity
measurements in addition to the Qui et al dataset. Priestley extends the high-velocity upper-
mantle lid to 160 km but notes that the study sampled only a small range of azimuths.

Subsequent regional surface-wave studies have largely discredited the Qui et al and Priest-
ley results. In a far more comprehensive study, Ritsema and van Heijst [2000] analyzed
40-200 s Rayleigh-wave dispersion data from 8,000 surface-wave paths across Africa and Eu-
rope to produce regional tomographic images of the upper mantle. Although the data are
not sufficient to define finer structure, the images clearly reveal the high velocity roots deep
beneath the cratons of southern Africa as well as the low-velocity mantle beneath the east
African Rift. Ritsema and van Heijst showed that fundamental-mode Rayleigh waves in
the periods they studied have an S-wave sensitivity to about 400 km depth. They found no
LVZ at any depth beneath the cratons and conclude that the cratonic S-wave velocities for
southern Africa are as much as 6% higher than PREM values.

Surface-wave studies of southern Africa using interstation dispersion are a part of Ph.D.
dissertations for Jane Goré [2004] and Teresia Nguuri [2004]. Goré’s focus is on the Zimbabwe
Craton and Nguuri’s the Kaapvaal Craton and Limpopo Mobile Belt as well as a receiver
function study of the entire region. Results from the receiver-function study [Nguuri 2004,
also in Nguuri et al 2001] are shown in a contour map (figure 4) of the calculated Moho depth
at every station used in the SASE experiment. Nguuri used interstation phase velocities from
the SASE data set and linearized-least-squares inversion to determine the S-wave velocity
structure, including only the first year’s worth of events, totaling 16 paths from three events
for Rayleigh waves and six paths from one event for Love waves. Some of the paths cross
through the Kheiss Belt and Kaapvaal Craton (including Bushveld Complex). Nguuri used
a different crust from that of Niu and James [2002] (see below) and found no low velocity

7



zone in the upper mantle. This present study extends the surface-wave project of Nguuri’s
thesis [2004] by using additional paths and a fine-tuning of the analysis procedures. For this
study, my definition of the Kaapvaal is more stringent than that of Nguuri, so 11 of the 16
Nguuri [2004] Rayleigh-wave paths are not included here.

Freybourger et al [2001] performed phase-delay studies on Rayleigh and Love waves using
the SASE data. Using 3000 measured time delays from 10 events, Freybourger et al found
no LVZ in the upper 200km. They did find high seismic velocities and evidence for a
< 100 km thick anisotropic layer in the uppermost mantle. Using the same basic methodology
and ~ 3,000 different traveltime measurements from 12 events, Saltzer [2002] concurs with
Freybourger et al [2001] that there is no LVZ but argues that the anisotropic layer must
extend from the Moho to at least 150 km if not 200 km depth. Saltzer attributes the results
of Qui et al and Priestley’s LVZ to the assumption of an isotropic model. Both Freybourger
et al [2001] and Saltzer [2002] averaged their findings over the entire SASE deployment zone,
smoothing the differences among the geologically distinct Archean cratons, younger mobile
belts, and Bushveld Complex.

Niu and James [2002] [see also James et al 2003] use data from the dense Kimberley Ar-
ray to examine the crust and Moho in detail. Using receiver functions from teleseismic and
local events, they find that the crust is about 35km thick in the immediate vicinity of the
Kimberley Array. Based on the calculated contrast in density across the Moho (also found
from receiver functions) and the uppermost-mantle density value from local mantle xeno-
liths, the density they find for the lowermost crust is consistent with felsic-to-intermediate
composition rocks. They also conclude that the Moho is flat and very sharply defined, with
a crust-mantle transition of less than 0.5km beneath the Kimberley Array. My study uses
the crustal model of Niu and James [2002] and James et al [2003].

James et al [2001] generate body-wave tomography models for P- and S-wave velocity
perturbations. Their results show an apparent cratonic root extending to perhaps 300 km
depth, with a lower-velocity swath of mantle beneath the Bushveld Complex (figure 5). The
data provide reliable resolution from ~ 50km to almost 1,000 km. The resolution is poor in
the top 50 km due to 100 km station spacing and therefore relatively few crossing rays.
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Figure 4: The numbers refer to Moho depths calculated by Nguuri [2004, also Nguuri et
al 2001]. The Kheiss Belt is shaded differently than the Kaapvaal Craton to indicate its
location, but note the similarity in its Moho depths to the craton’s.
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terms (triangles) are delay time residuals specific to each station, with a minimum value of
0.15s. Bottom: Vertical cross-sections along profile B-B’. Surface topography plotted at
40 times actual scale. Uppermost 50 km (gray area) denotes regions where station delay
time residuals are incorporated in model calculations. Topography is shown in light green.
(Provided by D.E. James: modified from Figure 3, James et al, 2001))
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3 Xenoliths

This section describes the process of using geochemical /petrological information in rock
samples to estimate the velocities and density of the region where the rock first formed.
Samples are collected and analyzed both for their mineral modes and for the composition
of the individual minerals. Elastic constants appropriate for the equilibrium P-T of the
individual samples are then used to calculate average seismic velocities and densities for
each sample.

3.1 Cratonic mantle samples

A large number of well characterized mantle samples were analyzed as part of a larger on/off-
craton xenolith comparison study [James et al 2004]. The thousands of kimberlite pipes in
southern Africa are well known for having brought a large portion of the Earth’s diamonds
to the surface, but they reward geoscientists by allowing for the direct observations of the
properties of mantle rocks. The samples used came primarily from the Kaapvaal collection
of F. R. Boyd, and their kimberlite pipe locations are shown in figure 6. The samples
had eruption ages around 90 Ma and consist dominantly of olivine and orthopyroxene, with
or without lesser amounts of garnet, clinopyroxene, and spinel. Mineral modes (the actual
mineral composition of a rock, expressed in volume or weight percent) were determined using
a least-squares method based on whole-rock chemical analyses of at least 100 gm of sample,
coupled with microprobe studies of individual mineral constituents.

11
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Figure 6: The xenolith localities in the gray Kaapvaal Craton are shown as red diamonds
(the Indian Ocean is shown in blue and the Bushveld Complex is indicated by the darker
gray). Although there are some locations with more than one diamond on top of another,
all of the sites (save one) are found in the southern half of the craton.
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3.2 Elastic parameters

The elastic parameters (adiabatic bulk moduli, shear moduli, and densities) are from prior
laboratory studies [Agee 1998, Anderson and Isaak 1995, Bass 1995, Duffy and Anderson
1989, Liebermann 2000, Murakami and Yoshioka 2001]. Although James et al [2004] used
what they considered to be the most robust set available from the literature, the interlab-
oratory data for elastic parameters contains scatter outside of the published uncertainties.
Thus, the results are only as reliable as the elastic parameters and should be revised as elas-
tic constraints are refined. The bulk modulus of orthopyroxene has significant controlling
effects on seismic velocities calculated for an upper-mantle sample, particularly at shallow
depths. Although the shear moduli for orthopyroxene and olivine are very similar, the bulk
modulus for orthopyroxene is significantly lower than that of olivine at lower pressures, so
that in the uppermost mantle, the P-wave velocity of orthopyroxene is approximately 6%
lower that that of olivine whereas the S-wave velocities are nearly the same. This can be
an important effect, as the abundance of orthopyroxene can be as high as 50% in the upper
mantle. The difference in bulk modulus between olivine and orthopyroxene gradually de-
creases with depth, so that by 180 km, the velocities and Poisson’s ratios of the two phases
are comparable.

3.3 Geothermobarometry

The temperature and pressure that the xenoliths equilibrated at can be determined from two
metamorphic reactions using the amounts of mineral modes within a sample. For example,
the intersolubility of clino- and orthopyroxene is mostly dependent upon temperature, and
the solubility of Al;O3 in orthopyroxene (in the presence of garnet) is mostly dependent
upon pressure. Using these two types of approximations together underlies the relatively
new technique of geothermobarometry. Errors in geothermobarometric determinations of
equilibrium P-T conditions can be significant, however. After comparing several thermo-
barometric methods, James et al [2004] used the O’Neill & Wood [O’Neill and Wood 1979
thermometer coupled with the MacGregor [1974] barometer. This geothermobarometry ap-
plied to the low- and high-T cratonic xenoliths produced average temperature-depth curves
consistent with published geotherms from heat flow [Jones 1988] and placed the samples in
the correct part of the diamond-graphite stability field.

The spinel lherzolites/harzburgites differ from the other samples in how their geothermo-
barometry is calculated. Since they derive from shallow levels where temperatures are two
low for complete chemical equilibrium [Boyd et al 1999], they exhibit evidence of mineral
disequilibrium. There are also large uncertainties in the Ca-in-olivine barometer that would
have been applied to these samples, making it not useful here. James et al [2004] assumes
uppermost mantle temperatures of 450°C at 50km depth on which velocity and density
calculations are based.
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3.4 Calculation of seismic velocities and density

Using the elastic parameters and the geothermobarometry results, the density and P- and S-
wave velocities are computed for each sample. First, the adiabatic bulk modulus (Kg), shear
modulus (G), and density (p) are found for each mineral phase (« is the thermal expansivity)
at standard temperature and pressure (20°C' and 1bar). Then using the equilibrium P-T
conditions and depth computed from thermobarometry estimates for each xenolith, (Kg)pr,
Gpr, and Ap are calculated and used in the the equations below to calculate seismic velocity
and density. Finally, by linearly averaging the calculated slowness (1/Vpg) of each phase in
proportion to its mineral mode, the mean velocity of each whole rock sample is calculated
for that depth.

Ve = {[(Ks)pr + (4/3)G]/p}'?
Vs = (Gpr/p)'?
p=p+2AQp
Poisson’s ratio = (V3 —2V2)/(2(V3 — V&)
where
(Ks)pr = Ks + (0Ks/OP)AP + (0K, /0T )AT
Gpr =G+ (0G/OP)AP + (0G/OT)AT
Ap = p(—aAT + AP/Kr)

3.5 Results

The S-wave velocity vs depth plot is shown in figure 7. A trend of velocity slightly decreas-
ing with depth is evident from the low-T xenolith samples. The P-wave velocity vs depth
(figure 8) has a positive slope as do both the Poisson’s ratio and density (figures 9 and 10).
Black lines have been drawn on each plot that give the linear fit of the parameters vs depth,
and the standard deviation of the slopes and intercepts are given in the figure captions.
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Figure 7: Calculated S-wave velocities for the Kaapvaal Craton xenoliths. Spinel lher-
zolite/harzburgite velocities are based on an assumed depth of 50km and an equilibrium
temperature of 450°, averaged over all samples. The equation for the best fit line is
Vg = 4.710 — 3.8667 x 10~*z, where z = depth in km. The estimated errors in the intercept
and slope are 9.9736x1073km/s and 7.0946x107° s~ respectively. Adapted from James et
al [2004].
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Figure 8: Calculated P-wave velocities for the Kaapvaal Craton xenoliths. Scatter in the
low-T lherzolites is due primarily to uncertainty in the calculated P-T of those xenoliths. The
equation for the best fit line is Vp = 8.080 + 8.8555 x 10~*z, where z = depth in km. The
estimated errors in the intercept and slope are 1.7382x107?km/s and 1.2365x107* s~ re-
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Figure 9: Poisson ratios computed from xenolith data. The trend of increasing Poisson ratio
is due to the decreasing S-wave and increasing P-wave velocities with depth.The equation for
the best fit line is Poisson’s ratio = 0.2435 + 1.3596x107%z, where z = depth in km. The
estimated errors in the intercept and slope are 1.0910x1073 and 7.7607x10~° respectively.
Adapted from James et al [2004].
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Figure 10: Densities from the study plotted with respect to depth.The equation for the best
fit line is p = 3.292 4 4.7053 x 10~*z, where z = depth in km. The estimated errors in the
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James et al [2004].
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4 Processing the surface-wave data

4.1 Methodology background

Surface waves are generated by shallow earthquakes, and the two main types are Love and
Rayleigh waves. As surface waves pass through the Earth from an earthquake, the discrete
frequency components of a single wave ‘packet’ disperse differently depending on the velocity
structure of the region the waves pass through. A rough estimate is that the propagation ve-
locity of a surface wave at a fixed frequency is sensitive to the average of the Earth structure
to a depth in kilometers roughly equivalent to its period in seconds. These surface waves,
whose periods commonly extend to 100 s or more, enable seismologists to observe Earth struc-
ture from the surface down well into the upper mantle (figure 11). In this study, I calculate
interstation fundamental-mode Rayleigh-wave phase velocities from observed waveforms and
use them as the input data for an inversion to find the S-wave velocity structure that is then
compared with the velocity structure calculated from the xenolith analysis.
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Figure 11: Left: Shown are ‘typical’ ocean and continental shield velocity models. For the
oceans the Moho is shallower and the low-velocity zone (LVZ) starts at a relatively shallow
depth (60km). For the shield model, the data typically cannot resolve a LVZ at all —
assuming there is one. Also shown, for reference, is the IASP91 model. Right: Rayleigh-
wave fundamental-mode phase velocities for the velocity models shown in the figure on the
left. Observed phase velocities over an extended period range constrain the structure along
the path.
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The two-station great-circle method is based on the principle that if two stations lie along
a common great-circle path (or very close there-to) then the seismic signal at the far station
will only differ from the seismic signal received at the near station by effects generated
along the path between the two stations. The two-station method is used to determine the
interstation phase-velocity between sets of two stations along similar great-circle paths with
respect to the earthquake source. In this method, the backazimuth (BAZ) is calculated
between the far station and the near station as well as between the far station and the event.
The difference between the two BAZ calculations for station pairs used in this study is limited
to three degrees to minimize the effects of differences in paths between the epicenter and the
near station. A consideration in the two-station method occurs in the calculation of phase-
velocity error. Aki and Richards [2002] show that the estimated error is proportional to the
signal-to-noise ratio as well as the wavelength-to-interstation-distance ratio. Thus, selecting
for longer interstation distances results in smaller errors in phase-velocity calculations, and
the errors are greater at larger periods for a fixed interstation distance.

4.2 Event selection

More than 1,400 events were recorded during the two-year duration of the SASE seismic
deployment. To select events for this study, I sorted the composite list of all events by
body-wave magnitude (m,;) and surface wave magnitude (Mg). Only events with a m; and
Mg greater than 5.0 and 6.0 respectively were considered. Events too close (< 20°) to the
array were typically small and poorly dispersed. Very distant events (> 100°) exhibited
multi-pathing effects. I further culled the event list by BAZ, as described above. The
geometry of the seismic array (oriented southwest-northeast) resulted in potential station-
pair combinations along great-circle paths only from earthquakes located in the northeast
and southwest quadrants. The restrictions imposed by this geometry are enhanced by the
fact that first-year stations are in the westerly sector and second-year stations in the easterly
sector (see figure 2). Events located in the subduction zone along the west coast of South
America and in Iran produce the station pairs used in this study (figure 12). An important
benefit of surface waves traveling from these particular areas is that they cross the continent-
ocean boundaries at fairly close to 90 degrees. The South American events also cross the
mid-Atlantic ridge close to normal incidence as well. Near-perpendicular crossings of tectonic
boundaries minimize multi-pathing and produce less complicated arrivals.

Another constraint I placed upon the selection criteria was to avoid the Bushveld Complex
in any interstation path. The effects of the large mafic intrusion are not fully understood, but
receiver-function analysis [Nguuri et al 2001] show it has affected the Moho depth and the
upper mantle velocities of the northern part of the craton. Hence, for an acceptable pairing,
neither station could be located within the area affected by the Bushveld. Out of the 32
events [ originally selected, only five events (figure 12 produced well-recorded surface-wave
arrivals at station pairs meeting the maximum difference in backazimuth (3°degrees). The
cutoff minimum interstation distance used for this study is 200 km. Table 1 lists the specifics
for the five events.
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Figure 12: The epicenters of the five selected events are shown above, each marked by a red
star. Four stars are in western South America and one is in Iran. The great-circle paths are
drawn from the epicenters to station sa3l (the center of the array) and they all cross first-
order tectonic boundaries at near-normal incidence. In southern Africa, station deployments
are marked by dots, and the Kaapvaal Craton is shaded in gray.

Table 1: Earthquake event data for five events used

YEAR DOY HR MN SEC  LAT LONG DEP M, Mg DIST BAZ
1997 130 07 57 297 33825 59809 100 64 7.3 68904 30.6
1997 187 09 54 0.7 -30.058 —71.872 19.0 58 6.5 82408 240.3
1997 288 01 03 334 -30.933 -—-71.220 58.0 6.8 6.8 81.516 239.7
1998 012 10 14 76 —=30.985 —71.410 350 5.8 6.2 81.638 239.6
1998 246 17 37 582 —-29450 -—-71.715 270 6.2 6.6 82557 240.9

The first five columns have the date and time of the earthquake (DOY stands for Day Of
Year). The next three columns are the location (latitude, longitude, and depth) of the event.
Columns nine and ten refer to the calculated body- and surface-wave magnitudes, and the
last two columns (distance [DIST] and backazimuth [BAZ]) are relative to station 31, at the
approximate center of the array.
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4.3 Pre-processing

For each event, several pre-processing steps are taken to ascertain the quality of the signal as
well as the viability of the station pairs. Since this study is using only Rayleigh waves, only
the vertical-component records are used. The vertical records are resampled (from 20 sps
to 1sps) and instrument corrected. There are three types of stations in the portable array
in addition to the four global seismic network stations. The bosa GSN station (used in
this study) is a geotech KS-5400 with a GS21 datalogger. The portable array instruments
included Streckeisen STS-2 with 16- and 24-bit digitizers as well as Guralp CMG-3T stations.
Each one of these types has its own pole-zero file to be used for instrument correction. When
instrument correcting, a zero-phase high-pass filter (typically with a corner frequency of
0.005 Hz) is applied to deal with the decreased signal-to-noise ratio at longer periods.

Records from the 16-bit digitized stations must be examined for signal saturation. These
stations have two 16-bit digitizers per channel, one recording continuously and the other
digitizing continuously but recording only when the signal is above about the 90% saturation
level of the continuously recording channel. The second channel is a ‘low-gain’ channel with
a gain setting at a factor of 32 less than the continuously recording ‘high-gain’ channel.
In very large earthquakes, the high-gain channels of these 16-bit stations saturate and are
unusable. The high-gain channel amplitude is in counts, running from -32,768 to 32,767,
giving a range of 65,536 = 2'¢ amplitude levels. When an amplitude is outside that range,
it is truncated to the maximum value (positive or negative) producing the square top (or
fence posts) seen in the second trace of figures 13 and 14. The low-gain channels (third
traces in both figures) are buffered so that about 60s of data is included before the 90%
saturation level is first reached. When this saturation occurs, data from stations with this
setup need to have their low- and high-gain records integrated together, after correcting for
the relative offset and magnification based on the common non-clipped parts of the record.
The resulting integrated record is shown as the top trace in figures 13 and 14, and the
difference between the high- and low-gain traces are shown as the bottom trace. Figure 13
is from an event not used in this study, but it demonstrates how significant the effect of
saturation can be and how it can be handled by the integration procedure. Figure 14 shows
an example of a 16-bit station that is one of three that needed this gain-range correction
for stations/events used this study. If this saturation is not noticed before the instrument
correction is applied, incorrect waveforms inadvertently become part of a dataset because
saturation is not apparent after instrument correction.

After the decimation and instrument correction step, a representative sampling of one or
two stations is made and a frequency-time analysis is performed [Dziewonski et al 1969]. The
purpose of this step is to identify a range of approximate periods/frequencies and velocities
for which the event could be used and to give an assessment of the quality (figure 15). All of
the selected decimated and instrument corrected vertical traces are then prepared for further
analysis by filtering in both the time and frequency domains. In the time domain, a 15%
cosine taper is applied starting at the maximum and minimum group velocities of interest,
and in the frequency domain a 15% cosine taper is applied starting at 0.005Hz on the low
side and 0.06 Hz on the high side.

22



‘ ‘ T T ‘ T T
2 sa3l BbZ
0 wafvwWWJVMVVMAMN¢WNWVVNwJVwJ MMWMMWWMWM%MMWWWWW
Lf; |- -
o) _
< n LTI m
o Wik 6z
0 ‘ M
X oL
> : T T ‘ T \:
5 sadl BLZ H
07
g e _
27
07
g L
; 727 Il ‘ Il Il ‘ Il Il ‘ Il Il ‘ Il Il ‘ Il Il Il ‘ Il L
0 500 1000 1500 2000 2500 3000

SECONDS

Figure 13: The traces from top to bottom are as follows: gain-range corrected, high-gain
channel, low-gain channel, and the difference between the high- and low-gain traces. If all
that existed was the high-gain channel, the data could not be used for this earthquake. This
particular event is not used in this study due to a lack of acceptable station pairs.
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Figure 14: This figure is the same as above but for an event and station used in this study.
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Figure 15: The output for a multiple-filtering analysis run with period and group velocity
(U) on the x- and y-axes respectively. As indicated in the text to the right of the plot, this
is for the event 97288, station sal6, vertical component. The distance (A) and backazimuth
between the station and the epicenter is given as well as the event depth. The x’s are
computer-picked energy maxima for each period, and the vertical lines span +1dB. An
appropriate range of group velocities for this station might be 3.3 to 4.0km/s and periods
of 15 to 180s. The seismogram to the right appears distorted because time (t) has been
mapped into U by U=A/t.
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Limitations I placed on pair selection also included station activation and functionality at
that particular time in addition to the maximum difference in backazimuths and minimum
interstation distance. Sixteen acceptable paths transversing the southern Kaapvaal craton
from the five events made up the final data set (table 2 and figure 16). Some paths for the
same event are collinear and some paths use the same two-station pair as other events.

26°S

28°S

30°S

22°E 24°E 26°E 28°E

Figure 16: Map showing the 16 paths from the five events. The lines between stations show
the great-circle path between the stations, and differ slightly from actual great-circle paths
from epicenter to station; as shown in figure 19, the epicenter-to-far-station great circle path
may not pass through the near-station.
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Table 2: Station pairs used in this study

EVENT NEAR FAR DDIST DBAZ
97130 sa32 bosa 218.6 2.2
97130 sa38 sal7 379.4 2.2
97187 sa22 sa39 471.0 0.2
97187 sa23 sad0 434.4 1.3
97187 sa3l sad0  244.6 0.4
97288 sal6 sa24  232.3 1.2
97288 sal6 sad2 464.1 0.0
97288 sa22 sa39 471.0 0.8
97288 sa29 sa38 2324 1.6
97288 sa3l sad0  244.5 0.9
98012 sa23  sad0  434.7 0.7
98012 sa29 sa38  232.3 1.7
98246 sald sa28  450.8 0.4
98246 sal7 sa33  449.6 1.0
98246 sa23 sad0  434.5 2.0
98246 sa3l sad0  244.6 0.2

EVENT refers to the event ‘name’ that is comprised of the last two numbers in the year
attached to the day of year. NEAR and FAR are the stations closest to and furthest from
the earthquake epicenter in this particular pair. DDIST and DBAZ indicate the interstation
distance (¢ distance) and the absolute value of the difference between the backazimuths of
the far station with respect to the epicenter and the near station.
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4.4 Calculating phase velocities

Phase velocities, and the shape of the curves giving phase velocities as a function of period,
depend on the S-wave velocity structure (figure 11). The phase velocities are calculated
from surface-wave waveforms. Interstation dispersion curves (one for each event/pair) are
averaged together into a single composite phase-velocity curve that is used in the inversion
for the Kaapvaal Craton S-wave velocity structure. To find phase velocities in the pre-
digital-data days, specific peaks and troughs were hand-picked in the waveform and matched
from near to far station to calculate the time difference between their arrivals. Using the
time difference and the distance between the stations, a phase velocity could be calculated
for the period (typically the length of one cycle). This ‘peak-trough’ method had to be
repeated for many cycles in the dispersed wave to fill out a phase-velocity dispersion curve.
Faster computers and digitized data now aid greatly in this effort. Now to find the phase
velocities as a function of frequency, the traces can be filtered at selected frequencies using
narrow-band-pass filters. An identifiable wavelet (perhaps a single cycle) is located on both
the near and far station waveforms in a two-station pair. The time shift from near to far
station is calculated based on the waveform correlation to obtain the phase-velocity value
for that particular frequency (figure 17 shows an example for a period of about 130s). For
shorter periods, there is typically more than one cycle of similar amplitude so that this
method can lead to more than one phase velocity. Care must be taken to avoid incorrect
phase velocities because of such ‘cycle-skipping.” Rather than calculating phase velocities at
selected frequencies as is done in many studies [Freybourger et al 2001, Saltzer 2002], this
study uses a program (SURF_IGF) modified from Herrmann’s XSPCRS [1987] to calculate
the full phase-velocity spectrum in one run. (The IGF stands for the interstation Green’s
function that is calculated in the Fourier domain from the data.) An important feature
of this program is that it gives estimates of standard deviations for the phase velocities at
each frequency. It does this by time-shifting the near-station waveform to the far-station
time using the calculated phase velocities, and then the coherency of the two waveforms is
calculated as a function of frequency. An illustration of this procedure is shown in figure 18.
The SURF_IGF plots (as in figure 18) are shown for all 16 paths in Appendix A.

Phase velocities are well-constrained in the period range from about 17 to 171s. At
periods shorter than about 17 seconds, the teleseismic arrivals have less energy and tend
to be scattered by small-scale heterogeneities. At periods longer than ~171s, the data are
poorly constrained and the frequency-time analysis loses coherence (e.g. figure 15).

The inversion for structure using dispersion velocities assumes implicitly that disper-
sion velocities are independent. The lower right-hand panel in figure 17 demonstrates that
there will inevitably be overlaps in the frequency domain for dispersion velocities calculated
at neighboring frequencies. Following Snoke and James [1997] and Snoke and Sambridge
[2001], the spacing of phase velocities in period is such that there is a an approximately con-
stant overlap of the Gaussian filters used to select individual periods in the frequency-time
analysis of surface waves at a single station (e.g. figure 15). This spacing, which increases at
approximately the square root of the period, then results in approximately equal statistical
weighting of the selected phase velocities in the inversion.
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Figure 17: The output for a run, using the ‘peak-trough’ fitting program PKTR, for sta-
tion pair sal7-sa33 (event 98246) is shown above. The first text line details the event
(98246) followed by the station pair, component (bhz — broadband sensor, high gain chan-
nel, z=vertical component), and the correlation at best fit (0.99, essentially a perfect fit)
for the two time traces between the vertical lines in the waveform plot. The second text
line is the great-circle-path distance between stations (Delta), the calculated phase-velocity
(Vphase) based on the distance difference divided by the time shift (line three), and the
time duration selected for correlation calculation (Duration). The final text line indicates
the absolute value of the difference between the backazimuths (dBaz) of the farther station
to the epicenter and the farther station to the near station and the time shift needed to
match the closer station’s waveform to that of the farther station. The selected duration is
marked by the vertical lines in the top graph. The far-station (sa33) trace is the solid line.
The time-shifted near-station (sal7) trace is the dashed line. The bottom-left panel shows
the correlation between the two waveforms at different phase velocities (or, equivalently,
time shifts). This plot has only one correlation peak, but it is very broad. This indicates the
range in phase velocities with high correlations could be as much as +0.05km/s from the
peak value. The bottom-right panel is the amplitude-frequency plot for the near station and
shows that the maximum amplitude is found at 0.007812Hz (a period of 128s). Like the
correlation plot, this peak is also broad. The phase velocities may be the same for frequencies

within about 20% of the computer calculated value.
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Figure 18: Above is an example of the pre-inversion output for one of the 16 pairs. The graph
on the left shows Rayleigh phase-velocity vs period. Small circles correspond to the data
points for phase velocity at different periods for event 98246, station pair sal7-sa33. The
(vertical) error bar for each phase velocity is based on the coherence of the two waveforms
after the near-station waveform has been time-shifted to the far-station epicentral distance
using the calculated phase velocities. The solid line is the phase-velocity dispersion curve
generated from the velocity model based on the xenolith data (see section 5.2). DDIST and
DBAZ indicate the interstation distance (0 distance) and the absolute value of the difference
between the backazimuths of the far station with respect to the epicenter and the near
station. DIST and BAZ are the epicentral distance and backazimuth respectively at sa33.
The dotted lines in the plots to the right (trace sal7sa33.z) are for spectral amplitudes and
the time-shifted time series from sal7 (near station). The solid lines are for the (unaltered)
sa33 waveform.
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Figure 19: The great-circle paths from event epicenters to station sa40 are shown for 97187,
98012, and 98246. These three events have epicenters located very close to each other in
western Chile and they all use the station pair sa23-sa40. Note the slight difference in paths
as the great-circle path does not pass exactly through sa23 for any of the events (the DBAZ
range from 0.7 to 2.0°). Station pair sa31-sa40 is also used for 97187 and 98246; station sa31
was inoperative during the 98012 event.

I use the same two-station sets for two or three different events. Since the sources differ
slightly in their epicenters, the great-circle path traversed is slightly different for each pair.
Figure 19 is a map focused in on the Kaapvaal Craton and stations sa23 and sa4(0. The three
events that utilize this pair have lines drawn from their epicenters along great-circle paths
to station sa40. The dispersion results for sa23-sa40 for events 97187 and 98246 are shown
in figure 20. Note that the amplitude spectra and waveforms differ greatly between the two
events, but the phase-velocity plots are quite similar.

After computing the Rayleigh-wave phase-velocity dispersion curves for the five events/16
paths, I compiled the curves into a single composite curve. Values were weighted by the
inverse of their error estimate to allow well constrained data to be better represented in the
final values. The composite phase-velocity values for selected periods are listed in table 7 in
Appendix A.
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Figure 20: Top: 97187 is almost a pure thrust event along the subduction zone beneath the
Andes. The amplitude vs frequency plot shows high amplitudes in the marked range of .006
to .06 Hz. Bottom: 98246 is a thrust event with some strike-slip type motion, perhaps the
cause of the significantly different waveform from that of 97187. The amplitude vs frequency
plot has lower amplitudes between .006 and .04 Hz for event 98246.
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5 Surface-wave inversion

The xenolith analysis produces a velocity structure over the depth range 50-180 km. The
surface-wave analysis produces estimates of the interstation fundamental-mode Rayleigh-
phase velocities over the region of the Kaapvaal craton containing the kimberlite pipes (fig-
ure 6). The objective of this project is to compare the xenolith-inferred velocity structure
from James et al [2004] with that inferred from the surface waves calculated in this study.
The details of the surface-wave inversion presented in this section are based on the composite
set of phase velocities calculated in the previous section.

5.1 Overview of the procedure

For the surface-wave inversion, I use the Neighbourhood Algorithm (NA), a direct-search
method for nonlinear inversion that can be tuned to extract information from the ensemble
of models that fit the dispersion data in addition to finding a single best-fit model. The NA
was introduced by Sambridge [1999a, 1999b] and applied to a surface-wave data set similar
to this but for a different study region (the Parand basin, Brazil) by Snoke & Sambridge
[2001]. As the present study includes no development of the NA, the reader is referred to
the above papers for background. Appendix B contains a brief summary of the NA adapted
in large part from Snoke and Sambridge [2001].

In the more commonly used linearized least-squares inversion (LLSI), a velocity model is
defined over the depth range from the surface to depths beyond which the observed dispersion
has any resolution. The LLSI procedure used as a preliminary step to the NA inversion
by Snoke and Sambridge [2001] is Herrmann’s program SURF [1987]. In SURF/LLSI the
velocity model is defined by constant-velocity layers, and the S-wave velocities in each layer
are the model parameters. LLSI requires a ‘starting model’ that must be close to the final
model for the assumptions of linearization to be valid. The NA uses sub-programs from
SURF for its forward modeling and works with models of the same form. In the present
study, the Poisson’s ratio, density, and anelasticity are defined for each layer and fixed
throughout the inversion. Fixing both the Poisson’s ratio and the density is a modification
from earlier work with SURF, in which the density was derived from the P-wave velocity
[e.g. Birch 1951]. Because there is no simple relationship between P-wave velocity and
density covering both crust and mantle, it was decided to fix the density to cratonic values.
(The surface-wave inversion has little sensitivity to density and P-wave velocity, so these
considerations produce only second-order effects.) The anelasticity is also fixed to cratonic
values, and causal Q modeling is used in the forward modeling.

Because there is no linearization in NA, the ‘reference model’ does not have to be close
to the final model. The starting/reference model developed in the next sub-section has 48
layers (to better accommodate the first-order discontinuities in the synthetic modeling, that
starting/reference model has 50 layers). For LLSI that would be 48 model parameters, but
NA must have fewer model parameters as it searches throughout the model space and having
that many would take too much computer time. Following the procedure used in Snoke and
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Sambridge [2001], the application of NA here uses eight parameters that are averages over
the full depth range (see Appendix B). A limitation of the fewer modal layers in the NA is
that there is more blockiness of the NA output models compared to those produced by LLSI.
Hence, the NA output models will generally be smoother and more physically realizable if
the reference model is in the ball-park of the final model. In Snoke and Sambridge [2001]
and in some of the applications described below, SURF/LLSI is used to prepare the NA
reference model.

The next subsection outlines the process for the development of the starting/reference
model to be used for the surface-wave inversion. Following that, the NA inversion is dis-
cussed and applied. Next, the question of a possible dependence of the output model on the
starting /reference model is dealt with by applying the same analysis procedure to starting
models with very different mantle structure from that of the preferred starting/reference

model. Finally, a synthetic run of the inversion process is made to test for the existence of
a LVZ.

5.2 The xenolith-based reference model

The xenolith analyses produce velocities and densities over the depth range 50-180km. In
order to compare this model with one calculated from a surface-wave inversion, one must
fill out that model with velocities and densities from the surface to some depth greater than
180 km. This subsection chronicles the determination of the reference model — including a
‘wrong path’ taken early in the study: underestimating in the modeling the effect S-wave
velocities for depths even greater than 400 km have on fundamental-mode Rayleigh-phase
velocities for periods as low as 120s.

As noted above, the range in periods (in seconds) covered by the phase velocities corre-
sponds roughly to the depths (in km) sampled by the surface waves. The shorter periods
(< 30s) sample an average crust, so the smallest periods used here (165s) are not very sensi-
tive to the detailed crustal structure. As a result, I use the Niu and James [2002] and James
et al [2003] (henceforth referred to as the Kimberley crust) results for the crustal structure
and the inversion treats the full crust as a single model parameter, so only the average
crustal velocity can be changed in the inversion. Previous studies state that fundamental-
mode Rayleigh waves have little resolution below 220 km [Saltzer 2002]. Accordingly, the
initial assumption was that the surface waves were only able to resolve the upper mantle
structure to about 250 km depth. The original model for this study (MOD A) has the Kim-
berley crust and the xenolith velocities and densities extrapolated from the Moho at 35 km
down to 300 km depth. At greater depths the velocities and densities are held constant to
the maximum depth of 500 km. The results for phase velocities calculated from that model
(MOD A) are shown in figure 21.

However, as Ritsema and van Heijst [2000] note, velocities at greater depths can affect
the dispersion velocities significantly. The next trial model (MOD B) has the Kimberley
crust with a xenolith-derived upper mantle to 180km. The velocities are then smoothly
extrapolated between the 180 km xenolith velocity and the 220 km velocity for the Prelimi-
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nary Reference Earth Model (PREM) [Dziewonski and Anderson 1981]. (PREM was chosen
because it is a commonly used reference model and it is consistent with an extension of
the xenolith upper-mantle values such that the two models can be seamlesslessly merged
without major jumps in the velocity-depth model.) The values for PREM are then used
to 400 km depth (the upper side of the 400 km discontinuity in PREM) and parameters for
depths to 500 km are held constant. Hence, this model does not include a step at 400 km.
The results (figure 22) show increased values for the phase velocities at higher periods: the
xenolith-derived phase velocity increased by 0.1349km/s at 170s period between MOD A
and MOD B.

Putting in the 400 km discontinuity has a small but observable effect on the largest-period
phase velocities (figure 23). This final model, XNLTH (table 6), has the PREM velocities to
500 km depth and is the reference model used for the inversion.

Figure 24 contains the depth wvs sensitivity plots for the periods of 17s (left-hand panel)
and 171 s (right-hand panel), corresponding roughly to the range of usable periods for which
this study computed phase velocities. The sensitivity values are calculated from the partial
derivatives of phase velocity (at a fixed period) with respect to the S-wave velocity [Herrmann
1987]. The result for 171s period is consistent with the conclusion that even at depths
greater than 400 km, the S-wave velocity structure is affecting fundamental-mode Rayleigh
phase velocities to almost 180s period. These results are similar to those of Ritsema and
van Heijst [2000] who found that 40-200s period surface waves could be used to constrain
the S-wave velocity structure to ~ 400 km depth.

As seen in figure 23, the S-wave model derived from the xenolith data is consistent with
the surface-wave data. What remains is to test the uniqueness of the surface-wave model
by doing the formal NA inversion. (Because of the good fit, there is no need to prepare a
reference model by using SURF/LLSI. Using SURF/LLSI gives almost identical results to
those presented below.)
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Figure 21: In the left-hand panel, symbols are the composite data set (16 paths from five
events) and the solid line is the phase velocities calculated from MOD A. These symbols
in this figure as well as the next two figures represent the phase velocities calculated from
surface waves (see section 2) and can be considered as reference points — they do not change
from figure to figure. The right-hand panel shows the velocity profile vs depth. The solid
line is MOD A and the dashed line (XNLTH) is the final xenolith-based model for S-wave
velocity that was used as the reference for the inversion.
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5.3 The Neighbourhood Algorithm inversion

The model parameters used in this study are eight overlapping, weighted averages over the
velocity-depth model (figure 25). These model parameters are introduced as perturbations of
the reference model XNLTH. Since the dispersion values do not go to small enough periods to
resolve details in the crust, the crust is represented by a single ‘box car’ — uniform weighting.
The overlapping box car and triangles over the mantle depths allow for smooth perturbations
of the reference model. The perturbations go to zero at 400 km. Since this study does not
have any constraint on the Earth model at greater depths, the PREM standard Earth model
is used at depths greater than 400 km.
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Figure 25: Interpolation model parameters used in the NA analysis. The perturbations in
the NA run range from £0.6 km/s in the crust (parameter 1) to £1.75km/s for parameter
8.

For an overview of the NA process, see the NA references or Appendix B. The following
is the application of NA for this data set.

The initial stage in this NA application produces 500 models. There are then 95 it-
erations, generating 100 new models in each iteration for a grand total of 10,000 models.
The search of the model space as well as the estimation of the misfit criteria is described
in Appendix B. All models with misfit < 0.015km/s are included; that value included all
models which fit within the error estimates for the dispersion velocities. Figure 26 (top)
shows both the dispersion and models for all models that fit the misfit criterion for the full
10,000-model run; the bottom panel (also figure 26) shows the calculated dispersion for the
‘average’ model (NA AVE) calculated from the ensemble of the full 10,000 models. Also
included are estimated standard deviations calculated from the ensemble of models of the
S-wave velocity at selected depths.
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Figure 26: Top: Predicted dispersions and models for the ensemble of all acceptable models
(1788) from the NA run of 10,000 model evaluations. Symbols (not visible) with error bars
in the left panel are from the composite data set. Lines are dispersions calculated from the
velocity models shown to the right. The criterion for an acceptable model is a misfit <0.015
— this constraint produced all acceptable models within the dispersion curves’ error bars.
Bottom: Left-hand panel has the seismic dispersion data (symbols and error bars) and
the line is the dispersion values calculated from the model shown on the right. The misfit
between the starting and calculated values is 0.0063 km/s. The average model (NA AVE)
from the ensemble of models above, along with the standard deviation at selected depths
calculated from the ensemble of 1788 models, is shown as the solid line in the right-hand

panel. Also shown for reference is XNLTH, the xenolith-derived reference model (dashed
line). 39



In the early stages of model evaluations, the NA works in an ‘exploratory’ mode: searching
widely over the full parameter space. Later runs concentrate on regions with lower misfit,
and at some stage the process become ‘exploitative’ — producing low-misfit models that
differ little from one another. If one continues the run well into the exploitative stage, the
average model will not change, but the estimated standard deviations will decrease. The
estimated standard deviations would be more representative of the possible models at the
point when the process changes from exploration to exploitation modes. Tests were done to
find that point, and the results are summarized in the following table.

Table 3: Statistical data from NA inversions

Total  Acceptable Misfit Vg(120) SD(120)
10,000 1788 0.0063 4.678 0.016
9,000 1016 0.0065 4.677 0.019

8,000 406 0.0068 4.672 0.022
7,000 71 0.0081 4.673 0.023
6,000 2

The number of acceptable models at different stages of an NA run. Vs and SD (standard
deviation) are the computed average values for 120km depth so that the results may be
compared.

It is clear that exploration is still the dominant mode through 6,000 evaluations. Even
for the run stopping at 7,000 model evaluations, the calculated dispersions visually fill the
range spanned by the error estimates at the longest periods. Because of the decrease in misfit
between 7,000 and 8,000 model evaluations, the average model after 8,000 model evaluations
is chosen as the NA ‘average fit” model that is carried forward. Figure 27 (top) shows the
average model and its dispersion from stopping the evaluations at 8,000. The model is also
given in table ?77.

At the bottom of figure 27 is the model and dispersion for the best overall model. It
was found in model evaluation 9,281 (out of 10,000) and has a misfit of 0.006275km/s.
This model is not carried forward because (1) the difference between that and the preferred
model are insignificant, (2) it has no error estimates, and (3) its fluctuations of increasing
and decreasing velocities are considered unphysical.
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Figure 27: Top: The average model (SEISMIC NA) and its estimated errors after 8,000
model evaluations (75 iterations). Bottom: The best model after 10,000 models of NA.
Although the overall values are similar between SEISMIC NA and NA best, the average
model will be used since it is a smoother, more realistic model of the Earth — and it has
error estimates.
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5.4 Uniqueness tests

Testing was then performed to examine the dependence of the NA results on the reference
model. This was done by performing inversions with the same set of surface-wave phase ve-
locities but using different starting/reference models and seeing how the output models after
an NA inversion compared to the results for the xenolith-based reference/starting model.

As a first test, I chose MOD A as a reference model (figure 21). The point of this test
is to see what the effect is if the reference model does not have a rapid velocity increase at
or near 400 km depth. The inversion was done exactly as before, except for the different
reference model and the results are shown in figure 28. What one sees is that in order to find
a model with dispersion velocities as high as those observed for periods above 120s, there
must be high S-wave velocities at depths below 250 km. Because the model is constrained to
have the same velocities at depths greater than 400 km, there is a large positive bulge in the
velocities between 250 km and 400 km depths. If I had parameterized the model so that the
return to the reference model was at a greater depth (like 500 km), the NA inversion would
have produced a good match for the dispersion velocity at 171s. This reinforces the point
made in section 5.2: although dispersion velocities at periods of around 170s cannot resolve
structure at depths in excess of 400 km, the dispersion values at such periods are sensitive
to the average structure down to such depths.
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Figure 28: Top: After 10,000 NA model evaluations using MOD A as a reference model, and
the observed dispersion values, 518 models were produced with a misfit of < 0.015. Shown
on the left are the dispersion curves (solid lines) and the surface-wave dispersion set; all
acceptable models are shown on the right. Bottom: The average model results are shown.
On the right is a comparison of the input reference model MOD A and the average model
output from the 871 acceptable models (NA NODISC).
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The remaining tests are for two models which are not constrained by the xenoliths and
are not even plausible models for a continental shield. The same crustal model was used,
but for all values deeper than the Moho, either the International Association of Seismology
and Physics of the Earth’s Interior (IASP91) [Kennett and Engdahl 1991] or Jeffreys-Bullen
(JB) [Jeffreys and Bullen 1958] model values were used. As with the inversion using the
xenolith-based reference model, inversion results were constrained to match the reference
model for values at depths greater than 400 km.

As shown in figure 29, the dispersion curves corresponding to these original models are
poor fits to the surface-wave data. Hence, we used the LLSI program SURF [Herrmann 1987]
to find NA reference models that were better fits to the dispersion observations. Results from
SURF /LLSI are shown in figure 30. The damping was set at 0.1 (about 1/100 the size of
the maximum eigenvalue) and the differential smoothing option was used in SURF. For the
NA inversion, the same parameterization was used as in the inversion starting with model
XNLTH.

The TASP91 model is characterized by smoothly increasing velocities up to the 410 km
discontinuity. It is also a global model that averages over cratonic, continental, and oceanic
settings. When the TASP91 was used as a starting model, 798 models fit the misfit criterion
(< 0.015) and are shown in figure 31. The average model is shown in the bottom of figure 31
and has a misfit value of 0.0068 km/s.

The JB model is the first developed global model and has been used widely. It has no
1st order discontinuities in the mantle. When the JB model was used as a starting model,
1,435 models fit the misfit criterion (< 0.015) and are shown in figure 32. The average model
shown in the bottom of figure 32 number has a misfit value of 0.0066 km/s.

Both NA runs using JB and TASP91 as the starting model used the same misfit criterion
(< 0.015) as the XNLTH run. As for the XNLTH reference model, this value results in a
range of calculated dispersions that visually span the error bars of the phase-velocity values
(figure 26).
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Figure 29: The dispersion curves generated by forward modeling from the IASP91 (top) and
JB (bottom) Earth models are compared to the results from the xenoliths (XNLTH).
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Figure 30: Shown above is the result of a SURF/LLSI inversion using the TASP91 model
(top) and the JB model (bottom) for the mantle. The starting models are shown as dashed
lines.
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Figure 31: All acceptable results after 10,000 NA model evaluations using the TASP91 start-
ing/reference model (top) as well as the average NA model from the 798 models (bottom).
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Figure 32: Shown in the top graphs are all 1,435 acceptable models out of 10,000 NA
model evaluations using the JB starting/reference model. The average NA model from that
ensemble is shown on the bottom.



5.5 Comparison of models

The JB and IASPI1 inversions result in lower velocities at the top of the mantle. (Because
I am testing only the mantle velocity models, for both inversions the crust was reset to the
original Kimberley crust values.) This result, along with the gentle reverse ‘S’ shape for both
models, is probably an artifact of the inversions. This may be caused by several things: With
only eight model parameters (refer to section 5.1 for more detail), runs with different reference
models will not be expected to produce identical final models. This is particularly true for the
uppermost mantle in that a boxcar plus a triangle, both extending over 35 km, can not change
the detailed shape over the depth range of 35 - 50 km. Another potential cause is the larger
differences between the starting and ending models. For example, the starting models for the
uppermost mantle have lower velocities — V=4.47124km/s and 4.35819 km/s for I[ASP91
and JB compared to V =4.6941km/s for XNLTH — so the XNLTH model is closer to the
final model in these values. These alternative starting/reference models also have different
Poisson’s ratios and densities, which will have some effect on the NA produced models. The
figure shows that the good match between xenolith-derived and surface-wave models in the
50 to 180km depth range (where the analyses of xenoliths produced velocities) does not
depend strongly on the starting/reference model. The error estimates are approximately the
same for JB NA and TASP91 NA so that, except in the area in the immediate vicinity of the
Moho, the differences among those models are not significant.
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Figure 33: Neighbourhood Algorithm inversion results are shown based on the xenolith,
[ASPI1, and Jeffreys-Bullen starting/reference models. The xenolith-based reference model
(XNLTH) is included as well. Error estimates are shown only for the xenolith- and TASP91-
model-based inversions (SEISMIC NA and IASP91 NA).
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5.6 Synthetics runs: testing for a low-velocity zone

The existence or non-existence of a LVZ is significant. In oceanic crust and mantle, a
transition to a strong LVZ (~ 5% decrease in S-wave velocities) is associated with the top
of the asthenosphere. Most studies of the southern African cratons [Ritsema and van Heijst
2000, Freybourger et al 2001, James et al 2001, Saltzer 2002, Goré 2004, Nguuri 2004] find
no evidence for a LVZ; only Qui et al [1996] and Priestley [1999] purport to find one. Using
higher resolution data than was available before as well as improved analysis methods, this
section will test to see if, given my dataset, can an LVZ in the upper mantle be resolved.

The inversion process is applied to a dispersion-velocity data set that is an exact fit for a
model with a well-defined LVZ. The model SYNTH is the XNLTH model with a 100 km thick
LVZ. The top of the LVZ is at a first-order discontinuity at 180 km depth, with a 5% S-wave
velocity decrease and a 3% P-wave velocity decrease. The synthetic set of dispersion values
is for the same periods as the five event /16 path data and has the same estimated errors, but
the average values give an exact fit for SYNTH. The SYNTH and XNLTH models are shown
in the top right-hand panel of figure 34, and the phase velocities produced by SYNTH are
shown in the top left-hand panel. The misfit is 0.031km/s. (Visually the fit looks poorer,
but the fit is not as bad for the phase velocities with small estimated errors.)

Runs were made both with NA alone, as was done for the XNLTH model, and the
NA preceded by SURF/LLSI. Both gave similar results but because the eight parameters
used in NA lack resolution, the SURF/LLSI runs with 50 parameters do a better job in
producing models that more closely approximate the target model. The output model from
SURF /LLSI was for a damping of 0.0001 — 1/1000 the damping used for the SURF /LLSI
runs with TASP91 and JB (see Section 5.4). Because the synthetic data is for a perfect
model, the small damping with stable results is expected. The layers are up to 10 km thick
near the discontinuities, hence, one cannot get an exact fit for the target model unless the
starting model has first-order discontinuities.

The SURF /LLSI output model (not shown, but effectively identical to SYNTH NA shown
in the lower right-hand panel) has a misfit of 0.0004km/s and is the input for the NA
inversion. The same model parameterization and tuning parameters are used in the NA
application to the real data, and, as before, 10,000 models were generated for each run.
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As with the real data run, the ensemble of acceptable models has a misfit cutoff that
includes all models with Rayleigh phase-velocity dispersions that fit within the estimated
errors from among the 10,000 total models . Figure 34 shows the ensemble-averaged model
compared with the SEISMIC NA, the NA ensemble-averaged model for the data run.

Based on the shapes of the velocity-depth curves and the estimated errors in the veloc-
ities, the seismic-data derived SEISMIC NA model is significantly different from the model
representing an LVZ starting at 180km depth (figure 34). This case is also true for a po-
tential LVZ starting at shallower depths. Contrary to the findings of Qui et al [1996] and
Priestley [1999] who found a LVZ starting at 120km and 180 km respectively, there is no
strong LVZ beneath the Kaapvaal Craton [Freybourger et al 2001, James and Fouch 2002,
Nguuri 2004, Ritsema and van Heijst 2000, Saltzer 2002] starting at shallower than about
200 km depth.
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Figure 34: Top: The input synthetic model (SYNTH) with a 5% LVZ starting at 180 km
depth is shown in the right-hand panel with the XNLTH model shown for comparison. The
dispersion values found by forward modeling of SYNTH are shown as the solid line in the
left-hand panel; the circles are the dispersion values from the surface-wave data set. Bottom
left: After 10,000 NA model evaluations using XNLTH as a reference model, and dispersion
values that give a perfect fit for the SYNTH model, 1770 models were produced with a misfit
of <0.012. Bottom right: A comparison of the input SYNTH model, the output average
model SYNTH NA, and the SEISMIC NA results are shown.
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6 Conclusions

An S-wave velocity model of the Kaapvaal Craton crust and upper mantle is computed by an
inversion of Rayleigh-wave phase velocities using the Neighbourhood Algorithm. The data
are derived from 16 paths from five earthquakes. The model obtained by surface-wave phase-
velocity inversion is compared with one derived from velocity and density analyses of mantle
xenoliths corrected for equilibrium pressure and temperature from the same craton [James
et al 2004] and an extension to greater depths using the PREM model. The two models are
shown to be in agreement—even before the inversion, which shows that the PREM model
works well for the greater depths. Although the ensemble of models with acceptable misfits
found in the NA inversion is centered at the model SEISMIC NA, I carried out the additional
test for uniqueness by performing two additional inversions, one with IASP91 and one with
JB as the starting/reference model for the mantle. The comparison among final models,
shown in figure 33, verifies the conclusion that models inferred from surface-wave data are
consistent within error estimates with the one calculated from the xenolith analysis in the
50-180 km depth range.

Bell et al [2004] suggested that southern Africa is a thermally evolving system with the
time scale of thermal diffusion lasting hundreds of Ma for major mantle heating events. The
current study finds no significant difference between the seismic structure of ~ 90 Ma and
today, suggesting that the geotherm is largely unchanged for depths less than 180 km.

Based on comparisons with synthetic models (following the same procedure as in Snoke
and Sambridge [2001]), I show that there is no strong low-velocity zone in the upper mantle
down to at least 200 km depth. This conclusion agrees with other studies of the southern
Africa cratons [e.g. Ritsema and van Heijst 2000, Freybourger et al 2001, Saltzer 2002,
Goré 2004, Nguuri 2004] and suggests that either the decoupling of the rigid plate from the
asthenosphere takes place at great depths (supporting the existence of a thick-tectospheric
root below cratons [Jordan 1975]) or that low velocities are not correlated with low viscosities.

Point measurements of azimuthal anisotropy based on SKS and SKKS splitting have
been made at 79 stations [Silver et al 2001] and results show weak azimuthal anisotropy.
Because of the narrow range of backazimuths in this study, I could not test for azimuthal
anisotropy with my data. Nguuri’s [2004] Love-wave-derived model for the Kaapvaal dif-
fers from her Rayleigh-wave-derived model, which suggests some radial anisotropy. Nguuri’s
Love-Rayleigh discrepancy [2004] is consistent with results reported by Saltzer [2002], who
found a significant component of radial anisotropy in regions beneath southern Africa. Ngu-
uri [2004] found that Love waves were not well recorded for most of the teleseisms analyzed,
and her model was based on data from only a single event (not one used in my Rayleigh-wave
analysis). Investigating Love waves and incorporating radial anisotropy in the modeling are
clear directions for future work.
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Another extension of this study involves examining the velocity structure in the Bushveld
Complex in more detail. There is some ambiguity in the receiver-function results [Nguuri et
al 2001] for the region of the Bushveld Complex. The Moho depth is not clearly delineated by
one strong peak, but instead has two or three smaller peaks at all of the Bushveld stations.
Surface-wave studies focusing on the Bushveld Complex could help resolve the exact Moho
depth. Tomographic imaging [James et al 2001}, reveals a large mantle component to the
enormous Bushveld mafic layered intrusion in the crust. The crust also trends toward a more
mafic composition (as opposed to the felsic to intermediate crustal composition elsewhere in
the craton [Durrheim and Green 1991, James et al 2003]). Whether the more mafic crust
is indicative of a more fertile underlying mantle remains an unresolved question, although
mantle refertilization has been suggested as one possible explanation for the lower seismic
velocities observed in the upper mantle beneath the Bushveld [James and Fouch 2002]. A
comprehensive study of the Bushveld Complex and its underlying mantle structure would
contribute to a better understanding of the Kaapvaal craton as a whole.
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A Appendix - 16 paths data & velocity and dispersion
tables

This appendix contains the phase-velocity curves for each of the 16 paths from the five
events. For easy reference, the pairs are listed again here in table 4 and shown in figure 35.
Each figure is the output of the SURF_IGF program that automatically calculates the full
dispersion curve. They are grouped chronologically by event number. Note that there are
several paths that are repeated for different events (for example, sa23-sa40) as well as short
paths that are collinear with longer ones (sal6-sa24 and sal6-sa32). At the end of this
appendix are the numerical tables for the starting/reference model (XNLTH), the output
model (SEISMIC NA), and the phase-velocity values from both the 16 event paths and the
inversion results of SEISMIC NA.
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Figure 35: The 16 paths from the five events are shown in the map above. The lines
between stations do not represent the actual great circle paths from epicenter to station, but
instead they are showing the great circle path between each set of two stations (as can be
seen from figure 19, the epicenter-to-far-station great circle path may not pass through the
near-station).

59



Table 4: Station pairs used in this study

EVENT NEAR FAR DDIST DBAZ
97130 sa32 bosa 218.6 2.2
97130 sa38 sal7 379.4 2.2
97187 sa22 sa39 471.0 0.2
97187 sa23 sad0 434.4 1.3
97187 sa3l sad0  244.6 0.4
97288 sal6 sa24  232.3 1.2
97288 sal6 sad2 464.1 0.0
97288 sa22 sa39 471.0 0.8
97288 sa29 sa38 2324 1.6
97288 sa3l sad0  244.5 0.9
98012 sa23  sad0  434.7 0.7
98012 sa29 sa38  232.3 1.7
98246 sald sa28  450.8 0.4
98246 sal7 sa33  449.6 1.0
98246 sa23 sad0  434.5 2.0
98246 sa3l sad0  244.6 0.2

EVENT refers to the event ‘name’ that is comprised of the last two numbers in the year
attached to the day of year. NEAR and FAR are the stations closest to and furthest from
the earthquake epicenter in this particular pair. DDIST and DBAZ indicate the interstation
distance (§ distance) and the difference between the backazimuths of the far station with
respect to the epicenter and the near station.
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97130 sa32-bosa DDIST: 218.6 KM DBAZ: 2.2 DEG
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Figure 36: These two paths are the only ones for which the event was not in South America.
Note that the spectra are less smooth at frequencies about 0.04 Hz. The lack of coherence at
periods less than 25s is hence not surprising. Because the individual path dispersion values
were weighted by the inverse of their standard deviations, these values with lower coherence
have a smaller influence on the composite curve.
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Figure 37: Top: There is a strong divergence in the amplitude spectra at low frequencies
(between 0.002 and 0.005 Hz for the two traces. This dissimilarity is probably causing the
very high error bars found at longer periods. The trace bellow as well as the top trace of
figure 38 are from this same Andean event as well. Bottom: Note that this sa23-sa40 path

is included as well for events 98012 and 98246.
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97187 sa31-sa40 DDIST: 244.6 KM DBAZ: 0.4 DEG
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Figure 38: Here is the same station pair but from two different events. This same pair is
also included in figure 43 for event 98246. This path is collinear with the path between sa23
and sa40 (events 97187, 98012, and 98246) but is a shorter distance (245km vs. 435km).
The larger errors for the shorter path at longer periods are consistent with theory [Aki and
Richards 2001].
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Figure 39: Two collinear paths are shown here. Note that as expected, the error estimates
for the phase velocity are larger at long periods for the shorter distance.
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Figure 40: Two parallel paths; once again the shorter path has higher errors.
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Figure 41: Two paths from event 98012. The dip in the amplitude spectra for this event is
in the same frequency region as the decreased coherence in the phase-velocity plot.
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Figure 42: The first two of four paths from event 98246, the only second year (of the array)
event that was well recorded. Stations 14, 28, and 33 were not deployed during the first year
so there are no duplicate paths with events from that time period.
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Figure 43: These two paths are collinear, having in common the path between stations sa31
and sa40. As for other cases, the longer path has smaller error bars. Both paths are used in
other events.
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Table 5: Values for the XNLTH velocity model

Vp Vs p H Z PR
5.0000 2.9100 2.6500 1.0000 0.0000  0.2439
6.0300 3.5100  2.7000 2.0000 1.0000 0.2438
6.1200 3.5600 2.7100 4.0000 3.0000 0.2443
6.2300 3.6200  2.7300 4.0000 7.0000 0.2451
6.3400 3.7000  2.7500 4.0000 11.0000 0.2418
6.4500 3.7600  2.7700 4.0000 15.0000 0.2426
6.5300 3.7800  2.7900 4.0000 19.0000  0.2480
6.6000 3.8100 2.8100 4.0000 23.0000 0.2501
6.6600 3.8400  2.8300 3.0000 27.0000 0.2510
6.7700 3.8800  2.8400 3.0000 30.0000 0.2554
6.8000 3.9100  2.8500 2.0000 33.0000  0.2530
8.1205 4.6941  3.3113 7.0000 35.0000 0.2491
8.1253 4.6918  3.3141 8.0000 42.0000  0.2499
8.1317 4.6887  3.3179  10.0000 50.0000 0.2510
8.1399 4.6849 3.3226  10.0000 60.0000 0.2523
8.1482 4.6810 3.3273  10.0000 70.0000 0.2537
8.1566 4.6771  3.3320  10.0000 80.0000  0.2551
8.1651 4.6733  3.3367  10.0000 90.0000 0.2564
8.1737 4.6694  3.3414 10.0000 100.0000 0.2578
8.1825 4.6655 3.3461 10.0000 110.0000 0.2591
8.1913 4.6617  3.3508 10.0000  120.0000  0.2605
8.2003 4.6578  3.3555 10.0000  130.0000 0.2619
8.2094 4.6539 3.3602 10.0000  140.0000 0.2632
8.2187 4.6501  3.3649 10.0000  150.0000 0.2646
8.2280 4.6462 3.3696  10.0000  160.0000 0.2659
8.2375 4.6423  3.3743  10.0000 170.0000 0.2673
8.2790 4.6408 3.3841  10.0000  180.0000  0.2709
8.3547  4.6417  3.3988  10.0000  190.0000 0.2768
8.4337 4.6426  3.4136  10.0000  200.0000 0.2826
8.5162 4.6435  3.4284  10.0000  210.0000 0.2885
8.5806  4.6518  3.4425 22.5000 220.0000 0.2919
8.6239 4.6675  3.4559  22.5000 242.5000 0.2929
8.6672  4.6833 3.4694 22.5000 265.0000 0.2938
8.7105 4.6990 3.4828  22.5000 287.5000 0.2948
8.7537 4.7148  3.4962  22.5000 310.0000 0.2957
8.7970 4.7305  3.5097  22.5000 332.5000 0.2966
8.8259  4.7410 3.5186 7.5000  355.0000 0.2972
8.8403 4.7463  3.5231 7.5000 362.5000 0.2975
8.8548  4.7515  3.5276 7.5000 370.0000 0.2978
8.8692 4.7568  3.5321 7.5000 377.5000 0.2981
8.8836  4.7620  3.5366 7.5000 385.0000 0.2984
8.8980 4.7673  3.5410 7.5000  392.5000 0.2987
9.1595 4.9471 3.7301 10.0000  400.0000 0.2941
9.2107 49763  3.7427 10.0000  410.0000 0.2939
9.2704 5.0103 3.7574 13.3340  420.0000  0.2937
9.3899 5.0784 3.7868 33.3330 433.3340 0.2933
9.5605 5.1756  3.8288 33.3330 466.6670  0.2927
9.6587  5.2315  3.8529 0.0000  500.0000 0.2924

The starting model (XNLTH) used for the NA inversion. The Moho is at a depth of 35km.
The P- and S-wave velocities are columns one (Vp) and two (Vs), followed by density (p),
layer thickness (H), depth to the top of the layer (Z), and finally the Poisson’s ratio (PR).
Qg is 50-80 in the crust and 143-200 in the mantle.
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Table 6: Values for the SEISMIC NA velocity model

Vp Vs p H Z PR SD
5.0443 2.9358  2.6500 1.0000 0.0000 0.2439 0.0122
6.0742  3.5357  2.7000 2.0000 1.0000 0.2438 0.0122
6.1641  3.5857  2.7100 4.0000 3.0000 0.2443 0.0122
6.2738  3.6454  2.7300 4.0000 7.0000 0.2451  0.0122
6.3819  3.7244  2.7500 4.0000 11.0000 0.2418 0.0122
6.4884  3.7824  2.7700 4.0000 15.0000 0.2426  0.0122
6.5637  3.7995  2.7900 4.0000 19.0000  0.2480 0.0122
6.6282  3.8263  2.8100 4.0000 23.0000 0.2501 0.0122
6.6829  3.8532  2.8300 3.0000 27.0000 0.2510 0.0122
6.7885  3.8906  2.8400 3.0000 30.0000 0.2554 0.0122
6.8152  3.9187  2.8500 2.0000 33.0000 0.2530 0.0122
8.1397 4.7052  3.3113 7.0000 35.0000 0.2491 0.0271
8.1447  4.7030  3.3141 8.0000 42.0000 0.2499  0.0260
8.1564 4.7029 3.3179  10.0000 50.0000 0.2510 0.0264
8.1683 4.7013  3.3226  10.0000 60.0000 0.2523  0.0292
8.1702  4.6936  3.3273  10.0000 70.0000 0.2537  0.0296
8.1832 4.6924 3.3320 10.0000 80.0000 0.2551  0.0216
8.1943  4.6900 3.3367  10.0000 90.0000 0.2564  0.0255
8.1996 4.6842 3.3414 10.0000 100.0000 0.2578  0.0379
8.2130 4.6829  3.3461 10.0000  110.0000  0.2591  0.0308
8.2249  4.6808  3.3508  10.0000  120.0000 0.2605 0.0281
8.2435 4.6824 3.3555 10.0000  130.0000 0.2618 0.0310
8.2503  4.6771  3.3602 10.0000  140.0000 0.2632  0.0382
8.2533 4.6696  3.3649 10.0000 150.0000 0.2646  0.0306
8.2509  4.6591 3.3696  10.0000  160.0000 0.2659  0.0262
8.2625 4.6564 3.3743 10.0000 170.0000 0.2673  0.0267
8.2948  4.6497  3.3841 10.0000  180.0000 0.2709  0.0319
8.3651  4.6475 3.3988  10.0000 190.0000 0.2768  0.0399
8.4395 4.6458 3.4136  10.0000  200.0000 0.2826  0.0345
8.5163  4.6435 3.4284  10.0000  210.0000 0.2885 0.0321
8.5713  4.6468  3.4425 22.5000 220.0000 0.2919 0.0333
8.6151  4.6628  3.4559  22.5000 242.5000 0.2929  0.0467
8.6496 4.6738  3.4694  22.5000 265.0000 0.2938 0.0433
8.6734 4.6790 3.4828  22.5000 287.5000 0.2948  0.0495
8.6940 4.6826  3.4962  22.5000 310.0000 0.2957  0.0623
8.7416  4.7006  3.5097  22.5000  332.5000 0.2966  0.0467
8.7762  4.7143  3.5186 7.5000 355.0000 0.2972  0.0312
8.7934 4.7210 3.5231 7.5000 362.5000 0.2975  0.0260
8.8110 4.7280  3.5276 7.5000 370.0000 0.2978  0.0208
8.8290 4.7352  3.5321 7.5000 377.5000 0.2981  0.0156
8.8474  4.7426  3.5366 7.5000  385.0000 0.2984 0.0104
8.8661  4.7502  3.5410 7.5000 392.5000 0.2987  0.0052
9.1325 4.9325 3.7301 10.0000  400.0000 0.2941  0.0000

The final model (SEISMIC NA), the average of the acceptable models after 8,000 model
evaluations. The Moho is at a depth of 35km. The P- and S-wave velocities are columns
one (Vp) and two (Vy), followed by density (p), layer thickness (H), depth to the top of the
layer (Z), Poisson’s ratio (PR), and finally the standard deviation (SD). Qg is 50-80 in the
crust and 143-200 in the mantle.
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Table 7: Phase velocities: observed and calculated

T pPvC SD PVI
16.7869 3.56690 2.72000E—-02 3.57160
18.5219 3.64310 2.00000E—-02 3.63970
20.8497 3.73120 2.27000£-02 3.73160
23.6934 3.82140 1.70000£—-02 3.83300
27.2018 3.93560 1.79000£—-02 3.93100
31.5766 4.00890 2.26000£—02 4.01400
37.0949 4.08230 2.70000£—-02 4.07820
44.1428 4.12350 2.52000E—-02 4.12610
53.2658 4.15600 1.72000£—-02 4.16300
65.2476  4.19750 2.69000E—-02 4.19450
81.2325 4.23780 2.87000£—-02 4.22770

102.9220 4.26200 2.84000£—02 4.27310
142.461  4.37540 3.82000£—02 4.37850
170.667  4.46770 4.84000£'—-02 4.47100

The period (T) in seconds, observed phase velocity calculations (PVC) in km/s, standard
deviation (SD) in km/s, and phase velocity output values from the SEISMIC NA model (PVI)
in km/s are shown at selected periods. The PVC data is the result of the phase-velocity
calculations from the surface-wave data for the 16 paths.
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B Appendix - Neighbourhood Algorithm

This thesis utilizes the Neighbourhood Algorithm (NA) in solving for the S-wave velocity
structure from observed Rayleigh-wave fundamental-mode phase velocities. Because this
procedure is fairly new, this appendix is included for easy reference. Text outlining the
procedure and this paper’s application is adapted from the paper by Snoke and Sambridge
[2001], who applied the NA to a similar data set of surface-wave data from the Brazilian
Shield.

B.1 Voronoi cells

The NA makes use of simple geometrical concepts to search a parameter space. The basic
idea is illustrated with a simple example: figure 44 shows results from a two-parameter
problem where the NA has been used to maximize a multi-peaked fitness function in a
plane — finding the peaks in an Australian mountain range. The top left panel shows an
initial set of 10 models calculated at sample points distributed quasi-randomly. At each
stage the entire parameter space is partitioned into a set of Voronoi cells: nearest-neighbor
regions about each sample point as measured by a particular distance measure (here the Lo-
norm). The Voronoi cells are used to guide subsequent sampling in a randomized fashion.
As iterations proceed, the algorithm gradually concentrates sampling in promising regions —
those for which the calculated models have the lowest misfit. In this example, lower misfits
correspond to higher elevations for the latitude and longitude corresponding to the sample
point. The top right panel shows the resulting Voronoi cells after 100 model realizations,
and the bottom left after 500 model evaluations. The lower right-hand panel is a map of the
true topography for the region, with darker shades for higher elevations. All four prominent
maxima are well sampled, but the lower values have fewer samples. The global maximum
was located after 442 samples.

B.2 NA methodology

NA requires a parameterization of model space, a data set, a method of forward modeling
to calculate data for a given model, a definition of the data misfit, two tuning parameters
(ns and n,.), and N, the number of iterations. The procedure is as follows:

1. Initialization stage: First, an initial set of ny models are generated uniformly ran-
domly and a data-misfit measure is calculated for each model, i.e. forward modeling
is performed n, times.

2. Generation stage: Next, Voronoi cells are defined about each of the n, models with
lowest misfit, and a uniform random walk is performed inside each Voronoi cell to
generate a total of ng new models, i.e. ng/n, models are generated in each cell.

3. Forward-modeling stage: The data misfit is calculated for the n, new models gen-
erated in step 2 and the procedure returns to step 2. As more models are introduced
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the size and shape of the Voronoi cells automatically adapt to the previously sampled
models.

Steps 2-3 constitute an iteration which is then repeated N times resulting in a total of
(N+1)xng model evaluations. The character of the parameter space search will be influenced
by the choice of ng and n,. In general, the larger ny, and/or n,, the more exploratory the
search will be, skipping over local minima but only slowly increasing the concentration of
sampling. If the tuning parameters were reduced the search would be quicker to converge but
more akin to a series of local searches, and more likely to be entrapped in local minima of the
data misfit function. Sambridge [1999a] offers some advice on tuning of the two parameters.

A slight variation of the above procedure is employed here: we allow the number of
new models to vary between the initialization and iteration stages, i.e. we generate more
models during initialization than at each subsequent iteration. This was generally found
to improve performance because the initial set of Voronoi cells are constructed around a
larger (uniformly distributed) initial ensemble. The tuning parameters for the five runs
discussed here are ng = 500, ngy = 100, n, = 50, and N = 95 giving a total of 10,000 model
evaluations. (Here we define n; to be the value of ng in stage 1.)

B.3 Misfit criteria

The data misfit (¢) for each model realization is the length of the error vector with each
element weighted by the inverse of that datum’s variance. Dispersion velocities calculated
from surface-wave velocities are constrained by the averaged velocity over depth ranges,
rather than the detailed shape, so models with an unphysical “S” shape of velocity vs depth
can often be found with low misfits. To down-weight such models, a penalty (P) was added
to the calculated misfit if successive parameters (or parameters two places away) from among
parameters 2 through 8 have opposite signs and differ by more than a preset value. The
total misfit is

ZN 0j—Cj 2
]:1 gj

IEEAn

+P,

where N is the number of dispersions (14 in these runs), o; and ¢; are the observed and
calculated values respectively for the j dispersion, o; is the estimated standard deviation
for oj, and the penalty P is zero unless any of the successive parameters in the range 2
through 8 for that model realization is > 0.12 for that run. In that case, P = 5. If successive
parameters are not at or above the threshold, but alternate parameters (e.g. parameters 2
and 4) are > 0.12, then P = 2. Note: In the paper by Snoke and Sambridge [2002], the
alternate parameter check was not used; this contribution to the misfit is new to this study.
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Figure 44: The first three panels show three stages of a Neighbourhood Algorithm search.
The top left panel shows the initial 10 uniformly randomly distributed model realizations
and their corresponding Voronoi cells. The top right panel shows the Voronoi cells of the first
100 models generated by the NA, including the original 10, and the bottom left panel shows
the Voronoi cells after the generation of 500 new models. The bottom right panel shows the
true fitness landscape; darker shades have higher fitness. After Snoke and Sambridge [2002].
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