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Hydrogen strongly influences mantle rheology and is therefore an important factor in the growth
and stability of cratons. Hydrogen also strongly affects electrical conductivity so it is possible to
infer the hydrogen content of the lithospheric mantle in-situ and test models of craton formation
using magnetotelluric data. Tanzania is an ideal natural laboratory to test hypotheses on lithospheric
hydrogen content since it contains regions with very different tectonic regimes including the stable
Tanzanian Craton and the East Africa Rift that is reworking lithosphere previously deformed in the East
African Orogeny. Additionally, the lithosphere is well sampled by voluminous xenoliths that constrain
lithospheric composition and the geotherm, which also affect electrical conductivity. Hydrogen contents
were calculated for two locations in Tanzania: the first in the stable central Tanzanian Craton and the
second on the eastern margin of the craton where incipient rifting is occurring. The central Tanzanian
Craton was found to have a high lithospheric mantle water content of ~10~2 wt% which is comparable
to that of the oceanic asthenosphere and is hard to reconcile with the long-term survival of the craton.
It is possible that the water was introduced into the lithosphere recently by kimberlite volcanism or
that, if the lithosphere has had a high water content throughout its history, the central craton has been
shielded from deformation by weaker orogens that surround it. The eastern margin of the craton has
a water content of 10~3 to 10~* wt% throughout much of the lithospheric mantle that decreases to
10~4 to 10~° wt% at the base of the lithosphere and at depths corresponding to the uppermost plume
head. Xenolith data show evidence for partial melting of the plume head and the base of the lithosphere
in this dehydrated region. The partial melting and dehydration of a plume head beneath a craton is a
present-day observation of the processes that may have formed cratonic roots.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

asthenosphere, which has an estimated water (hydrogen) content
of ~0.01 wt% (Dai and Karato, 2009; Hirschmann, 2010; Karato,

In order for the sub-continental lithospheric mantle (SCLM) to
survive entrainment by the convecting asthenosphere it is gen-
erally believed it must be chemically depleted, making it buoy-
ant, and dehydrated, making it viscous (Jordan, 1988; Karato and
Jung, 2003; Lee et al., 2011; Lenardic and Moresi, 1999; Li et al.,
2008; Mei and Kohlstedt, 2000; O'Neill et al., 2008; Pollack, 1986;
Sleep et al., 2002). During partial melting of the SCLM incompati-
ble elements such as Fe, Al, Ca and H preferentially partition into
melt which ascends to form the crust, leaving the SCLM chemi-
cally depleted and dehydrated (Carlson et al., 2005; Griffin et al.,
2003, 2009; Lee et al.,, 2011). In general the level of SCLM deple-
tion will increase with age as the lithosphere experiences more
partial melting events (Griffin et al., 2003). Therefore, it is rea-
sonable to expect that the SCLM would be less hydrous than the
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2006). However, recent evidence from xenoliths (Li et al., 2008;
Peslier, 2010; Peslier et al., 2010) and magnetotellurics (MT) (Fullea
et al., 2011) has suggested that some cratonic SCLM may contain
hydrogen at levels similar to the asthenosphere. This is hard to rec-
oncile with both the chemically depleted nature of the lithosphere
and the fact that cratons are stable for billions of years.

The main focus of this study is to obtain insight into SCLM
hydrogen distribution because it has a large influence on rheol-
ogy and hence on the stability and evolution of cratons. We use
a forward modeling approach in which we test models against
MT observations in Tanzania. MT measures electrical conductiv-
ity, which is strongly dependent on hydrogen content in the
mantle (Karato, 1990, 2006; Karato and Wang, 2013; Yoshino
et al, 2009). Tanzania is an ideal natural laboratory to test hy-
potheses on lithospheric hydrogen content since the rheology of
the Tanzanian Craton, which has remained relatively stable since
c. 2.6 Ga, contrasts strongly with the surrounding lithosphere
which has been multiply reworked by several major tectonother-
mal events (Ebinger and Sleep, 1998; Maboko, 2000; Stern, 1994;
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Fig. 1. Map of the study area showing the Tanzanian Craton, Usagaran Orogen, Mozambique Belt and main fault zones associated with the East African Rift. Stars show the
locations of xenolith-bearing kimberlites or volcanoes that were used in this study. Triangles show the locations of MT stations used in this study, in the central Tanzanian
Craton and at Labait respectively. Kimberlite localities are taken from the World Kimberlites Database (Faure, 2006).

Tenczer et al., 2007). Additionally, the Tanzanian lithosphere is well
sampled by xenoliths (Bellucci et al., 2010; Chesley et al., 1999;
Gibson et al., 2013; Griffin et al., 1993; Lee and Rudnick, 1999;
Rudnick et al.,, 1994) which constrain the SCLM composition and
geotherm. Constraining these variables allows the MT data to be
used to determine hydrogen content (e.g. Hirth et al., 2000). We
present MT data from two regions in Tanzania, one in the cen-
tral Tanzanian Craton that shows no evidence for recent tectonism
and one on the eastern margin of the craton that is currently un-
dergoing incipient rifting. Together with geotherm calculations and
experimentally-based predictions of electrical conductivity, we use
these MT data to determine the hydrogen content of the litho-
spheric and upper asthenospheric mantle.

2. Geological background

The Tanzanian Craton (Fig. 1) is comprised of several Archean
rock packages which cratonized by c. 2.6 Ga (Maboko, 2000;
Manya et al., 2006) and have U-Pb zircon ages between ~ 3.0 and
2.6 Ga (Maboko, 2000; Manya et al., 2006; Moller et al., 1998).
Lithospheric thickness of the Tanzanian Craton is estimated at
170-200 km from xenolith data (Griffin et al., 1993) and variably
150420 km to 200 km (Adams et al., 2012; O’Donnell et al., 2013;
Weeraratne et al., 2003) to up to 350 km (Ritsema et al., 1998)
from seismic data. The Tanzanian Craton has remained stable since
¢. 2.6 Ga but the surrounding lithosphere has been affected by
several major tectonothermal events (Fig. 1). The c. 1.8 to 2.0 Ga
Usagaran Orogeny on the south-eastern side of the craton was
a likely subduction-related event (Moller et al, 1995) that ap-
pears to have involved collision of a previously rifted ribbon of
the Tanzanian Craton (Reddy et al.,, 2003). The Neoproterozoic East
African Orogen (Stern, 1994) stretches several thousand kilometers
through north-east Africa and Arabia, East Africa, Madagascar, In-
dia and Antarctica and was a principal collision zone in the assem-
bly of Gondwana. In Tanzania it is represented by the c. 640 Ma
north-south striking Mozambique Belt on the eastern side of the
Tanzanian Craton (Stern, 1994; Tenczer et al., 2007). The orogeny
reworked the Tanzanian Craton as well as introducing juvenile ma-
terial (Moller et al., 1998). Since the Eocene/Late Oligocene the

East African Rift System has developed along the eastern margin
of Africa. Beginning with volcanism in Ethiopia at c. 40-45 Ma
(Ebinger et al., 1993), rifting has progressed southwards with time.
The rift bifurcates around the Tanzanian Craton with most magma-
tism in this region having occurred within the last 12 Myr (Corti
et al., 2007; Roberts et al., 2012). Gravity (Ebinger et al., 1989;
Moucha and Forte, 2011), petrological (Aulbach et al., 2008; Hilton
et al., 2011; Pik et al., 2006) and seismic data (Adams et al., 2012;
Fishwick and Bastow, 2011; Prodehl et al., 1997; Ritsema and van
Heijst, 2000; Weeraratne et al., 2003) suggest that one or more
mantle plumes are responsible for the East African Rift. The Tan-
zanian Craton sits at an average elevation of 1250 m due to the
thermal impact of the plume (Ebinger et al., 1989).

The long history of deformation surrounding the Tanzanian Cra-
ton suggests that the craton is significantly stronger than the sur-
rounding lithosphere and makes it an ideal place to test models
for lithospheric hydrogen content. Two locations will be analyzed
in this work (Fig. 1). The first is in the central Tanzanian Craton,
~80 km south-east of Mwanza. This region is considered ‘pristine’
cratonic lithosphere, although it is likely to be underlain by a
plume head (Weeraratne et al., 2003). Additionally, xenoliths from
the c. 40 to 53 Ma Mwadui kimberlite pipe (Griffin et al., 1993;
Stachel et al., 1998), located ~45 km to the south-east, allow some
constraints to be made on lithospheric composition. The second lo-
cation is ~5 km south of Mt Hanang on the eastern margin of the
Tanzanian Craton. This region was chosen because xenoliths from
nearby Labait show that asthenospheric melts from the plume
have refertilized the lowermost lithosphere (Chesley et al., 1999;
Lee and Rudnick, 1999; Vauchez et al., 2005) while the overlying
lithosphere retains a cratonic signature. Comparison between these
two locations allows an assessment of whether cratonic litho-
sphere is dehydrated, whether more hydrous lithosphere is more
likely to be deformed and the impact of partial melting on hydro-
gen content.

3. Methodology

The hydrogen content of mantle xenoliths is the most direct ob-
servation of lithospheric hydrogen (e.g. Bell and Rossman, 1992;
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Fig. 2. MT data from (a) the central Tanzanian Craton and (b) the eastern margin of the Tanzanian Craon at Labait. (a(i)) and (b(i)) show xy, yx and the log average of
apparent resistivity data, adjusted for static shift. (a(ii)) and (b(ii)) show xy, yx and the arithmetic average of phase data. Errors on the average phase data were increased to
account for the difference between the xy and yx phases for each period to account for departures from true one-dimensionality. (a(iii)) and (b(iii)) show the phase tensor
ellipticity, which should be below approximately 0.1 to indicate one-dimensionality and (a(iv)) and (b(iv)) show the phase tensor skew, which should be close to zero if the
data are not three-dimensional. Data at Labait for periods shorter than 0.3 s have large skews and large ellipticities and were therefore not included in further analysis (grey

shaded region on b(iii) and b(iv)).

Peslier et al., 2010). However, because hydrogen is highly mo-
bile, the relationship of these observations to upper mantle hy-
drogen content is unclear (e.g. Demouchy and Mackwell, 2006;
Gaetani et al., 2012; Mackwell and Kohlstedt, 1990; Peslier et al.,
2010) and measuring hydrogen content in situ with MT may be
more reliable (Fullea et al., 2011; Hirth et al., 2000; Karato, 2011).
SCLM electrical resistivity is dominantly controlled by temperature
and hydrogen content, with modal mineralogy and major element
chemistry being less important parameters (for a review see Karato
and Wang, 2013). The abundant xenoliths in the study region allow
composition and temperature to be constrained so that MT data
can be combined with mineral physics data to determine mantle
hydrogen content.

3.1. MT data

Magnetotellurics is a passive electromagnetic geophysical
method that relies on the fact that the Earth’s magnetic field,
which is time varying due to electrical storms and the interaction
of the solar wind with the ionosphere, induces currents in conduc-
tive bodies within the Earth. Magnetic (B) and electric (E) fields
are measured in orthogonal (x and y) directions at the Earth’s
surface as a function of time and are then transformed into the
frequency domain, giving a frequency dependent impedance, Z.

ny=Ex/By (1)

From the impedance, the apparent resistivity (p4), which is the
resistivity of an equivalent uniform half-space, and the phase (¢),
which is the offset between the electric and magnetic fields, can
be determined for each angular frequency w.

0
pa =121z )
w

¢ =arg(2) (3)

where g is the magnetic permeability of free space (e.g. Dmitriev
and Berdichevsky, 1979).

MT data used in this project were a subset from a survey car-
ried out in late 2011. The central Tanzanian Craton station is a
long-period station with a sampling rate of 1 Hz. The Labait sta-
tion was compiled from a long-period station sampled at 1 Hz and
a nearby broadband station sampled at 1000 Hz. Due to the dif-
fusive nature of EM fields, long-period stations image deeper into
the mantle and broadband stations provide better crustal resolu-
tion. Data were processed using the Bounded Influence Remote
Reference Processing code (Chave and Johnson, 2004). Remote ref-
erencing was implemented for the long-period stations but due to
limited equipment this was not possible for broadband stations.
Data quality was fair, although low source field activity limited the
amount of highly coherent data at periods longer than 2000 s. Re-
liable responses for the Tanzanian Craton station were obtained for
periods of 4 s to 2048 s. For Labait, responses from 10 s to 1428 s
were taken from the long-period station and responses from 3 Hz
to 10 s from the broadband station. Since the broadband station
was not remote referenced, large error allowances were made for
the apparent resistivity data but the phase data match well with
the long-period station.

The electrical dimensionality of the data (that is, the num-
ber of directions in which the electrical resistivity of the subsur-
face varies) was assessed using phase tensors (Bibby et al., 2005;
Caldwell et al., 2004; Thiel, 2008). The Tanzanian Craton and Labait
stations were selected because they image a subsurface that is
close to one-dimensional (i.e. horizontally layered), with small
phase tensor skews and ellipticities generally less than 0.1 (Fig. 2),
so that lateral variations in resistivity do not complicate interpre-
tations. One-dimensional averages were calculated using an arith-
metic mean for phases and log average for apparent resistivities.
Since the data are not perfectly one-dimensional, errors in the
one-dimensional average phase were increased to reflect the dif-
ference between the xy and yx phases to avoid fitting the data to
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Table 1
Compositional depth ranges for the central Tanzanian Craton and eastern Tanzanian
Craton at Labait used in electrical resistivity predictions.

Depth Olivine Orthopyroxene Whole rock
Central Tanzanian Craton:

40-110 km 88.4%, Mg#93 9.4%, Mg#93.5 Mg#92.9
110-150 km 81%, Mg#90 12.8%, Mg#92 Mg#90.3
150-200 km 77.3%, Mg#92 14.5%, Mg#92.5 Mg#91.8
Labait:

40-70 km 76%, Mg#92 20%, Mg#92.8 Mg#92
70-110 km 79%, Mg#92.5 19%, Mg#93 Mg#92
110-150 km 73%, Mg#91 18%, Mg#92 Mg#91

a level they cannot justify. Errors in the one-dimensional apparent
resistivity average were calculated from the increased phase errors
(Fig. 2) (Chave and Lezaeta, 2007).

3.2. Lithospheric composition

Modal mineralogy can affect mantle resistivity although it is
likely to have a much smaller effect than hydrogen content (e.g.
Karato and Wang, 2013). It is therefore important to constrain
both the mantle modal mineralogy and the expected level of litho-
spheric fertilization which is likely to correspond to hydrogen
content. The Labait volcano, on the eastern margin of the Tan-
zanian Craton, has brought up voluminous mantle xenoliths (e.g.
Aulbach et al., 2008; Chesley et al., 1999; Koornneef et al., 2009;
Lee and Rudnick, 1999; Vauchez et al., 2005). Xenolith composi-
tional data for Labait lithosphere (Table 1) are taken from Lee and
Rudnick (1999). The depth to the top of the asthenospheric adi-
abat is ~150 km. Xenoliths from above this depth are refractory
with Mg# generally between 90 and 92 (Mg# = Mg/(Mg + Fe)). At
depths greater than ~130 km the lithosphere has been chemically
and thermally modified, probably due to interaction with plume-
related asthenospheric fluids. This region is approximately 150°C
hotter than would be expected from the shallower geotherm and
some samples have experienced iron enrichment (Lee and Rudnick,
1999). Re-Os data from samples of refractory harzburgites from
80-140 km depth give Re depletion ages of 2.4 to 2.8 Ga, while
those from more fertile harzburgites from 140-150 km depth give
Re depletion ages of 1 Ga to the future, suggesting that the deeper
lithospheric mantle has either been mixed with upwelling as-
thenospheric mantle or has experienced melt removal since 1 Ga
(Chesley et al., 1999). Electron backscatter diffraction (EBSD), pet-
rographic and seismic anisotropy studies (Vauchez et al., 2005) also
show a progressive impact of the plume with depth. Samples from
the spinel-peridotite domain (<70 km deep) are porphyroclastic
and show no evidence of rift interaction while deeper samples dis-
play evidence of recent heating leading to grain-boundary mobility
and nucleation recrystallization (Vauchez et al., 2005).

Xenolith data for the central Tanzanian Craton (Dawson, 1994;
Griffin et al., 1993; Stachel et al., 1998) are less voluminous. Com-
bined with data from other studies, Mwadui xenolith data suggest
a depleted, harzburgitic composition at depths above ~110 km,
a less depleted, lherzolitic-harzburgite composition at ~110 to
~150 km and an enriched, metasomatized lherzolitic composition
at depths >150 km (Griffin et al, 1993). Proportions of olivine
and orthopyroxene in harzburgite and lherzolite were taken from
Griffin et al. (2009) to calculate appropriate mineral proportions
for these compositions (Table 1). The thickness of the Tanzanian
lithosphere was estimated to be 170 km from a combination of
xenolith and seismic data (Fishwick, 2010; Griffin et al., 1993;
Ritsema et al., 1998; Weeraratne et al., 2003).
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Fig. 3. Geotherm calculations in comparison with (a) Lashaine and (b) Labait xeno-
lith thermobarometry from Rudnick et al. (1994) and Lee and Rudnick (1999).
A 44 mW/m? cratonic geotherm fits the low-temperature Lashaine data well but
does not fit the high-temperature Lashaine data or any of the Labait data, which
have been reset by the mantle plume’s thermal anomaly. Geotherms calculated by
assuming that an initial 44 mW/m? cratonic geotherm has been impinged upon by
a plume for ~35 Myr fit the high-temperature Lashaine xenolith data and most of
the Labait data well.

3.3. Calculation of Tanzanian geotherm

Electrical conductivity is strongly influenced by temperature so
it is important to accurately determine the geotherm for the two
regions of interest, both in the central Tanzanian Craton and at
Labait. Since the Tanzanian lithosphere is being impinged upon
by a plume, the geotherm calculation must involve calculation of
the initial, stable geotherm and the subsequent thermal impact
of the plume. Xenolith thermobarometry can constrain both the
initial and current geotherms, depending on the time at which
xenoliths were thermally reset. Unfortunately, thermobarometric
data are not available for Mwadui xenoliths in the central craton
but xenoliths from the Lashaine volcano in north-west Tanzania
(Fig. 1) show both a low-temperature, 170 km thick, ~44 mW/m?
geotherm and a high-temperature, ~50 mW/m? geotherm, which
are interpreted to correspond to the initial and plume-modified
geotherms respectively (Rudnick et al., 1994). Lashaine xenoliths
are therefore used as a proxy for the central craton. Surface heat
flow values (Nyblade, 1997; Nyblade et al., 1990) can be used to
determine the initial geotherm since the thermal signal from a
plume that arrived at c. 40 Ma will not yet have reached the sur-
face (Jaupart and Mareschal, 2007; Sleep et al., 2002).

We calculated the original, stable geotherms from surface
heat flows and estimates of average mantle heat flows (Jaupart
and Mareschal, 2007). The results agree well with Lashaine low-
geotherm xenolith data (Fig. 3) (Rudnick et al., 1994). We then
calculated the current, plume-affected geotherm by solving the
diffusion equation for a plume that is 140 °C hotter than ambient
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Fig. 4. Electrical resistivities for water contents between 10~> wt% and 100 wt%
calculated for the compositions of the central Tanzanian Craton site (black) and the
Labait site on the eastern edge of the Tanzanian Craton (grey).

mantle, a temperature taken from mantle potential temperatures
of rift magmas (Rooney et al, 2012), seismic attenuation data
(Venkataraman et al., 2004) and xenolith thermobarometry (Lee
and Rudnick, 1999). Since the exact time of plume impact in Tan-
zania is not known, we calculated the diffusion profile for plume
impact between 40 Ma (the onset of magmatism in Ethiopia), and
30 Ma, allowing uplift in Tanzania to begin at 25 Ma (Roberts
et al, 2012). Differences in the resulting geotherms are negli-
gible and a 35 Ma plume arrival, as suggested by Ebinger and
Sleep (1998), was used in further calculations. For both the central
Tanzanian Craton and Labait the plume-modified geotherm pro-
duces a good match to the high-temperature xenolith geotherms
(Fig. 3). However, in both regions there are some xenoliths which
record temperatures higher than those estimated by the plume-
modified geotherm, including one mid-lithospheric sample in each
region >100 °C higher than predicted. A diffusive heat flux produc-
ing such conditions would require unreasonably large lithospheric
thermal conductivities and would have produced higher Moho
temperatures than those measured for the region (Bellucci et al.,
2011; Blondes et al., 2010). If the thermobarometric analyses are
correct, these high temperatures are therefore likely to have been
produced by advective heat flux through the movement of magma.
Within the asthenosphere, a standard adiabatic temperature in-
crease of 0.3 K/km (Turcotte and Schubert, 2002) was assumed
beneath the central Tanzanian Craton. Beneath Labait, the mantle
potential temperature of 1440°C (Rooney et al., 2012) was used
to calculate asthenospheric temperatures (McKenzie and Bickle,
1988), producing an adiabatic gradient of ~0.7 K/km, similar to
the central craton. Full details of the calculations are shown in the
supplementary information.

3.4. Calculation of relationship between water content and resistivity

Resistivity was calculated assuming an olivine/orthopyroxene
mixture since no other mineral fraction exists in sufficient quanti-
ties to form an interconnected pathway (Table 1). A salient feature
of our modeling is to include the influence of hydrogen partition-
ing between olivine and orthopyroxene. Hydrogen strongly affects
electrical conductivity in these minerals but hydrogen partitioning
between them changes by more than an order of magnitude as
a function of temperature, pressure and water fugacity (Dai and

Karato, 2009). Hydrogen partitioning was calculated by comparing
water solubility in olivine and orthopyroxene according to experi-
mental results by Mierdel et al. (2007) and Kohlstedt et al. (1996).
A full description of the method is given in the supplementary
information. Electrical conductivity predictions were made using
the effective media model to describe the behavior of the mineral
mixture (McLachlan, 1987) and experimental data summarized in
Karato and Wang (2013), which have been shown to be consis-
tent with expected asthenospheric water contents (Dai and Karato,
2009). The resultant temperature-dependent electrical conductiv-
ity for the compositions of both regions at total water contents
ranging from 10~> wt% to 10° wt% are shown in Fig. 4. The pre-
dictions are almost identical, showing that the range in modelled
compositions has a negligible effect on conductivity. The maximum
uncertainty in estimated water content from uncertainties in the
geotherm (4100°C) is larger than uncertainties in composition at
~50% but is still much smaller than the range of possible water
contents being investigated.

4. Results

Hypothetical lithospheres with various hydrogen contents were
forward modeled and compared with the MT data, seeking the
simplest hydrogen distribution that matches the data. This ap-
proach was taken since none of the available constraints are suffi-
ciently accurate or precise to perform an inversion to calculate the
hydrogen content of the lithosphere from the MT data. Since the
crust may be compositionally heterogeneous and contain various
conductive species, no attempt was made to analyze crustal con-
ductivity in terms of hydrogen content. One-dimensional modeling
was carried out using a Marquardt algorithm written by P. Wanna-
maker following the method of Petrick et al. (1977) that uses the
recursive layered earth relations in Ward and Hohmann (1988).
The apparent resistivity data are affected by static shifting, with
the result that it is impossible to know the absolute value of the
apparent resistivities. Therefore the phase data, which are unaf-
fected by static shifting, were tested with the forward models.

4.1. Hydrogen content of the central Tanzanian Craton lithospheric
mantle

The water content of the asthenosphere is generally considered
to be approximately 10~2 wt% (Dai and Karato, 2009; Hirschmann,
2006; Karato, 2006) so forward models were initially run with re-
sistivities in the lithospheric mantle corresponding to hydrogen
contents between 1072 wt% and 10~* wt% and resistivities in the
asthenospheric mantle corresponding to a fixed hydrogen content
of 1072 wt%. Since there are no broadband MT data for the cen-
tral Tanzanian Craton the crustal conductivity structure cannot be
accurately resolved and results from a one-dimensional inversion
were used in forward modeling. The station phase data are not
well reproduced by these initial models (Fig. 5a). At shorter peri-
ods, the station data have higher phases than the forward mod-
elled data, suggesting that the conductivity of the region increases
with depth more sharply than the models at these periods. Fur-
ther tests showed that the station data are best matched when the
conductivity to a depth of ~90 km is higher than that predicted
for a hydrogen content of 10~2 wt% (Fig. 5b). The modal miner-
alogy for this region is constrained by very few xenolith samples
from nearby kimberlite pipes which have broad depth estimates
but even a pure orthopyroxene composition would not produce the
observed uppermost mantle conductivity (Dai and Karato, 2009).
The geotherm is also is also unconstrained by xenoliths at this lo-
cation but the temperature at the top of the mantle would need
to be >120°C higher than modeled to account for the observed
conductivity, which is inconsistent with the very low surface heat
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Fig. 5. Comparison between forward models and data for the central Tanzanian Craton. (a) Lithospheric mantle with water contents of 1072 wt%, 10~ wt% and 10~ wt%
and asthenosphere with water content of 102 wt%. (b) Uppermost lithospheric mantle to a depth of 90 km has a fixed conductivity corresponding to a higher hydrogen
content than is feasible for the current model. From 90 km depth to the LAB at 170 km depth, the lithospheric mantle was modelled with water contents of 102 wt%,
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thick dehydrated layer with water content 10~ wt%. The asthenosphere was modelled with water contents of 10~2 wt%, 10~> wt% and 10~% wt%.

flow. Although each of these scenarios is individually unlikely, it
is possible that they combine to cause the high uppermost man-
tle conductivity. An additional conductive species, such as grain-
boundary graphite films, could also be present.

Models were run to test the hydrogen content of the litho-
sphere at depths >90 km (Fig. 5b). The station data are reproduced
by a lithospheric conductivity structure corresponding to 1072 wt%
hydrogen at depths > 90 km but are not well reproduced by lower
hydrogen contents. Models were also run to test the hydrogen con-
tent of the asthenosphere. The water content of the asthenosphere
was varied between 102 wt% and 10~* wt% while the water con-
tent below 90 km in the lithospheric mantle was fixed at 1072 wt%

(Fig. 5c). The longest period data point is only fit with a low as-
thenospheric water content of 10~# wt%. Since the station data
are not perfectly one-dimensional and do not extend to longer pe-
riods this result contains some ambiguity. However, phase data at
the longest recorded periods from all the stations on the central
Tanzanian Craton demonstrate a similar phase decrease, suggesting
that the asthenosphere beneath the Tanzanian Craton may have a
water content lower than the expected 1072 wt%. In the Kaapvaal
Craton, Peslier (2010) and Fullea et al. (2011) have proposed that
the SCLM has a high hydrogen content underlain by a dehydrated
lithospheric base that has allowed it to survive mantle convection.
Since the SCLM hydrogen content modeled here is also high, mod-
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els were run to test whether a dehydrated layer at the base of the
lithosphere (40 km thick with a hydrogen content of 10~3 wt%)
is consistent with the station data (Fig. 5d). Models with astheno-
spheric hydrogen contents of 1072 wt% and 10~3 wt% fit most of
the data within error but still produce a worse fit to the station
data than models with no dehydrated layer. These data do not rule
out the possibility that a dehydrated layer may exist at the base
of the Tanzanian Craton lithosphere but certainly provide no argu-
ment that such a layer must exist.

4.2. Hydrogen content of the lithospheric mantle at Labait, on the edge
of the Tanzanian Craton

Models were initially run with the SCLM hydrogen content
between 1072 wt% and 10~% wt%, an asthenospheric hydrogen
content of 1072 wt% and a fixed crustal structure taken from
inverse modeling of the broadband data. As for the central cra-
ton, the phase values of all forward models are smaller than the
station data for periods corresponding to the uppermost mantle
(Fig. 6a), showing that the uppermost mantle is more conductive
than would be expected for the highest modeled water content.
Further testing showed that this high conductivity layer extends to
a depth of approximately 60 km and cannot be explained purely
by lower crustal conductivity. This must be due to compositional
and/or thermal properties following similar arguments as the cen-
tral craton.

Forward models were run to test mantle hydrogen content be-
low 60 km depth. Initial tests (Fig. 6b) were run with water con-
tents between 60 km and 150 km varying between 1072 wt%
and 10~* wt% and a fixed asthenospheric hydrogen content of
102 wt%. At periods less than ~50 s, water contents of 107> wt%
and 104 wt¥% fit the data within error while the 1072 wt% model
does not fit the data. At longer periods, the forward modeled
phases for all water contents are higher than the station phases.
This suggests that at greater depths, the conductivity of the sub-
surface does not increase with depth as sharply as predicted by
the models. Therefore, forward models were run in which the hy-
drogen content decreases with depth. The water content of the
asthenosphere was tested by setting the asthenospheric water con-
tent at an order of magnitude less than that of the lithosphere
(Fig. 6c). Water contents of 1073 wt% and 10~* wt% between
60 km and 150 km that decrease to 10~% wt% and 10~ wt% re-
spectively in the asthenosphere fit the data well. To test whether
it is possible to resolve the depth at which the water content de-
creases, models were run in which the water content decreases
at 120 km rather than at 150 km (Fig. 6d). Visually, these mod-
els provide an even closer fit to the data but since all models fit
the data to within error, the specific depth at which this water de-
crease occurs cannot be resolved. Finally, since the asthenosphere
is expected to have a hydrogen content of 10~2 wt%, a test was
run to determine whether the data can be fit by a dry layer at the
base of the lithosphere that is underlain by a more hydrogen-rich
asthenosphere. The resulting models do not fit the data (Fig. 6e)
and show that these data require the asthenosphere to have a hy-
drogen content that is lower than 10~2 wt%.

5. Discussion

5.1. Hydrogen content of the central Tanzanian Craton lithospheric
mantle

Forward modeling shows that the bulk of the central Tan-
zanian Craton SCLM in the study region contains approximately
10~2 wt% water, which implies that olivine is almost water-
saturated. This is a surprising result given the longevity of the

Tanzanian Craton and its resistance to deformation during ma-
jor orogenic events. At a given pressure and temperature in the
lithospheric upper mantle, a transition from dry to water-saturated
conditions will be accompanied by a decrease in viscosity of more
than two orders of magnitude (Karato, 2010). Geodynamic mod-
eling shows that there must be a significant contrast in viscosity
between cratonic lithosphere and underlying convecting mantle to
allow cratonic lithosphere to survive (Lenardic and Moresi, 1999;
O’Neill et al., 2008) and such models generally require a dry litho-
sphere and wet asthenosphere (e.g. O'Neill et al., 2008). The sug-
gestion that the asthenosphere may have a low water content is
not definitive because of insufficient long-period data, data qual-
ity and departures from one-dimensionality. However, even if the
asthenosphere is assumed to be wet, it is not realistic for a water-
saturated craton to have survived for 2 Gyr. There are several pos-
sible explanations for this:

(1) The cratonic lithosphere may be underlain by a dehydrated
root.

Xenolith hydrogen contents (Baptiste et al., 2012; Peslier et al.,
2010) and MT data (Fullea et al., 2011) from the Kaapvaal Craton
suggest that the bulk of the SCLM has hydrogen contents up to
102 wt% but that the base of the craton is within error of being
completely dry. Peslier et al. (2010) suggested that this dry base
allows the craton to survive. Although we consider this possibility
to be geodynamically unlikely, the tests shown in Fig. 6(d) were
designed to examine whether such a dehydrated layer might exist
at the base of the Tanzanian Craton SCLM. These tests were in-
conclusive since the best fitting model (Fig. 6¢) does not contain
a dehydrated lithospheric base but the improvement in this model
fit relies only on one data point.

(2) The cratonic lithosphere may be surrounded by weaker mo-
bile belts that protect it from deformation.

Geodynamic modeling shows that zones of pre-existing weak-
ness around a craton will be preferentially deformed, protecting
the craton from deformation (Lenardic et al., 2003). The Tanzanian
Craton is surrounded by mobile belts and many structures have
experienced several periods of reactivation (e.g. Reddy et al., 2004;
Tenczer et al., 2007) including current faulting along the East Africa
Rift which is strongly controlled by the location of the East African
Orogen (Chorowicz, 2005). In addition, material from the Tanzanian
Craton was involved in both the Usagaran Orogeny (Reddy et al.,
2004) and the East African Orogeny (Sommer et al., 2005), show-
ing that the craton as a whole has not actually survived for the last
2 Gyr. It is possible that successive orogenic events have progres-
sively deformed and weakened the edges of the Tanzanian Craton
such that subsequent deformation is preferentially partitioned into
them.

(3) The water may have been recently added to the lithosphere
by kimberlites.

The water content of the central Tanzanian Craton has not nec-
essarily been high throughout its entire history; instead, the water
may have been added by recent kimberlite volcanism. Measured
water contents of kimberlite samples are commonly 5 wt% to
10 wt% (Francis and Patterson, 2009). Although some of this wa-
ter is likely to be meteoric (Kamenetsky et al., 2007; Stripp et al.,
2006) source magmas are also more hydrous than the lithosphere
into which they intrude (Kopylova et al., 2007). Kimberlites inter-
act extensively with the lithosphere (Francis and Patterson, 2009)
and, since hydrogen diffuses very easily (Karato, 2006), portions of
the lithosphere that interact with kimberlite melts should be hy-
drated. The majority of Tanzanian kimberlites have erupted within
the last 80 Myr (Chesler, 2012) and the MT site location is prox-
imal to the large, c. 40 to 53 Ma Mwadui kimberlite pipe and
could therefore have been hydrated by it. The localized nature of
this kimberlite-driven hydration and the recent ages of kimberlite
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and 120 km to 10~ wt% between 120 km and 150 km.

intrusion remove the paradox of a hydrogen-rich lithosphere sur-
viving for several billion years.

A similar argument could be made for the observed hydrogen-
rich nature of the Kaapvaal Craton, which experienced some Pro-
terozoic kimberlite intrusions (Donnelly et al., 2011; Phillips et al.,
1989; Seggie et al., 1999) but voluminous intrusions in the Juras-
sic and Cretaceous (Allsopp and Barrett, 1975; Phillips et al., 1998;
Smith et al., 1994). The young ages of the bulk of the kimberlite

magmatism show that the craton does not need to survive with
any subsequent hydration for cratonic time scales. The MT sites
analyzed by Fullea et al. (2011) were located close to kimberlites
and all analyzed xenoliths are also related to kimberlites. Therefore
it is possible that the observed patterns are caused by kimberlite-
hosted hydration of the lithosphere and are not a generic litho-
spheric characteristic. Indeed, Archean lithosphere of the Superior
Craton, which is at least 150 km from kimberlites that we are
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Fig. 7. The calculated geotherm at Labait (thick grey line) with the dry, 200 ppm
water and 1000 ppm water peridotite solidus curves (Aubaud et al., 2004) and the
vapour-saturated lherzolite solidus curve (Green et al., 2010).

aware of Armstrong et al. (2004), Moser and Heaman (1997), was
found to be anhydrous, as would be expected for cratonic litho-
sphere (Hirth et al., 2000).

5.2. Hydrogen content of the lithospheric mantle on the edge of the
Tanzanian Craton at Labait

Forward modeling shows that, beneath a region of higher con-
ductivity to a depth of approximately 60 km, the lithosphere at
Labait has a water content of 1073 to 10~* wt% to a depth
of 120 to 150 km, below which the water content decreases to
10~% to 10> wt%. The low water content throughout most of
the lithosphere is typical of what would be expected for sta-
ble, cratonic lithosphere. Xenoliths from approximately 130 km
depth at Labait show evidence of enrichment from interaction with
asthenospheric melts and partial melting (Chesley et al., 1999;
Lee and Rudnick, 1999; Vauchez et al., 2005), corresponding to
the dehydrated region. Since hydrogen preferentially partitions into
melt (e.g. Hirschmann et al., 2009; Hirth and Kohlstedt, 1996), the
solid fraction will be dehydrated after partial melting. A compar-
ison of the calculated Labait geotherm with phase diagrams of
peridotite (Aubaud et al., 2004) and fertile lherzolite (Green et al.,
2010) show that a peridotite plume with a water content of several
hundred ppm or a more fertile plume with a lower water content
would melt at the top of the asthenosphere at Labait (Fig. 7).

Xenoliths from many locations worldwide have sampled a fer-
tile sheared lherzolite layer at the base of the lithosphere that
is characterized by enriched incompatible element compositions
and is thought to have been formed by interaction with as-
thenospheric melts (O'Reilly and Griffin, 2010), which bears ob-
vious similarities to the fertile layer at the base of the litho-
sphere at Labait (Chesley et al., 1999; Lee and Rudnick, 1999;
Vauchez et al., 2005). Since water behaves as an incompatible ele-
ment, the enriched sheared lherzolites could be expected to have
higher water contents than the overlying depleted lithosphere.
However, as discussed above it is difficult to reconcile a weak, hy-
drated lithospheric base with the survival of continental SCLM. Ad-
ditionally, some mineral physics data suggest that sheared lherzo-
lites are dehydrated (Skemer and Karato, 2008). Results from Labait
support the argument for dry sheared lherzolites by showing that
the enriched incompatible element compositions at the base of
the lithosphere are associated with a decrease in water content.
This pattern of greater enrichment in incompatible elements other
than water has been observed elsewhere. In studies of plume-
generated ocean island basalts, Workman et al. (2006) and Dixon
et al. (2002) found that enriched mantle plume sources equivalent
to those in Tanzania (EM-type or HIMU-type; Aulbach et al., 2008;
Bizimis et al., 2003; Paslick et al., 1995) have lower ratios of wa-

ter to other incompatible elements than a common mantle source.
Workman et al. (2006) suggest that this is due to the fast diffusion
of hydrogen; the hydrogen content of the enriched plume source
will decrease until equilibrium is reached with ambient mantle but
other incompatible elements will not reach equilibrium even over
time scales of the age of the Earth.

The observation that the plume material in the uppermost as-
thenosphere is dehydrated has important implications for theo-
ries of the formation and survival of cratons. Cratonic roots are
commonly thought to nucleate and grow either by accretionary
stacking of oceanic lithosphere or by subcretion of mantle plume
material (Arndt et al., 2009; Aulbach, 2012; Griffin et al., 2003;
Smithies et al., 2005; Wyman and Kerrich, 2002). A recent compi-
lation of global cratonic geochemical and thermobarometric data
found considerable evidence for craton nucleation from plumes
with excess Tp (Aulbach, 2012). Plume dehydration has been pre-
viously observed at the central Pacific plume, which Karato (2008)
argued is dehydrated compared to the surrounding asthenosphere
based on seismic anisotropy, electrical resistivity and viscosity
data. Analysis of MT data by Constable and Heinson (2004) sug-
gested that, apart from a region of interconnected melt, the upper-
most asthenosphere surrounding the Hawaiian plume has resistiv-
ities consistent with dehydrated olivine. The unambiguous obser-
vation of dehydrated uppermost asthenosphere beneath Labait is a
present-day demonstration of the processes that may have formed
cratonic roots. As the plume head partially melts it becomes de-
hydrated and depleted. The resulting melts are likely to metaso-
matize overlying lithosphere and cause it to become hydrated and
refertilized. However, the depleted and dehydrated residue from
the upper asthenospheric partial melting will become more vis-
cous and chemically distinct from the surrounding asthenosphere -
in effect, becoming the base of the lithosphere. Indeed, the very
presence of a sheared lherzolite layer, which has formed through
interaction with asthenospheric melts, may suggest that the un-
derlying asthenosphere is at least partially dehydrated and strong
and is serving to protect the lithosphere. The characteristics seen in
this region suggest that where a plume impact does not completely
rift continental lithosphere and create new oceanic lithosphere, it
will instead lead to thickening of the continental lithosphere.

5.3. General implications for the interpretation of MT data

Lateral variations in lithospheric conductivity of several orders
of magnitude are commonly observed worldwide, even in regions
of tectonic stability such as central Australia (Selway et al., 2009),
the Kaapvaal Craton (Evans et al., 2011), the Canadian Shield (Jones
et al., 2005) and the S3o Francisco Craton (Bologna et al., 2011).
Since small amounts of water can have a large effect on conduc-
tivity, it has seemed likely that these variations could be caused
by lateral variations in water content (Selway, 2013). Tanzania is
an ideal place to test this hypothesis since lithospheric composi-
tion and geotherms are well constrained. The analysis presented
here shows that the Tanzanian Craton SCLM water content differs
by approximately two orders of magnitude over a lateral distance
of only approximately 300 km. All the possible mechanisms for in-
troducing or removing water from the Tanzanian lithosphere are
related to tectothermal events, be that through hydration via kim-
berlite interaction or dehydration via plume-related partial melt-
ing or high-temperature orogenic events. The hydrogen content of
the SCLM preserves a record of tectonic processes, particularly en-
richment events that introduce hydrogen into the lithosphere and
high-temperature partial melting events that remove it. Since hy-
drogen has such a large effect on the electrical conductivity of
lithospheric mantle, MT can therefore be used as a tool to image
the record of tectonism on the lithosphere.
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6. Conclusions

Combined MT, mineral physics and xenolith petrology and ther-
mobarometric data were used to constrain the hydrogen content
of the lithospheric and uppermost asthenospheric mantle at two
locations in Tanzania - the first in the central Tanzanian Craton
and the second on the eastern margin of the Tanzanian Craton
at Labait. The region was chosen partly because the abundance
of mantle xenoliths allows the composition and thermal structure
of the lithosphere to be well constrained and partly because of
its interesting tectonic history in which the Tanzanian Craton has
survived for 2 Gyr while several major tectonic events, including
the current East Africa Rift, have deformed the surrounding litho-
sphere.

The central Tanzanian Craton SCLM from 90 km to the LAB has
a hydrogen content of approximately 10~2 wt%, which is the wa-
ter content in typical oceanic asthenosphere. Conductivities in the
shallower mantle correspond to even higher water contents for the
calculated composition and geotherm. This is a surprising result
since hydrogen significantly weakens the mantle and a cratonic re-
gion that has survived multiple large tectonic events is expected
to be dehydrated. We propose that the hydrogen may have been
introduced into the lithosphere recently by Jurassic to Cretaceous
kimberlites. The SCLM beneath the eastern margin of the Tanza-
nian Craton at Labait has a lower water content of 10~3 wt% to
10~% wt% from 60 km to between 120 and 150 km which de-
creases even further to 10~% wt% to 10~ wt% at greater depths
corresponding to the plume head. The decrease in water content
near the base of the lithosphere agrees with xenolith data that
show evidence of partial melting at the base of the lithosphere and
at the top of the asthenosphere, which would leave the residual
mantle dehydrated. This may be a present-day expression of the
processes that have formed cratonic roots in the past in which a
plume head in the upper asthenospheric mantle is partially melted,
causing it to become dehydrated and depleted to such a degree
that it becomes the base of the lithosphere.

These results have demonstrated that hydrogen contents in
SCLM can vary by two to three orders of magnitude over lateral
distances of only a few hundred kilometers. We therefore suggest
that variations in SCLM hydrogen contents are a likely explanation
for large lateral conductivity variations observed in many locations
worldwide. MT can be an important tool in determining the water
content of the asthenosphere, the enrichment state of the litho-
sphere and therefore the geological history of regions.
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