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Abstract Water and other trace element concentrations in olivine (1–39 ppm H2O), orthopyroxene
(10–150 ppm H2O), and clinopyroxene (16–340 ppm H2O) of mantle xenoliths from the Labait volcano,
located on the edge of the Tanzanian craton along the eastern branch of the East African Rift, record melt-
ing and subsequent refertilization by plume magmas in a stratified lithosphere. These water contents are at
the lower end of the range observed in other cratonic mantle lithospheres. Despite correlations between
water content and indices of melting in orthopyroxene from the shallow peridotites, and in both olivine
and orthopyroxene from the deep peridotites, water concentrations are too high for the peridotites to be
simple residues. Instead, the Labait water contents are best explained as reflecting interaction between
residual peridotite with a melt having relatively low water content (<1 wt.% H2O). Plume-derived melts are
the likely source of water and other trace element enrichments in the Labait peridotites. Only garnet may
have undergone addition of water from the host magma as evidenced by water content increasing toward
the kelyphite rim in one otherwise homogeneous garnet. Based on modeling of the diffusion profile,
magma ascent occurred at 4–28 m/s. In summary, plume-craton interaction appears to result in only moder-
ate water enrichment of the lithosphere.

1. Introduction

Cratonic lithosphere remains stable over billion-year timescales, eluding destruction by tectonic processes
and asthenospheric convection [e.g., Jordan, 1978; Walker et al., 1989; O’Neill et al., 2008]. Geologic processes
such as continental rifting, however, may signal destabilization of the cratonic mantle lithosphere. The
Archean Tanzanian craton [Chesley et al., 1999; Burton et al., 2000] is nestled between active branches of the
East African Rift, which is the ultimate surface expression of one of the largest mantle upwellings detected
on Earth (a so-called ‘‘super plume’’), arising from the core-mantle boundary [e.g., Ritsema et al., 1998;
Nyblade et al., 2000; Weeraratne et al., 2003; Nyblade, 2011]. It is remarkable that the Tanzanian craton,
despite its location, retains a deep (150–200 km) mantle cratonic root, as witnessed by xenocryst and xeno-
lith thermobarometry [Griffin et al., 1994; Chesley et al., 1999; Lee and Rudnick, 1999] and seismic observa-
tions [Ritsema et al., 1998; Weeraratne et al., 2003; Adams et al., 2012]. Although metasomatism by
asthenosphere-derived melts linked to the super plume has been observed in Tanzanian craton xenoliths
and xenocrysts [Cohen et al., 1984; Dawson and Smith, 1988; Rudnick et al., 1993, Griffin et al., 1994; Rudnick
et al., 1994; Dawson, 1999; Lee and Rudnick, 1999; Rudnick et al., 1999; Dawson, 2002; Aulbach et al., 2008;
Koornneef et al., 2009; Aulbach et al., 2011], their average density is lower than that of asthenospheric mantle
and this appears to have been enough to counteract the negative buoyancy imposed by the cooler thermal
state of cratonic lithospheric mantle [Lee and Rudnick, 1999; Gibson et al., 2013], consistent with the isopyc-
nic hypothesis of Jordan [1978].

Water is another key factor influencing the stability of cratonic lithosphere because of its role in controlling
the viscosity of peridotite via the hydrolytic weakening of olivine [e.g., Mackwell et al., 1985; Hirth and Kohl-
stedt, 1996; Mei and Kohlstedt, 2000a, 2000b; Dixon et al., 2004; Li et al., 2008; Peslier et al., 2010; Lee et al.,
2011]. Nominally anhydrous, mantle minerals such as olivine, orthopyroxene, clinopyroxene, and garnet can
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accommodate trace amounts of hydrogen, bonded to structural oxygen and generally associated with
crystal lattice defects [e.g., Keppler and Bolfan-Casanova, 2006; Smyth, 2006]. These minerals typically
contain a few to hundreds of ppm (by weight, and hereafter) H2O [e.g., Bell and Rossman, 1992a; Peslier,
2010]. Rheology of cratonic mantle is primarily controlled by its thermal state [e.g., Karato and Wu,
1993; Lenardic et al., 2003; Beuchert et al., 2010; Lee et al., 2011], but low water contents in mantle miner-
als have also been proposed to contribute to the strength of cratonic lithosphere [e.g., Pollack, 1986;
Hirth and Kohlstedt, 1996; Dixon et al., 2004; Li et al., 2008; Peslier et al., 2010; Lee et al., 2011]. Because
water behaves incompatibly during partial melting [e.g., Michael, 1995; Aubaud et al., 2004; Hauri et al.,
2006; Hirschmann, 2006; Kohn and Grant, 2006; Grant et al., 2007b; Aubaud et al., 2008; Tenner et al.,
2009; O’Leary et al., 2010], melting should deplete the residual peridotite in water, while metasomatism
may enrich the lithospheric mantle in water [e.g., Lee, 2005; Li et al., 2008; Peslier et al., 2012; O’Reilly and
Griffin, 2013; Doucet et al., 2014].

Here we combine water contents with various tracers of melting and metasomatism for the Tanzanian cra-
tonic mantle xenoliths (such as major and trace elements and radiogenic isotopes) [Lee and Rudnick, 1999;
Chesley et al., 1999; Burton et al., 2000; Aulbach et al., 2008; Aulbach and Rudnick, 2009; Aulbach et al., 2011]
to assess whether water plays a role in the preservation or destruction of cratonic mantle lithosphere [Li
et al., 2008; Peslier et al., 2010, 2012; Baptiste et al., 2012; Doucet et al., 2014]. We present water contents of
mantle xenoliths from Labait (Tanzania) and use these data, in conjunction with similar data for xenoliths
from other northern Tanzanian xenolith localities [Baptiste et al., 2015], to evaluate whether water played a
role in cratonic mantle lithosphere stability in the presence of continental rifting resulting from a super
plume.

2. Geologic Setting and Samples

The Tanzania craton is an amalgamation of several Archean greenstone belts, which were intruded by gran-
ites and migmatized during multistage tectono-metamorphic events [Manya and Maboko, 2003; Manya
et al., 2006; Dawson, 2008; Manya and Maboko, 2008; Thomas et al., 2013; Sanislav et al., 2014]. The craton is
surrounded by several Proterozoic belts [M€oller et al., 1995; Hanson, 2003; Tenczer et al., 2007]. Its northern
margin has been reworked by the East African Rift and associated volcanism, which initiated at �38 Ma in
Ethiopia [Dawson, 2012]. The rift is associated with a thermal anomaly beneath eastern Africa that has been
linked to an asthenospheric upwelling, sometimes called a ‘‘super plume’’, as it may originate at the core-
mantle boundary [e.g., Ritsema et al., 1998; Nyblade et al., 2000; Weeraratne et al., 2003; Nyblade, 2011, Han-
sen et al., 2012; W€olbern et al., 2012; Mulibo and Nyblade, 2013]. The African superswell is one of the two larg-
est mantle upwelling identified in the Earth’s mantle [McNutt, 1998].

The Labait volcano is located on the eastern boundary of the Archean Tanzanian craton adjacent to the
Mozambique Fold Belt. Labait has been dated to the Late Pleistocene based on U-Pb of metasomatic zir-
cons from a phlogopite vein in a harzburgite xenolith [Rudnick et al., 1999]. That vein is interpreted to have
crystallized from East African Rift-related magmas that infiltrated ancient cratonic mantle lithosphere, prior
to the entrainment of the xenolith in the host magma [Rudnick et al., 1999].

Mantle xenoliths are abundant within the olivine-melilitites of the Labait volcano, with high proportions
(�75%) of dense, Fe-rich dunites (Fo< 88) in the xenolith population [Lee and Rudnick, 1999]. Residual peri-
dotites make up �22% of the xenoliths and the remaining 3% are crustal xenoliths [Lee and Rudnick, 1999].
The mantle lithosphere beneath Labait volcano is compositionally stratified [Chesley et al., 1999; Lee and
Rudnick, 1999]. The shallower part, to depths of �130 km, is more refractory (0.33<Al2O3< 1.21) and
ancient (>2 Ga) based on Re depletion (TRD) ages [Chesley et al., 1999; Lee and Rudnick, 1999; Burton et al.,
2000]. This shallow portion represents Tanzanian cratonic mantle lithosphere. Between �130 and �160 km,
the peridotites are less refractory (0.41<Al2O3< 3.89) and TRD ages are <1 Ga [Chesley et al., 1999; Lee and
Rudnick, 1999]. These younger peridotites may represent lithosphere that formed at a later date, or Archean
lithospheric mantle extensively overprinted by asthenosphere-derived melt or fluid linked to the super
plume [Chesley et al., 1999; Lee and Rudnick, 1999; Aulbach et al., 2011]. Indeed, numerous lines of evidence
indicate that multiple metasomatic events occurred in the Tanzanian cratonic mantle beneath Labait [Ches-
ley et al., 1999; Lee and Rudnick, 1999; Rudnick et al., 1999; Aulbach et al., 2008; Koornneef et al., 2009; Aulbach
et al., 2011]. The Os, Sr, Nd, Li, and He isotope data collectively indicate that all mantle xenoliths from Labait
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were variously overprinted by metasomatic agents, the most recent of which are related to a mantle plume
that has HIMU characteristics [Chesley et al., 1999; Aulbach et al., 2008, 2011].

The samples analyzed here are a subset of the peridotite xenoliths described in Lee and Rudnick [1999] and
subsequently studied by Vauchez et al. [2005] for lattice preferred orientation, and Chesley et al. [1999] for
Re-Os systematics. Three of the samples were also analyzed by Aulbach et al. [2008] for Sr, Nd, and Li iso-
topes and trace elements in clinopyroxene. Six of the samples studied here belong to the younger (<1 Ga)
and deeper (4.0 – 4.9 GPa) group, while the other six are part of the older (>2 Ga) and shallower group
(�4.4 GPa) (Table 1). The older group includes one spinel harzburgite, two chromite-bearing harzburgites,
two garnet harzburgites and one dunite; three contain trace amounts of secondary (metasomatic) phlogo-
pite (Table 1) [Lee and Rudnick, 1999]. All younger peridotites contain garnet and range from harzburgite to
lherzolite (Table 1). One sample in each group (KAT17 and LB34, in the younger and older groups, respec-
tively) is too Fe-rich (whole-rock FeO> 9 wt.% [Lee and Rudnick, 1999]; Table 1) for the major element com-
position to be simply explained by partial melting. This is illustrated by comparing the Labait peridotite
Al2O3 and FeO compositions to the experimentally determined peridotite melting curves of Herzberg [2004]
(Figure 1a). The two Fe-rich samples do not plot near the melting curves and probably experienced Fe addi-
tion via metasomatism. These samples are porphyroclastic, as are garnet peridotites LB4, LB45, LB50 and
LB53 (Table 1). Labait samples record higher equilibration temperatures and plot to the high-temperatures
side of a typical cratonic geotherm [Lee and Rudnick, 1999; Selway et al., 2014], including those of the Kaap-
vaal and Siberian cratons, and even the xenoliths from nearby Lashaine, which occurs within the Mozambi-
que Belt (Figure 2a).

3. Analytical Methods

Handpicked mineral grains of olivine, orthopyroxene, clinopyroxene, and garnet were embedded in epoxy
and doubly polished into thick sections. Grain sizes vary from <1 mm up to �5 mm. Orientation of olivine
and pyroxene was obtained with interference figures under a petrographic microscope. Representative
grains were analyzed using two different Fourier transform infrared (FTIR) spectrometers at NASA-Johnson
Space Center: A Continumm microscope attached to a Nicolet NEXUS 670FT FTIR spectrometer, and later a
newly installed Hyperion 3000 microscope attached to a Bruker Vertex 70. The water content was calculated
using the integrated area beneath the OH vibration bands and the Beer-Lambert law with an integral
absorption coefficient specific for olivine, orthopyroxene, clinopyroxene and garnet [Bell et al., 1995, 2003a;

Table 1. Summary of Labait Mantle Xenolith Characteristics

Sample Lithologye Texturea Modal Mineralogyb,e (%) Tc (8C) Pc (GPa) FeOb (wt%) TRD
a (Ga) Fob

TRD< 1 Ga
LB12 Grt Lherz fine-grained Ol70.1Opx15.3Cpx7.0Grt7.6 1290 4.6 8.34 0.33 90.6
LB45d Grt Lherz tabular-mosaic porphyroclastic Ol60.8Opx9.8Cpx14.0Grt15.4 1410 4.9 8.34 0 90.2
LB4 Grt Harz porphyroclastic Ol68.2Opx22.5Cpx4.1Grt5.1 1320 4.1 7.55 0.34 91.3
LB50 Grt Harz fine-grained porphyroclastic Ol72.8Opx20.3Cpx2.5Grt4.4 1360 4.8 7.76 0.98 91.2
LB53 Grt Harz fine-grained mosaic porphyroclastic Ol77.3Opx10.2Cpx5.1Grt7.5 1300 4.7 7.93 0.71 91.1
KAT17 Grt Harz foliated porphyroclastic Ol72.0Opx24.1Cpx3.5Grt0.4 1250 4.0 10.55 0.36 89.0
TRD> 2 Ga
LB24 Grt Harz coarse-grained Ol76.9Opx17.6Cpx1.0Grt4.5 1270 4.4 6.92 2.20 92.4
LB34d Phl Grt Harz coarse-grained porphyroclastic Ol88.2Opx8.2Cpx1.1Grt2.6 1120 3.2 9.28 2.48 89.9
LB1 Phl Chr Harz coarse-granular Ol77.7Opx20.6Chr1.7 6.38 2.53 92.1
LB9d Chr Harz coarse-granular Ol76.7Opx13.4Cpx7.0Chr2.8 930 (2.5) 6.50 2.49 93.3
LB11 Sp Harz fine-grained Ol78.6Opx19.5Cpx0.8Sp1.2 1000 (2.5) 7.18 2.24 92.3
LB14d Phl Harz fine-grained Ol94.9Opx3.7Cpx1.7 1100 (4.5) 7.15 2.80 92.9

aThe detailed texture descriptions of Labait mantle xenoliths can be found in Chesley et al. [1999]. TRD is the rhenium depletion age determined by Chesley et al. [1999].
bThe modal mineralogy, whole-rock FeO content, and Fo are from Lee and Rudnick [1999].
cEquilibration temperatures and pressures were calculated using the two-pyroxene thermometer [Brey and K€ohler, 1990] and Al-in-opx barometer [Brey and K€ohler, 1990] for

garnet-bearing xenoliths; the two-pyroxene thermometer [Brey and K€ohler, 1990] for garnet-free and clinopyroxene bearing samples with input pressures in parentheses following Lee
and Rudnick [1999]. Temperature and pressure could not be calculated for the clinopyroxene-and-garnet-free sample LB1 due to the lack of a reliable thermobarometer for this min-
eral assemblage. Major element compositions of Labait mantle minerals used in these calculations are from Lee and Rudnick [1999].

dThe clinopyroxene in LB45, LB34, LB9 and LB14 may be secondary (see text, also Lee and Rudnick [1999]).
eGrt 5 garnet, Chr 5 chromite, Sp 5 spinel, Phl 5 phlogopite, Ol 5 olivine, Opx 5 orthopyroxene, Cpx 5 clinopyroxene, Fo 5 forsterite content (Mg/(Mg1Fe)), Lherz 5 lherzolite,

Harz 5 harzburgite.
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Withers et al., 2012]. Systematic analyses at the core and edge of each olivine grain were performed to
examine homogeneity of water contents. In addition, cross-sectional analyses on two olivine grains from
two xenoliths were also carried out using an AutoImage microscope on a Perkin Elmer Spectrum GX FTIR at
the University of Michigan.

Figure 1. Melting and melt-rock interaction (MRI) models for the Labait peridotites. Numbered bold and dashed lines (Figure 1a) are exper-
imental melting curves plotted in terms of whole-rock FeO and Al2O3 for different pressures and melt fractions, respectively [Herzberg,
2004]. Lines in Figure 1b–1e are equilibrium (Equil––solid lines) melting curves for depleted mantle (DM, 150 ppm H2O) [Michael, 1988;
Dixon et al., 2002], primitive mantle (PM, 1100 ppm H2O) [Palme and O’Neill, 2007] and a mantle source with 0.2 wt.% H2O [Shaw, 1979],
and equilibrium melting curves (dashed lines) for a DM source that interacted with 1% (or 0.5%) of melt (MRI) containing 0.5 (or 0.25) wt.%
H2O [DePaolo, 1981]. Details of the modeling can be found in the supporting information Text S1. The water contents of most peridotites
and the Fe contents of a subset of peridotites are too high to be modeled by melting of a depleted or primitive mantle source. Mass frac-
tion of melt for each sample (F) was determined using the curves of Herzberg [2004]: the 4 GPa equilibrium melting curves for the younger
peridotites, and the decompression fractional melting curve from 5 to 1 GPa for the older peridotites. Enrichment of the peridotites by Fe-
rich silicate melts containing <1 wt.% H2O best explains the data. Major-element compositions of Labait peridotites are from Lee and Rud-
nick [1999]. WR 5 whole rock, Ol 5 olivine, Opx 5 orthopyroxene, Cpx 5 clinopyroxene.
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In-situ trace element abundances of Labait pyroxene and garnet were obtained using a 213 nm Nd-YAG
New Wave laser ablation system in conjunction with a Thermo-Finnigan Element 2 high resolution magnetic
sector inductively coupled plasma mass spectrometry (LA-ICP-MS) in the Midwest Isotope and Trace Ele-
ment Research Analytical Center (MITERAC) at the University of Notre Dame. Details of the methods, and
comparison with published data [Aulbach et al., 2008] can be found in the supporting information Text S1.

4. Results

Detailed petrographic descriptions of the Labait mantle xenoliths have been reported previously [Chesley
et al., 1999; Lee and Rudnick, 1999]. The samples are serpentine free and generally fresh [Lee and Rudnick,
1999], which is consistent with our microscopic observations of the minerals in the doubly polished
mounts.

4.1. Olivine
The O-H bands of Labait xenolith olivines (Figure 3a) resemble those obtained for olivines of mantle xeno-
liths in other locations [e.g., Bell et al., 2003a; Matsyuk and Langer, 2004; Li et al., 2008; Yang et al., 2008; Pes-
lier et al., 2010; Xia et al., 2010; Baptiste et al., 2015]. The O-H bands are pleochroic and located between
3650 and 3450 cm21. No OH bands are observed in the low wavenumber range (<3400 cm21), as are some-
times observed in olivine [e.g., Bell et al., 2003a; Matsyuk and Langer, 2004; Li et al., 2008; Baptiste et al.,
2015]. The O-H bands obtained with the electric vector parallel to (E//) c have the strongest absorbance

Figure 2. Equilibrium pressure versus (a) temperature, and (b) water content of olivine, (c) orthopyroxene, and (d) clinopyroxene for xeno-
lithic peridotites from the Tanzanian craton (Labait, symbols as in Figure 1 (this study); Lashaine [Gibson et al., 2013; Baptiste et al., 2015]),
Kaapvaal craton [Kurosawa et al., 1997; Bell et al., 2003b; James et al., 2004; Grant et al., 2007a; Peslier et al., 2008, 2010; Baptiste et al., 2012;
Peslier et al., 2012], Siberian craton [Bell et al., 2003b; Ionov et al., 2010; Doucet et al., 2014], and Colorado plateau [Li et al., 2008]. The Labait
peridotites are characterized by higher temperatures and lower water contents compared to those of the Kaapvaal and Siberian cratons
[Peslier et al., 2012; Doucet et al., 2014].
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relative to those with E// a and b (Figure 3a and Table 2). Water contents in olivine are homogeneous, based
on integrated absorbances obtained along a line across olivine grains (Figure 4) and our systematic analyses
of core and rim of olivines, regardless of the size of the grain analyzed. Olivine water contents of Labait
mantle xenoliths range from 1 to 38 ppm H2O calculated using the absorption coefficient of Bell et al.
[2003a]. The H2O concentrations are 37% less if the more recent calibration of Withers et al. [2012] is used
(Table 2). This range overlaps with that of olivine in xenoliths (6 – 33 ppm H2O using the calibration of Bell
et al. [2003a], 4–21 ppm using the calibration of Withers et al. [2012]) from the North Tanzanian Divergence
of the East African Rift (Pello Hill, Eledoi within the rift, Lashaine and Olmani in the transverse volcanic belt
[Baptiste et al., 2015]). The concentrations calculated with the absorption coefficient of Bell et al. [2003a] are
used henceforth and in the figures to facilitate comparison with literature data. The olivine water contents
of the two age groups overlap, although two samples from the younger group record the highest olivine
water contents (�30 ppm H2O; Table 2 and Figures 1e and 2b).

4.2. Orthopyroxene
The O-H bands (2800–3700 cm21) of orthopyroxene polarized FTIR spectra (Figure 3b) resemble those of
mantle orthopyroxene described in the literature [e.g., Skogby et al., 1990; Bell et al., 1995; Peslier et al., 2002;
Grant et al., 2007a; Li et al., 2008; Yang et al., 2008; Xia et al., 2010; Schm€adicke et al., 2011; Sundvall and
Stalder, 2011; Peslier et al., 2012; Mosenfelder and Rossman, 2013a]. Polarized spectra taken with E//c have
the strongest OH absorbance (Figure 3b and Table 2). Prominent bands occur at 3600 cm21 (a and b) and
3510–3580 cm21 (c; Figure 3b). Smaller bands are sometimes present at the low wavenumbers 3050 –
3400 cm21 (Figure 3b). Orthopyroxenes from Labait mantle xenoliths contain 10–150 ppm H2O using the
calibration of Bell et al. [1995], and the two age groups have overlapping water contents (Table 2 and Fig-
ures 1d and 2c). Orthopyroxenes in mantle xenoliths from the North Tanzanian Divergence of the East Afri-
can Rift contain 97–212 ppm H2O using the Paterson’s FTIR calibration [Baptiste et al., 2015]. It has been

Figure 3. Representative polarized FTIR absorption spectra for (a) olivine, (b) orthopyroxene, and (c) clinopyroxene from Labait mantle
xenoliths normalized to 1 cm thickness in the O-H vibration region. Spectra for three perpendicular orientations (a, b, and c) are shifted
vertically to allow comparison.
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shown that the Paterson’s method underestimates water concentration [Rossman, 2006] but there is no sys-
tematic relationship with the orthopyroxene specific calibration of Bell et al. [1995]. Therefore, Labait ortho-
pyroxenes may have less water than those from the North Tanzanian Divergence.

Most incompatible trace element contents in orthopyroxene are lower than those of the primitive mantle
(Figure 5a–5d and supporting information Table S1) [McDonough and Sun, 1995]. Primitive mantle normal-
ized REE patterns of orthopyroxenes are typically flat to slightly light REE depleted (Figure 5a–5d), while Ti,
Nb, and Ta show positive anomalies compared to the REE except for Ti in LB9 (Figure 5a–5d). The range of
trace element abundances in orthopyroxene overlaps among the four different lithologies and between the
two different age groups (Table 1 and Figure 5a–5d).

4.3. Clinopyroxene
Polarized FTIR spectra of clinopyroxene from Labait mantle xenoliths are similar to those from other loca-
tions [e.g., Skogby et al., 1990; Bell et al., 1995; Peslier et al., 2002; Grant et al., 2007a; Li et al., 2008; Yang et al.,
2008; Xia et al., 2010; Sundvall and Stalder, 2011; Peslier et al., 2012; Mosenfelder and Rossman, 2013b]. The
E//c spectra have the main OH bands at 3450 cm21 (e.g., LB12) or 3520 cm21 (e.g., LB45), or the two main
bands can have roughly equal heights (e.g., LB11). The main OH bands of the E//a and b spectra are located
between wavenumbers 3440 cm21 and 3640 cm21 (Figure 3c). The water content of clinopyroxene in Lab-
ait xenoliths varies from 16 to 340 ppm H2O (Table 2 and Figures 1c and 2d). Of the two samples from the
older group that contained clinopyroxene that could be analyzed for water, one has similar clinopyroxene
water content to the clinopyroxene in the younger group, while the other records the highest value (340
ppm H2O in LB11; Table 2 and Figure 1c).

Incompatible trace element concentrations of clinopyroxene are generally higher than those of orthopyrox-
ene in the Labait mantle xenoliths. All clinopyroxenes record a systematic enrichment from heavy to light
REE (LREE are 2–10 times primitive mantle values, with the highest concentrations at Nd, Pr, or Ce; Figure 5e
and 5f and supporting information Table S2). The clinopyroxenes from the younger group have slightly
higher LREE contents than those from the older group. High field strength elements and Y are depleted
compared to elements with similar compatibility (Figure 5g and 5h), likely reflecting subsolidus partitioning
with orthopyroxene [e.g., Rampone et al., 1991; McDonough et al., 1992].

Table 2. Polarized FTIR Integrated Absorbances and Water Contents for Olivine, Orthopyroxene, and Clinopyroxene of Labait Mantle Xenoliths

Olivinea Orthopyroxenea Clinopyroxenea

WRb

Sample
Aa

(cm22)
Ab

(cm22)
Ac

(cm22)
H2Oc

(ppm)
H2Od

(ppm)
Aa

(cm22)
Ab

(cm22)
Ac

(cm22) H2O (ppm)
Aa

(cm22)
Ab

(cm22)
Ac

(cm22)
H2O

(ppm)
H2O

(ppm)

TRD< 1 Ga
LB12 4.4 14.8 28.5 962 (5) 661 249.0 225.8 670.1 77614 (2) 481.9 455.8 731.8 240636 (6) 35
LB45 12.3 24.0 121.2 3066 (5) 1964 422.2 277.5 679.9 92613 (4) 256.2 192.8 336.4 111616 (5) 43
LB4 1.4 1.3 2.5 1.060.4 (4) 0.660.3 229.7 242.5 329.7 54614 (4) 43.6 44.2 126.8 3068 (2) 14
LB50 1.4 1.5 2.7 1.060.6 (5) 0.760.4 446.3 238.0 732.5 95614 (4) 289.1 244.5e 354.0 130672 (2) 23
LB53 1.7 1.0 32.9 762 (5) 4.260.7 16.5 21.1 106.2 1063 (4) 27.2 25.7 61.9 1665 (6) 7
KAT17 12.0 24.3 168.2 39610 (6) 2466 216.8 180.5 580.2 65613 (4) 172.0 152.4 464.2 110623 (3) 48
TRD> 2 Ga
LB24 1.1 0.9 3.5 1.060.4 (4) 0.760.2 416.5 277.8 832.3 102614 (5) 247.7 211.0e 270.8 100662 (1) 20
LB34 1.7 3.7 43.4 962 (4) 661 403.2 387.0 587.7 92615 (5)
LB1 1.4 2.4 17.7 461 (5) 2.560.6 116.0 101.7 406.1 4267 (5) 12
LB9 3.4 4.8 12.1 461 (6) 2.460.6 254.0 130.2 352.6 49612 (5)
LB11 2.6 0.6 7.6 2.060.6 (6) 1.360.4 616.1e 495.7 1077.7 150687 (6) 869.3 689.1 820.9 340658 (2) 33
LB14 12.7 8.3 59.7 1564 (7) 1062

aAa, Ab, and Ac (cm22), integrated absorbances beneath the O-H vibration bands with the electrical vector parallel to a, b, and c, respectively. The calculated water contents (in ppm
H2O by weight) and the corresponding standard deviations (2r) are given for each sample. Numbers in parentheses indicate the number of grains analyzed for each type of mineral.

bWhole-rock (WR) water contents were reconstructed from measured water contents in minerals and estimated mineral modes (Table 1) [Lee and Rudnick, 1999]. No WR contents
are provided where H2O data for clinopyroxene are missing. Garnets are generally broken down to kelyphite and are assumed to have a negligible contribution to the WR water
because of their low water content. The WR water contents are the same if we assume all garnets in xenoliths have 1 ppm H2O as detected in LB24 garnet, which is the only garnet
could be analyzed for water.

cOlivine water contents calculated with the absorption coefficient of Bell et al. [2003].
dOlivine water contents calculated with the absorption coefficient of Withers et al. [2012].
eAa or Ab in italic was calculated based on the Aa/Ab from other samples because a grain oriented a or b was not present in the mineral mount. Therefore, the water contents of

these three samples (LB11 orthopyroxene, LB24 clinopyroxene, and LB50 clinopyroxene) may be inaccurate shown by their large uncertainties.
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4.4. Garnet
Garnets in Labait mantle xeno-
liths are typically decomposed
into kelyphite (Figure 6a) [Ches-
ley et al., 1999; Lee and Rudnick,
1999; Koornneef et al., 2009].
Only garnets from sample LB24
had pristine cores that could be
analyzed. The IR spectra in the
region of 3700–3400 cm21 (Fig-
ure 6b) are consistent with the
absorption patterns attributed
to H structurally bound to O in
garnet [e.g., Bell and Rossman,
1992b; Bell et al., 1995; Matsyuk
et al., 1998; Peslier et al., 2012].
Water is heterogeneously dis-
tributed in two out of six garnet
grains analyzed, with enrich-
ment at the boundary with kely-
phite, as shown by the variation
in size of the OH band at 3625–
3700 cm21 (Figure 6b). The
cores of these garnets have rela-
tively low water content of �1
ppm H2O (Figure 6b), as do the
other garnets that are homoge-
nous in terms of water content
in this sample. Large OH bands
in the spectrum of kelyphite
indicate that it may contain sig-
nificant amounts of water (Fig-
ure 6c), which is consistent with
water enrichment in garnet
toward the kelyphite (Figure 6b
and 6c).

In contrast to water contents,
incompatible trace element con-
centrations are homogeneous
within LB24 garnets (Figure 6d

and supporting information Table S3). Generally, LB24 garnets are slightly depleted in LREE relative to mid-
dle and heavy REE (MREE and HREE) that are close to those of primitive mantle. Fresh garnet contains less
large-ion lithophile elements relative to kelyphite (Figure 6d), though both have the same major element
compositions [Lee and Rudnick, 1999].

5. Discussion

5.1. Water Diffusion in Garnet and Rapid Magma Ascent
Kelyphite, which is widespread in Labait mantle xenoliths [Lee and Rudnick, 1999; Koornneef et al., 2009], is
the product of decompression breakdown of garnet [e.g., Reid and Dawson, 1972; Messiga and Bettini, 1990;
Lee and Rudnick, 1999; Godard and Martin, 2000; D�egi et al., 2010], requiring decompression from the deep
crust to the surface lasting more than a year [D�egi et al., 2010]. This analysis, however, does not distinguish
between the two episodes of garnet breakdown seen in the Labait peridotites: creation of relatively coarse
symplectite and formation of very fine-grained kelyphite [Lee and Rudnick, 1999]. Furthermore, the duration

Figure 4. Integrated polarized infrared absorbance of the OH bands across olivine grains
from edge to edge for two samples: (a) LB1 (olivine 28), (b) LB45 (olivine 63). Analyses were
made with an aperture of 80 mm (error bar for distance), with the uncertainty on the absorb-
ance for the olivine being 20% (2r). The essentially flat profiles of water across the olivine
grains are interpreted to indicate minimal diffusional loss or gain of olivine H during xeno-
lith transport by the host magma.
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of garnet breakdown calculated by D�egi et al. [2010] does not likely represent the time scale of magma
ascent, which must be on the order of hours based on Stokes settling velocities of entrained peridotite
xenoliths [Spera, 1980].

The presence of water in the host magma can significantly facilitate kelyphite formation [e.g., Messiga and
Bettini, 1990; Godard and Martin, 2000]. Enrichments in water (our FTIR measurements, Figure 6c) and in

Figure 5. Primitive mantle (PM) normalized trace element diagrams and rare earth element distribution patterns of orthopyroxene and clinopyroxene in Labait mantle xenoliths. Primi-
tive mantle values from McDonough and Sun [1995], except that for water [Palme and O’Neill, 2007]. (a, c, e, and g) Red lines and symbols identify the deeper, <1 Ga xenoliths, while (b,
d, f, and h) blue ones are for the shallower, >2 Ga samples.
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Figure 6. (a) Plane polarized light photomicrograph of one LB24 garnet grain. Note that the garnet is enclosed by kelyphite (dark area in
the bottom part of the picture). Texture difference between the edge (P0) and core (P1–P9) of garnet based on optical observation (Figure
6a) indicates that the edge (P0) has been altered. (b) Unpolarized FTIR absorption spectra for garnet in O-H bond region show H variation
from rim (P1) to core (P9) corresponding to positions shown by the black line in Figure 6a. (c) Unpolarized FTIR spectra from the edge of
garnet and kelyphite corresponding to locations P0 and Pk in Figure 6a, respectively. Water contents at P0 and Pk are significantly higher
than inside the garnet, which is zoned with higher water content at the edge (P1) compared to its core (P9). Grain thickness for all spectra
is normalized to 1 cm. (d) Primitive mantle (PM) normalized [McDonough and Sun, 1995] trace element diagrams of LB24 garnet (core and
rim) and kelyphite. (e) Water content profile across a LB24 garnet grain (Figure 6a) and modeling with two different boundaries: outer kely-
phite rim (red solid circle) and inner kelyphite rim (blue solid square). Curves indicate a fit of water diffusion profile (see text for discussion).
The garnet water content at the diffusion boundary (the inner kelyphite rim) inferred from the diffusion profile (blue dashed line) is 20.3
ppm (a fitting parameter), indicating a relatively dry host magma (�0.6 wt.% H2O). The water content at the outer kelyphite boundary
inferred from the diffusion profile (red dashed line) is 3.7 wt.% (a fitting parameter), exceeding the maximum experimentally determined
water solubility in garnets (�0.1 wt.%) [Mookherjee and Karato, 2010], indicating that diffusion occurred much later than the onset of kely-
phite formation. Green solid horizontal line shows the calculated water content of garnet in equilibrium with LB24 olivine in terms of water
(Dol/melt 5 0.0006 and Dgrt/melt 5 0.0033 [Tenner et al., 2009]).
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soluble large ion lithophile elements (LILE, e.g., Rb and Ba in Figure 6d) and Na [Lee and Rudnick, 1999] in
kelyphite relative to garnet are consistent with a water-facilitated reaction. Water zonation seen in garnet
(Figure 6b) but not in olivine or pyroxene suggests kelyphite formation played an essential role in the diffu-
sion of water into the garnet, which must have happened during the entrainment of the xenolith in the
host magma. The water-rich kelyphite (Figure 6c) may have served as the source of water that diffused into
the garnet. Therefore, initiation of water diffusion into LB24 garnet may have occurred only after the onset
of kelyphite formation. Conversely, the kelyphite rim likely grows at the expense of garnet during magma
ascent. This kelyphitization process thus could also have erased part of the water diffusion profile in the gar-
net. Nevertheless, the zoned water content in LB24 garnets (Figure 6b) can be used to place constraints on
magma ascent rates.

Using experimentally determined H diffusion coefficients in garnet [e.g., Wang et al., 1996; Blanchard and
Ingrin, 2004; Kurka et al., 2005; Ingrin and Blanchard, 2006; Farver, 2010], we estimate the time required to
produce the observed water profile via diffusion. The diffusion interface between kelyphite (or hydrous
magma) and garnet could be anywhere from the outer (red solid curve) to inner boundary (blue dotted
curve) of the 900 micron-thick kelyphite (Figure 6e). The calculation is simplified as diffusion through a
semi-infinite media (i.e., garnet) with constant initial and surface water contents as fitting parameters

Figure 7. Forsterite content of olivine versus Mg # (Mg/(Mg1Fe)3100) of (a) coexisting orthopyroxene and (b) clinopyroxene in Labait mantle xenolith. Orthopyroxenes exhibit a tight
correlation, whereas clinopyroxenes are more scattered. Comparison of water distributions (c) between olivine and orthopyroxene, and (d) between pyroxenes in Labait mantle xenoliths
with the partition coefficients calculated from experimental data (model) [Tenner et al., 2009; O’Leary et al., 2010]. Solid lines represent 1:1 correspondence. Error bars represent 2r stand-
ard uncertainty calculated from the error propagation of uncertainties on the partition coefficients and measured water contents. Note that due to the experimental difficulties, the
uncertainties of partition coefficients typically are much larger than those of water ratios between Labait mantle minerals.
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(Figure 6e) [e.g., Zhang, 2010]. The effects of temperature, pressure or compositional variation on H diffusiv-
ity of garnet are not considered, i.e., a constant diffusivity of 1.1 mm2/s is calculated at 1100 8C and an oxy-
gen fugacity fO2 5 10216 atm [Blanchard and Ingrin, 2004]. The zoned water content in garnet can be
modeled by diffusion of H from the kelyphite to the core of the garnet in a few hours (Figure 6e). If the
water content profile was created during ascent of the xenolith from a depth of �140 km, which is the
equilibration depth of sample LB24 (Table 1) and is assumed to be the depth of onset of kelyphite forma-
tion, the host magma ascent rate ranges from 4 to 28 m/s with respect to that of the diffusion interface.
This range is similar to that estimated for the olivine-melilititic magmas (8.5 – 36.0 m/s) in the Lake Natron-
Engaruka monogenetic volcanic field based on crack propagation [Mattsson, 2012]. The inferred ascent rate
of Labait magma is close to that estimated for the Pali-Aike alkali olivine basalts (663 m/s) [Demouchy et al.,
2006], and kimberlitic magmas, in general (>4 m/s) [e.g., Sparks et al., 2006; Peslier et al., 2008], but is an
order of magnitude faster than that of Mexican mafic-alkalic magmas (0.2–0.5 m/s) [Peslier and Luhr, 2006]
and Hawaiian nephelinites (0.2–25.3 m/s) [Peslier et al., 2015].

5.2. Preservation of Mantle Water Contents
Labait mantle xenoliths can potentially be used to determine the water content of the Tanzanian cratonic
mantle lithosphere if the water contents are preserved in NAMs after the peridotites were entrained as
xenoliths in the host magma. Chemical compositions of mantle xenoliths can potentially be altered during
both magma ascent and postemplacement weathering [e.g., Miller et al., 1987; Li et al., 2008].

Although the xenoliths have been exposed to weathering since the Late Pleistocene when the Labait
olivine-melilititic magma erupted [Rudnick et al., 1999], they are embedded in lava and tuff, appear to be
serpentine-free and are generally fresh [Chesley et al., 1999; Lee and Rudnick, 1999]. Individual mineral grains
were hand picked for this study and examined using a petrographic microscope to be optically clear.
Furthermore, no IR bands for alteration products (serpentine, amphibole) were observed in our spectra (Fig-
ure 3).

Exchange of chemical components between NAMs in mantle peridotites and the host magma may occur at
elevated temperatures during transport to the surface. However, as the water content in Labait olivines is
below the saturation level at mantle conditions [Zhao et al., 2004; Mosenfelder et al., 2006], degassing is
unlikely to have occurred before the ascent of the host magma. During entrainment in the host magma,
water in NAMs from mantle xenoliths may be partly lost if the magma ascends slowly enough to allow
water to diffuse out of mantle minerals and the saturation point is reached due to decreasing water fugacity
[Mosenfelder et al., 2006]. Such a degassing process has been inferred from water diffusion profiles pre-
served in olivine from mantle xenoliths [e.g., Demouchy et al., 2006; Peslier and Luhr, 2006; Li et al., 2008; Pes-
lier et al., 2008, 2010]. Our FTIR data show that water is homogenously distributed within the Labait olivines
(Figure 4) and pyroxenes. Moreover, water in eight olivines out of 11 appears to be in equilibrium with coex-
isting orthopyroxenes (see section 5.3, Figure 7c), which further suggests little to no H loss. Only two gar-
nets from sample LB24 show water diffusion profiles that can be interpreted as resulting form infiltration of
water from kelyphite during xenolith transport (Figure 6). The lack of water zonation in Labait olivine and
pyroxene may be due to a combination of the following two factors: (1) a hydrous host magma in which
water fugacity was high enough to prevent degassing of mantle minerals, i.e., water in olivine was under-
saturated with respect to the host [e.g., Mosenfelder et al., 2006], and (2) entrainment time in the host
magma was likely short, and its ascent may have been too fast to allow for significant H diffusion through
the xenolith minerals. The first hypothesis is consistent with the evidence for water incorporation in second-
ary kelyphite that formed during xenolith entrainment and ascent; the second hypothesis is consistent with
the rapid ascent rates calculated from modeling the water profiles in LB24 garnet. We therefore conclude
that the water contents of olivine and pyroxene measured here represent mantle values.

5.3. Inter-mineral equilibration of water
Labait forsterite contents (Fo) correlate with Mg# of coexisting orthopyroxenes (r2 5 0.98, Figure 7a) [Lee
and Rudnick, 1999], which is consistent with an equilibrium assemblage. Three samples (LB9, LB34, and
LB45), however, lie off the correlation between Fo and clinopyroxene Mg# (r2 5 0.98, Figure 7b), indicating
that their clinopyroxene is not in equilibrium with olivine and orthopyroxene. Clinopyroxene is likely sec-
ondary or altered (Figure 7b), given that it occurs in a metasomatic vein (LB9) and as zoned crystals (LB45),
and xenolith LB34 is enriched in Fe [Lee and Rudnick, 1999].

Geochemistry, Geophysics, Geosystems 10.1002/2015GC005779

HUI ET AL. WATER OF LABAIT PERIDOTITE XENOLITHS 12



Experimentally determined partition coefficients for water between NAMs can be compared to those meas-
ured in the Labait xenoliths to assess inter-mineral equilibration (Figure 7c and 7d). Partition coefficients of
water between olivine and basaltic melt published in the literature [e.g., Aubaud et al., 2004; Hauri et al.,
2006; Kohn and Grant, 2006; Tenner et al., 2009; Novella et al., 2014] exhibit major discrepancies. In the
absence of a good understanding of the effects of temperature, pressure and chemical components on
water partitioning between olivine and melt, a constant value of 0.0006 [Tenner et al., 2009] is used here.
Partitioning of water between pyroxene and basaltic melt depends on the Al and Ca contents in pyroxene
[Aubaud et al., 2004; Hauri et al., 2006; Keppler and Bolfan-Casanova, 2006; Grant et al., 2007b; Aubaud et al.,
2008; Tenner et al., 2009; O’Leary et al., 2010; Novella et al., 2014]. In addition, water partitioning between cli-
nopyroxene and basaltic melt is temperature-dependent [O’Leary et al., 2010]. The partition coefficients
between pyroxene and basaltic melt were calculated using Equations 11 (for clinopyroxene) and 12 (for
orthopyroxene) in O’Leary et al. [2010] at the equilibration temperature calculated using major-element

Figure 8. Olivine (Ol) water content (ppm H2O) versus (a) forsterite content, (b) whole-rock Al2O3 content (wt.%), (c) orthopyroxene Yb content (ppm), (d) modal percentage of orthopyr-
oxene, (e) whole-rock CaO content (wt.%), (f) modal percentage of clinopyroxene, and (g) modal percentage of garnet. The major-element data and mineral modal abundance are from
Lee and Rudnick [1999]. Error bars represent the 2r uncertainty. The lines are linear regression, which show the correlation between olivine water content and other chemistry. The
dashed lines represent the linear regression of the data excluding the data point labeled in this group (i.e., KAT17 in the specific figures).
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geothermometers (Table 1). The distribution of water between Labait olivine and orthopyroxene in xeno-
liths LB45, LB53, and KAT17, all of which are from the younger group, deviates from equilibrium (Figure 7c).
The disequilibrium may result from recent metasomatic hydration of olivine, with insufficient time for re-
equilibration. By contrast, the water distribution between orthopyroxene and clinopyroxene indicate that
most Labait pyroxenes may be in equilibrium for water except for the young xenolith LB4 (Figure 7d). Water
disequilibrium between phases in the younger group of peridotites may reflect heterogeneous metasoma-
tism in terms of time (multiple metasomatic events), composition (not necessarily water-rich) and space
(distance of the peridotite from metasomatic conduit). Irrespective of whether water is in equilibrium
between olivines and pyroxenes in Labait xenoliths, our measurements fall within the range of literature val-
ues of mantle minerals from other cratons (Figure 2).

5.4. Effects of Melting and Metasomatism on Water Contents
5.4.1. The >2 Ga Peridotites
The >2 Ga Labait peridotites are residues of 30–50% partial melting (Figure 1a) [Lee and Rudnick, 1999]. The
LREE enriched clinopyroxenes in these samples (Figure 5f) and the high-Fe content of sample LB34 [Lee and
Rudnick, 1999] are indicative of interaction with Fe and LREE-rich melts. The water contents measured here
are also consistent with recent overprinting.

Olivine water contents do not show any relationship to indices of melting (Fo, whole-rock Al2O3, or ortho-
pyroxene HREE; Figure 8a–8c). The only exception is a decrease with increasing amount of orthopyroxene
in the peridotite (Figure 8d), which can result from partial melting [Walter, 1998].

Figure 9. Orthopyroxene (Opx) water content (ppm H2O) versus, (a) whole-rock Al2O3 content (wt.%), (b) orthopyroxene Yb content
(ppm), (c) orthopyroxene Y content (ppm), and (d) orthopyroxene Al2O3 content (wt.%). The major-element data are from Lee and Rudnick
[1999]. Error bars represent the 2r uncertainty. The lines are linear regressions, which show the correlation between orthopyroxene water
content and other chemistry. The dashed lines represent the linear regression of the data excluding the data point labeled in the group
(i.e., LB24 and LB53 in the specific figures).
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Correlations between orthopyroxene water content and indices of melting are present if sample LB24 is
excluded (dashed lines; Figure 9a–9c). LB24 equilibrated at >4 GPa while all other peridotites from the >2
Ga group are from shallower depths (�3.2 GPa; Table 1), which could account for its different conditions of
hydration. Moreover, orthopyroxene water and Al2O3 contents correlate positively for all >2 Ga samples
(r2 5 0.96, Figure 9d), consistent with the increased H partition coefficient and solubility in orthopyroxene
with increasing Al content [e.g., Keppler and Bolfan-Casanova, 2006; Tenner et al., 2009; O’Leary et al., 2010;
Novella et al., 2014].

Only two clinopyroxenes from the older group (LB24 and LB11) have been analyzed for water and trace ele-
ments and there is consequently not enough data to infer any relationship. LB11 clinopyroxenes have
higher water and incompatible trace element contents compared to those of the younger group, consistent
with water addition from a hydrous REE-bearing melt (Figure 5f and 5h). The Na content of clinopyroxene,
measured by electron microprobe [Lee and Rudnick, 1999], can also be a good tracer of metasomatism [cf.
Ionov et al., 2006; O’Reilly and Griffin, 2013], but no correlation is observed with water contents of olivine or
orthopyroxene in the >2 Ga group.

Finally, the water contents of olivine and orthopyroxene of the Fe-rich sample LB34 are not the highest
amongst the >2 Ga group, indicating that water and Fe contents in these minerals are not correlated. All
these observations suggest that the metasomatic history of the peridotites probably involved several events
following initial melting >2 Ga ago, erasing any simple trend, as also seen in their Sr-Nd systematics [Aul-
bach et al., 2011]. Overall, the observations are qualitatively consistent with only the orthopyroxene having
retained some of the signature of partial melting in its water and trace element contents.

In order to quantitatively test the above hypothesis, simple equilibrium and fractional melting models
[Shaw, 1979; Norman, 1998] were carried out (Figure 1b–1d). The calculated whole-rock water content of
most >2 Ga peridotites falls within the range of equilibrium and fractional melting curves of a primitive
mantle (PM) source (assuming the highest PM water content found in the literature, 1100 ppm H2O of
Palme and O’Neill 2007) (Figure 1b). The pyroxenes and three out of five olivines, however, have water con-
tents too high to be simply explained by partial melting of the depleted mantle (DM) or PM (the orange
and red curves in Figure 1c–1e, respectively). Fitting the melting curves through the data would require
increasing either the initial mantle water content to unreasonable amounts (higher than that of PM) or the
mineral/melt partition coefficient of H to values unmatched by any experimental data [Hirschmann et al.,
2009; Tenner et al., 2009; O’Leary et al., 2010; Novella et al., 2014]. Thus, a process other than melt depletion
is required to explain the range of water contents of the >2 Ga Labait peridotites.

One possibility is that the melts that introduced additional Fe and LREE to some of the Labait peridotites
also introduced water. This scenario can be modeled by a melt-rock interaction process [DePaolo, 1981],
whereby variously depleted peridotites are infiltrated by water-bearing melts (blue dashed curves in Figure
1b–1e). The range of water contents of the Labait >2 Ga peridotites can be reproduced, including those of
the pyroxenes and olivine, with <1 wt.% addition of a relatively dry melt (0.5 wt.% H2O; Figure 1b–1e).

5.4.2. The <1 Ga Peridotites
The younger Labait peridotites (excluding Fe-rich sample KAT17) could represent simple residues of 5–30%
partial melting of a lherzolite (Figure 1a). However, the inferred pressures of melting (<4 GPa, Figure 1a) are
lower than the equilibration pressures of these peridotites (�4 GPa; Table 1 and Figure 2). The lower pres-
sure melting curves correspond to higher Fe contents (Figure 1a) [Herzberg, 2004]. The discrepancy between
inferred melting pressure and equilibration pressures could be explained by metasomatic addition of Fe to
these deep-seated samples. The high proportion of Fe-rich dunites in the Labait xenolith suite is evidence
for the passage of Fe-rich melts [Lee and Rudnick, 1999], as are the Fe-enrichments observed in some sam-
ples (e.g., KAT17).

Water content of olivines in the younger mantle peridotites is negatively correlated with forsterite content
(Figure 8a) and, excluding the Fe-rich sample KAT17, positively correlated with whole-rock Al2O3 (Figure
8b), orthopyroxene HREE contents (Figure 8c) and whole-rock CaO contents (Figure 8e), modal abundances
of clinopyroxene (Figure 8f), and garnet (Figure 8g) in the peridotite. These trends are consistent with either
partial melting or refertilization processes. In particular, the correlation with forsterite contents (Figure 8a) is
consistent with the experimentally determined relationship between water solubility in olivine and forster-
ite content [e.g., Zhao et al., 2004; Keppler and Bolfan-Casanova, 2006]. Furthermore, neither olivine nor
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orthopyroxene water contents are related to clinopyroxene LREE enrichment, which also characterizes
metasomatism in these rocks.

Orthopyroxene water contents, on the other hand, do not correlate with any of the indices of melting, with
the exception of orthopyroxene Yb content, if water-poor LB53 is excluded (Figure 9b). Excluding again
sample LB53, orthopyroxene water contents correlate positively with pressure of equilibration (Figure 2c)
consistent with partial melting. The lack of correlation between orthopyroxene water and Al2O3 contents,
which would be expected from partitioning and solubility properties of water in orthopyroxene [Aubaud
et al., 2004; Hauri et al., 2006; Keppler and Bolfan-Casanova, 2006; Grant et al., 2007b; Aubaud et al., 2008; Ten-
ner et al., 2009; O’Leary et al., 2010; Novella et al., 2014], may be related to the narrow range of orthopyrox-
ene Al2O3 contents in the younger peridotites (1.5–2 wt.% [Lee and Rudnick, 1999]) (Figure 9d).

The water contents of the Labait clinopyroxenes also do not correlate with any melting indices. Instead, cli-
nopyroxene water content increases with increasing LREE content (excluding LB53), consistent with metaso-
matism by water and LREE bearing melts (Figure 10a). In summary, water contents of the younger group of
Labait peridotites may have been controlled by plume-related metasomatism.

The water contents of the younger peridotites can be compared to simple melting curves as described
above (Figure 1b–1e). Like the older group, the whole-rock water contents of the younger peridotites
appear consistent with the melting curves of a PM source (Figure 1b). However, the pyroxene water con-
tents, as well as those of some olivines, are too high to be simply explained by partial melting (Figure 1c–
1e), and are consistent with their water contents being enhanced by interaction with relatively dry (<1
wt.% H2O) LREE-enriched melts (Figure 1d and 1e).

5.5. Craton-Plume Interaction beneath Labait
The Labait peridotites record abundant petrologic, compositional and isotopic evidence for interaction with
melts derived from the plume responsible for the East African Rift [Chesley et al., 1999; Lee and Rudnick,
1999; Rudnick et al., 1999; Aulbach et al., 2008, 2011], yet they, and other mantle xenoliths from Northern
Tanzania [Baptiste et al., 2015], have relatively low water contents compared to other cratonic peridotites
(Kaapvaal and Siberian) and peridotites from other locations around the world (Figures 2b–2d and 10b).
Although the Re depletion age separates the samples into two groups, a shallow Archean cratonic litho-
sphere underlain by a younger (<1 Ga) more fertile mantle lithosphere [Chesley et al., 1999], all peridotites
record interaction with the same type of melts, as seen by the similarity of trace element patterns of

Figure 10. Clinopyroxene (Cpx) water content (ppm H2O) versus (a) clinopyroxene La content (ppm), and (b) orthopyroxene water content
(ppm H2O). Error bars represent the 2r standard uncertainty. The dashed lines represent the linear regressions of the data excluding LB53
as labeled. Literature pyroxene water data in Figure 10b are those from Archean cratons: Kaapvaal [Grant et al., 2007a; Sundvall and Stalder,
2011; Peslier et al., 2012] and Siberian [Doucet et al., 2014], Colorado plateau that shows subduction related water enrichments [Li et al.,
2008] and modified cratons such as North China craton that lost its mantle root (open diamond) [Yang et al., 2008; Bonadiman et al., 2009;
Xia et al., 2010, 2013], and off craton xenolith locations from continental margins in Namibia, Southwest USA, West Canada, Mexico, Antarc-
tica, Southeast China (open triangle) [Bell and Rossman, 1992a; Peslier et al., 2002; Grant et al., 2007a; Li et al., 2008; Bonadiman et al., 2009;
Yu et al., 2011; Hao et al., 2014], and mantle wedge setting––Simcoe (open square [Peslier et al., 2002]).
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clinopyroxene between the
two age groups (Figure 5g and
5h). The best scenario to
explain our observations is
infiltration of plume-derived Fe
and LREE-rich melts that were
introduced into the cratonic
mantle by the super plume
responsible for the rift [Rooney
et al., 2012]. Additional evi-
dence for this scenario comes
from the microstructures of the
deepest Labait peridotites,
which are consistent with
recrystallization that was possi-
bly induced by melt infiltration
[Vauchez et al., 2005]. Other
Northern Tanzanian xenolith
localities also show significant
overprinting by plume-related
melts that precipitated hydrous
phases such as phlogopite and
amphibole (e.g., Pello Hill and
Eledoi) [Dawson and Smith,
1988]. Consequently, the melts
originating from the plume

contained enough water to re-enrich the peridotites in water, but had to be overall relatively dry, as evi-
denced by mantle-melt interaction models (<1 wt.% H2O; Figure 1) and the fact that melts in equilibrium
with most Labait peridotite minerals contain <2 wt.% H2O (supporting information Table S4). This is surpris-
ing because most plume-related volcanism is characterized by magmas having water contents higher than
MORB, which in turn translates into a more water-rich source compared to that of MORB (see Hawaii, EM
and HIMU source water contents in Figure 11) [Wallace, 1998]. This suggests that either the plume beneath
the EAR generates dry melts, or its melts are as wet as typical OIB and the peridotite refertilization process
is decoupling water from other incompatible elements. The only water analyses of EAR lavas that we could
find in the literature suggest high water contents, as exemplified by Kenyan rhyolites with pre-eruptive and
predegassing water contents of up to 5.7 wt.% H2O [Wilding et al., 1993].

Craton-plume interaction can be further examined by calculating the H2O/Ce ratio of melts in equilibrium
with the pyroxenes (Figure 11). Water and Ce are thought to behave similarly during melting/crystallization
and the ratio in melts may be indicative of the tectonic setting [Michael, 1995; Plank et al., 2009]. The H2O/
Ce ratios of Labait peridotites are mostly lower than those of MORB [Michael, 1995] and of HIMU oceanic
island basalts [Cabral et al., 2014]. The H2O/Ce ratios of peridotites from Kaapvaal craton [Peslier et al., 2012]
and Siberian craton [Doucet et al., 2014] extend to higher values compared to those of Labait, overlapping
with the field for arc melt inclusions [Plank et al., 2009, 2013]. The Labait H2O/Ce ratios are lower than those
of Hawaiian basalts, except for those with EM affinity [Wallace, 1998; Dixon and Clague, 2001; Dixon et al.,
2008; Bizimis and Peslier, 2015]. Labait peridotites are most similar to EM type basalts in terms of H2O/Ce
ratios [Wallace, 2002; Workman et al., 2004, 2006; Dixon et al., 2008; Kendrick et al., 2014]. This is consistent
with the source of the EAR lavas having radiogenic and noble gas isotope components in their source simi-
lar to EM1 and HIMU oceanic basalts [Paslick et al., 1995; Bell and Tilton, 2001; Pik et al., 2006].

To summarize, water contents of olivine and orthopyroxene in the deepest xenoliths reflect refertilization
by LREE and Fe-rich but relatively water-poor melts linked to the super plume. The shallowest lithosphere
underwent cryptic metasomatism by the same melts. The absence of clear trends between water contents
and other tracers in the shallower peridotites may be the result of an Archean mantle lithosphere that
retained its original (relatively low) water content established by melting events 2.8–2.2 Ga ago. Two key

Figure 11. H2O/Ce ratios versus water contents of cratonic peridotites (symbols as in Figure
2) compared to H2O/Ce ratios versus the source water content of oceanic basalts and arc
melt inclusions. References: MORB [Michael, 1995], EM [Wallace, 2002; Workman et al., 2004,
2006; Dixon et al., 2008; Kendrick et al., 2014], HIMU [Cabral et al., 2014], Hawaii basalt [Dixon
et al., 1997; Wallace, 1998; Dixon and Clague, 2001; Dixon et al., 2008], arc lava melt inclu-
sions [Plank et al., 2009, 2013], Kaapvaal peridotites [Peslier et al., 2012], and Siberian craton
peridotites [Doucet et al., 2014]. The H2O/Ce ratio for the Kaapvaal peridotites is that of melts
in equilibrium with the peridotites because no bulk Ce concentrations are available for these
samples. The H2O/Ce ratio for the Siberian peridotites uses a bulk Ce concentration calcu-
lated from the Ce contents of individual phases.
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observations result from this
study: 1) Craton-plume inter-
action may not result in sig-
nificant water enrichment of
the cratonic lithosphere, and
2) The Tanzanian craton has
one of the driest cratonic
lithospheres yet analyzed
(Figure 11) [cf. Peslier et al.,
2012; Doucet et al., 2014].

5.6. Mantle Viscosity and
Craton Stability
Laboratory deformation
experiments have revealed
that water plays an impor-
tant role in controlling the
viscosity of olivine, pyrox-
ene, and garnet [Mackwell
et al., 1985; Mei and Kohl-
stedt, 2000a, 2000b; Hier-
Majumder et al., 2005; Chen
et al., 2006; Katayama and
Karato, 2008]. Water can
weaken olivine, volumetri-
cally the most abundant
mineral in the mantle, and

therefore water plays a key role in controlling mantle viscosity [Karato and Wu, 1993; Hirth and Kohlstedt,
1996]. The high olivine modal abundance (>60 vol%) [Lee and Rudnick, 1999], together with the fact that its
strength is less than that of pyroxene [e.g., Yamamoto et al., 2008], means that olivine likely controls defor-
mation in mantle peridotites. It has been suggested that for a cratonic lithosphere to be stable, the olivine
water content should be lower than �10 ppm H2O [Katayama and Korenaga, 2011]. Most Labait olivines
have less than 10 ppm H2O (Table 2) and the Tanzanian mantle lithosphere is dry compared to that of other
cratons (Kaapvaal and Siberian, Figures 2 and 11), which could have contributed to its long-term stability.
However, mantle temperature exerts the largest influence on viscosity [e.g., Karato, 2010] and Labait mantle
xenoliths generally record higher temperatures than those from other cratonic mantle lithospheres
(Figure 2a).

Following Peslier et al. [2010], we calculated the effective viscosity of the lithospheric mantle beneath Labait
using olivine water contents and xenolith-derived geotherms (Figure 12). The calculated viscosities of Labait
peridotites (Figure 12) generally fall within the range of the mantle viscosity calculated with water content
from 1 to 40 ppm H2O and a geotherm with 50 mW/m2 heat flow [Lee and Rudnick, 1999], which is hotter
than a typical cratonic geotherm (41 mW/m2) [e.g., Rudnick et al., 1998]. The Tanzanian craton may have
had a lower and more typical cratonic geotherm prior to interaction with the plume. Adding unreasonably
high amounts of water (400 ppm H2O) to olivine to calculate viscosities for a typical cold cratonic peridotite
(heat flow of 41 mW/m2) is not enough to match the low viscosities of the Labait xenoliths. This indicates
that water at least has not played an important role in destruction of the cratonic mantle lithosphere. Only
increasing the temperature (heat flow of 50 mw/m2 in Figure 12) can produce viscosity curves that match
Labait peridotite viscosities. Indeed, the Tanzanian craton appears to be a strong block around which the
rift split [Nyblade and Brazier, 2002], consistent with the low water contents observed in the Tanzanian
xenoliths.

At Labait, the intersection of the conductive geotherm with the adiabat suggests that the lithospheric man-
tle there is thinner [Lee and Rudnick, 1999] compared to the lithospheric thickness at the center of the Tan-
zanian craton inferred from seismic data (up to �7 GPa) [Weeraratne et al., 2003] and garnet xenocrysts
carried in 40 Ma kimberlites [Griffin et al., 1994]. Cratonic root stability is thought to require a viscosity ratio

Figure 12. Calculated effective viscosity versus depth or pressure. Dotted lines show the effective
viscosities for a typical cratonic geotherm calculated using a surface heat flow of 41 mW/m2 with
different water contents (40 ppm and 400 ppm). Solid curves show the effective viscosities for a
mantle geotherm calculated using a surface heat flow of 50 mW/m2 with different water contents
(1, 20, and 40 ppm). Labait samples are shown by colored symbols (see Figure 2 for key). One data
point for a mantle peridotite from Lashaine (open circle) in Baptiste et al. [2015] is plotted here for
comparison. Details on the calculation can be found in the supporting information Text S1. The
range of viscosity for asthenospheric mantle [Pollitz et al., 1998; Sj€oberg et al., 2000; Larsen et al.,
2005] and possible depths of the lithosphere and asthenosphere boundary (LAB) are also shown.
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between asthenosphere and lithosphere of at least 50 [O’Neill et al., 2008]. The viscosity range of the
asthenosphere is 5310172531018 Pa�s [Pollitz et al., 1998; Sj€oberg et al., 2000; Larsen et al., 2005]. Our vis-
cosity curves at 50 mW/m2 and 1–20 ppm H2O in olivine, appropriate for the Labait lithospheric mantle,
intersect the values of fifty times the highest asthenosphere viscosity estimate (�2.531019 Pa�s) between
4.1 and 5.3 GPa (Figure 12). These pressures could be taken as an estimation of the minimum depth of the
lithosphere-asthenosphere boundary (LAB) beneath Labait (Figure 12). This relatively shallow LAB depth is
either due to erosion by the super plume and replacement of cratonic lithosphere by plume material [e.g.,
Chesley et al., 1999; Weeraratne et al., 2003], or is due to the fact that Labait is located at the edge of the cra-
ton, which may be thinner than its center.

Water could play a significant role in cratonic root erosion via weakening of olivine, and this mechanism
has been invoked to explain the relative thinness of the Colorado Plateau compared to other older cratons
[Li et al., 2008]. At Labait, only a few of the deepest samples have viscosities close enough to that of the
asthenosphere to allow convective removal (Figure 12). If the Tanzanian lithospheric mantle beneath Labait
has been thinned, however, its low water contents and high temperatures are more consistent with thermal
erosion than hydrolytic weakening (Figure 12). Our present study suggests that cratonic root erosion may
not be linked to addition of water. The relative dryness of the plume-derived melts may be the reason why
the Tanzanian craton has retained its mantle root, at least in its center, despite being underplated by one
of the largest plumes seen in the Earth’s mantle and completely surrounded by its expression at the surface,
the East African Rift.

5.7. Water, Seismic Wave Attenuation and Electrical Conductivity Observations
Water in olivine may affect seismic wave attenuation through changes of olivine anisotropy [Karato, 2006;
Shito et al., 2006]. The crystallographic preferred orientation (CPO) of Labait olivine, one measure of anisot-
ropy, tends to increase with mantle depth [Vauchez et al., 2005], yet the olivines of both the shallow and
deep xenolith groups contain similar amounts of water. The B-type fabric, whose development has been
suggested to be facilitated by water, indicates a high mobility of grain boundaries and the polarization
direction of the faster S wave [e.g., Jung and Karato, 2001]. Three of the samples from our study (LB45, LB53
and LB24) were shown by Vauchez et al. [2005] to exhibit axial [010] fabric. The olivines in these samples
contain 30, 7 and �1 ppm H2O respectively (Table 2). Olivines in LB24, and in most Labait peridotites (10
out of 12; Table 2) contain significantly lower water concentrations than that necessary to induce fabric
transitions in olivine (16 ppm H2O) [e.g., Jung and Karato, 2001; Skemer et al., 2013]. Therefore, our data do
not support the hypothesis that water plays an important role in facilitating the development of seismic ani-
sotropy in this region.

The interpretation of electrical conductivity data of the Tanzanian craton suggests that the Tanzanian cra-
tonic lithosphere has a relatively dry edge but a wetter craton center [Selway et al., 2014]. Although no
water measurement has been carried out on peridotite xenoliths from the center of the Tanzanian craton,

Figure 13. Simplified sketch of the Tanzanian craton lithosphere interacting with the mantle super plume. The water content of the central
craton, inferred from electrical conductivity data, is from Selway et al. [2014]. Schematic cross section and present surface expression (loca-
tion) of the super plume are based on Mulibo and Nyblade [2013] and Ebinger and Sleep [1998]. Thickness of the lithosphere is based on
Griffin et al. [1994], Chesley et al. [1999] and Lee and Rudnick [1999]. The rhenium depletion ages (TRD) are from Chesley et al. [1999].
EEAR 5 eastern branch of the East African Rift, WEAR 5 western branch of the East African Rift.
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our data are consistent with a relatively dry craton edge. Furthermore, other cratons appear comparatively
wet. The Kaapvaal craton has 13–135 ppm H2O [Peslier et al., 2012] while the Siberian craton contains up to
300 ppm H2O [Doucet et al., 2014] (Figure 11).

6. Conclusions

New water and trace element compositions are reported in NAMs from twelve peridotite xenoliths brought
up by the Labait volcano, which samples a stratified lithosphere composed of ancient (>2 Ga), refractory
peridotites to depth of �130 km, underlain by more fertile, younger peridotites (<1 Ga) to �160 km depth
[Chesley et al., 1999] (Figure 13). Water is homogenously distributed in olivine (1–39 ppm), orthopyroxene
(10–150 ppm) and clinopyroxene (16–340 ppm) for each mantle xenolith, and is at the lower end of the
range of water contents measured in cratonic mantle peridotites worldwide. Water contents overlap for the
two age groups (Figure 13). The homogeneous distribution of water within olivines and pyroxenes suggests
that their water contents reflect mantle values. By contrast, water is enriched on the rim of at least two gar-
nets from sample LB24 (the only sample for which fresh garnet could be extracted), indicating that the host
melilitite was hydrous. Diffusion modeling of the water profile preserved in one garnet indicates that the
host olivine-melilitite ascended at a rate of 4 – 28 m/s.

In the >2 Ga peridotites, only orthopyroxene water contents correlate with indices of partial melting. In the
<1 Ga peridotites, both olivine and orthopyroxene water contents correlate with indices of partial melting,
yet the inferred melting depth is shallower than the equilibration depth of the xenoliths. Moreover, all water
contents are too high to be explained by simple partial melting. The enhanced water contents, as well as
trace element distribution patterns of clinopyroxenes in both age groups are consistent with overprinting
by a LREE and Fe enriched, but relatively water-poor (<1 wt.% H2O) melt, likely related to the plume. Thus,
plume-cratonic mantle interaction may not necessarily lead to significant enrichment in water of the cra-
tonic mantle lithosphere.

The mantle lithosphere at Labait is thinner than at the center of the Tanzanian craton [Griffin et al., 1994;
Chesley et al., 1999; Lee and Rudnick, 1999]. If this feature is the result of erosion/delamination linked to the
plume, the low water contents (<50 ppm H2O) and the high temperatures recorded in the Labait perido-
tites indicate that high temperatures, rather than water, may be responsible for lowering the cratonic litho-
sphere viscosity and leading to its erosion. The fact that the Tanzanian craton has maintained its >200 km
thick mantle root despite being located above a super plume and surrounded by the resulting active rifts
may be linked to its low water content, which has not yet been significantly disturbed by refertilization by
plume-derived melts.
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