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[1] The Archean Tanzanian craton, nestled between the eastern and western branches of

the East African Rift, presents a unique opportunity to study the interaction of active
rifting with stable cratonic lithosphere. The high density of Rayleigh wave paths recorded
in a regional seismic array yields unusually precise determinations of phase velocity
within the Tanzanian craton. Shear velocities in the cratonic lithosphere are higher than a
global average to a depth of 150 ± 20 km. Beginning at 140 km, shear velocity decreases
sharply, reaching a minimum of 4.20 ± 0.05 km/s at depths of 200–250 km. The base of
the lithosphere, identified by the depth to the center of the maximum negative velocity
gradient, is similar to that found beneath other Archean lithospheres. Where Cenozoic
rifting crosscuts the southern corner of the craton, velocities up to 130 km depth are
reduced, indicating recent disruption of the lithosphere. The anomalously low velocities
beneath the Tanzanian craton indicate high temperatures and the presence of melt,
consistent with the spreading of a mantle plume head beneath the craton. Tests for the
possibility of a radial pattern of azimuthal anisotropy that may indicate outward flow from
a plume show that a model with average anisotropy of 0.71 ± 0.17% centered SE of Lake
Victoria fits the data significantly better than a uniform, single direction of anisotropy.
Thus our results agree with the suggestion that an upper mantle plume, centered beneath
the Tanzanian cratonic lithosphere, provides the buoyancy required for uplift of the East
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1. Introduction
[2] The stable interiors of continental plates are estimated
to have survived tectonic activity spanning nearly half of
Earth’s history, demonstrating resistance to collisional
events, adjacent plate subduction, suturing, dissection,
amalgamation, and intraplate volcanism. The crustal rocks
at the surface of many of these continental cratons are
Archean in age [e.g., Cahen et al., 1984; Condie, 1994], as
are samples from the underlying lithospheric mantle [e.g.,
Lee and Rudnick, 1999; Chesley et al., 1999; Irvine and
Pearson, 2001]. Periodic disbanding and reconvening of
large landmasses since the Archean, however, suggest the
importance of continental rifting in lithosphere evolution.
The Tanzanian craton, set between active branches of the
East African Rift system, is at present influenced by
continental rifting and possibly a mantle plume [Nyblade
Copyright 2003 by the American Geophysical Union.
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and Robinson, 1994; Simiyu and Keller, 1997; Prodehl et
al., 1997; McNutt, 1998; Ritsema et al., 1999]. Much debate
and contradictory evidence exists regarding the thickness of
the lithosphere and whether it has been eroded. Seismic
tomography studies thus far have been unable to resolve
anomalous buoyant velocity structure in the upper mantle
that could provide an explanation for the uplift of the broad,
East African Plateau. We will present surface wave data
with better vertical resolution of local velocity structure than
previous seismological studies in an attempt to resolve
controversies about lithospheric thickness, compare the
structure of the Tanzanian craton to a global sampling of
Archean lithospheres, and provide evidence for the presence
of an upper mantle plume beneath the Tanzanian craton that
may be the source of uplift for the East African Plateau.
[3] The Tanzanian craton, centrally located within the
East African Plateau, spans an area of over 350,000 km2
and has an average elevation of 1260 m. The Archean age
craton (Figure 1) is composed of greenstone belts and
granitoids more than 2500 Myr old [Cahen et al., 1984].
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Figure 1. Tectonic map of East Africa. Tanzanian craton
boundary (solid black outline) is centered between the
western branch and the eastern branch of the East African
Rift system (line segments). Solid triangles indicate station
locations for the Tanzanian Broadband Seismic Network.
Stars show locations of the Labait and Igwisi volcanoes
discussed in the text.

The stable craton has endured numerous collisional events
resulting in a complex pattern of mobile belts surrounding
its perimeter. The Usagara and Ubendian belts, formed in
the early Proterozoic, lie southeast and southwest of the
craton, respectively; the Mozambique and Kibaran belts,
formed by younger, late Proterozoic collisional events,
oppose each other to the east and west. Cenozoic extensional rifts (solid line segments in Figure 1) skirt the eastern
and western sides of the elongated craton boundary. NE-SW
trending normal faults are also observed at the southern
edge within the craton, adjacent to the Usagara belt with
initial rupture ages estimated as recent as mid-Pliocene
[Ebinger et al., 1989b]. The volume of igneous basalt in
the eastern branch of the East African Rift system, estimated
at greater than 900,000 km3 [Morley, 1999], far exceeds that
of the western branch. Seismicity is less frequent in the
eastern branch and tends to originate at shallower depths
[Fairhead and Girdler, 1971; Camelbeeck and Iranga,
1996; Nusbaum et al., 1993; Foster and Jackson, 1998].
Volcanic activity initiated about 36 Ma in the eastern branch
near Lake Turkana and is dated progressively younger
toward the south. Volcanism in the western branch initiated
later, 13 Ma [Ebinger et al., 1989b; Foster and Jackson,
1998; Kampunzu et al., 1998]. Nyblade and Brazier [2002]
suggest that the formation of the two rift branches is
tectonically linked, that the southward propagation of the
eastern branch stopped when it encountered the Tanzanian
craton, and that it jumped to the west side of the craton

creating the western branch in order to accommodate
extensional stresses.
[4] Geophysical and geological studies of the East African Plateau have focused on lithospheric thickness, the
impact of rifting on cratonic lithosphere and the source of
anomalous uplift. Using the global tomography models of
Zhang and Tanimoto [1993] and Grand [1994], Polet and
Anderson [1995] found that the Archean shields of North
America, western Europe, and west Africa have deep
continental roots extending to depths of 300 – 450 km but
that the central African lithosphere, consisting of the Congo
and Tanzanian cratons, is only 100 – 200 km thick. By
comparison, a study of compressional (P) and shear (S)
wave travel time data [Ritsema et al., 1998] from the
Tanzanian Broadband Experiment [Owens et al., 1995;
Nyblade et al., 1996] identified positive velocity anomalies
within the mantle lithosphere extending to depths of 200–
350 km. In sharp contrast to the high-velocity craton, lowvelocity anomalies were reported beneath the eastern and
western branches extending to depths of at least 400 km.
Ritsema et al. [1998] found no evidence for low velocities
shallower than 400 km beneath the craton and attributed the
buoyancy source for the elevated plateau to structure at
depths beyond their resolution.
[5] A recent surface wave tomography study of fundamental mode Rayleigh waves was compiled from several
data sets, including the Tanzanian Broadband Experiment,
throughout the African continent, and these data were
inverted for shear wave velocities yielding a lateral resolution of about 500 km [Ritsema and van Heijst, 2000].
Ritsema and van Heijst [2000] identified high-velocity
structures of three major cratonic bodies beneath western,
central, and southern Africa extending to a common depth
of approximately 250 km, but thinning by 50 – 80 km
beneath the Tanzanian craton. Another surface wave study
included higher-mode Rayleigh waves, providing improved
depth resolution of upper mantle structure, particularly
within the transition zone [Debayle et al., 2001], but with
fewer paths and poorer lateral resolution in the vicinity of
Tanzania than Ritsema and van Heijst [2000]. A lithospheric
thickness of approximately 200 km was reported with high
shear wave velocities in the 250 – 450 km depth range
beneath the Tanzanian craton. High velocities at depths
greater than 400 km are not in agreement, however, with
receiver function studies [Owens et al., 2000], which suggest
that a thin upper mantle transition zone is caused by
downward deflection of the 410-km discontinuity. Nyblade
et al. [2000] proposed a 200– 400 km wide thermal mantle
anomaly beneath the East African Rift and part of the
Tanzanian craton extending from the base of the lithosphere
well into the transition zone.
[6] In a model that assumes isostatic equilibrium and
integrates results from gravity and topography studies,
active-source seismic studies, passive teleseismic body
wave tomography, and geothermometry and geobarometry
from mantle xenoliths, Simiyu and Keller [1997] estimated a
lithospheric thickness of about 130 km beneath the Tanzanian craton. Their model predicted low-density anomalies of
1% in the asthenosphere immediately beneath the lithosphere. Coherence and admittance analysis of gravity and
topographic anomalies for lithospheric plate flexure showed
that an isostatically compensated plateau does not fully
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account for the magnitude of the long-wavelength negative
Bouguer gravity anomaly in the region and additional
buoyancy forces from the deeper mantle may be required
[Ebinger et al., 1989a]. The effective elastic thickness of the
cratonic lithosphere is significantly greater than in the
Proterozoic orogenic belts or rifts [Ebinger et al., 1997].
[7] Petrological and geochemical studies also provide
estimates of lithospheric thickness beneath the Tanzanian
craton. Peridotite xenoliths from the Quaternary Labait
volcano located on the eastern margin of the craton at its
intersection with the eastern branch of the rift indicate that
refractory mantle with Re depletion ages of 2.8 Ga
persists to at least 150 km depth [Chesley et al., 1999;
Lee and Rudnick, 1999]. However, beginning at depths of
120 –140 km, more fertile xenoliths are evident with deformed textures and much younger Re depletion ages.
These garnet-bearing xenoliths define a steeper geothermal
gradient than the refractory samples and the high proportion
of dense, Fe-rich dunites in the xenolith population indicate
that the lower cratonic lithosphere is interacting chemically
and thermally with asthenospheric magmas [Lee and
Rudnick, 1999]. Interaction with magma and thermal reequilibration at depths of about 140 km suggests that we might
expect a corresponding decrease in shear velocity, although
there is a question of whether this thickness applies to the
craton as a whole or just the portion of the lithosphere
beneath Labait volcano that is currently interacting with the
eastern rift branch. Ebinger et al. [1997] suggested that a
mantle plume has thermally eroded the eastern margin of
the Tanzanian cratonic lithosphere over the last 40– 50 Myr.
In the interior of the craton, study of diamondiferous,
Palaeogene kimberlites suggest a lithospheric thickness of
170 –200 km [Griffin et al., 1993], while analysis of the
youngest magmatic rocks on the craton from the Quaternary
Igwisi hills indicates only that the magma formed at depths
of at least 110 km [Dawson, 1994].
[8] As described above, there are inconsistent estimates
of lithospheric thickness beneath Tanzania and of the
existence and depth extent of low asthenospheric seismic
velocities. One problem is that while body wave tomography studies obtain good lateral resolution of mantle structure, vertical resolution is often compromised due to steeply
incident ray paths. Surface wave studies may provide better
vertical resolution in the upper 200 km, but large-scale or
global tomographic studies may have limited horizontal
resolution due to low density of crossing ray paths or
smoothing of short-wavelength heterogeneity. Another
problem is inconsistencies in the definition of lithospheric
thickness. Many studies have identified the base of the
lithosphere as the maximum depth of a high-velocity
anomaly and may overestimate lithospheric thickness if
vertical smearing is present. We adopt the definition of
the lithospheric base as the depth to the center of the
maximum negative velocity gradient, which provides a
better measure if a sharp transition or steep gradient is
vertically smeared. We seek to improve the resolution of the
lithosphere beneath the Tanzanian craton using Rayleigh
wave data recorded by the Tanzanian Broadband Experiment. Vertical resolution is improved by obtaining more
precise phase velocities using a method that accounts for the
distortion of the incoming wave field by heterogeneities
outside the array [Forsyth et al., 1998; D. W. Forsyth and
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A. Li, Array analysis of two-dimensional variations in
surface wave phase velocity and azimuthal anisotropy in
the presence of multipathing interference, submitted to
AGU Geophysical Monograph, 2003 (hereinafter referred
to as FL)]. Horizontal resolution is improved by employing
a local seismic array that focuses on the primary target area
with a high density of crossing ray paths. We find that the
lithosphere of the Tanzanian craton is similar in thickness to
other Archean lithospheres but is underlain by a lowvelocity zone (LVZ) that indicates high temperatures and
the presence of partial melt, perhaps associated with an
upper mantle plume.

2. Surface Wave Observations and Model
Parameterization
[9] Rayleigh wave seismic data were obtained from the
Tanzania Broadband Seismic Network deployed from June
1994 to May 1995. The array consisted of two lines of
stations extending E-W and approximately NNE-SSW intersecting at the interior of the craton southeast of Lake
Victoria (Figure 1). The total array spanned approximately
900 km with station spacing between 50 and 200 km.
Although two-dimensional surface wave tomography would
benefit from a more grid-like array distribution, intersecting
ray path coverage in this experiment does allow for some
resolution of lateral heterogeneity. The temporary deployment consisted of 21 broadband stations with up to 20
operational at any one time. To improve ray path coverage
to the north, we add records from GSN station, NAI, located
in Nairobi, Kenya. We make timing corrections to various
stations consistent with the experiment data report. In
addition, a frequency-dependent amplitude and phase correction is applied to GOMA, the westernmost station,
during the months in 1995 when station response differed
from the standard.
[10] We use a total of 93 events at distances ranging from
30 to 120 with magnitude Ms  5.9. Earthquake depths
range from 8 to 239 km with only a few events deeper
than 100 km. Complete azimuthal distribution is ideal for
maximizing the density of crossing ray paths and resolving
azimuthal anisotropy. The azimuthal distribution of events
(Figure 2a) is good, although few events occur at NW
and SE azimuths. Path coverage varies somewhat with
frequency (see Table 1) due to decreasing signal-to-noise
ratio at long periods and multipath interference at short
periods (Figures 2b and 2c). Ray path density at long
periods is similar to that at 50 s. Although there are fewer
paths at short periods, the pattern of coverage is almost the
same, so there should be little or no bias introduced by
changing geographic coverage, just larger uncertainties due
to less redundancy.
[11] Rayleigh waves have high signal-to-noise ratios and
their dispersion (Figure 3a) constrain vertical variations in
shear velocity. Sensitivity kernels presented in the inset of
Figure 3a show that total sensitivity to changes in shear
velocity is distributed over a broad depth range but peak
sensitivity occurs at a depth of approximately one third of
the wavelength. We measure Rayleigh wave phase velocities at 12 frequencies, ranging from 7 to 50 mHz. Each
frequency is analyzed separately. We first filter the Rayleigh
wave with a 10-mHz-wide, zero-phase-shift, band-pass
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station of each event-frequency pair, centered on the
expected group arrival time.
[12] Most events have variations in amplitude or waveform across the array (Figure 3b) that are indicative of
focusing or multipath propagation between the source and
the array caused by lateral heterogeneities [Friedrich et al.,
1994]. In our tomographic inversion for phase velocity, we
account for these perturbations in the wave field due to
non-great circle path propagation with a two-plane wave
approximation [Forsyth et al., 1998; FL]. This approximation allows for complexity in the incoming wave field
not considered in standard tomographic techniques but
does not have the burden of inverting for a large number
of parameters by requiring that the wave field be represented by a series of basis functions [Friedrich et al.,
1994]. Perturbations in the wave field are represented by
the interference of two plane waves of the form
Uz ðwÞ ¼ A1 ðwÞ exp½iðk1  x  wtÞ þ A2 ðwÞ exp½iðk2  x  wt Þ ;
ð1Þ

where Uz(w) is vertical displacement, ki is the horizontal
wave number for each wave, x is the position vector, and t is
time. The initial phase at a reference station, amplitude (Ai)
and direction for each of the two plane waves are the model
parameters in addition to the anisotropic phase velocity
coefficients (Bi) at each nodal point. The advantage of this
method over the usual approach of ignoring interference
effects, i.e., the one-plane wave method for local array
analysis, is that it provides a 30– 40% reduction in variance
of phase or travel time compared to tomography with the
one-plane wave method [Li et al., 2003].
[13] We assume the azimuthally anisotropic phase velocity,
C, depends on frequency, w, and azimuth, q,
C ðw; qÞ ¼ Bo ðwÞ þ B1 ðwÞ cos 2q þ B2 ðwÞ sin 2q;

ð2Þ

where Bo is the azimuthally averaged phase velocity. We
assume higher-order terms are small for Rayleigh wave
propagation [Smith and Dahlen, 1973]. Phase velocities are
described by Gaussian weighted averages of the characteristic velocity at grid nodes spaced 0.7 apart throughout the
region shown in Figure 4. Two rows of nodes surrounding
the primary region spaced 1 apart absorb travel time
variations not accounted for by the two-plane wave
approximation.

Table 1. Resolution for Phase and Shear Wave Velocity
Inversions

Figure 2. (a) Azimuthal distribution of seismic events
used in this study. (b) Ray path coverage at 25 s. White
outline denotes the region with best crossing path density.
Stations are shown by open triangles. (c) Ray path coverage
at 50 s.
filter centered at the frequency of interest (Figure 3a) in
order to evaluate the signal-to-noise ratio in that band. A
time window is then selected to isolate the desired signal
and to eliminate noise and body wave signals outside the
window. The same window length is employed for every

Period, s

Number of Paths

RMS Phase Misfit, s

20
22
25
29
33
40
50
67
80
100
125
143

356
390
384
828
965
946
1051
1128
1025
866
806
800

2.06
1.88
2.25
1.90
1.87
1.94
2.23
1.51
1.74
2.04
2.10
2.80
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Figure 3. (a) Dispersion for an event recorded at station, PUGE. Filters have band width of 0.01 Hz and
range from 7 to 50 mHz. The arrivals of the P, S, and Rayleigh waves (LR) are indicated. The inset shows
sensitivity kernels for periods 50 s (solid line), 80 s (dashed line), and 125 s (short dashed line). Each
period has peak sensitivity at depth approximately one third wavelength but is influenced by structure in a
broad depth range. (b) Seismograms observed at the array of stations for a magnitude, Ms = 6.1, event
originating from Turkmenistan NNE of the map location. The records are filtered at 50 s and a common
window is cut around the Rayleigh wave phase. Record azimuth is oriented in the direction of the great
circle path. Note that the Rayleigh wave arrives later at the stations farthest from the event and that there
are strong amplitude variations, indicating focusing and defocusing or multipath interference.
[14] In the inverse problem, the phase and amplitude of
each filtered and windowed seismogram are determined
through Fourier analysis and provide two pieces of
information for each record event at each station. It is
necessary to have at least four station records for each
event to solve for the six wave parameters and still
provide any information about the velocity. Additional
records provide better resolution of the wave field parameters and information about lateral or azimuthal variations
in phase velocity. We use a minimum of 7 and maximum
of 20 records per event depending on signal quality and

station operations. As described by FL, we first solve the
nonlinear problem of obtaining the best fitting wave
parameters (equation (1)) using a simulated annealing
method while holding velocity fixed. Then a linearized
inversion [Tarantola and Valette, 1982] is used to solve
for corrections to the velocity model and perturbation to
the wave parameters simultaneously. Observed interference effects for the wave field are shown in Figure 3b for
a magnitude, Ms = 6.9, event from Turkmenistan. We
attribute amplitude variations to constructive and destructive interference.
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Figure 4. Grid node locations designated for phase
velocity inversions. The craton is designated by circles,
western branch is designated by diamonds, eastern branch is
designated by triangles, and background is designated by
shaded squares. Grid node spacing is described in the text.
[15] To account for frequency-dependent scattering in the
wave field [e.g., Gudmundsson, 1996; Marquering et al.,
1998; Spetzler and Snieder, 2001], we apply a frequencydependent smoothing length for the velocity field to widen
the region of sensitivity about the great circle path as the
wavelength, l, increases. The width of the Fresnel zone, xf,
is described by a time delay of dt < T/4, where T is the
period, for an incoming plane wave [Gudmundsson, 1996],
giving
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
l2
xf ¼ 2Ll þ :
4

ð3Þ

In our regional array, the typical propagation distance, L  l,
and the
Fresnel zone width can be approximated by
pﬃﬃﬃﬃﬃﬃﬃﬃ
xf ¼ 2Llp. We
ﬃﬃﬃ thus apply a characteristic smoothing length,
Lw ¼ xf =2 2 such that 95% of the cross sectional area under
a Gaussian weighting or sensitivity function is within the first
Fresnel zone. Further work is necessary, however, for a more
formal treatment of scattering effects within the array in our
method.

3. Phase Velocity Results
[16] We present our results first for Rayleigh wave phase
velocity and then invert for shear wave velocity in a layered
Earth model in section 4. In preliminary inversions, we
solve for the best uniform phase velocity within the entire
study area (described by all the grid nodes) at each period.
The uniform velocity is then used as the starting model in
subsequent inversions for geologically distinct regions such
as the craton or rifts. Finally, we use these regional
velocities as starting models for a full two-dimensional
inversion to test for significant variations from the regional
models. All initial inversions for this study assume isotropic
phase velocities. A series of inversions that consider azi-

muthal anisotropy are also presented. Polarization anisotropy is not constrained as we do not yet incorporate Love
wave phase velocities.
[17] In the regional pure path models, grid nodes are divided
into four geologic regions, as designated in Figure 4, on the
basis of the boundaries defined by greenstone belts and
granitoids for the Tanzanian craton and normal faults in the
eastern and western branches of the East African Rift. The
remaining grid points are assigned to a background category
which encompasses all other tectonic structures. Grid node
velocities in each geologic region are required to vary as a
group giving the phase velocity for that region which provides
the best fit to the data in a least squares sense. Phase velocities
as a function of period for each geologic area are plotted in
Figure 5a. Velocities, in general, are highest in the craton,
followed by the background group and the western branch.
The lowest velocities are observed in the eastern branch at
nearly all periods. The change in slope at 33 s indicates a
change from sensitivity to both crust and mantle structure at
short periods to primarily mantle sensitivity at longer periods.
Phase velocities in the craton are well constrained with typical
standard deviations of 0.1% shown to be smaller than the
symbol in Figure 5a. Phase velocity fluctuations with period in
both rifts are fairly large due to larger standard deviations but
may be smoothly varying within the confidence limits. The
rifts are clearly lower in velocity than the craton, but how
much lower depends somewhat on the assumed width or
number of grid nodes assigned to these regions. Thus our
primary emphasis is on cratonic structure rather than rift
structure.
[18] A close look at the craton profile shows smoothly
increasing velocities between 25 and 40 s and then a
flattening of the dispersion curve (Figure 5b) as compared
to the phase velocities for the Canadian shield [e.g., Brune
and Dorman, 1963; Ekstrom et al., 1997] over a period
range between 50 and 100 s. We compiled phase velocity
curves (Figure 5d) from a global surface wave model
[Ekstrom et al., 1997] for regions representing Archean
cratons (Figure 5c). Our choice of Archean continental
regions is based on resolution of the global model where
structure up to degree 20 (1000 km wavelength) is recoverable. Only the area for the Kaapvaal craton (750 km
950 km) is below this limit, as is the Tanzanian craton.
Although there is variability in global surface wave coverage, dispersion curves averaged over these large regions
should give reliable estimates of frequency-dependent phase
velocity. The lithosphere of the Kaapvaal, Canadian, western
Siberian (Anabar), and Yilgarn cratons are identified by
phase velocities that are higher than the global average
PREM model [Dziewonski and Anderson, 1981] at short
periods and are consistently high for long periods up to 150 s.
Rayleigh wave velocities in the Indian, east Siberian, and
Sino-Korean cratons are lower than PREM at short periods
and follow the global average at long periods. The dispersion
curve for the Sino-Korean craton is either close to or lower
than PREM at nearly all periods and suggests the absence of
thick cratonic lithosphere. The phase velocity curve for
the Indian shield is most similar to the Tanzanian craton
displaying high velocities at periods less than 50 s, a reduced
slope between 50 and 100 s and PREM-like velocities at
the longest periods. The unique dispersion curve for the
Tanzanian craton displays a nearly constant phase velocity in
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Figure 5. (a) Phase velocities for geologic areas designated as in Figure 4. Four geologic areas are
identified: craton (circles), western branch (diamonds), eastern branch (triangles), and background
(squares). Standard deviation of phase velocity within each region is shown. Phase velocities for the
craton have standard deviations of only 0.1 – 0.2% and are smaller than the symbol at nearly all periods.
(b) Tanzanian craton dispersion curve plotted with phase velocities from a local surface wave study
within the Canadian shield (triangles) [Brune and Dorman, 1963], and velocities taken from a global
phase velocity model (squares and asterisks) [Ekstrom et al., 1997]. (c) Archean craton regions used in
compiling phase velocities from the global phase velocity model. (d) Dispersion curves for Archean
cratons obtained from the surface wave global model [Ekstrom et al., 1997] plotted with phase velocities
for the Tanzanian craton from this study. Error bars for global velocities indicate variations or gradients in
the global model across the indicated region.

the midperiod range and has lower phase velocities than
PREM above 100 s. Inversions for shear wave velocity
described in section 4 will demonstrate that the low phase
velocities in the Tanzanian craton observed for the periods
between 50 and 100 s are due to a low-velocity zone in the
upper mantle.
[19] Lateral variations in phase velocity are obtained by
using phase velocity results from the four geologic areas as
a starting model and allowing the velocity at each grid node
in the inversion to vary. Although the configuration of the
array is not ideal for conventional, two-dimensional tomography, there is some resolvable information about velocity
variations in addition to those between the four geologic

areas. The starting model is shown in Figure 6a with highest
phase velocities assigned to the craton region, lower velocities in the western and eastern branches, and intermediate
velocities for the background. The starting model has
smooth transitions between regions because the velocity at
each point in the map represents a weighted average of
neighboring grid nodes using a 2-D Gaussian weighting
function with characteristic length, Lw , as described in
section 2. The velocities are masked where confidence
limits dictated by standard error contours in Figure 6c show
that resolution is limited.
[ 20 ] Two-dimensional phase velocity variations are
shown in Figure 6b for a 50 s period inversion. As expected,
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Figure 6. Phase velocity map for 2-D inversion at 50 s. Tanzanian craton outline and rift segments are
shown as in Figure 1. Masked region represents area of best ray path coverage. (a) Starting model for 2-D
inversions. Starting velocities are uniform for each region: craton, 4.08 km/s; western branch, 3.93 km/s;
eastern branch, 3.79 km/s; and background, 3.94 km/s. Transects A-A0 and B-B0 correspond to vertical
profiles shown in Figure 11. (b) Results from 2-D inversion for phase velocity using Figure 6a as the
starting model. Phase velocity, C (km/s), gray scale corresponds to Figures 6a and 6b. (c) Standard
deviations for phase velocity map shown in Figure 6b. Contour interval is 0.01 km/s. (d) Phase velocities
results in Figure 6b subtracted from the starting model in Figure 6a and normalized by the standard
deviation shown in Figure 6c. See color version of this figure at back of this issue.

the 2-D model strongly resembles the starting model,
although there are some noticable changes. In the western
branch of the rifts, velocities are slower in the vicinity of
Lake Malawi and faster near Lake Tanganyika compared to
the starting model. At the SE corner of the craton the
gradients along the craton boundary decrease resulting in
lower velocities than the starting model in the craton
interior. These lower gradients are observed for all periods
less than 100 s. Velocities are higher than the starting model
east of the craton at about 4S.
[21] The map in Figure 6d shows the difference between
the 2-D model (Figure 6b) and the starting model (Figure 6a),
normalized by the a posteriori standard model errors
(Figure 6c). Anomalies in this ratio indicate the regions
where the data forces statistically significant deviations
from the starting model. The standard errors should not be
interpreted as the standard errors of the absolute velocities at

individual points in Figure 6b, but rather the uncertainty in
the damped and smoothed changes to the starting model
averaged over the Gaussian weighted region. In this map,
the characteristic averaging length, Lw, where the weights
fall to 1/e of the maximum value, is 100 km. Because the
solution is damped by assigning a priori standard deviations
to the starting values [Tarantola and Valette, 1982; FL], the
absolute values at any point are affected by the starting
model. We think the starting model based on a priori
regionalization and pure path inversion represents most of
the velocity changes in the region. The full 2-D solution
indicates whether this assumption is correct and where other
variations are required, although the amplitude of these
variations is likely to be underestimated. Most of the craton
region shows deviations close to zero and indicates little
change to the fast velocity craton is required by the data.
Likewise, the low velocities assigned to the eastern and
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western branches also require little change. The high-velocity anomaly centered at 4S at the eastern edge of the map
approaches 2 standard deviations and may represent a return
to ‘‘normal’’ continental lithosphere. The data require low
phase velocities for all periods less than 100 s in the SE
corner of the craton beneath recent Cenozoic extension
faults. Relatively low velocities in this area are consistent
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with recent surface wave tomography studies [Debayle et
al., 2001], a low gravity Bouguer anomaly [Simiyu and
Keller, 1997], and receiver function data that show a thin
upper mantle transition zone beneath the SE corner of the
craton [Owens et al., 2000]. We suggest that this lowvelocity anomaly indicates recent disruption of the cratonic
lithosphere by the rifting process.
[22] Azimuthal anisotropy is considered in several 2-D
phase velocity inversions. First, we solve for anisotropy that
varies uniformly in two geologic areas: the craton and the
remaining study area excluding the craton. We then perform a
second set of tests for anisotropy oriented radially about a
central point that could represent the vertical axis of an
upwelling plume. In the uniform anisotropic inversions, the
fast direction is required to be constant within the craton but
can vary for each period. Weak anisotropy of less than 1% is
observed at most periods (Figure 7a). Although the anisotropy is not different from zero within 95% confidence limits
for any one period, the consistency in direction over many
periods suggests that it may be real. Except at the longest
periods, correlation of residuals in phase (or travel time)
between adjacent periods is low (inset in Figure 7c), indicating that each period can be regarded as a nearly independent
observation. Thus it is unlikely that a NNW fast direction
would be consistent between periods 20 and 80 s (Figure 7a)
unless required by the data. This NNW fast direction is
consistent with shear wave splitting results at nearby stations
NAI and KMBO [Barruol and Ismail, 2001] but does not
agree with studies in the Kenya Rift, northeast of our study
area, where NNE splitting azimuths may be associated with
rift parallel mantle flow or magmatic cracks within the rift
axes [Gao et al., 1997]. If we assume the best fit azimuth of
17 is correct and fix it at all periods, then we find the
weighted average strength of anisotropy over all periods is
0.30 ± 0.14%, taking into account the complete covariance
matrix between periods. This average value is very small, but
significantly different from zero at the 90% confidence level.
Anisotropy for the background region is highly variable and
no dominant orientation is resolved.
[23] In order to test previous hypotheses for a mantle
plume at the base of the East African Plateau [e.g., Ebinger
et al., 1989a; Simiyu and Keller, 1997; Nyblade, 2002], we
consider anisotropy radially distributed about a point. The
best plume center location is obtained by a grid search
throughout the plateau region between the eastern and
western branches. For each inversion, the radial orientation

Figure 7. (opposite) (a) Uniform azimuthal anisotropy for
the craton region (circles). Thick bars indicate azimuthal
orientation in map view. The mean azimuth is 17 west of
north ±21. (b) Anisotropy inversions indicate a center of
radial symmetry at a point SE of Lake Victoria surrounded
by 68% (dark shading), 95% (light shading), and 99% (solid
line parabola) confidence limits. Bars show the predicted
fast direction for radially oriented anisotropy. Stations and
volcanic centers are shown as in Figure 1. (c) Amplitudes
for radial anisotropy compared with forward models of
anisotropy prescribed in layer depths 120 – 300 km
(asterisks) and 80– 300 km (triangles). Correlation coefficients of residuals between all periods are depicted in the
upper left.
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is fixed about this particular central point for all periods and
we find the weighted average amplitude of anisotropy for
the plateau region. The best plume center location at
approximately 4S, 34E (Figure 7b) and the resulting
average amplitude, 0.71 ± 0.17%, is a significantly better
model than the uniform anisotropy case. In a sense, the
uniform anisotropy case is a special case of the radial model
with the center of symmetry at infinity. The amplitude of the
best uniform model, 0.30 ± 0.14%, lies outside the 95%
confidence limits of the best overall model. This same
principle of comparing the model amplitude to the amplitude of the best model is used to define the confidence
contours for possible location of the center of radial
symmetry in fast directions (Figure 7b).
[24] We estimate the depth range over which anisotropy is
required, by performing a forward model prescribing uniform anisotropy for a model upper mantle in various depth
ranges [Thomson, 1997; Li et al., 2003]. We assume that the
mantle is 70% olivine and 30% orthopyroxene and that
some fraction of the olivine a axes are preferentially
oriented in the observed fast direction. We then adjust the
fraction of aligned crystals to approximately match the
observed degree of azimuthal anisotropy. The predicted
amplitude of anisotropy (asterisks and triangles) is compared to our observed value (circles) for each period in
Figure 7c. Anisotropy restricted to depths between 120 and
300 km (asterisks) is consistent with our results only for
periods greater than 40 s. Allowing anisotropy to extend to
shallower depths, between 80 and 300 km (triangles),
provides a better fit to amplitudes at all periods and
indicates that anisotropy is required within at least the lower
lithosphere. An even better fit would be obtained with
anisotropy from the base of the crust to 300 km, although
depth resolution is poor because the uncertainties are large
relative to the observed amplitude of the anisotropy at each
period. Although the radial pattern of anisotropy is statistically significant, this pattern of alignment of fast directions
is based intuitively on a model of radial flow away from a
hot spot that would predict anisotropy only within the
asthenosphere. Thus this pattern warrants confirmation from
shear wave splitting or other independent evidence.
[25] Checkerboard tests and maps of the resolution
matrix for phase velocity parameters give insight into the
resolution of lateral variations in the velocity maps. The
inversion is successful in recovering lateral velocity variations with wavelengths greater than 200 km but smaller
anomalies are not well resolved due to variable ray path
coverage. Azimuthal anisotropy may always trade off with
small-scale lateral heterogeneities, but we find that there is
very little trade-off between average azimuthal anisotropy
terms in the inversion and phase velocities at scales greater
than 300 km.

4. Regional Shear Wave Velocity Structure
[26] We perform inversions for shear wave velocity
using phase velocity results from the four geologic areas.
Rayleigh waves depend most strongly on S velocity and less
strongly on density and P velocity. The greatest sensitivity
to P velocity is within the crust. In our inversions for shear
velocity, we fix the ratio of P-to-S velocity at the value of
the starting model, and then combine P and S sensitivity

kernels. The shear wave inversion provides a model of shear
wave velocity perturbations to the starting model ak135
[Kennett et al., 1995], which gives the best fit between
observed and predicted phase velocities [Saito, 1988]. Our
models are lightly damped by introducing nonzero terms in
the diagonals of the a priori model covariance matrix and
lightly smoothed by forcing correlation between model
changes of adjacent layers through the introduction of
nonzero terms to the off-diagonals [FL].
[27] Our primary interest is in mantle structure, but we
also modify the starting model in a grid search to find the
crustal velocity and thickness for each geological area that
gives the best fit to phase velocity data in a least squares
sense. No change in the crustal structure of the original
model is required for the craton and background regions,
which have a crustal thickness of 34 km and shear wave
velocities of 3.46 km/s and 3.85 km/s in the upper and
lower crust, respectively. Similar crustal thickness values
for the Tanzanian craton were obtained in previous studies
[Rykounov et al., 1972; Tesha et al., 1997] and slightly
thicker estimates were reported in recent surface wave and
receiver function studies [Last et al., 1997]. We find a best
fit crustal thickness for the western rift branch of 45 km,
consistent with P wave arrivals reflected off the base of the
crust [Camelbeck and Iranga, 1996] and receiver function
studies for the station GOMA [Last et al., 1997]. Shear
wave velocity is 3.50 km/s for the upper crust and 3.70 km/s
for the lower crust. The eastern branch requires a crustal
thickness of 40 km, and upper and lower crustal velocities
are 3.35 and 3.65 km/s, respectively. Crustal thickness
estimates for the eastern branch are consistent with refraction studies [Birt et al., 1997; Prodehl et al., 1997] but are
slightly higher than estimates from receiver function studies
of the Tanzanian Broadband Experiment (36 – 39 km) [Last
et al., 1997] and may reflect our consideration of a larger
area for the eastern branch region (Figure 4). Crustal
thicknesses are greater in the rifts than in the craton because
the rifts are located in mobile belts in which the crust had
been tectonically or magmatically thickened prior to rifting.
Recent seismic reflection studies suggested thick layering in
the lower crust beneath the Kenya rift thought to be
associated with magmatic intrusions and underplating
[Thybo et al., 2000] which may lower the shear velocity
of the deeper crust. Some uncertainty in crustal thickness is
expected because there is a trade-off between thickness and
velocities in the lower crust and the uppermost mantle.
Results for all regions are consistent with global crustal
models that include the East African Rift system [Mooney et
al., 1998].
[28] Vertical shear wave velocity profiles are shown in
Figure 8 for the four geologic regions. Beneath the craton,
velocities from the Moho to about 150 km depth are higher
than the ak135 reference model. Beginning at a depth of
about 140 km, there is a strong negative velocity gradient
leading to velocities as much as 9% lower than ak135 at
250 km depth where b = 4.20 ± 0.05 km/s. This low-velocity
zone may extend from 140 km to as deep as 350 km. Below
250 km, low S velocities compared to ak135 persist beneath
the craton independent of our choice for the starting model
and suggest that anomalously low S velocities may continue
into the deeper mantle transition zone, where we lose
resolution.
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Figure 8. Shear wave velocity profiles for geologic areas
using starting model, ak135, (small dots). Profiles are
plotted for the craton (circles and bold line), western branch
(diamonds and long dashed line), eastern branch (triangles
and short dashed line), and background (squares). Symbols
correspond to those in Figure 4.
[29] Rank and resolution lengths for the geologic area
inversions are a measure of what we are able to resolve
about vertical distribution of shear wave velocity in our
models. Rank is a description of the number of independent
pieces of information about the model provided by the data.
Inversions for the craton have the highest rank of 4.9, and
inversions for the rifts show rank of 3.0. The rank for the
craton is higher than for other regions because the uncertainty in the phase velocities is much smaller (Figure 5a).
Resolution length is a measure of the depth range in the
model over which the average velocity is well resolved, i.e.,
the number of layers that need to be combined for the rank
of that part of the resolution matrix to be equal to 1.0. For
example, at 40 km depth, a 20 km thick layer is required to
recover one independent piece of information about velocity. At 70 km depth, resolution length increases to 33 km,
and at 150 and 300 km the length is 62 and 170 km,
respectively. Resolution kernels are plotted in Figure 9 and
show how model parameters at a particular depth depend on
information from adjacent depth layers. The increasing
resolution length with depth is due to the form of the phase
velocity kernels shown in Figure 3a. Phase velocities at
125 s, for example, have a peak sensitivity at 200 km but
are influenced by shear velocity over a broad depth range,
while shorter periods are sensitive to a much more limited
depth range in the uppermost mantle, yielding better control
on the upper parts of our models. In the craton, vertical
resolution at depths less than 200 km is significantly better
in this study then in most other surface wave studies
because we extend the analysis to shorter periods, the large
number of paths in a small area yields smaller uncertainties
in the phase velocity, and the allowance for heterogeneity in
the incoming wave field gives a better fit to the observed
phases, reducing the variance. At depths greater than
200 km, vertical variations in velocity can be affected by
the limitations in horizontal resolution; the long wave-
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lengths of surface waves that sample these depths means
that the Fresnel zones are wide and there should be some
lateral smearing in response to structure beyond the craton
boundaries. Our inversion for phase velocities, however,
takes into account the broadening of the region of sensitivity
with increasing period, so there should be little bias in the
characteristic craton velocities, yielding constraints on cratonic structure to depths of at least 350 km. Other surface
wave studies of larger regions that include the Tanzanian
craton have employed higher modes or even longer periods
with larger wavelengths that are sensitive to greater depths,
but those studies also used horizontal smoothing that limits
the resolution of deep structure directly beneath the craton.
[30] Interpretation of the velocity model in terms of
lithosphere/asthenosphere requires defining a criterion for
determining lithospheric thickness. Some authors have used
the depth to which a 1% or 0.5% fast velocity anomaly
persists. With this definition, vertical smearing of a velocity
anomaly can lead to an overestimate of thickness, particularly if the velocity anomaly in the upper lithosphere is
underestimated due to damping, and the depth extent is
dependent on the value chosen for the velocity threshold.
This approach is commonly adopted in body wave tomography because such studies yield good measures of lateral
variations in velocity, but poor resolution of the absolute
velocity or true vertical velocity gradient. If the lithosphere/
asthenosphere transition in the Tanzanian craton were a
gradual thermal transition, then the top of the negative
velocity gradient at 140 km (Figure 8) might best be
identified as the base of the lithosphere. However, if there
were a velocity discontinuity at the base of the lithosphere
due to onset of melting or increase in water content or
change in composition, then the inherent vertical averaging
would mean that the beginning of the negative velocity
gradient would underestimate the thickness. We adopt the
depth to the maximum negative velocity gradient, or in our
case the depth to the center of this maximum, as the best
estimate of the depth to the base of the lithosphere; a
criterion frequently employed in surface wave studies of

Figure 9. Resolution kernels for shear wave inversions of
the craton region shown at 40 km (small dots) and 130 km
depth (circles).
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both oceanic and continental settings. With this criterion,
our estimate of lithospheric thickness is about 170 km.
Because the low-velocity zone is so pronounced beneath the
Tanzanian craton, all of the criteria described above lead to
similar estimates, with lithospheric thickness being uncertain to no more than 20 to 30 km.
[31] Lithospheric velocities beneath the western and
eastern branches are similar to the craton, in agreement
with the only modest reductions in Pn velocities in the
rifts [Brazier et al., 2000; Langston et al., 2002]. The
onset of the negative velocity gradient begins around
70 km depth in the eastern branch and at about 80 km
in the western branch. The lowest velocities in the region
are observed beneath the lithosphere of the eastern branch
decreasing rapidly from 4.7 km/s at 70 km to 3.7 km/s at
150 km. The low-velocity anomalies below the western
and eastern branches are 12– 20% lower than beneath the
craton at depths of 120 – 160 km. The low-velocity zone
extends at least to depths of 275 km but resolution in the
rifts is compromised due to decreased ray path coverage
which results in strong dependence on the starting model
below 250 km. Body wave tomography [Ritsema et al.,
1998] also reported that the lowest velocities were in the
rifts at depths of 100 – 150 km. However, the maximum
velocity contrast between the rift branches and the craton
was cited as 5 – 6%. Our results suggest body wave
tomography studies may underestimate the magnitude of
lateral velocity contrast due to effects of model damping
and vertical smearing. In our models, the velocity contrast
between craton and rifts reverses at depths of 200– 250 km.
Assuming vertical smearing in body wave models causes
averaging over depths of 100 – 250 km, the comparable
velocity contrast in our models averaged over this same
range, is 7 – 8%.
[32] The background region shows no influence of a
high-velocity lithosphere and is close to the starting model
above 90 km depth. Low velocities compared to the starting
model are observed at depths between 100 and 250 km and
indicate that lower than average velocities may be broadly
distributed throughout the study area. Damping of model
parameters forces shear wave velocity profiles to follow the
starting model when there is little information provided by
the data. Since there is more information for the craton
profile due to smaller errors in phase velocity, the observations can force changes in the cratonic model at greater
depths. We test whether the apparent fast velocities from
250 to 400 km depth beneath the rifts are required by using
the craton velocity structure as a starting model within the
rifts. We find that the differences between rift and craton in
this depth range are not significant. The shear velocity
profile in the craton region, however, is little influenced
by changes in the starting model due to well-constrained
phase velocity data at all periods (Figure 5a). Therefore low
velocities are required beneath the craton below 250 km and
are possible but not required beneath the rifts due to larger
uncertainty in phase velocity in the rifts.
[33] In order to compare velocity structure in the Tanzanian craton with other Archean lithosphere, we perform
shear wave velocity inversions of data obtained from global
maps of fundamental mode Rayleigh wave phase velocities
(Figure 5d) at frequencies between 6.6 and 28.5 mHz
[Ekstrom et al., 1997] for continental regions composed of

Archean crustal rocks. The starting model for all global
profiles is the same model used for the Tanzanian craton
region in Figure 8. High-velocity lithosphere compared to
the global average ak135 model like that of the Tanzanian
craton is observed for the Kaapvaal, Canadian, western
Siberian, Yilgarn, and Amazonian cratons and extends to
depths (defined by the maximum negative gradient) ranging
from 160 to 180 km (Figure 10). Below 250 km, S
velocities closely follow the global mantle average down
to 400 km. A subtle low-velocity zone is observed for all
craton models, at depths ranging from 150 to 250 km,
indicating the transition between the base of high-velocity
cratonic lithosphere and deeper global average mantle
where deviations from ak135 reach 4%. Lithospheric
thickness obtained from this global data set is consistent
with studies of the Canadian shield using SH waves
[Grand and Helmberger, 1984] and surface wave studies
of the Kaapvaal craton [Freybourger et al., 2001; Saltzer,
2002], but it is thinner than estimates from body wave
tomography that typically identify the base of the lithosphere by the maximum depth to a threshold velocity
difference [Frederiksen et al., 2001; James et al., 2001;
van der Lee, 2002]. The velocity of the Indian shield
lithosphere is not as high as other Archean cratons. Both
the Indian and the eastern Siberian shields appear to have
stronger low-velocity zones below 150 km than is observed
beneath most cratonic lithosphere but do not reach S
velocities below 4.40 km/s. The Sino-Korean craton has S
velocities lower than ak135 at depths up to 250 km below
which it follows the starting model, indicating the absence
of a typically thick subcratonic lithosphere. The tendency of
global profiles to follow the starting model at deeper depths
may represent decreased resolution of fundamental mode
Rayleigh waves in the surface wave data set below 250 km
[Ekstrom et al., 1997; Dziewonski and Ekstrom, 1998]. We
try to minimize the effect of variable ray path coverage in
the global data set by choosing Archean cratons with large
areas, consistent with the resolution limits of the global
model. If the base of the lithosphere is identified consistently in surface wave tomography models as the depth of
maximum gradient, then this preliminary survey of globally
distributed cratonic lithosphere suggests that Archean age
lithospheric roots may not extend beyond 200 km depth and
the lithosphere of the Tanzanian craton is not exceptional.
[34] Vertical cross sections through the shear wave
velocity model of the Tanzanian craton are obtained by
combining a series of one dimensional inversions of phase
velocities from nodes along a line of interest obtained from
two-dimensional phase velocity maps. The grid node spacing only provides a crude estimate of continuously varying
velocity but is able to capture useful information of upper
mantle structure. Two shear wave velocity cross-sectional
profiles shown in Figure 11 extend from A to A0 and B to B0
as depicted in Figure 6a. The dominant feature in Figure 11a
is the high-velocity lithosphere beneath the Tanzanian
craton extending to approximately 170 km depth. Beneath
the western branch, anomalously low velocities are observed
at depths down to 180 km. The eastern branch shows the
largest low-velocity anomaly in the cross section at approximately 150 km depth, and the low velocities continue to at
least 220 km depth. The images in Figure 11 are only rough
cartoons that are dominated by the regional structure
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Figure 10. (a) Shear wave velocity profiles for Archean cratons (Figure 5c) based on a global surface
wave data set [Ekstrom et al., 1997]. Starting models, ak135 (small dots), have crustal thickness of 34 km
and are the same for all profiles. Shear wave velocities obtained for the Tanzanian craton in this study
(circles) are compared to inversions of the global data set for Tanzania (asterisks) and the Kaapvaal craton
(squares).(b) Indian craton.(c) Sino-Korean craton. (d) Canadian shield shown as southern Superior
(triangles) and northern Superior (circles). (e) Siberian craton shown as western Siberia or Anabar
(triangles) and eastern Siberia or Aldan (squares). (f ) Yilgarn (circles) and Amazonian (squares).
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Figure 11. (a) Shear wave velocity cross sections A-A0 as
shown in Figure 6a extending from the western rift branch
near the Ubendian belt to the Easter rift branch. Moho depth
is indicated by solid line below the low-velocity crust.
Topography is shown above each cross section. Arrows
indicate the Tanzanian craton boundaries. (b) Cross section
for B-B0 as shown in Figure 6a extending from the Kibaran
belt northwest of the Tanzanian craton to the Usagara belt.
See color version of this figure at back of this issue.
models, but they illustrate the overall spatial distribution
and magnitude of velocity anomalies seen in the geologic
area inversions in Figure 8. One of the interesting deviations
from these average area inversions is the reduction in
shear velocities in the 100 – 150 km depth range beneath
the southeastern edge of the craton (Figure 11b), which
corresponds to the area of reduced phase velocities observed
in the two-dimensional phase velocity maps (Figure 6d).
The surface location of Cenozoic faulting (Figure 1) which
crosscuts the southeastern corner of the Tanzanian craton
[Ebinger et al., 1989b] is evident in the topography
(Figure 11b) and is coincident with the velocity anomaly,
suggesting alteration of the lower lithosphere associated with
the minor extension.

5. Stability of Cratonic Lithosphere
[35] The stability of ancient cratonic lithosphere is maintained by the balance of chemical depletion, buoyancy,
conductive cooling, and viscous resistance to mantle flow
processes [Jordan, 1978; Doin et al., 1997; Jordan, 1998;

Shapiro et al., 1999; Poudjom Djomani et al., 2001].
Petrologic studies confirm the dynamic stability of the
Tanzanian cratonic lithosphere. The average density of
residual peridotites from the Labait volcano [Lee and
Rudnick, 1999] is lower than the density of the surrounding
asthenospheric mantle and thus counteracts the negative
buoyancy of a thermally cold lithosphere, consistent with
the isopycnic hypothesis [Jordan, 1978]. While many more
questions regarding the nature of cratonic stability for the
Tanzanian craton have yet to be answered, simply identifying the physical dimensions of the cratonic lithosphere,
geochemical composition, and lithospheric age may provide
insight into the evolution and longevity of a lithospheric
root.
[36] The thickness of the Tanzanian craton appears to be
similar to that found in other globally distributed Archean
continental lithospheres. Many studies of continental lithosphere demonstrate that there is a negative gradient in
velocities below a high-velocity lid at roughly the same
depth [e.g., Grand and Helmberger, 1984; Ritsema et al.,
1998; Simons et al., 1999; Frederiksen et al., 2001; Saltzer,
2002; van der Lee, 2002]. If we define the base of the
lithosphere by the depth of the maximum negative gradient
in all studies, we find that Archean lithosphere in general
does not appear to exceed 200 km depth and the Tanzanian
craton in particular is within the normal population of
Archean lithospheres with a mean thickness of about
170 ± 20 km. Our results are consistent with petrologic
studies of peridotite xenoliths from adjacent and interior
craton volcanoes of the Tanzanian craton where a transition
to more fertile asthenospheric mantle begins at depths of
120– 140 km [Griffin et al., 1993; Lee and Rudnick, 1999;
Chesley et al., 1999]. The thickness of the Sino-Korean
craton indicated by Figure 10 and in previous xenolith
studies [Menzies et al., 1993], however, is anomalous and
dramatically departs from the norm, possibly due to past
exposure to mantle plume activity [e.g., Xu, 2001].
[37] Surface heat flow measurements for the Tanzanian
craton are low [Nyblade et al., 1990] but do not directly
imply anomalous lithospheric thickness or the absence of
thermal anomalies at depth. Heat flow studies of East Africa
are hampered by difficulty in isolating crustal and mantle
rates of heat production [Nyblade et al., 1990; Rudnick et
al., 1998; Jaupart and Mareschal, 1998]. Steady state
conditions for heat flow may also not have been established.
For example, a temperature perturbation at the base of a
100– 150 km thick lithosphere is not expected to reach
steady state before 300 Myr [Nyblade, 1999]. If the onset
time for a perturbation at the base of the Tanzanian
lithosphere is associated with rifting, the oldest age for
volcanism in the rifts of less than 50 Myr suggests that heat
flow conditions are still transient. The heat flow anomaly
which is expected even for steady state conditions, however,
is within the standard deviation of heat flow measurements
[Nyblade et al., 1990; Nyblade, 1999] compiled for the East
African Plateau and is not an obvious indicator of lithospheric thickness or the presence of thermal anomalies at
depth.
[38] The lithosphere of the Tanzanian craton appears to
have remained stable throughout its evolutionary history. If
a thermal perturbation or plume is present at the base of the
craton, the lithosphere has been largely resistant to alteration
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except at the southeastern corner where it has been disrupted by rifting. Thermal evolution of the Tanzanian craton
may be compared to the more evolved lithospheric erosion
of the Sino-Korean craton. Present-day heat flow measurements in the Sino-Korean craton are more than double those
obtained for the Tanzanian craton and petrologic studies of
xenoliths suggest the Sino-Korean cratonic lithosphere that
extended to 180 km depth in the Paleozoic, approximately
400 Ma [Xu, 2001], is now virtually absent. One mechanism
for stability of the Tanzanian lithosphere is suggested by the
presence of mobile and thrust fold belts peripheral to the
Tanzanian craton as well as many other Archean continental
cratons (e.g., the Amazonian, Indian, and Superior cratons).
Numerical models of mantle convection with continental
plates suggest that mobile belts may act to ‘‘protect’’
cratonic lithosphere by taking up strain from tectonic
activity along zones of weakness [Lenardic et al., 2000].
[39] The only evidence of alteration of the cratonic
lithosphere that we observe is near the southeastern corner
of the craton where shear wave velocities of the lower
lithosphere are significantly reduced, although high lithospheric velocities persist to at least a depth of 60 km
(Figure 11b). Body wave studies also show modification
and lithospheric thinning of the eastern edge of the craton
near the Labait volcano [Nyblade et al., 2000]. Lithospheric
erosion or alteration thus appears to occur by upward
penetration of melt or asthenosphere associated with rifting,
rather than by widespread vertical thinning at the base of the
lithosphere. While a recent study suggests that the cohesion
of the cratonic lithosphere has forced the extensional
stresses in the eastern branch to jump to the west side of
the craton [Nyblade and Brazier, 2002], the Tanzanian
craton nonetheless demonstrates limitations in lithospheric
stability in the presence of continental rifting.

6. Low-Velocity Anomalies Beneath Archean
Lithosphere
[40] The observation of low-velocity zones beneath
cratonic lithosphere is not uncommon. Seismic tomography
studies for the Kaapvaal craton [Green et al., 1992;
Cichowicz and Green, 1992; Freybourger et al., 2001;
Saltzer, 2002], the Canadian Shield [Grand and Helmberger,
1984], and the Australian shield [Simons et al., 1999]
indicate negative gradients in the velocity profile associated
with the transition from high-velocity cratonic lithosphere to
global average mantle at greater depths. The low-velocity
anomalies below these lithospheric roots, however, do
not reach shear wave velocities below 4.4 km/s. By comparison, the dramatic excursion to b = 4.20 ± 0.05 km/s
at 200 – 250 km below the surface of the Tanzanian craton
is unique. These velocities are lower than velocities found
at comparable depths beneath the East Pacific Rise spreading
center [Nishimura and Forsyth, 1989] and require unusually
high temperatures and perhaps partial melting that may
be associated with the spreading of a mantle plume head.
[41] A study of the velocity structure beneath Tanzania
using stacked receiver functions and P-S conversions found
an anomalously thin mantle transition zone extending in a
band across much of the craton at about 5S (Figure 2)
[Owens et al., 2000], suggesting high temperatures at
depths exceeding 410 km. This thermal anomaly may be
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linked with the low velocities observed beneath the Kenya
Rift [Nyblade et al., 2000]. While the thin transition zone
indicates a thermal perturbation, this assignment of the
thinning due solely to deflection of the 410-km discontinuity was based on body wave tomography results that we
believe underestimate the S velocity anomaly beneath the
craton [Ritsema et al., 1998; Owens et al., 2000]. The
travel time from the 410-km discontinuity to the 660-km
discontinuity is constrained by P-to-S converted waves, but
if the overlying velocity anomaly is reduced, the transition
zone could be shallower because the travel time to the
surface is known. We find lower velocities in the overlying
mantle could lead to an upward shift of the transition zone
relative to the model of Nyblade et al. [2000], creating
topography on the 660-km discontinuity. A thermal perturbation, therefore, may be present at 660 km or deeper.
However, the average transition zone thickness across
Tanzania reported by Nyblade [2002] is 253 km, consistent
with the global average transition zone thickness. Consequently, if a thermal perturbation extends deeper than
660 km, then it probably does not do so uniformly across
Tanzania. The decreased width of the thermal anomaly at
this depth thus may resemble a narrow conduit or plume
tail.
[42] Low-velocity anomalies beneath East Africa have
also been observed in the lower mantle by global tomography studies possibly extending from the 660-km discontinuity to depths near the core-mantle boundary [e.g., Grand
et al., 1997; Ritsema et al., 1999]. A lower mantle anomaly
lends support to the African superswell hypothesis which
attributes the elevated topography of east and southern
Africa and anomalously shallow bathymetry of the South
Atlantic seafloor to a broad mantle plume source in the
lower mantle [e.g., Nyblade and Robinson, 1994; McNutt,
1998; Lithgow-Bertelloni and Silver, 1998].
[43] Ebinger and Sleep [1998] hypothesized that a single
large plume rising beneath the Ethiopian Plateau can
explain the distribution and timing of magmatism and uplift
throughout east Africa. In this model, the plume spreads
laterally beneath the lithosphere, ponding and flowing
beneath preexisting zones of lithospheric thinning. A thick
Tanzanian lithosphere, therefore, would direct plume material around its perimeter [Sleep et al., 2002]. While channelling of flow can account for low velocities beneath the
rifts, it does not predict the low velocities that we observe
beneath the craton. Our results may be consistent, however,
with this channelled flow hypothesis if the hot spot source is
beneath the Tanzanian craton today. Plate motion calculations show that the African plate moved northeastward over
the Ethiopian hot spot, bringing the hot spot location over
the last 45 Myr from the Main Ethiopian Plateau to near
the northern edge of the Tanzanian craton at 5N, 37E
[Sleep et al., 2002]. If the plume was not fixed or the
plate motion model were in error by a few degrees, their
hypothesized, single, large plume could lie beneath the
craton near the center for radial anisotropy predicted in this
study (Figure 7b). Our strongest evidence for an upwelling
mantle plume, however, is the extraordinarily low velocities
beneath the cratonic lithosphere, rather than the possible
center of symmetry for anisotropy. Whether or not it is the
same as the plume invoked by Ebinger and Sleep [1998],
these anomalous velocities extending to depths of 350 km
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or more are best explained by the spreading of a plume
directly beneath the craton.

7. Summary
[44] We present evidence for anomalously low velocities
beneath the Tanzanian cratonic lithosphere. As crustal
thickness estimates obtained here and in previous studies
[e.g., Last et al., 1997] are not extraordinary and do not
explain the anomalous elevation of the plateau, these low
velocities are the first seismic evidence for anomalous
structure in the upper mantle that is consistent with the
plateau uplift and the pattern of long-wavelength, low
Bouguer gravity anomalies on the East African Plateau
[Ebinger et al., 1989a; Simiyu and Keller, 1997]. The depth
to the base of the cratonic lithosphere of about 170 km is
consistent with a transition to younger, more fertile asthenosphere suggested for mantle xenoliths from the Labait
volcano [Lee and Rudnick, 1999; Chesley et al., 1999]. In
conjunction with receiver function studies from the Tanzanian Broadband Experiment [Owens et al., 2000] which
indicate a thin transition zone, the anomalously low velocities and possible radial pattern of anisotropy support the
hypothesis that a plume rises beneath the Tanzanian craton,
undergoes partial melting, and spreads out beneath the
adjacent eastern and western branches of the East African
Rift. While rifting at the craton perimeter has eroded the
edge of the original craton boundary, the Archean lithosphere as a whole demonstrates remarkable stability in the
presence of upwelling plume activity.
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Figure 6. Phase velocity map for 2-D inversion at 50 s. Tanzanian craton outline and rift segments are
shown as in Figure 1. Masked region represents area of best ray path coverage. (a) Starting model for 2-D
inversions. Starting velocities are uniform for each region: craton, 4.08 km/s; western branch, 3.93 km/s;
eastern branch, 3.79 km/s; and background, 3.94 km/s. Transects A-A0 and B-B0 correspond to vertical
profiles shown in Figure 11. (b) Results from 2-D inversion for phase velocity using Figure 6a as the
starting model. Phase velocity, C (km/s), gray scale corresponds to Figures 6a and 6b. (c) Standard
deviations for phase velocity map shown in Figure 6b. Contour interval is 0.01 km/s. (d) Phase velocities
results in Figure 6b subtracted from the starting model in Figure 6a and normalized by the standard
deviation shown in Figure 6c.
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Figure 11. (a) Shear wave velocity cross sections A-A0 as shown in Figure 6a extending from the
western rift branch near the Ubendian belt to the Easter rift branch. Moho depth is indicated by solid line
below the low-velocity crust. Topography is shown above each cross section. Arrows indicate the
Tanzanian craton boundaries. (b) Cross section for B-B0 as shown in Figure 6a extending from the
Kibaran belt northwest of the Tanzanian craton to the Usagara belt.
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