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Abstract
U–Pb petrochronology of deep crustal xenoliths and outcrops across northeastern Tanzania track the thermal evolution of the 
Mozambique Belt and Tanzanian Craton following the Neoproterozoic East African Orogeny (EAO) and subsequent Neo-
gene rifting. At the craton margin, the upper–middle crust record thermal quiescence since the Archean (2.8–2.5 Ga zircon, 
rutile, and apatite in granite and amphibolite xenoliths). The lower crust of the craton documents thermal pulses associated 
with Neoarchean ultra-high temperature metamorphism (ca. 2.64 Ga, > 900 °C zircon), the EAO (600–500 Ma rutile), and 
fluid influx during rifting (< 5 Ma apatite). Rutile in garnet granulite xenoliths exhibits partial Pb loss related to slow cool-
ing of the lower crust after the EAO and suggests residence at 500–600 °C prior to entrainment. In contrast to the craton, 
the entire crust of the Mozambique Belt underwent differential cooling following the EAO. Both the upper and middle crust 
record metamorphism from 640 to 560 Ma (zircon, monazite, and titanite) and rapid exhumation at 510–440 Ma (rutile and 
apatite). Lower crustal xenoliths contain Archean zircon, but near-zero age rutile and apatite, indicating residence > 650 °C 
(above Pb closure of rutile and apatite) at the time of eruption. Zoned titanite records growth during cooling of the lower 
crust at 550 Ma, followed by fluid influx during slow cooling and exhumation (0.1–1 °C/Myr after 450 Ma). Permissible 
lower-crustal temperatures for the craton and orogen suggest variable mantle heat flow through the crust and reflect differ-
ences in mantle lithosphere thickness rather than advective heating from rifting.
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Introduction

As samples of in situ deep crust, xenoliths carried rapidly 
to the surface by alkali basalts and kimberlites yield unique 
insights into lithosphere formation and evolution. They can 
provide direct constraints on the long-term thermal evolu-
tion and structure of the lithosphere, which in turn bear on 
models of heat transfer between the crust and mantle, the 
thermal evolution of orogens, the distribution of heat-pro-
ducing elements in the crust, and the bulk composition of 
continental crust (Pollack and Chapman 1977; Rudnick et al. 
1998; Jaupart and Mareschal 2014).

Integrating data from multiple geochronometers and ther-
mochronometers in xenoliths enables reconstructions of the 
thermal histories of continental crust. The U–Pb systematics 
of phases with different Pb closure temperatures—zircon, 
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titanite, rutile, and apatite—commonly found in crustal lith-
ologies provide constraints on the timing, duration, and rate 
of deep crustal heating and cooling (e.g., Davis 1997; Davis 
et al. 2003; Schmitz and Bowring 2003a, b; Blackburn et al. 
2011). This is because the length scales of U–Pb zonation in 
each of these minerals varies with the intensity and duration 
of thermal events, with length scales increasing with greater 
intensities and/or longer durations of heating (e.g., Dodson 
1986; Kooijman et al. 2010; Blackburn et al. 2011; Smye 
et al. 2018). Thermal histories extracted from U–Pb data 
can be further tested and refined when they are combined 
with trace element data from the same phases—the length 
scales of trace elements should also vary with the extent of 
heating and cooling. Trace-element data can also provide 
complementary information on thermal histories, such as 
crystallization temperatures or evidence for equilibration 
with major phases like garnet (e.g., Zack et al. 2004; Ferry 
and Watson 2007; Hayden et al. 2008). Critically, multi-
accessory phase U–Pb and trace element data are able to 
document long-term thermal histories that may be other-
wise overlooked by conventional major-element exchange 
thermobarometry, especially in dry, lower crustal lithologies 
(e.g., Spencer et al. 2013; Garber et al. 2017).

Here we report in situ petrochronology data for crus-
tal xenoliths erupted in young rift basalts (< 1 Ma) on 
the Archean Tanzanian Craton and adjacent Proterozoic 
Mozambique Belt in northeastern Tanzania, and outcrop 
samples from the Mozambique Belt. The xenoliths derive 
from variable crustal depths and, together with the outcrops, 
form composite sections through the crust. Coupled U–Pb 
and trace element laser ablation zircon, monazite, titanite, 
rutile, and apatite data from these sections afford a rare 
opportunity to assess how the crust has evolved in an area 
with a complex tectonic history. In northeast Tanzania, key 
geologic events include crust formation and metamorphism 
in the Archean, continental collision during the Neoprotero-
zoic East African Orogeny, and present-day rifting. We use 
our data to address how orogeny and recent rifting affected 
the long-term thermal state of the deep crust and to docu-
ment lateral variations in the present-day thermal structure 
of the crust.

Geologic setting

Northeastern Tanzania is composed of the Archean Tanza-
nian Craton and the Mozambique Belt (Fig. 1) (Stern 1994; 
Fritz et al. 2009). The latter consists of Archean–Mesoprote-
rozoic crust that was metamorphosed to high grades during 
the Himalayan-scale Neoproterozoic East African Orogeny 
(e.g., Fritz et al. 2013) and is presently undergoing rifting. 
Each of these geological distinct regions and events are 
described below.

The Tanzanian Craton is an assemblage of granite-green-
stone belts that formed from 2.8 to 2.5 Ga (e.g., Möller et al. 
1998; Maboko 2000; Manya et al. 2006; Sanislav et al. 2014; 
Thomas et al. 2016). Large granitic bodies were dominantly 
emplaced across the northern craton 2.7–2.5 Ga. Distinc-
tive from other granitic assemblages are undeformed, ca. 
2.6–2.5 Ga high-K granites which, due to their evolved geo-
chemical compositions, were produced by partial melting of 
pre-exiting crust in a continental collision zone (Manya and 
Maboko 2003; Maboko et al. 2006) or a continental arc-like 
setting (Sanislav et al. 2018).

Both seismic (Ritsema et al. 1998; Weeraratne et al. 
2003) and xenolith studies (Lee and Rudnick 1999; Chesley 
et al. 1999; Burton et al. 2000) suggest that the craton is 
underlain by a relatively thick (≥ 150 km), refractory, and 
Archean lithospheric mantle keel. Rayleigh wave tomogra-
phy also reveals the presence of a thermal anomaly beneath 
the craton, which some have interpreted as evidence for a 
plume (e.g., Ritsema et al. 1998; Weeraratne et al. 2003). 
Indeed, mantle xenoliths from the deepest lithosphere bear 
evidence of heating and metasomatism (Lee and Rudnick 
1999; Chesley et al. 1999; Aulbach et al. 2008) consistent 
with the influence of a plume. Yet, surface heat flow on 
the craton margin is generally low (average of 38 mW/m2; 
Nyblade et al. 1990; Nyblade 1997), suggesting that any 
thermal perturbation below or within the mantle lithosphere 
is not yet manifested at the surface (Nyblade and Brazier 
2002; Weeraratne et al. 2003; Julià et al. 2005).

East of the Tanzanian Craton is the Mozambique Belt 
(Fig. 1), a polymetamorphic belt that underwent metamor-
phism during the Usagaran (ca. 2.0–1.8 Ga) and East Afri-
can (ca. 640–560 Ma) orogenies (Fritz et al. 2013). Rocks 
recording the Usagaran orogeny crop out along the south-
eastern margin of the Tanzania Craton, but are absent in 
northern Tanzania. Instead, the Mozambique Belt in north 
Tanzania was dominantly metamorphosed during the East 
African Orogen (Stern 1994; Fritz et al. 2013). Here the 
belt is divided into the Western Granulites and the Eastern 
Granulites. Both are lithologically similar and extensively 
deformed, but they can be distinguished based on their meta-
morphic ages, metamorphic P–T paths, and protolith ages 
(Maboko 1997, 2001; Appel et al. 1998; Möller et al. 1998, 
2000; Maboko and Nakamura 2002; Johnson et al. 2003; 
Sommer et al. 2003, 2005; Fritz et al. 2005, 2009; Tenczer 
et al. 2013).

The Eastern Granulites are divided into a basement and 
cover. The basement consists of mafic–felsic orthogneisses, 
anorthosites, and rarer metasedimentary units that are found 
primarily as uplifted blocks in the eastern portion of the 
East African Orogen (Fig. 1) (Appel et al. 1998; Fritz et al. 
2005; Tenczer et al. 2006, 2013). The cover consists of gra-
nitic orthogneisses, marbles, and metapelitic lithologies that 
occupy the lowlands (Fig. 1) (Tenczer et al. 2006, 2013). 
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Whole-rock Sm–Nd model ages and zircon core U–Pb ages 
from the basement and cover are Meso- to Neoproterozoic 
(1500–700 Ma; Möller et al. 1998; Sommer et al. 2005; 
Hauzenberger et al. 2007; Tenczer et al. 2006, 201; Mta-
bazi et al. 2019). The Proterozoic dates overlap in age with 
arc rocks distributed from the Arabian–Nubian Shield to 

Madagascar (e.g., Fritz et al. 2013 and references therein) 
suggesting that the magmatic protoliths of the Eastern Gran-
ulites also formed in an arc outboard of Africa (e.g., Möller 
et al. 1998; Maboko and Nakamura 2002; Mole et al. 2018). 
Detailed petrologic and thermobarometric studies of the 
basement and cover consistently show counter-clockwise 

Fig. 1   Top: Simplified geologic 
map of northern Tanzania with 
sample locations. Areas in light 
gray are Quaternary–Tertiary 
volcanic and sedimentary cover. 
Red areas in inset represent 
the East African Rift system.  
Modified from Fritz et al. 
(2009). Background topography 
is from GeoMapApp. Bottom: 
Schematic cross-section along 
A-A’ transect with inferred 
xenolith derivation depths 
projected (see text for details). 
WG Western Granulites, EGC 
Eastern Granulite cover, EGB 
Eastern Granulite basement, LB 
Labait, MG Magugu, LR Loibor 
Serrit, LK Longido, KS Kisite, 
LS Lashaine, PH Pello Hill, 
EL Eledoi, NS Naibor Soito, 
LG Lemugur, LJ Loljoro, OL 
Olmani
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P–T paths that attained peak metamorphism at 0.9–1.1 
GPa and 750–850 °C, followed by near isobaric cooling at 
0.8–1.0 GPa before undergoing final exhumation (Coolen 
et al. 1982; Muhongo and Tuisku 1996; Appel et al. 1998; 
Muhongo et al. 1999). These P–T paths have been inter-
preted to reflect metamorphism by magmatic underplating 
and loading at the base of a continental margin—as opposed 
to crustal thickening alone (e.g., Bohlen and Mezger 1989; 
Appel et al. 1998). Metamorphic monazite and zircon rims 
in rocks from the Eastern Granulites yield ca. 640–610 Ma 
dates (Möller et al. 1998, 2000; Tenczer et al. 2006, 2013; 
Thomas et al. 2016) and are associated with episodes of 
underplating/loading during arc assembly (Möller et al. 
2000; Cutten et al. 2006; Tenczer et al. 2006). Multi-frac-
tion titanite and rutile U–Pb thermal ionization mass spec-
trometry (TIMS) dates from the Eastern Granulite basement 
range from 620 to 610 Ma and 550 to 500 Ma, respectively, 
and have been interpreted to date isobaric cooling (Möller 
et al. 2000).

In contrast to the Eastern Granulites, the Western Granu-
lites consist of Archean-age protoliths metamorphosed at 
amphibolite–granulite facies (e.g., Tenczer et al. 2013). 
Garnet-bearing orthogneisses and metapelites have polym-
etamorphic mineral assemblages that record metamorphism 
along clockwise P–T paths; peak metamorphism at 1.2–1.4 
GPa and 700–850 °C was followed by isothermal decom-
pression (Sommer et al. 2003, 2008; Johnson et al. 2003; 
Fritz et al. 2005; Cutten et al. 2006). Whole-rock Sm–Nd 
model ages and zircon and monazite U–Pb core dates range 
from 2.7 to 2.5 Ga (Möller et al. 1998; Johnson et al. 2003; 
Tenczer et al. 2013; Thomas et al. 2016). Metamorphic zir-
con and monazite rims are ca. 560–540 Ma and indicate that 
the Western Granulites protoliths were metamorphosed later 
than the Eastern Granulites (Johnson et al. 2003; Sommer 
et al. 2003; Cutten et al. 2006; Tenczer et al. 2013), though 
older ca. 640–610 Ma metamorphic zircon dates from some 
Western Granulite rocks have also been reported (e.g., Cut-
ten et al. 2006; Le Goff et al. 2010). Along with petrologic 
evidence of isothermal decompression following peak meta-
morphism, 560–540 Ma dates have been interpreted as the 
timing of collision and exhumation during the amalgama-
tion of Gondwana (Sommer et al. 2003, 2008; Johnson et al. 
2003; Cutten et al. 2006). Whereas others distinguish this 
ca. 560–540 Ma period as the Kuunga Orogeny (e.g., Meert 
1995, 2003), we refer to the entire span of Neoproterozoic 
events as the EAO.

The broad structure of the East African Orogen has been 
inferred from geophysical and xenolith studies. The crust of 
the orogen is estimated to be 38- to 42 km-thick based on 
S-wave receiver functions (Julià et al. 2005), but thermo-
barometry of lower crustal xenolith indicates that the crust 
was at least 60 km-thick during the EAO (Mansur et al. 
2014). Zircon U–Pb dates of lower crustal xenoliths in the 

East African Orogen are all Archean (Mansur et al. 2014). 
These data suggest that Archean crust—along with the West-
ern Granulites—form the lower plate of the orogen, whereas 
the Eastern Granulites comprise the upper plate (Fig. 1; Cut-
ten et al. 2006; Tenczer et al. 2013).

Rayleigh wave tomography indicates that the mantle 
lithosphere beneath the orogen is thinner compared to the 
craton, but there are significant uncertainties in lithosphere 
thickness based on this method (Weeraratne et al. 2003). 
Thermobarometry on garnet-bearing peridotite xenoliths 
from Lashaine suggest a minimum thickness of ~ 165 km 
(Rudnick et al. 1994), though garnet-bearing mantle xeno-
liths are rare elsewhere in the orogen (Cohen et al. 1984; 
Dawson and Smith 1988; Aulbach et al. 2011). Compared 
to the craton, surface heat flow in the orogen is higher and 
more variable (40–60 mW/m2, average 47 mW/m2; Nyblade 
1997).

The East African rift system initiated in Ethiopia at ca. 
40–30 Ma and propagated southward, reaching northern 
Tanzania by ca. 8 Ma (Ebinger 1989; Dawson 1992; Foster 
et al. 1997). Where the rift impinges against the Tanzanian 
Craton, it widens and diverges into a western and eastern 
branch (inset in Fig. 1). The western branch forms a series 
of segmented normal faults (e.g., Ebinger 1989), whereas 
the eastern branch is more magmatically active and forms 
numerous rift valleys that lie along older structures between 
the craton and orogenic belt and along sutures within the 
orogen (Dawson 1992; Nyblade and Brazier 2002; Le Gall 
et al. 2004, 2008). From 4.5 Ma to < 0.5 Ma, rifting along 
the eastern branch led to the eruption of numerous tuff cones 
(Dawson 1992; Le Gall et al. 2008), some of which bear 
xenoliths.

Samples

The xenoliths investigated in this study come from young 
(< 1 Ma) rift basalts erupted on the Tanzanian Craton and 
Mozambique Belt (Fig. 1). Most of these localities carry 
mantle xenoliths in addition to crustal xenoliths. Mantle 
lithologies—garnet and spinel peridotites, pyroxenites, 
dunites, and glimmerites—have been widely investigated 
for their petrology, geochemistry, and physical properties 
(e.g., Dawson et al. 1970; Dawson and Smith 1988, 1992; 
Dawson 2002; Rudnick et al. 1993, 1994; Canil et al. 1994; 
Lee and Rudnick 1999; Chesley et al. 1999; Burton et al. 
2000; Vauchez et al. 2005; Aulbach et al. 2011; Chin 2018; 
Xu et al. 2019), whereas previous work on crustal xeno-
liths is more limited (Dawson et al. 1970; Jones et al. 1983; 
Cohen et al. 1984; Bellucci et al. 2011; Mansur et al. 2014).

We have analyzed 32 crustal xenoliths and seven surface 
samples using laser-ablation split-stream inductively cou-
pled plasma mass spectrometry (LASS) U–Pb and trace ele-
ment petrochronology (Table 1). The xenoliths come from 
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Table 1   Sample descriptions

Sample locations and names Rock type Major phases Accessory phases Present-day crustal level

Tanzanian Craton
 Labait (4°34′02′′S, 35°25′53′′E)
  LB04-86 Granite Pl + Qtz + Kfs + Ms + Chl Zrn + Ap Upper crust
  LB04-05 Schist Pl + Qtz + Kfs + Bt + Ms Zrn + Ap Middle crust
  LB04-89 Amphibolite Pl + Qtz + Hbl + Ep + Bt Zrn + Rtl + Ap Middle crust
  LB04-92 Amphibolite Pl + Qtz + Hbl + Bt Zrn + Ap Middle crust
  LB04-36 Two-pyroxene granulite Pl + Qtz + Cpx + Opx Zrn + Ap + Ilm Lower crust
  LB04-19 Two-pyroxene granulite Pl + Kfs + Cpx + Opx Zrn + Ap + Ilm Lower crust
  LB04-82 Two-pyroxene granulite Pl + Qtz + Kfs + Cpx + Opx + Bt Zrn + Ap + Ilm Lower crust
  LB04-91 Garnet orthopyroxene 

granulite
Grt + Pl + Qtz + Kfs + Opx Zrn + Rtl + Ap Lower crust

  LB04-39 Garnet orthopyroxene 
granulite

Grt + Pl + Qtz + Opx Zrn + Rtl + Ap Lower crust

  LB04-74 Garnet orthopyroxene 
granulite

Grt + Pl + Qtz + Kfs + Opx Zrn + Rtl Lower crust

Natron area
 Naibor Soito (2°46′53′′S, 36°00′50′′E)
  NS04-96 Two-pyroxene granulite Pl + Qtz + Cpx + Opx Zrn + Ap + Ilm Lower crust
  NS04-150 Two-pyroxene granulite Pl + Cpx + Opx + Hbl + Bt Zrn + Ap + Ilm Lower crust
  NS04-60 Garnet two-pyroxene 

granulite
Grt + Pl + Cpx + Opx + Hbl + Bt Zrn + Rtl + Ap + Ilm Lower crust

  NS04-01 Garnet two-pyroxene 
granulite

Grt + Pl + Qtz + Kfs + Cpx + 
Opx

Zrn + Rtl + Ap + Ilm Lower crust

  W3S-1 Garnet two-pyroxene 
granulite

Grt + Pl + Qtz + Cpx + Opx Zrn + Rtl + Ap Lower crust

 Kisite (2°50′25′′S, 36°00′56′′E)
  KS04-01 Orthogneiss Pl + Qtz + Kfs + Opx + Bt + Gr

t + Cc
Zrn + Rtl + Ilm Middle crust

  KS04-10 Garnet two-pyroxene 
granulite

Pl + Qtz + Opx + Cpx + Grt Ttn + Rtl Lower crust

 Pello Hill (2°45′54′′S, 36°01′05′′E)
  PH04-02 Amphibolite Pl + Qtz + Hbl + Bt Zrn + Ttn + Ap Middle crust
  PH04-05 Garnet two-pyroxene 

granulite
Pl + Grt + Cpx + Opx + Qtz Zrn + Rtl Lower crust

 Eledoi (2°45′25′′S, 36°01′40′′E)
  EL04-01 Orthogneiss Pl + Qtz + Kfs + Bt Zrn + Mnz + Ap Middle crust

Arusha area
 Lashaine (3°22′10′′S, 36°25′30′′E)
  89-733 Garnet biotite two-pyroxene 

granulite
Grt + Pl + Cpx + Opx + Hbl + Bt Zrn + Ap Middle crust

  89-745 Garnet biotite two-pyroxene 
granulite

Grt + Pl + Cpx + Opx + Hbl + Bt Zrn + Ap Middle crust

  89-729 Garnet clinopyroxene 
granulite

Grt + Pl + Cpx Ttn + Rtl + Ap + Ky Lower crust

  89-731 Garnet clinopyroxene 
granulite

Grt + Pl + Cpx Ttn + Rtl + Ap + Ky Lower crust

  LS04-09 Garnet clinopyroxene 
granulite

Grt + Pl + Cpx Rtl Lower crust

 Lemugur (3°26′30′′S, 36°32′30′′E)
  LG04-09 Schist Grt + Pl + Qtz + Kfs + Bt + Ms Zrn + Mnz + Rtl + Ap Middle crust
  LG04-37 Amphibolite Pl + Qtz + Kfs + Hbl + Bt Zrn + Ttn + Ap Middle crust
  LG04-35 Garnet clinopyroxene 

granulite
Grt + Pl + Cpx Rtl Lower crust
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the margin of the Tanzanian Craton (Labait) and multiple 
sites in the EAO (Fig. 1; Table 1). All surface samples come 
from outcrops within the orogen. To distinguish high-grade 
rocks from the Western/Eastern Granulites at the surface 
from deep crustal xenoliths erupted on the EAO, we refer to 
the former as the Mozambique Belt (upper plate and part of 
the lower plate of the EAO; Fig. 1) and the latter the lower 
plate of the EAO. Individual petrographic descriptions are 
presented in the Supplementary Materials.

Labait xenoliths

The analyzed suite of Labait xenoliths consists of ten sam-
ples—granite, schist, amphibolite, and granulites—inter-
preted to sample the upper–lower crust (Table 1). One gran-
ite xenolith is undoubtedly from the upper crust. In contrast, 
it is difficult to be certain of derivation depths of a schist 
and two amphibolite xenoliths largely because they lack 
diagnostic phase assemblages (Table 1). However, because 
the craton surface is dominated by granitoids, syenites, 
and orthogneisses, we infer that these xenolith lithologies 
are from mid-crustal depths, though this is not required. 

Additionally, pseudosection modeling for one amphibolite 
xenolith (sample LB04-89) indicates equilibration pressures 
of < 1 GPa and < 450 °C (Fig. S4), corroborating a mid-crus-
tal origin. Six granulite xenoliths derive from lower crustal 
depths. Thermobarometry and pseudosection modeling of 
two-pyroxene gabbroic granulite xenoliths indicated equili-
bration at > 750 °C and < 1.0–1.2 GPa (Mansur et al. 2014). 
Garnet-orthopyroxene granulites equilibrated at higher pres-
sures (1.0–1.6 GPa) and are interpreted to be derived from 
the lowermost crust of the craton (Mansur et al. 2014).

Table 1 reports the occurrence of pertinent accessory 
phases: all samples contain zircon; apatite is present in all 
samples except the garnet-bearing granulites; and rutile is 
present in the three garnet-bearing granulites and in one 
amphibolite xenolith (Table 1). Titanite and monazite are 
not present in the analyzed samples.

Natron area xenoliths

We have analyzed ten xenoliths from Naibor Soito, Kisite, 
Pello Hill, and Eledoi (Fig. 1), which we refer to collec-
tively as the Natron group. The Natron group xenoliths 

Italicized samples are ones described in Mansur et al. (2014). Petrochronological data is presented for phases in bold lettering. Crustal levels for 
xenoliths are inferred using major-element thermobarometry and/or pseudosection models
Mineral abbreviations: Ap apatite, Bt biotite, Cc calcium carbonate, Chl chlorite, Cpx clinopyroxene, Ep Epidoite, Grt garnet, Hbl hornblende, 
Ilm ilmenite, Kfs K-feldspar, Ky kyanite, Mnz monazite, Ms muscovite, Opx orthopyroxene, Pl plagioclase, Qtz quartz, Rtl rutile, Ttn titanite, Zrn 
zircon

Table 1   (continued)

Sample locations and names Rock type Major phases Accessory phases Present-day crustal level

  LG04-38 Garnet two-pyroxene 
granulite

Grt + Pl + Cpx + Opx Rtl Lower crust

 Loljoro (3°27′09′′S, 36°36′23′′E)
  LJ04-08 Quartzite Pl + Qtz + Kfs + Bt + Ms Zrn + Mnz + Rtl + Ap Middle crust
  LJ04-26 Orthogneiss Pl + Qtz + Kfs + Bt Zrn + Ttn + Ap Middle crust

 Olmani (3°23′50′′S, 36°45′20′′E)
  OM04-13 Orthogneiss Pl + Qtz + Cpx + Grt + Bt Zrn + Ttn + Ap Middle crust

Mozambique Belt: Eastern Granulite cover
 Loibor Serrit (4°10′59′′S, 36°24′45′′E)
  LR04-05 Two-pyroxene granulite Pl + Qtz + Kfs + Cpx + Opx + H

bl + Bt
Zrn + Ap Upper crust

  LS06-01 Orthogneiss Pl + Qtz + Kfs + Cpx + Hbl + Bt Zrn + Ap Upper crust
  LS06-02 Orthogneiss Pl + Qtz + Kfs + Cpx + Hbl + Bt Zrn + Ap Upper crust
  LR04-01 Garnet two-pyroxene 

granulite
Grt + Pl + Qtz + Kfs + Cpx + 

Opx
Zrn + Ap Upper crust

  LS06-12 Garnet clinopyroxene 
granulite

Grt + Pl + Cpx Zrn + Ttn + Rtl + Ap Upper crust

Mozambique Belt: Western Granulites
 Longido (2°46′28′′S, 36°30′13′′E)
  LK06-02 Orthogneiss Grt + Pl + Qtz + Opx + Hbl + Bt Zrn + Ttn + Ap Upper crust

 Magugu (3°49′31′′S, 35°50′5′′E)
  MG04-01 Orthogneiss Grt + Pl + Qtz + Opx + Hbl + Bt Zrn + Rtl + Ap Upper crust
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include orthogneisses, amphibolites, and granulites. As is 
the case for the Labait xenolith suite, the absence of key 
phases, like garnet, in the orthogneiss and amphibolite 
xenoliths and the occurrence of high-grade lithologies at 
the surface (Fig. 1) complicates interpretations of the deri-
vation depths of these xenoliths. Pseudosection modeling 
of one amphibolite (sample LJ04-26) and one orthog-
neiss (sample OM04-13) indicates maximum pressures of 
0.6–0.8 GPa (see Fig. S4)—consistent with a mid-crustal 
origin for these samples.

Granulite xenoliths sample the lower crust. Naibor Soito 
granulite xenoliths have variable mineral assemblages 
(Table 1), but thermobarometry and pseudosection modeling 
are all consistent with equilibration at > 700 °C and > 1 GPa 
(Mansur et al. 2014). Mafic garnet granulites from Kisite and 
Pello Hill are similar to those from Naibor Soito and are thus 
also interpreted to be from the lower crust.

Zircon is present in nine xenoliths and apatite is present 
in seven xenoliths (Table 1). Rutile and titanite occur in 
a few samples; the former is found in six garnet granulite 
xenoliths (but only analyzed in five samples), and the lat-
ter is present in one amphibolite and in one mafic garnet 
granulite where it overgrows rutile. Monazite occurs in one 
orthogneiss (Table 1).

Arusha area xenoliths

We analyzed 12 xenoliths from Lashaine, Lemugur, Loljoro, 
and Olmani, referred to herein as the Arusha group. Rocks in 
this suite include orthogneisses, quartzites, schists, amphi-
bolites, and granulites. Like the Natron group xenoliths, we 
infer that the orthogneiss, quartzite, schist, and amphibolite 
xenoliths are from the middle crust (rather than the upper 
crust). Granulite xenoliths from Lashaine are dominantly 
mafic and contain garnet (Table 1). Based on thermobarom-
etry and pseudosection calculations and the presence of 
kyanite and garnet coronae, garnet granulites are inferred to 
have equilibrated at the base of a thickened crustal section 
(~ 800 °C to > 1200 °C and 1.3 to > 1.7 GPa; Jones et al. 
1983; Mansur et al. 2014). Thermobarometry of biotite-
garnet granulites suggest equilibration temperatures and 
pressures lower than biotite-free garnet granulites (~ 600 °C 
and < 0.8 GPa; Mansur et al. 2014), indicating a shallower 
(likely mid-crustal) origin for biotite-garnet granulite xeno-
liths (Table 1).

Zircon is observed in all samples except for the biotite-
free mafic garnet granulites (Table 1). Apatite is present 
in seven samples. Monazite is found in one schist and one 
quartzite xenoliths. Rutile is present in most of the mafic 
garnet granulites and in the schist and quartzite xenoliths. 
Titanite is found in one orthogneiss and in two garnet granu-
lites (Table 1).

Surface samples

To obtain a more complete picture of the thermal history of 
the crust, we analyzed seven high-grade metamorphic rocks 
exposed at the surface of the East African Orogen. These 
include intermediate–mafic granulites and orthogneisses that 
were metamorphosed at mid–lower crustal depths during 
orogeny before being exposed at the surface through post-
orogenic uplift and erosion (e.g., Appel et al. 1998; Möller 
et al. 2000; Cutten et al. 2006).

Surface samples come from three areas in the Mozam-
bique Belt: Loibor Serrit, Magugu, and Longido (Fig. 1). 
Except for sample LS06-12, which is a river cobble, all 
surface samples were collected from outcrops. Loibor Ser-
rit is situated within the Eastern Granulite cover (Tenczer 
et al. 2013). Samples from Loibor Serrit are metaigneous 
granulites containing clinopyroxene + plagioclase ± orthopy-
roxene ± quartz ± hornblende ± biotite ± garnet (some with 
clinopyroxene rims) (Table 1). Samples from Longido and 
Magugu come from the Western Granulites. Although Lon-
gido is mapped as being within the Eastern Granulite cover 
(Fritz et al. 2005), it likely represents a window into the 
Western Granulites (Tenczer et al. 2013). The Longido and 
Magugu samples are both foliated orthogneisses contain-
ing garnet + plagioclase + quartz + orthopyroxene ± horn-
blende ± biotite (Table 1).

All surface samples contain zircon and apatite (Table 1). 
Rutile is present in Loibor Serrit sample LS06-12 and 
Magugu sample MG04-01. Titanite is also present in LS06-
12, which also contains rutile, and in Longido sample 
LK06-02.

Materials and methods

Laser‑ablation split‑stream ICP‑MS (LASS) U–Pb 
and trace element analyses

Accessory phases were separated at UCSB using standard 
crushing, magnetic and heavy liquid separation methods. 
LASS analyses utilized a Cetac Teledyne 193 nm excimer 
Analyte laser with a HelEx ablation cell coupled to two mass 
spectrometers: a multicollector (MC)-ICPMS for U–Pb dat-
ing and a quadrupole (Q)-ICPMS for simultaneous trace ele-
ment determinations (following procedures modified from 
Kylander-Clark et  al. 2013). A Nu Instruments Plasma 
HR-ES MC-ICP multicollector was used for data obtained 
in the first phase of the project, and a Nu Instruments Plasma 
3D MC-ICP for later analyses. Trace elements were acquired 
using an Agilent 7700S Q-ICP. LASS analyses were done 
in two ways: conventional LASS spot analyses on polished 
crystal interiors or depth profiling of whole grains. Details 
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of LASS protocols, data reduction, and error propagations 
are presented in the Supplementary Materials.

U–Pb and trace element petrochronology

Simultaneously collected U–Pb and trace-element data can 
discriminate among thermally-mediated volume diffusion, 
recrystallization, and neocrystallization (new mineral growth 
during metamorphism). While a large suite of trace elements 
was analyzed in each mineral (see Tables S4–S8), we only 
discuss elemental data pertinent to tracking changes in pres-
sure, temperature, and stable mineral assemblages, or data 
for elements with known diffusivities for comparison with 
U–Pb zonations. These include: rare earth elements (REEs) 
in zircon, monazite, titanite, and apatite (e.g., Bingen et al. 
1996; Rubatto 2002; Spear and Pyle 2002; Whitehouse and 
Platt 2003; Taylor et al. 2015; Garber et al. 2017; Henrichs 
et al. 2019); Hf in zircon; Sr in apatite (Ague and Baxter 
2007); and various 4 + cation thermometers—Ti-in-zircon 
(TiZ), Zr-in-titanite (ZiT), and Zr-in-rutile (ZiR) (Ferry and 
Watson 2007; Hayden et al. 2008; Tomkins et al. 2007; Tay-
lor-Jones and Powell 2015). An in-depth discussion of the 
systematics and our applications of these different trace ele-
ment monitors is presented in as Supplementary Materials.

Results

Our dataset consists of depth profiles and spot analyses for 
a variety of accessory minerals. In most cases, spot analy-
ses were able to date rims that were also sampled by depth 
profiling (see Fig. 2 for examples of zircon rims). Because 
spot analyses have lower uncertainties associated with both 
their U–Pb and trace-element compositions (Table S2), we 
refer to them in our plots and discussion. Where depth pro-
filing uniquely captured an age or compositional gradient, 
we present depth profile data separately from spot analyses. 
Data are reported in Tables S6–S10.

Labait xenoliths (craton margin)

Zircon, rutile, and apatite in upper–middle crustal xeno-
liths at Labait—one granite, one schist, and two amphi-
bolites (Table  1)—record Archean dates. Zircon in the 
granite and schist is generally metamict and highly discord-
ant (Table S7), but in amphibolite xenoliths LB04-89 and 
LB04-92 zircon yields concordant dates of 2.68 ± 0.17 Ga 
and 2.65 ± 0.04 Ga, respectively (Table 2). Zircon has uni-
form trace-element compositions (Fig. 3) and records TiZ 
temperatures of ~ 680 °C (Table 2). Rutile in one amphibolite 
xenolith (LB04-89) yields an Archean lower intercept date 
of 2.63 ± 0.03 Ga (Fig. 4) and exhibits ZiR temperatures 
between 520 and 730 °C (Table 2). Apatite in these xenoliths 

lies along a 2.5 Ga reference isochron (Fig. 5a; see Table 2 
for individual sample dates).

Zircon, rutile, and apatite in Labait granulite xenoliths 
yield variable U–Pb and trace element data. Cathodolumi-
nescence (CL) imaging of polished zircon grains from the 
granulite xenoliths reveals multiple growth domains in the 
form of thick overgrowths that mantle small (< 40 µm), dark 
cores with strong sector zoning (Fig. 2a). In the three, two-
pyroxene granulites, U–Pb zircon dates range from 2.8 to 
2.6 Ga (Fig. 3a). Decreased Eu/Eu* and increased Ti con-
tents—indicative of temperatures up to 940 °C—correspond 
to younger dates (Fig. 3b, E). Zircon in three garnet-bearing 
granulites records dates that are slightly younger—mostly 
2.76–2.54 Ga (Fig. 3a). Ti contents suggest temperatures that 
extend well into ultra-high temperatures (UHT; > 900 °C) at 
ca. 2.64 Ga (Fig. 3c). Zircon in the garnet granulites also 
documents elevated Gd/YbN and lower Lu/Hf across the 
same time interval, consistent with growth in the presence 
of garnet during this UHT event (Fig. 3b).

Rutile in Labait garnet-bearing granulites displays com-
plex age and elemental patterns. Most rutile grains have low 
U (< 1 ppm), making it difficult to extract dates from depth 
profiles (see Supplementary Materials); we instead focus 
on spot analyses. Further complicating matters is that back-
scattered electron (BSE) imaging and energy-dispersive 
X-ray spectroscopy (EDS) reveals networks of fine zircon 
exsolution lamellae in some grains (Fig. 2d). Spot analyses 
with elevated Si (> 700 ppm) likely represent contamination 
from zircon exsolution lamellae and are filtered from the 
final rutile dataset (see Fig. S8). A subset of analyses lies 
near concordia at 600–500 Ma (inset in Fig. 4b), though 
most are largely discordant (Fig. 4b). Common-Pb corrected 
dates from the filtered dataset range are 600 Ma to < 20 Ma 
(Fig. 4b) with one datum at ca. 2.5 Ga and another at ca. 
1.2 Ga. Concentrations of Zr vary by almost two orders of 
magnitude in rutile (100–8000 ppm) corresponding to tem-
peratures between 500 and 900 °C (Fig. 4c), but do not cor-
relate with U–Pb date (Fig. 4d).

Apatite in two-pyroxene granulites show distinct U–Pb 
trends: in one sample (intermediate granulite LB04-36), 
the data lie along a 2.5-Ga reference isochron and diverge 
towards younger dates (Fig. 5b), and in another sample 
(mafic granulite LB04-82), the data scatter about a 400-
Ma reference isochron, but also show mixing with an older, 
Archean-age component (Fig. 5c). Depth profiles reveal the 
presence of discrete young (down to 10 Ma), < 5 µm-thick 
overprints on the edges of grains (Fig. 5d, e). Concomitant 
with changes in U–Pb dates are shifts in LREE and Sr con-
tents. CL imaging of the dated grains reveals an intricate 
network of dark patches around grain rims and along cracks 
(Fig. 2e) typically observed in phases that have undergone 
partial dissolution/reprecipitation (e.g., Corfu et al. 2003; 
Harlov et al. 2005; Holder and Hacker 2019).
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Fig. 2   Images of representative grains analyzed. White bars are 
50 µm wide. Blue circles represent laser spots. a Representative zir-
con grains (CL). Rims are denoted in dashed lines. See text for dis-
cussion of different rim/core dates. b Qualitative Y intensity maps of 
representative monazite grains. Despite the faint variations in Y con-
centrations within monazite from samples LJ04-08 and LG04-09, all 
dates are consistently Neoproterozoic. Monazite from sample EL04-
01 yielded Neoarchean and Neoproterozoic dates; the former is asso-
ciated with brighter patches around the rim. Other element maps are 
shown in Supplementary Materials. c Representative titanite grains 
(X-ray and BSE). Qualitative Ce intensity maps of a titanite grain 
from sample 89-729 clearly shows a core and mantle. Titanite grains 
in other granulite xenolith show faint internal structures in BSE, sug-
gesting they too contain complexities. Titanite grains in mid-crustal 
xenoliths and surface outcrops appear to lack any apparent zonations 

in BSE, consistent with U–Pb and trace-element data. d Representa-
tive rutile grains (BSE). Rutile from off-craton garnet granulite xeno-
liths (89-731 grain 1, LG04-38, and NS04-01) contain fine ilmenite 
exsolution lamellae or ilmenite overgrowths (although not all grains 
do, e.g., 89-731 grain 2). Rutile from on-craton garnet granulites 
often contain zircon exsolutions like those shown in LB04-39. Rutile 
grains from mid-crustal xenoliths (LJ04-08) and surface outcrops 
(MG04-01) are devoid of any exsolutions. e Representative apatite 
grains. Note the complex structure in grains from Labait granulite 
xenoliths, consistent with the variable U–Pb dates observed. Darker 
patches in the apatites are interpreted to have formed via melt inter-
actions during or slightly before eruption. Apatite from other garnet 
granulite xenoliths (NS04-01), mid-crustal xenoliths (mid-crustal; 
OM04-13), and surface outcrops (LR04-01 and LS06-12) lack any 
apparent internal structure
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Table 2   Summary of petrochronologic data

Sample Rock type Phase Best dates (Ma)a ± 2σ (n)b T estimatesc (°C) ± 2σ (n)d Notes

Tanzanian Craton
 Labait
  LB04-86 Granite Zrn Discordant – – Metamict

Ap 2525 31 (21)
  LB04-05 Schist Zrn Discordant – – Metamict

Ap 2496 30 (25)
  LB04-89 Amphibolite Zrn 2678 17 (1) 680 40 (1) Single concordant point

Rtl 2621 31 (22) 520–730 – (24)
Ap 2533 40 (21)

  LB04-92 Amphibolite Zrn 2649 4 (22) 680 10 (25)
Ap 2560 47 (18)

  LB04-36 Two-pyroxene granulite Zrn 2840–2587 770 10 (39)
Ap 2600–0 – (29) LREE enriched rims

  LB04-19 Two-pyroxene granulite Zrn 2725–2598 – (27) 940 10 (29) Low U
Ap – – U b.d.l

  LB04-82 Two-pyroxene granulite Zrn 2728–2612 – (24) 810 20 (24)
Ap 1200–340 – (23) LREE enriched rims

  LB04-91 Garnet orthopyroxene 
granulite

Zrn 2761–2595 – (44) 920 10 (45)

Rtl Discordant – (30) –
  LB04-39 Garnet orthopyroxene 

granulite
Zrn 3027–2537 – (28) 950 10 (33)

Rtl Discordant – (24) –
  LB04-74 Garnet orthopyroxene 

granulite
Zrn 2619–2572 – (8) 780–915 – (8)

Rtl Discordant – (24) –
Natron area
 Naibor Soito
  NS04-96 Two-pyroxene granulite Zrn 2703–2520 – (8) 820 10 (36)

Ap 11 17 (19)
  NS04-150 Two-pyroxene granulite Zrn 2717–2484 – (20) 780 10 (44)

Ap 2.4 10 (20)
  NS04-60 Garnet two-pyroxene 

granulite
Zrn 2696–2567 – (6) 760 10 (21) Discordant cores

Rtl 0.1 0.1 (15) N/A
Ap 1.5 2.1 (15)

  NS04-01 Garnet two-pyroxene 
granulite

Zrn 2880–2599 – (21) 780 10 (40)

Rtl 0.1 0.1 (18) 770 10 (18)
Ap 0.0 1.4 (22)

  W3S-1 Garnet two-pyroxene 
granulite

Zrn 2690–2528 – (6) 820 10 (37)

Rtl 0.1 0.1 (18) 690 10 (18)
Ap 0.8 2.5 (25)

 Kisite
  KS04-01 Orthogneiss Zrn 2862–2585 – (5) 760 10 (25)
  KS04-10 Garnet two-pyroxene 

granulite
Ttn 540–440 – (38) 770 10 (38)

Rtl 0.4 0.3 (27) N/A No zrn in sample
 Pello Hill
  PH04-02 Amphibolite Zrn 588 9 (3) 670 30 (3)
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Table 2   (continued)

Sample Rock type Phase Best dates (Ma)a ± 2σ (n)b T estimatesc (°C) ± 2σ (n)d Notes

Ttn 533 7 (33) 760 10 (34)
Ap 524 30 (16) Low U

  PH04-05 Garnet two-pyroxene 
granulite

Zrn 2591–2461 – (28) N/A No Qtz in sample

Rtl 2.6 0.9 (20) N/A No Qtz in sample
 Eledoi
  EL04-01 Orthogneiss Zrn 2737–2666 – (15) 740 10 (15) Younger, discordant rims

Mnz 2633 5 (20)
546 12 (1) Single concordant depth 

profile analysis
Ap 467 10 (23)

Arusha area
 Lashaine
  89-733 Garnet biotite two-pyroxene 

granulite
Zrn 2560 18 (1) 770 50 (1) Single concordant core date

607 9 (3) 710 40 (3)
  89-745 Garnet biotite two-pyroxene 

granulite
Zrn 581 8 (3) 690 30 (3)

Ap 487 14 (23)
  89-729 Garnet clinopyroxene 

granulite
Ttn 560–330 – (29) 740 10 (29) T is maximum (assuming 

aSiO2 = 1, but no Qtz in 
rock)

Rtl 0.7 0.6 (23) N/A No Zrn or Qtz in sample
Ap – – U b.d.l

  89-731 Garnet clinopyroxene 
granulite

Ttn 550–260 – (33) 730 10 (33) T is maximum (assuming 
aSiO2 = 1, but Qtz in rock)

Rtl 1.8 0.6 (20) N/A No Zrn or Qtz in sample
 Lemugur Ap – – U b.d.l
  LS04-09 Garnet clinopyroxene 

granulite
Rtl 0.5 0.1 (49) N/A No Zrn or Qtz in sample

  LG04-09 Schist Zrn Discordant – – Metamict
Mnz 605–567 – (56) High Y rims compared to 

cores
Rtl 500 4 (27) 710 10 (27)
Ap 444 24 (16)

  LG04-37 Amphibolite Zrn 2530 10 (10) 740 20 (10) Younger, discordant rims
Ttn 540–480 – (35) 770 10 (35)

  LG04-35 Garnet clinopyroxene 
granulite

Rtl 1.0 0.6 (26) N/A No Zrn or Qtz in sample

  LG04-38 Garnet clinopyroxene 
granulite

Rtl – – N/A U b.d.l.; no Zrn or Qtz in 
sample

 Loljoro
  LJ04-08 Quartzite Zrn 3479–2661 – (13) 700 10 (13) Younger, discordant rims

Mnz 588 2 (28)
Rtl 498 3 (58) 700 10 (58)
Ap 473 13 (28)

  LJ04-26 Orthogneiss Zrn 2519 10 (3) 690 30 (3)
643 13 (1) – Single concordant depth 

profile analysis
Ttn 528 9 (56) 750 10 (56)
Ap 499 15 (20)

 Olmani
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Mozambique belt outcrops

Zircon from five samples of the Eastern Granulite cover 
locality at Loibor Serrit records concordant U–Pb dates 
ranging from 920 to 640 Ma (Fig. 6a). Zircon in garnet-
absent two-pyroxene granulites and orthogneisses shows 

relatively constant Gd/YbN, Ti, and Th/U, but lower Eu/
Eu* at 750–640 Ma. In garnet-bearing granulites, zircon 
records a spread of dates from 890 to 630 Ma and shows 
greater variations in trace elements (dark blue diamonds 
in Fig. 6b–e). Temperatures range from ~ 830 °C to 650 °C 

Table 2   (continued)

Sample Rock type Phase Best dates (Ma)a ± 2σ (n)b T estimatesc (°C) ± 2σ (n)d Notes

  OM04-13 Orthogneiss Zrn 2706 9 (5) 700 20 (5)
607 6 (6) 700 20 (6)

Ttn 514 10 (38) 770 10 (38)
Ap 480 19 (23)

Mozambique Belt: Eastern Granulite cover
 Loibor Serrit
  LR04-05 Two-pyroxene granulite Zrn 917–732 – (18) 720 10 (18)

Ap 507 6 (23)
  LS06-01 Orthogneiss Zrn 728–645 – (20) 730 10 (20)

Ap 498 4 (24)
  LS06-02 Orthogneiss Zrn 905–722 – (23) 710 10 (23)

Ap 521 6 (25)
  LR04-01 Garnet two-pyroxene 

granulite
Zrn 773–642 – (10) 720 10 (10)

Ap 513 8 (27)
  LS06-12 Garnet two-pyroxene 

granulite
Zrn 890–632 – (30) 640–830 – (30)

Ttn 614 3 (23) 860–900 – (23) Cross calibrated ZiR and ZiT
Rtl 568 18 (6) 860–900 – (6) Cross calibrated ZiR and ZiT
Ap 458 7 (26)

Mozambique Belt: Western Granulites
 Longido
  LK06-02 Orthogneiss Zrn 2516 6 (10) 750 30 (10)

613 4 (15) 620 20 (15)
Ttn 543 13 (38) 750 10 (38)
Ap 457 25 (19) Low U

 Magugu
  MG04-01 Orthogneiss Zrn 2944, 2422 20, 17 (2) 760 30 (2)

630 16 (1) 530 90 (1) Single concordant date; large 
T uncertainty

Rtl 515 8 (6) 680 20 (6)
Ap 510 9 (26)

Mineral abbreviations same as in Table 1
a Best dates for zircon and monazite are dates within 5% concordance (between 238U/206Pb and 207Pb/206Pb dates), and 207Pb-corrected U–Pb 
dates for titanite, rutile, and apatite (applying common Pb compositions reported in Table S3)
b Uncertainities are internal only. Dates reported outside this study should adopt uncertainities associated with long-term reproducibilty of ana-
lyzed homogeneous lab standards (1–3%; see Supplements for details). Dash denotes data that does not conform to a single population; n is the 
number of data used to calculate mean and 2σ uncertainty, or number of data in specified range
c Calculated using 4 + cation thermometers of Ferry and Watson (2007) for zircon, Tomkins et al. (2007) for rutile, and Hayden et al. (2008) for 
titanite. Temperatures are averages, unless where shown as ranges, and rounded up
d Uncertainties for temperatures account for analytical uncertainities and uncertainties in Si and Ti activities (± 0.1), but not thermometer calibra-
tions. Pressures of 1 GPa for granulites and 0.6 GPa for amphibolites and orthogneisses are used for temperature calculations (assuming ± 0.1 
GPa uncertainty) (see Supplements for details). Dash denotes data that does not conform to a single population; n is the number of data used to 
calculate mean and 2σ uncertainty, or number of data in specified range



Contributions to Mineralogy and Petrology          (2020) 175:97 	

1 3

Page 13 of 30     97 

from 780 to 610 Ma, Gd/YbN increases at 780–770 Ma, 
and Eu/Eu* decreases with decreasing age (Fig. 6b–e).

Titanite, rutile, and apatite in the Eastern Granulite cover 
are as young or younger than the youngest zircon dates 
(Fig. 7). Titanite and rutile in the same garnet-granulite 
(sample LS06-12) yield uniform U–Pb dates of 614 ± 3 and 
568 ± 18 Ma, respectively. Application of the ZiR and ZiT 
thermometers in this sample yields overlapping tempera-
tures of 860–900 °C at 1.0–1.4 GPa. Apatite U–Pb dates 
in all samples significantly post-date those of titanite and 
rutile, and dominantly fall along a 527-Ma reference isoch-
ron (Fig. 7F; see Table 2 for individual sample dates).

Dates from two orthogneisses of the Western Granulites 
at Magugu and Longido are Archean and Neoproterozoic 
(Table 2). Concordant zircon rim dates are 613 ± 4 Ma 
and 630 ± 16 Ma (5–40 µm-thick; Fig. 2a) and concordant 
zircon Archean cores dates are 2944 ± 20, 2522 ± 17 Ma, 
2420 ± 6 Ma (Table 2). The rims record relatively low TiZ 
temperatures and Th/U compared to older cores (Fig. 6d). 
Titanite in sample LK06-02 has an age of 543 ± 13 Ma 
(Fig.  7) with a ZiT temperature of ~ 750  °C (Table  2). 
Rutile in sample MG04-01 yields younger 515 ± 8 Ma dates 
(Fig. 7) and ZiR temperatures of ~ 680 °C (Table 2). Apatite 
in sample LK06-02 has an age of 457 ± 25, and apatite in 
sample MG04-01 has an age of 510 ± 9 Ma, which overlaps 
in age with rutile from the same rock (Fig. 7).

Natron and Arusha xenoliths

Crustal xenoliths from the Natron and Arusha areas contain 
accessory phases with a wide range of U–Pb and elemental 
compositions (Fig. 7). Given the large number of phases 
analyzed in the various xenoliths (see summary in Table 2), 
we focus on general trends in the data from middle (schists, 
amphibolites, orthogneisses, quartzites, etc.) and lower crus-
tal (granulites) samples from the two xenolith regions.

Zircon in three mid-crustal xenoliths from the Natron area 
and seven mid-crustal xenoliths from the Arusha area yields 
Neoproterozoic dates, Archean dates, or both (i.e., Neopro-
terozoic rims around Archean cores) (Table 2). General 
compositional differences between the Archean and Neo-
proterozoic age groups include the following: lower Th/U 
and Ti and higher Gd/YbN in the latter, but other than these, 
there are no clear temporal trends in the zircon data (Fig. 
S9). Neoproterozoic dates in the mid-crustal xenoliths from 
both areas overlap with those from the Western Granulites 
(Table 2), but the xenoliths show a much larger range of 
Archean dates, including older populations at 3.0–2.6 Ga 
(Fig. S9).

Monazite is present in three mid-crustal xenoliths: a 
Natron orthogneiss (EL04–01) and in an Arusha quartzite 
(LJ04-08) and schist (LG04-09; Fig. 7). Qualitative X-ray 
maps reveal core–rim differences in REEs and Y (Fig. 2b; 

Fig. 3   Zircon petrochronology of Labait xenoliths. Only data points 
within 5% concordance are plotted. a Probability distribution plot (PDP) 
of zircon U–Pb dates from the different xenolith types. b–e Trace-element 
variations with zircon dates. Differences in trace-element patterns among 
the different samples occur at ca. 2.64  Ga and include increases in the 
chondrite-normalized (using values of McDonough and Sun 1995) Gd/Yb 
ratios and TiZ temperatures, as well as decreases in zircon Eu anomaly 
and Lu/Hf, which are attributed to growth of garnet and elemental frac-
tionation by protracted zircon growth from a melt (see text for details)
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S18). Spot analyses of monazite in Natron orthogneiss sam-
ple EL04-01 show Archean cores that record minor mixing 
with a Neoproterozoic component; a Neoproterozoic rim is 
confirmed by depth profiling (546 ± 12 Ma; Table 2) and 
by chemical dates (Table S5). In Arusha quartzite sample 
LJ04-08, spot analyses from different monazite grains yield 
a single age population (588 ± 2 Ma). In Arusha schist sam-
ple LG04-09, spot analyses of distinct compositional zones 
yield dates ranging from 605 to 567 Ma and show increasing 
Y and decreasing Gd/YbN with younger dates (Fig. S10).

Titanite, rutile, and apatite in mid-crustal xenoliths from 
the Natron and Arusha groups are Neoproterozoic–Paleo-
zoic in age. Titanite in a Natron amphibolite PH04-02 
yields an age of 533 ± 7 Ma and an average ZiT tempera-
ture of ~ 760 °C (Table 2). Titanite in Arusha orthogneisses 
LJ04-26 and OM04-13 (Table  1) yields 528 ± 9 and 

514 ± 10 Ma dates, respectively, and a tight range of ZiT 
temperatures of 750–770 °C (Table 2). Dates for titanite 
grains in Arusha amphibolite LG04-37 range between 540 
and 480 Ma (Fig. 7) and have average ZiT temperatures 
of ~ 770 °C (Table 2). Rutile in two Arusha schist and quartz-
ite xenoliths (samples LG04-09 and LJ04-08) yields 500 ± 4 
and 498 ± 3 Ma dates (Fig. 7) and both have overlapping 
700–710 °C ZiR temperatures (Table 2). Apatite dates are 
highly variable among the Natron and Arusha mid-crustal 
xenoliths, but all are younger than coexisting titanite and 
rutile (Fig. 7); in Natron samples, apatite dates range from 
515 to 470 Ma and in the Arusha samples 480–440 Ma 
(Table 2).

Accessory phase dates in granulite xenoliths are distinc-
tive from those recorded in upper- and mid-crustal xenoliths. 
Zircon is only found in Natron mafic–intermediate granulite 

Fig. 4   Labait rutile data. a Tera-
Wasserberg concordia plot of 
rutile spot analyses from amphi-
bolite xenolith LB04-89. Data 
are not common-Pb corrected. 
b Tera-Wasserberg concordia 
plot of all rutile spot analyses 
from garnet granulite xenoliths 
(colored by sample). Rutiles 
in all samples show a similarly 
large age range. The inset 
shows a subset of analyses that 
lie near concordia at 600–500. 
Data are not common-Pb cor-
rected. c Box-and-whisker plot 
comparing ZiR (filled) and 
TiZ (unfilled) temperatures in 
the different garnet granulite 
xenoliths. Note how ZiR tem-
peratures are lower. d Common-
Pb corrected U–Pb date vs. 
Zr contents. No discernable 
correlation exists in any of the 
samples. Same color scheme as 
in panels b/c 
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xenoliths, is exclusively Archean (2.8–2.5 Ga), and has 
TiZ temperatures of 760–820 °C (Table 2). Titanite in one 
mafic Natron garnet granulite and two mafic Arusha garnet 
granulites yields Neoproterozoic–Mesozoic dates, which are 
discussed separately below. Granulite xenoliths in both the 
Natron and Arusha groups all contain near-zero rutile and 
apatite dates (Fig. 7; Table 2); in Natron granulites where 
quartz and zircon are present, ZiR temperatures are 690 and 
770 °C (Table 2).

The presence of titanite overgrowths on rutile in the 
Natron and Arusha granulite xenoliths is given particular 
attention because they are retrogression features that can 
be linked to exhumation history of the lower crust (e.g., 
Manning and Bohlen 1991; Ernst and Liu 1998; Frost et al. 
2001). Spot analyses of titanite in the two Arusha samples 
(Lashaine granulites 89–729 and 89–731) yield 550–260 Ma 
dates; depth profile data show a gradual decrease in age 

toward the rims (Fig. 8d, e). Trace elements with distinct 
diffusivities—like Sr, Nd, Nb, and Zr (e.g., Holder et al. 
2019)—show similar variability across the depth profiles in 
the two samples. By contrast, spot analyses of titanite in a 
Natron granulite (Kisite granulite KS04-10) vary between 
550 and 440 Ma, but depth profiling does not show a rim-
core relationship like that observed in the Natron granulites 
(Fig. 8d, f).

Discussion

Diffusive length‑scales

To distinguish Pb loss by thermally mediated volume dif-
fusion from non-diffusional processes (e.g., neocrystalliza-
tion or recrystallization), we use the experimentally- and 

Fig. 5   Labait apatite data. a 
Tera-Wasserberg concordia plot 
of apatite spot analyses from 
granite, schist, and amphibolite 
xenoliths. Most of the data fall 
along a 2.5-Ga reference isoch-
ron (see Table 2 for individual 
dates). Data are not common-Pb 
corrected. b, c Tera-Wasserberg 
plots of apatite spot analyses 
from two-pyroxene granulites. 
Both samples yield a spread 
of dates from 2.5 Ga to < 1 Ga 
with younger spots exhibiting 
higher LREE contents. Data 
are not common-Pb corrected. 
d, e Apatite depth profiles 
showing common-Pb cor-
rected U–Pb date, LREE, and 
Sr core-rim variations. Rims are 
distinctly enriched in LREE and 
Sr contents, likely from melt 
interactions (see text for discus-
sion). Lighter, thinner lines are 
individual profiles, and darker, 
bolder lines are averages of all 
profiles
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empirically derived diffusivities of multiple elements. 
We assess characteristic length scales assuming diffusion 
through a sphere, described by the following relationship 
(Crank 1975): L =

√

4Dt , where L is the characteristic dif-
fusion length-scale, D is temperature-dependent diffusivity, 
and t is the duration of heating. If compositional variation 
in a mineral was driven by thermally mediated volume dif-
fusion, elements with different diffusivities should record 
different length-scales for a given temperature and duration 
of heating (Fig. 9). Additionally, where volume diffusion is 
inferred, this simple relationship enables distinction between 
diffusion caused by thermal events separated by significant 
time intervals. In our study, this could be recent heating 
related to rifting (< 4 Myr; Dawson 1992; Le Gall et al. 
2008) versus long-term isothermal residence since orogeny 
(~ 600 Myr; Möller et al. 2000). Depth profiling is capable of 
resolving micron-scale near-rim variations—such as meta-
morphic rims or isotopic elemental gradients induced by 
thermally mediated volume diffusion (e.g., Cochrane et al. 
2014; Smye and Stockli 2014; Stearns et al. 2016; Paul et al. 
2019).

Multiple thermal imprints in the Tanzanian Craton

Archean thermal histories

Zircon, rutile, and apatite from Labait granite, schist, and 
amphibolite xenoliths indicate that the upper–middle crust 
of the craton has not experienced significant thermal over-
printing since the Archean. Assuming that the upper and 
middle crust formed at similar times in the Archean, and 
integrating TiZ temperatures calculated for concordant zir-
con (~ 680 °C at ~ 2.68 Ga in amphibolites; Table 2) and the 
ages and the nominal Pb closure temperatures of rutile and 
apatite (2.6 and 2.5 Ga over ~ 550–400 °C), we calculate 
time-averaged cooling rates between 1 and 3 °C/Ma from 2.6 
to 2.5 Ga (Table S4). The preservation of Neoarchean apatite 
dates further suggests that Proterozoic orogenies (Usagaran 
and East African), nor rifting has heated the upper–middle 
crust of the craton, even at its margin. Feldspar Pb isotope 
data from craton exposures near Dodoma (Fig. 1) do show 

Fig. 6   Zircon from the Western Granulites and Eastern Granulite 
cover, Mozambique Belt. a PDPs of U–Pb dates. Zircon from the 
Western Granulites (orange) display a distinct bimodal distribution, 
with one Archean peak (2.6–2.4  Ga) and another Proterozoic peak 
(ca. 610 Ma). Zircon from the Eastern Granulites display a range of 
Proterozoic dates that differ among different sample types. Garnet-
absent samples vary between 950 and 660 Ma, with prominent peaks 
at ca. 900 and 700  Ma, whereas garnet-bearing samples are largely 
centered between 800 and 660 Ma. b–e Trace-element and age vari-
ations. Note the distinct shifts in Gd/Yb, Eu/Eu*, and TiZ tempera-
tures at ~ 770  Ma in garnet granulites from the Eastern Granulite 
cover. U–Pb date is the 238U/206Pb date < 1400 Ma and the 207Pb/206Pb 
date for > 1400 Ma

▸
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resetting at 2.0 Ga (Möller et al. 1998), suggesting that the 
Usagaran Orogen only impacted the southern portion of the 
craton and does not extend to the Labait region (Fritz et al. 
2005).

In contrast to upper–middle crustal xenoliths, lower 
crustal granulite xenoliths from Labait show evidence for 
thermal pulses during later Archean, Neoproterozoic, and 
recent events. Neoarchean UHT conditions are recorded in 
TiZ temperatures of ≥ 950 °C at ca. 2.64 Ga in both the two-
pyroxene and garnet granulites (Fig. 3E). UHT conditions 
were likely accompanied by partial melting (e.g., Yakym-
chuk and Brown 2014) as indicated by the greater magni-
tude negative Eu anomalies in the hotter zircons (Fig. 3e). 
This trend reflects either buffered Eu3+/Eu2+ ratios during 

feldspar crystallization (Kohn and Kelly 2017) or chang-
ing redox state of the system (Hinton and Upton 1991). 
Although the Eu3+/Eu2+ ratio is redox-sensitive, this ratio 
is buffered by more dominant redox-sensitive elements (e.g., 
Fe), such that when feldspar removes Eu2+ during crystal-
lization from a melt, some amount of Eu3+ is reduced to 
Eu2+ to maintain the Eu3+/Eu2+ ratio (Kohn and Kelly 2017). 
Because zircon preferentially incorporates Eu3+, zircon that 
co-crystallizes with feldspar will have increasing magni-
tudes of negative Eu anomalies over time at constant fO2 
conditions (Kohn and Kelly 2017). If the observed negative 
Eu anomalies were related to lower oxygen fugacity, one 
would expect Ce anomalies to become more subdued with 
date (Trail et al. 2012; Kohn and Kelly 2017), yet only a 
weak trend between Ce anomalies and date is observed (Fig. 
S7). The same trend could reflect protracted zircon growth 
from a melt; zircon is the only phase present that preferen-
tially sequesters and depletes Ce4+ in the system (Trail et al. 
2012). Zircon geochemical signatures are best explained by 
protracted zircon crystallization from a melt during Archean 
UHT metamorphism in the lower crust.

Ultra-high temperature metamorphism and partial melt-
ing of the lower crust of the Tanzanian Craton had previ-
ously been inferred on the basis of exsolved ternary feld-
spars in the two-pyroxene granulite xenoliths and significant 
whole-rock depletions of Cs, Rb, Th, and U (Mansur et al. 
2014). Additional evidence for partial melting at this time is 
the presence of 2.66–2.62 Ga high-K granites on the craton 
(Maboko et al. 2006; Sanislav et al. 2014, 2018) as well 
as U-depletion inferred from Pb isotopes in feldspars from 
Western Granulites (Möller et al. 1998). Zircon temperatures 
are highest at 2.62–2.60 Ga in the granulite xenoliths, pro-
viding a temporal link between deep crustal metamorphism 
and granite production.

Neoproterozoic and Neogene heating

In addition to UHT metamorphism, the lower crust of 
the craton margin was affected by the East African Oro-
gen and recent rifting. Previously, the only evidence for 
EAO-related events in the Labait lower crust was a gar-
net anorthosite containing plagioclase with Pb isotopic 
compositions plotting near a 550-Ma geochron (Mansur 
et al. 2014). Rutile in Labait garnet granulites dominantly 
yields Proterozoic and younger dates that point to a com-
plex thermal history in response to the East African Oro-
gen. While there is evidence of an Archean phase of rutile 
growth—two data points at ca. 2.5 Ga and ca. 1.1 Ga (inset 
in Fig. 4b)—it is difficult to draw conclusions based on so 
few data. The two older rutile spot analyses exhibit modest 
temperatures of ~ 750 °C (Fig. 4c), suggesting that the high 
ZiR temperatures recorded in the younger rutiles represent 
an additional high-temperature event after the Archean. 

Fig. 7   Comparison of Proterozoic–Phanerozoic accessory phase U–
Pb dates from xenoliths and surface outcrops from the East African 
Orogen. For zircon and monazite, only grains within 5% concordance 
are shown. All titanite, rutile, and apatite dates are common-Pb cor-
rected (see Table  S3 for common-Pb compositions). Bars represent 
ranges of dates. Gray blobs in Eastern Granulite cover zircon are 
PDPs. Concordia plots of each dated phase in the samples are pre-
sented in the Supplementary Materials
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Indeed, the most concordant rutile data at 600–500 Ma 
record elevated ZiR temperatures of ~ 820 °C, which impli-
cate the EAO (Fig. 4d). Most ZiR temperatures, however, 
do not correlate with date (Fig. 4d). Recrystallization and 
Pb loss during post-orogenic cooling and/or rift-related 

heating may explain the disparate U–Pb and trace-element 
patterns.

The range of ZiR temperatures may represent diffusive 
resetting, distinct thermal events, or variable aSiO2 and/or 
aZrSiO4 during rutile crystallization. The combined data 

Fig. 8   Titanite data from lower-crustal xenoliths. a–c Spot analy-
ses across titanite grains range from 550 to 250 Ma for the Lashaine 
granulites and 550 to 450 Ma for the Kisite granulite. See Table 2 for 
calculated ZiT temperatures. d, e Depth profiling of Lashaine whole 
titanite grains confirms the presence of young rims mantling cores. 
The selected trace-elements are ordered from faster to slower diffus-
ing from left to right (after Cherniak 1995; Kohn 2017; Holder et al. 
2019). The topologies of the different elements vary over similar 

length scales, contrary to variable topologies that would be produced 
by thermally mediated volume diffusion. Instead, age and elemental 
variations could reflect mixing of a thin young rim with an older core, 
similar to what was observed in the metasomatised Labait apatite. f 
Depth profiles of Kisite titanites. Note how unlike the Lashaine titan-
ites, these titanites have generally uniform compositions with depth. 
A general decrease in age with depth in these titanites reflects higher 
proportion of common-Pb at the grain surface
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suggest that variable aZrSiO4 is the most likely scenario. 
The spread of ZiR temperatures is not likely to be related 
entirely to diffusive loss of Zr during rift-related heating. 
For 4 Myr at holding temperatures of 800 °C (oldest rift 
magmatism in the area; Dawson 1992), Zr diffusion would 
occur over length-scales of ~ 120 µm and the U–Pb system 
would be reset across the whole rutile grain (> 200 µm; 
Fig. 9a) (Ewing et al. 2013; Pape et al. 2016), contrary 
to the preservation of Mesoproterozoic and older dates. 
Given the lack of any trend between ZiR temperature and 
U–Pb dates (Fig. 4d), it is also difficult to argue that the 
range of ZiR temperatures reflects mechanical mixing 

between discrete domains during ablation. By contrast, the 
absence of EAO-age zircon in all of the Labait granulite 
xenoliths is evidence that aZrSiO4 was not unity during 
Proterozoic rutile crystallization, and consequently, the 
range of ZiR temperatures may reflect variable aZrSiO4 
(plus aSiO2). Several studies have observed that ZiR tem-
peratures in high-grade rocks are highly variable and have 
posited that maximum ZiR temperatures closely approxi-
mate peak temperatures (e.g., Kooijman et al. 2012; Kohn 
et al. 2016; Zack and Kooijman 2018; Clark et al. 2019). 
The simplest explanation for our data is that rutile (re)

Fig. 9   Characteristic length-scales of diffusion for different ele-
ments in different phases across relevant temperatures and durations. 
Length-scales of key elements would be expected to vary by orders 
magnitude were thermally mediated volume diffusion at play. a Com-
paring Zr and Pb length-scales for rutile. Diffusivity data for Zr from 
Cherniak (2006) and Pb from Cherniak (1993). b Comparing Sr and 
Pb length-scales for apatite. Diffusivity data for Sr and Pb from Cher-
niak et al. (1991). c Comparing Zr, Nd, Sr, and Pb length-scales for 

titanite. Diffusivity data Nd from Cherniak (1995) and Sr and Pb 
from Kohn (2017) and Holder et al. (2019). Experimental Zr diffusiv-
ity data from Cherniak (2006) (Zr exp) and empirical Zr diffusivity 
data from Holder et al. (2019) (Zr emp). d Comparing characteristic 
length-scales of diffusion for Pb in different phases. Diffusivity data 
for rutile, apatite, and titanite same as other panels. Zircon Pb diffu-
sivity data from Cherniak (2010)
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crystallized during the EAO with variable aZiSiO4 and/or 
aSiO2 and underwent subsequent partial Pb loss.

Partial Pb loss in the rutile likely occurred during pro-
longed residence at elevated temperatures after the EAO. 
Characteristic diffusion length scales derived from Pb dif-
fusivities (Cherniak 2000; Smye et al. 2018) for 600 Myr of 
isothermal residence are ~ 4 µm at 500 °C, ~ 20 µm at 550 °C, 
and 80–86 µm at 600 °C, consistent with the preservation of 
Mesoproterozoic dates observed in the analyzed rutile grains 
(Fig. 9a). Thus we suggest that for most of its history, the 
cratonic lower crust remained at 500–600 °C—temperatures 
hot enough for partial Pb loss, but cool enough to avoid 
complete rutile resetting.

In addition to EAO-related metamorphism, there is evi-
dence for rift-related overprinting of the deep crust from 
apatite in two-pyroxene granulites (Fig. 5). CL-dark patches 
occur close to grain rims and along cracks and resemble 
fluid infiltration textures (e.g., Harlov et al. 2005). Depth 
profiles show that these are young domains with elevated 
Sr and LREE-enriched signatures that overprint homogene-
ous, older cores—2.3–1.8 Ga in sample LB04-36 and ca. 
400 Ma in sample LB04-86 (Fig. 5d, e). These older core 
dates likely correspond to original cooling times. Notably, 
U–Pb dates, Sr, and LREE contents vary over similar length 
scales (~ 2–3 µm), indicating they do not solely reflect ele-
ment mobility by thermally mediated volume diffusion 
(Fig. 9b).

Rift-related overprinting in Labait granulite xenoliths 
was suggested by Mansur et al. (2014) based on pyroxene 
rims that recorded elevated temperatures (~ 780 °C). Addi-
tionally, grain-boundary alteration around plagioclase in an 
anorthosite xenolith has Pb isotopic ratios that lie along a 
present-day geochron (Bellucci et al. 2011). The young ages 
of Labait apatite rims further implicates a rift-related pro-
cess. This overprinting, which is associated with elevated 
LREE contents, may be due to carbonatite melt interactions. 
Similar LREE enrichments have been observed along grain-
boundaries in other Tanzanian xenoliths, including Lashaine 
garnet granulites (Mansur et al. 2014; this study) and peri-
dotites (Ridley and Dawson 1975), and in clinopyroxene 
dunite xenoliths from Olmani (Rudnick et al. 1993), where 
carbonatitic melts have extensively altered portions of the 
mantle lithosphere. We speculate that these low-viscosity, 
low-degree partial melts intruded along grain boundaries 
within the lower crust in response to rifting and generated 
the metasomatized domains observed in the apatite.

Although heating and fluid infiltration associated with 
rifting has affected the deep crust of the craton—as evi-
denced by textures and dates of apatites and pyroxene rims 
in some two-pyroxene granulites—it has not yet erased 
earlier metamorphic/thermal histories. The preservation 
of older Archean–Proterozoic dates in rutile and apatite in 
granulite xenoliths imposes key constraints on the duration 

of rift-related heating. As discussed previously, rift-related 
heating must have been short in duration (< 4 Myr) in order 
for rutile to retain Proterozoic and older dates. Assuming 
isothermal residence at ~ 780 °C (pyroxene rims tempera-
tures described above), ~ 100 kyr would result in diffu-
sion length scales of > 500 µm in apatite and ~ 100 µm in 
rutile, ~ 1 kyr would yield diffusive length scales of ~ 100 µm 
in apatite and ~ 10 µm in rutile, and < 0.1 kyr corresponds 
to diffusion length scales of ~ 10 µm in apatite and < 1 µm 
in rutile (Fig. 9d). The latter matches the data discussed 
above. The short duration of rift-related heating of the lower 
crust is consistent with low surface heat flow on the craton 
(e.g., Nyblade 1997; Weeraratne et al. 2003), as well as the 
relatively recent initiation of rift volcanism in this region 
(Dawson 1992).

Finally, the post-Archean thermal history inferred from 
rutile and apatite analyses of granulite xenoliths appears, at 
first glance, to conflict with previously reported feldspar Pb 
isotopic data, which suggested that the lower crust of the 
craton remained cool (below 600 °C—the closure tempera-
ture for Pb diffusion in feldspar) since the Archean (Bellucci 
et al. 2011). The discrepancies between the inferred ther-
mal histories can be reconciled if feldspar did not undergo 
isotopic exchange with high U/Pb phases—like apatite—
during post-Archean thermal events, yet temperatures were 
high enough to enable such Pb exchange. Thus, the fact that 
feldspar only exhibits Archean Pb isotopic signatures may 
either reflect the short duration of later heating, or that post-
Archean isotopic signatures were not captured by previous 
in situ methods, which focused on the grain interiors away 
from rims where overprinting would be first recorded (Bel-
lucci et al. 2011).

Thermal evolution of the East African Orogen

Neoproterozoic metamorphism and post‑orogenic cooling 
of the Eastern and Western Granulites

Granulites exist at the surface of the East African Orogen 
and as xenoliths from the underlying lower plate (Fig. 1). 
Petrochronological analyses of the Eastern Granulite cover 
and the Western Granulites enable distinction from granu-
lite xenoliths. Additionally, when combined with previously 
published dates (Möller et al. 2000), the data offer insight 
into the tectonic and thermal history of the orogen.

Samples from the Eastern Granulite cover record pro-
tracted zircon growth from 915 to 630 Ma and lack any 
Archean inheritance (Fig. 5a; Möller et al. 1998; Sommer 
et al. 2005; Hauzenberger et al. 2007; Tenczer et al. 2006, 
2013). The range of zircon dates in these rocks overlap with 
arc rocks elsewhere in the orogen (Fritz et al. 2013) and sup-
port previous suggestions that the Eastern Granulites cover 
and basement is derived from an outboard arc terrane that 
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was accreted onto Africa during the EAO (e.g., Appel et al. 
1998; Möller et al. 2000). TiZ temperatures in garnet gran-
ulites record crystallization from ~ 830 °C at 780–700 Ma 
to ~ 640 °C at 640 Ma (Fig. 6d) along a retrograde cooling 
path (e.g., Kelsey and Powell 2011; Kohn 2017). Initial gar-
net growth, as recorded by elevated Gd/YbN ratios in zircon 
at 780–760 Ma (Fig. 6b), occurred shortly before the onset 
of cooling. Growth of clinopyroxene over garnet, like those 
observed in our samples (Fig. S1) was interpreted as evi-
dence of isobaric cooling of the Eastern Granulites (e.g., 
Appel et al. 1998), and the zircon temperature trends may 
record part of this cooling period.

The Western and Eastern Granulites underwent multiple 
episodes of metamorphism during the East African Orog-
eny (e.g., Stern 1994; Meert 2003; Fritz et al. 2009). The 
youngest zircon and monazite U–Pb dates from the Eastern 
Granulites are 645–630 Ma (Möller et al. 2000; Tenczer 
et al. 2013; this study) and have been interpreted to date 
metamorphism during later magmatic underplating (Appel 
et al. 1998; Möller et al. 2000). Neoproterozoic zircon rims 
from the Western Granulites (630–615 Ma; Sommer et al. 
2003; Cutten et al. 2006; this study) are younger than those 
from the Eastern Granulite cover, but older than the onset 
of continent–continent collision (560–550 Ma; Fritz et al. 
2013). Similarly, metamorphic titanite dates in the Eastern 
Granulites (620–610 Ma; Möller et al. 2000; this study) are 
coincident with the Western Granulite zircon dates, indi-
cating that metamorphism occurred in both terranes prior 
to 560–550 Ma collision. Meert (2003) proposed at least 
two collisional events during the assembly of Gondwana: 
one ca. 630–610 Ma, representing the timing of accretion 
of outboard arc terranes and continental blocks onto West 
Gondwana/East Africa, and another 570–530 Ma marking 
collision between the newly amalgamated West Gondwana 
terranes with East Gondwana. Consequently, 630–610 Ma 
metamorphic zircon and titanite dates record metamorphism 
during emplacement of the Eastern Granulite basement/
cover onto the East African margin.

Rutile and apatite in the Western and Eastern Granulites 
record cooling following the collisional events discussed 
above. Cooling rates are calculated using the U–Pb dates 
of two or more phases in a sample and their respective Pb 
closure temperatures. In the Western Granulites, 545 Ma 
titanite dates (this study) and 560–540 Ma metamorphic zir-
con and monazite dates (Le Goff et al. 2010; Tenczer et al. 
2013) document metamorphism during continental colli-
sion. This was followed by cooling through rutile Pb closure 
at ~ 515 Ma and apatite Pb closure at ~ 510 Ma and ~ 460 Ma 
(Table 2), yielding time-averaged cooling rates of 4–30 °C/
Myr from 540–510 Ma (assuming cooling from ~ 775 °C; 
Table S4). The Loibor Serrit Eastern Granulite cover sam-
ples record cooling after accretion at 620–610 Ma (titan-
ite data; Möller et al. 1998; this study); these rocks cooled 

through rutile closure ca. 560 Ma and apatite closure from 
520–460 Ma, or at a rate of 1–6 °C/Myr from 620 to 460 Ma. 
Similar cooling rates were determined using integrated 
U–Pb TIMS dating of zircon, monazite, titanite, and rutile 
and K–Ar and Ar–Ar dating of hornblende, biotite, musco-
vite, and K-feldspar of gneisses from the Eastern Granulite 
basement along strike in eastern Tanzania (Maboko et al. 
1989; Möller et al. 2000).

Post‑collisional cooling history of the middle–lower crust

Mid-crustal xenoliths record cooling rates similar to those 
of outcrops. Some mid-crustal xenoliths have 640–545 Ma 
monazite and zircon dates that suggest metamorphism dur-
ing the EAO (Fig. 7; Table 2). Titanites in Natron and Aru-
sha orthogneiss and amphibolite xenoliths are ca. 530 Ma 
and 540–480 Ma, respectively (Table 2). These dates are 
generally younger than those in either the Western or Eastern 
Granulites (Table 2; Möller et al. 2000) and do not appear 
to correspond to any discrete tectonic event in the area. The 
titanite dates could reflect growth after peak metamorphism 
or resetting by some later processes (e.g., fluid interactions; 
Spencer et al. 2013), but are probably not cooling dates as 
they crystallized below the nominal > 800 °C titanite Pb clo-
sure temperature (Table 2). Rutile and apatite dates (Fig. 7) 
are 520–470 Ma for the Natron xenoliths and 500–440 Ma 
for the Arusha xenoliths, and are interpreted to constrain 
cooling from 550 to 400 °C (e.g., Smye et al. 2018). Cool-
ing rates of mid-crustal xenoliths are 2–7 °C/Myr for the 
Natron and 1–3 °C/Myr for the Arusha xenoliths from ~ 550 
to 440 Ma (Table S4). Both rates are similar to one another 
and are within the range of cooling rates calculated for the 
upper crust in this study.

Accessory phases from Natron and Arusha lower crus-
tal garnet granulite xenoliths have U–Pb dates distinct from 
those from the upper and in middle crustal xenoliths (Fig. 7). 
Zircon is exclusively Archean, but rutile, apatite, and titanite 
in these lower crustal xenoliths are significantly younger 
than those at higher crustal levels. These data provide insight 
into the post-collisional cooling history of the lower crust 
of the EAO.

Peak metamorphic pressures for lower crustal xenoliths 
from the Natron and Arusha areas are up to 2.0 GPa during 
the EAO (Mansur et al. 2014; this study). Because the crust 
is ~ 40 km-thick today (Julià et al. 2005), the crust as a whole 
has undergone significant thinning or exhumation since 
orogeny. Near-zero age rutile and apatite from the granulite 
xenoliths (Fig. 7) preclude determining a specific exhuma-
tion/cooling history for the lower crust: these dates could 
reflect protracted residence above closure temperatures 
(600–700 °C) or recent heating by rift magmas (> 800 °C) 
(see previous discussion).
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In contrast to rutile and apatite, titanites in Lashaine 
and Kisite garnet granulite xenoliths capture the post-
collisional thermal history of the lower crust, with titanite 
overgrowths on rutile (Fig. 10) tracking the retrograde path 
(e.g., Manning and Bohlen 1991; Ernst and Liu 1998; Kohn 
2017). Pseudosection modeling of garnet granulite xeno-
liths derived from the lowermost crust (samples 89–729 
and 89–731)—with sample 89–729 shown for reference in 
Fig. 10—places the rutile-titanite transition between 1.0 
and 1.6 GPa at 550–850 °C. The high-pressure stability of 

titanite over rutile requires near-isobaric cooling at the out-
set of collision. The occurrence of fine-grained kyanite in 
samples 89–729 and 89–731 (e.g., Fig. 3 in Mansur et al. 
2014) is consistent with high P–T experiments of Man-
ning and Bohlen (1991) that document the reaction titan-
ite + kyanite = rutile + anorthite, with titanite + kyanite being 
the higher pressure assemblage. Manning and Bohlen (1991) 
noted that the presence of hydrous phases, like zoisite, can 
influence the position and slope of the titanite-rutile reac-
tion line—the addition of even modest amounts of H2O can 
reverse the stability of rutile to pressures greater than titan-
ite. These xenoliths are, however, dry, refractory, and lack 
any hydrous phases (Mansur et al. 2014), supporting the 
stability field of titanite shown in Fig. 10.

ZiT thermometry constrains the retrograde P–T path 
into the titanite stability field, and the magnitude of cooling 
depends on the aSiO2 and aZrSiO4 used to calculate appar-
ent titanite temperatures. Granulites 89–729 and 89–731 lack 
quartz, so aSiO2 is certainly less than 1. Using aSiO2 = 0.5 
as a minimum bound—based on the presence of feldspars 
instead of feldspathoids (Ferry and Watson 2007)—a possi-
ble cooling path from 840 °C (peak temperatures from Man-
sur et al. 2014) to ≤ 750 °C is inferred (intersection of ZiT 
apparent temperatures at the titanite-rutile phase boundary; 
solid black arrow in Fig. 10). Further cooling and decom-
pression towards 1.2 GPa (i.e., the present-day Moho) is 
inferred for the lower crust (dashed black arrow in Fig. 10).

Titanite U–Pb dates provide constraints on the timing and 
rate of lower crust cooling. Spot analyses and depth profiles 
of lower crustal titanites yield dates as old as 560 Ma (taken 
as growth following peak metamorphism in the EAO) and 
extend to Paleozoic and younger dates: < 100 Ma in depth 
profiles through titanites in granulites 89–729 and 89–731 
(Fig. 8a–d), to as young as 440 Ma in granulite KS04-10 
(Fig. 8e, f). The spread to younger dates likely relate to 
the cooling history and may reflect the following: (1) Pb 
diffusion from the grain during residence at elevated tem-
peratures; (2) protracted titanite growth during cooling; (3) 
partial resetting by fluids, melts, etc. during post-orogenic 
exhumation; or (4) mechanical mixing with a thin, young 
rim during laser ablation. Each of these possibilities is con-
sidered in turn.

Diffusional Pb loss can be eliminated based on depth 
profiles through the titanites. Titanites in Arusha samples 
89–729 and 89–731 reveal monotonically decreasing dates 
toward the grain rims that co-vary with multiple trace ele-
ments. Although the U–Pb profiles appear to follow a topol-
ogy resembling diffusive Pb loss (Fig. 8b, d), elements with 
different diffusivities—like Sr, Nd, and Zr (Cherniak 1995, 
2006; Kohn 2017; Holder et al. 2019)—vary in concentra-
tions over similar distances, contrary to the pattern pre-
dicted by thermally mediated volume diffusion (Fig. 9c; see 
also discussion in Stearns et al. 2016). For example, using 

Fig. 10   Constraints on P–T evolution of the lower crust from titanite–
rutile pairs in granulite xenoliths. a–d Rutile core in titanites from the 
Lashaine and Kisite granulite xenoliths indicate titanite growth dur-
ing cooling and decompression after peak metamorphism. White bars 
are ~ 100  µm wide. e Phase diagram for Lashaine granulite 89–729 
(taken to be representative for all the granulites). The titanite–rutile 
phase boundary is from pseudosection modeling conducted in this 
study (see Supplementary Materials). Orange bars represent con-
straints from ZiT thermometry for 89–729 titanite (similar to titan-
ite from the other samples) using aSiO2 = 0.5 as a minimum bound, 
(Ferry and Watson, 2007). Zr contents in titanite suggest formation 
during cooling after peak metamorphism (red circle; P–T constraints 
from Mansur et  al. 2014). Dashed arrow represents a possible P–T 
path from peak conditions, through the titanite–rutile boundary, and 
to pressures corresponding to the present-day Moho (horizontal grey 
bar)
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experimental diffusivity data from Cherniak (2006), length 
scales of Zr for ~ 100 Myr residence at ~ 700 °C are expected 
to be an order of magnitude greater than for Pb, Sr, and 
Nd (Fig. 9c). However, using empirical Zr diffusivity data 
(Holder et al. 2019), length scales of Zr are < 2 µm at the 
same conditions (Fig. 9c), and could be even shorter (Stearns 
et al. 2016). Titanite Nd and Zr profiles do not show sig-
nificant outward diffusion (Fig. 8d, e), suggesting that post-
orogenic residence temperatures were < 700 °C, well below 
Pb closure in titanite (Kohn 2017). Additionally, maximum 
ZiT temperatures (assuming that aSiO2 = 1) are 780–810 °C 
at ~ 1.6 GPa (Fig. 10), which lie at the lower end of the pro-
posed range of titanite Pb closure temperatures (> 800 °C; 
using titanite Pb diffusivities reported in Kohn 2017). Thus, 
the titanites did not undergo significant Pb diffusion during 
slow cooling following the EAO, and the younger Paleozoic 
titanite dates reflect process 2, 3 or 4 listed above.

Protracted titanite growth during cooling is also unlikely. 
Were this the case, titanite dates would be expected to corre-
late with ZiT temperatures, but they do not (Fig. 8). Isother-
mal titanite growth for > 300 Myr in the lower crust is also 
improbable because the upper and middle crust had under-
gone significant cooling and exhumation from 560–460 Ma 
(Table 2). The variable titanites dates thus correspond to 
resetting by non-diffusional processes and/or mixed sam-
pling of discrete age domains.

Several studies have suggested that titanite can be reset 
via fluid infiltration during retrogression (Frost et al. 2001; 
Bonamici et al. 2015; Garber et al. 2017; Marsh and Smye 
2017; Walters and Kohn 2017; Holder and Hacker 2019). 
The outermost 5 µm of titanites from the Lashaine mafic gar-
net granulites have trace-element patterns that are consistent 
with growth from a near-homogeneous medium along grain 
boundaries (fluid or melt). Alteration along grain boundaries 
in Lashaine garnet granulites is LREE-enriched and Pb iso-
topes suggest this alteration occurred very recently (Mansur 
et al. 2014), implicating the influence of rift-related metaso-
matism. High-resolution X-ray mapping using wave-length 
dispersive spectroscopy (WDS) documents the presence of 
variable thickness (3–30 µm) titanite rims enriched in Nd 
and Ce relative to the grain interior (Fig. S20). We conclude 
that the 550–250 Ma titanite spot analyses (Fig. 8)—like 
the < 10 Ma, LREE-enriched rims of Labait apatite—are 
the result of mixing between an older Proterozoic core with 
a rim that formed during the Cenozoic, likely during rift-
related metasomatism (i.e., processes 3 and 4 listed above). 
Titanite in garnet granulite xenolith KS04-10 from the 
Natron region has U–Pb dates that range from 550–440 Ma 
(Fig. 8c, f), but does not exhibit near-rim variations like 
those observed in the Lashaine granulites; this sample, 
therefore, eluded rift-related metasomatism and preserves 
the original data range associated with cooling and exhuma-
tion of the lower crust.

In sum, titanite petrochronology suggests that the lower 
crust cooled from > 840 °C to temperatures as low as 750 °C 
shortly after the EAO (as early as 560 Ma), followed by pro-
longed cooling (~ 0.2 °C/Myr) and decompression to the pre-
sent-day Moho. Because diffusional Pb loss is not observed 
in the titanites, we infer that the lower crust has remained 
well below the Pb closure temperature of titanite since the 
Proterozoic. Recent growth of titanite rims associated with 
rift-related metasomatism of the lower crust in the Arusha 
region resulted in apparent titanite dates down to ~ 100 Ma. 
Finally, the absence of radiogenic Pb in rutile and apatite in 
lower crustal xenoliths implies residence above the Pb clo-
sure temperatures of these phases, corresponding to present-
day lower crustal temperatures of > 650 °C (total radiogenic 
Pb loss in rutile; Kooijman et al. 2010) and < 750 °C (ZiT 
temperatures; Fig. 11).

Variable present‑day thermal structure 
of the lithosphere

The data discussed above provide constraints on the pre-
sent-day thermal structure of the lithosphere. Surface heat 
flow in the East African Orogen is higher than on the craton 
(average 47 ± 8 mW/m2 for the orogen versus 38 ± 8 mW/
m2 [all ± 1SD] at the craton margin; Nyblade 1997), reflect-
ing greater crustal heat production and/or mantle heat flow 
beneath the orogen. Crustal heat production is probably not 
much greater in the orogen given the scarcity of heat-pro-
ducing element enriched plutons (e.g., Appel et al. 1998; 
Fritz et al. 2005) and the presence of refractory, Archean-
aged crust beneath the orogen (Mansur et al. 2014). Hotter 
Moho temperatures—derived from residence temperatures 
of garnet granulite xenoliths—for the orogen compared to 
the Tanzanian Craton (650–750 °C vs. 500–600 °C, respec-
tively) also suggest greater heat input from the underlying 
mantle and may be a consequence of the greater intensity of 
rift-related heating below the orogen.

To gain first-order insight into the potential causes of 
variable mantle heat flow across NE Tanzania, we calculate 
1-D steady state geotherms assuming conductive heat flow 
through the lithosphere and an exponential decrease in heat 
production with depth (Fig. 12; see Supplementary Materi-
als for details of calculations and model parameters). We do 
not incorporate the effects of depth-dependent thinning of 
the lithosphere. Inferred Moho temperatures for the craton 
margin at Labait are 500–600 °C and fall between 40 and 
50 mW/m2 geotherms (Fig. 12), typical of cratons elsewhere 
(e.g., Rudnick et al. 1998; Hasterok and Chapman 2011). 
Higher temperatures of 650–750 °C inferred for the lower 
crust of the orogen correspond to higher geotherms of 50–60 
mW/m2 (Fig. 12), similar to other Proterozoic orogens (e.g., 
Jaupart and Mareschal 2014). Importantly, the geotherms 
that encompass the range of orogenic Moho temperatures 
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intersect the mantle adiabat at shallower depths, indicating 
a thinner mantle lithosphere below the orogen (< 120 km 
lithospheric thickness, but it could be thinner if crustal heat 
production is lower than what we assume). This inference 
is also supported by Rayleigh wave tomography (~ 100 km 
lithosphere thickness; Weeraratne et al. 2003) and the gen-
eral scarcity of garnet-bearing mantle lithologies throughout 
the Mozambique Belt (Cohen et al. 1984; Dawson and Smith 
1988; Rudnick et al. 1994; Lee and Rudnick 1999; Aulbach 
et al. 2011).

A thinner mantle lithosphere below the orogen is the 
likely cause of increased mantle heat flow beneath the 

orogen compared to the craton margin. However, whether 
greater mantle heat flow reflects an intrinsically thinner 
mantle lithosphere or a lithosphere thinned by rifting is 
unclear. Most mantle xenoliths from the Mozambique Belt 
are refractory and ancient (Rudnick et al. 1994; Burton et al. 
2000)—though many have also undergone later metasoma-
tism—suggesting the mantle keel is still relatively intact 
(e.g., Rudnick et al. 1994; Aulbach et al. 2011). Addition-
ally, although some crustal xenoliths from the orogen record 
recent reheating (Jones et al. 1983; Mansur et al. 2014), 
the petrochronological data presented here do not require 
additional advective heat sources to explain lower-crustal 

Fig. 11   a Schematic diagram 
illustrating cooling rates of the 
different crustal levels of the 
Tanzanian Craton and Mozam-
bique Belt. Solid lines represent 
cooling paths constrained by 
petrochronology, whereas 
dashed lines represent inferred 
cooling paths (with question 
marks indicating highly uncer-
tain paths). From the craton, 
Labait granite xenoliths are 
taken as representative of the 
upper crust, schist and amphibo-
lite xenoliths as sampling the 
middle crust, and granulite 
xenoliths from the lower crust. 
From the Mozambique Belt, 
outcrops are taken as upper 
crustal samples, amphibolite 
and orthogneiss xenoliths from 
the middle crust, and granulite 
xenoliths from lower crust. 
The upper crust of the craton 
appears to record Archean 
cooling, whereas the lower crust 
underwent heating during the 
EAO and recently during rifting 
(not shown). In contrast to the 
craton, the entire crust of the 
Mozambique Belt underwent 
relatively rapid cooling follow-
ing the EAO, with differences 
in the post-collisional thermal 
histories relating to later melt/
fluid metasomatism during later 
slow cooling (also not shown). 
The horizontal gray bar repre-
sents the nominal range of Pb 
closure temperatures for rutile 
and apatite; above this bar, both 
phases are open to total Pb loss, 
and below it, both phases retain 
radiogenic Pb. b Cartoon show-
ing tectonic interpretations. 
Numbered circles correspond to 
numbers in panel a 
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temperatures of 650–750 °C for the orogen. Thus, if thin-
ning due to recent rifting has occurred, it has been relatively 
minor and has not resulted in catastrophic removal of the 
mantle lithosphere below the EAO.

Conclusions

New multi-phase U–Pb and trace element data from cross 
sections through the crust provided by outcrops and deep 
crustal xenoliths elucidate the thermal histories of the 
Archean Tanzanian Craton and adjacent East African Oro-
gen. The data suggest the following:

•	 The upper–middle crust of the Tanzanian Craton margin 
(Labait) has eluded major thermal perturbations during 
the Neoproterozoic East African Orogeny and Ceno-
zoic rifting. In contrast, the lower crust of the craton 
margin experienced Neoarchean UHT metamorphism/
melting, EAO-related heating, post-orogenic slow cool-
ing and rift-related fluid/melt interactions. The retention 
of older age domains in rutile, apatite, and feldspars in 
lower crustal granulite xenoliths (Bellucci et al. 2011; 

this study) suggest minimal reheating by rifting (at most 
0.1 kyr of heating assuming ~ 780 °C) and residence at 
500–600 °C prior to eruption

•	 Metamorphism of the Eastern and Western Granulites 
occurred ca. 630–610 Ma (zircon and titanite dates) 
during accretion of the Eastern Granulites onto the East 
African margin (Meert 2003) (Fig. 11). At the time of 
collision ca. 560–550 Ma, the Eastern Granulite base-
ment and cover had cooled below rutile closure (Möller 
et al. 2000; this study), but the Western Granulites did 
not cool below rutile closure until ca. 515 Ma. By ca. 
450 Ma, both the Eastern and Western Granulites had 
cooled below apatite closure (Fig. 11), consistent with 
the thermal histories constrained by K–Ar and Ar–Ar 
hornblende, biotite, muscovite, and K-feldspar dates 
(e.g., Maboko et al. 1989; Möller et al. 2000). Rutile and 
apatite dates from mid-crustal xenoliths erupted through 
the orogen overlaps those from outcrops, indicating simi-
lar cooling histories.

•	 Lower crustal xenoliths from the orogen at the Natron 
and Arusha sites record post-collisional thermal histo-
ries. Titanite U–Pb dates document cooling from over 
800  °C to ~ 750  °C by 550  Ma, followed by slower 
exhumation to present-day crustal thickness of ~ 40 km 
(Fig. 10). Near-zero age rutile and apatite suggest that the 
lower crust resided above the Pb closure temperatures of 
rutile and apatite during post-collisional cooling, or that 
these minerals were reset by recent rift-related heating. 
The absence of thermally mediated volume diffusion in 
titanite suggests minimal perturbation by heating and that 
pre-eruptive residence temperatures were below 750 °C. 
Near-zero age rutile and apatite indicate residence above 
650 °C and need not reflect recent reheating.

•	 Lower-crustal temperatures for the East African Oro-
gen are higher than inferred for the Tanzanian Craton 
(650–750 °C vs. 500–600 °C, respectively), consistent 
with the higher surface heat flow observed for the oro-
gen (Nyblade et al. 1990; Nyblade 1997). Data from the 
orogen suggest a hotter geotherm compared to the craton 
and are compatible with increased mantle heat flow as a 
result of a thinner mantle lithosphere (e.g., Rudnick et al. 
1994; Lee and Rudnick 1999; Weeraratne et al. 2003; 
Aulbach et al. 2011). Conductive heat transfer through a 
thinner mantle lithosphere can explain the data without 
additional advective heat sources, suggesting that rifting 
has had only a limited impact on the thermal structure of 
the crust and did not result in significant removal of the 
mantle keel.
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