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Abstract

In collision-type orogens, where high-pressure and ultrahigh-pressure (HP–UHP) metamorphism

usually occurs, deeply subducted continental slabs with eclogitized mafic rocks often undergo

recrystallization/overprinting with various geothermal gradients after the peak conditions at lower-

to-middle-crustal levels. During the crustal stabilization, the transition from eclogite-to granulite-

facies is common. We conducted metamorphic petrology and zircon geochronology on (1) bimin-

eralic and (2) partially granulitized eclogites from the Neoproterozoic Ufipa Terrane (Southwestern

Tanzania). Microtextural relationships and mineral chemistry define three metamorphic stages:

eclogite metamorphism (M1), HP granulite-facies overprinting (M2), and amphibolite-facies ret-

rogression (M3). The bimineralic eclogite has a basaltic composition and lacks M2 minerals. In

contrast, the kyanite eclogite is characterized by a gabbro-dioritic whole-rock composition and

contains inherited magmatic zircon. Although the matrix is highly granulitized, garnet and kyanite

contain eclogite-facies mineral inclusions. Phase equilibria modeling revealed P–T conditions of

2.1–2.6 GPa and 650–860◦C for the M1 stage and 1.4–1.6 GPa and 750–940◦C for the M2 stage. Zircon

with eclogite-facies mineral inclusions from the bimineralic eclogite lacks Eu anomaly in the REE

patterns and yielded the M1 eclogite metamorphic age of 588 ± 3 Ma. Zircon overgrowths surround-

ing the inherited Paleoproterozoic magmatic cores in kyanite eclogite yielded 562 ± 3 Ma. A weak

negative Eu anomaly in the REE patterns and the absence of eclogitic mineral inclusions suggest

the zircon growths at the M2 HP granulite-facies metamorphic stage. These new data indicate an

eclogite-to granulite-facies transition time of 26 ± 4 million years (Myr), suggesting a rate of HP rock

exhumation toward a lower crustal level of 0.7–1.5 mm/year. Furthermore, the density evolution

model indicates that buoyant host orthogneiss with low-density gabbro-dioritic eclogite plays an

important role in carrying high-density basaltic eclogite. Our 2D thermomechanical modeling also

suggests that a slab break-off with a lower angle subduction of <20◦ triggers the exhumation of

the HP slab sliver with 20–30 Myr eclogite-to granulite transition time of large HP–UHP terranes in

major collision zones.
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INTRODUCTION

The thickening of continental crust is a common geological feature
of continental collision zones. This process triggers felsic magma
generation due to partial melting of the quartzo-feldspathic lower
crust and/or delamination of mafic lower crust via eclogitization,
affecting either crustal evolution or stabilization. Classically, conti-
nental crust-thickening processes have been studied in both fossilized
and on-going collision zones such as the Western Gneiss Region in
Norway and the Himalayan–Tibetan orogen in Central Asia (e.g.
Walsh & Hacker, 2004; Chung et al., 2009). A widely accepted
tectonic scenario for the continental crustal thickening is the mag-
matic underplating, which enlarges the lower crust (e.g. Ma et al.,
1998; Frost et al., 2001; Liu et al., 2008), and occurs in various

tectonic settings, including continent–continent collisions. Basaltic
magma underplating above the Moho and underplated mafic lower-
crustal sections of subducted plates have been seismically identified in
several orogens, such as the North Atlantic region and Himalayan–
Tibetan orogen (Thybo & Artemieva, 2013; Chen et al., 2015). An
alternative tectonic scenario is that the continental thickening could
occur by exhuming large HP–UHP continental slivers after conti-
nent–continent collision and subduction. In this scenario, subducted
continental slivers rise from greater depths to lower crustal levels,
increasing crustal thickness. This process is caused by buoyancy dif-
ferences between subducted low-density materials and the surround-
ing rocks (e.g. Ernst et al., 1997; Chemenda et al., 2000; Liou et al.,
2009, 2014). The above-mentioned tectonic scenarios satisfactorily
explain continental thickening mechanism; however, the timescale of
collision-induced crustal thickening remains enigmatic (e.g. House-
man & England, 1993; Mo et al., 2007). Geochronological studies in
crustal metamorphic rocks from continent–continent collision zones
have shed some light on the timing of geodynamic process (e.g. Song
et al., 2006; Mattinson et al., 2006; Liu & Liou, 2011; Kellett et al.,
2014; Liao et al., 2016; Butler et al., 2018); however, quantitative
petrogeochronological data is critical to elucidate the timescales of
the crustal thickening process.

The Neoproterozoic Pan-African orogeny (Fig. 1a) is the most
extensive orogenic system preserved on the Earth and triggered
the major continental crust formation during the Neoproterozoic
era (Grantham et al., 2003; Rino et al., 2008). The Pan-African
orogens formed during the continental amalgamation of the Panno-
tia/Greater Gondwana supercontinents (Rino et al., 2008; Torsvik
& Cocks, 2013; Nance & Murphy, 2019). Pan-African orogens are
hot: typically characterized by voluminous orthogneiss, migmatite,
and granite with some granulites and minor eclogites. Outstanding
examples of these units are widely recorded in East Africa (e.g. John
et al., 2003; Kusky et al., 2003; Kröner & Stern, 2004; Boniface et
al., 2012; Fritz et al., 2013; Boniface & Tsujimori, 2021). Although
the most common Neoproterozoic metamorphic rocks in this region
are orthogneiss and migmatite (e.g. Ganbat et al., 2021), during the
past two decades, local preservations of eclogite and eclogite-facies
metamorphic mineral assemblages have been reported within the
Mozambique Belt (MZB; Fig. 1b), and its equivalents (e.g. Malawi:
Ring et al., 2002; Zambia: John et al., 2003; Tanzania: Boniface &
Schenk, 2012).

Exhumed eclogite- and HP granulite-facies metamorphic rocks
have been formed and preserved in continental collision zones since
the Paleoproterozoic era (e.g. Brown & Johnson, 2018; Palin et al.,
2020; Tsujimori & Mattinson, 2021). These fundamental metamor-
phic rocks are key petrotectonic and geochronological indicators to
determine the pressure–temperature–time (P–T–t) evolution paths

of deep-buried crustal materials and the timing of the underflow.
Eclogite-facies assemblages in most HP–UHP metamorphic terranes
have been commonly affected by secondary recrystallization at var-
ious geothermal gradients after the peak-pressure conditions. In
collision zones, granulite- or upper amphibolite-facies thermal relax-
ation occurring in the mid-to lower-crustal sections often obliter-
ates the peak eclogite-facies parageneses at various degrees during
its exhumation to mid-crustal levels (Carswell & O’Brien, 1993;
Faryad et al., 2010). In addition to the metamorphic petrology, some
integrated approaches of geochronology and numerical geodynamic
modeling on the continental collision zones have provided effective
exhumation rates and/or mechanisms (e.g. Warren et al., 2008; Li
et al., 2011; Burov et al., 2014; Li, 2014; Sizova et al., 2014). The
occurrence of polymetamorphic units containing the eclogite-to gran-
ulite transition offers an excellent opportunity to explore the crustal
dynamic processes and timescales from continental subduction to
subsequent continent–continent collision-induced crustal thickening.
The partially granulitized eclogite sequence of the Pan-African Ufipa
Terrane in Tanzania (Boniface & Schenk, 2012) represents an excep-
tional case of study to test the processes mentioned above.

In this study, we present zircon ages of eclogite-facies and gran-
ulite overprinting stages in the Ufipa Terrane of the Ubendian Belt
(Fig. 1c). We also conducted a metamorphic petrological analysis,
including phase equilibria modeling and applied zirconology that
involves LA-ICPMS U–Pb dating, trace element geochemistry, and
inclusion mineralogy. The combined approach constrained not only
the polymetamorphic evolution of the Pan-African eclogite, but also
the timing and the timescales of the geodynamic process that control
crustal thickening in continental collision zones. We tested our petro-
geochronological data against a 2D thermomechanical model. The
modeling approach allows a continuous simulation of the crustal
thickening process in a cycle from continental subduction/collision
to crustal material exhumation. The main focus of the modeling is
to test the subduction angle’s effect on the exhumation timescale
of deeply subducted materials in the common collision zone. The
subduction angle is one of the most important factors to be discussed
in this paper, as it is strongly suggested to be related to the volume of
HP–UHP terrane, the exhumation timescale, and structural style of
HP–UHP rocks during continental subduction/collision (e.g. Warren
et al., 2008; Li et al., 2011; Kylander-Clark et al., 2012; Burov
et al., 2014; Li, 2014). Our petro-geochronological dataset supported
by 2D thermomechanical modeling provides a better understanding
of the timescales of crustal thickening in the continental collision
zones and allows to explore the factors of the dynamic exhumation
timescale of HP–UHP materials.

GEOLOGICAL BACKGROUND

The Pan-African orogeny term is widely used to outline an oro-
genic cycle characterized by a series of tectonic, metamorphic, and
magmatic events that led up to the amalgamation of a signifi-
cant continental domain during the Neoproterozoic era (e.g. Meert,
2003; Veevers, 2003; Kröner & Stern, 2004; Rino et al., 2008).
This orogenic cycle culminates with Gondwana’s formation, and its
rock record is widely distributed in South America, Africa, Arabia,
Australia, and Antarctica. In East Africa, the East African Orogen
(EAO; Fig. 1a) is synonymous with the Pan-African Orogen (e.g.
Stern & Kröner, 1993; Stern, 1994; Fritz et al., 2013). The EAO
is a complex unit between East Africa and western Arabia with
∼6000 km in length. The belt contains the record of arcs and/or
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Fig. 1. (a) Geological map of the Precambrian basement and Neoproterozoic

reworking area of Africa with illustration of the Pan-African eclogites and

granulites area (modified after de Wit & Linol, 2015). (b) Geological map of

the central-eastern Africa indicating the Ubendian–Usagaran Belts between

the Tanzania Craton and the Bangweulu Block with the magmatic ages in

different terranes (modified after Ganbat et al., 2021). Abbreviations for

tectonic unit and subunit of the Ubendian Belt are as follows: tectonic unit:

Western Ubendian Corridor (WUC), Central Ubendian Corridor (CUC), and

Eastern Ubendian Corridor (EUC); and subunit: Ufipa (Uf), Nyika (Ny), Ubende

(Ub), Mbozi (Mb), Upangwa (UP), Katuma (Ka), Lupa (Lu), and Wakole (Wa).

(c) Local geological map of the northern part of the Ufipa Terrane and the

northeastern part of the Bangweulu Block and localities of samples used in

this study (modified after Boniface & Tsujimori, 2021; Ganbat et al., 2021).

microcontinents collision against the Archean craton margins. The
EAO has a sequence of rocks with an age span of 950–450 Ma
(Kröner, 1984). The oldest Pan-African continental collision has been
tracked to ∼800 Ma, but its major accretionary/collisional cycle is
dated as 650–500 Ma (Kröner et al., 1990; da Silva et al., 2005; Rino
et al., 2008).

The present-day African continent was in the core of Gondwana
supercontinent’s and comprised at least four Precambrian cratons
(West African, Saharan, Congo (including Tanzania), and Kalahari
Cratons (Fig. 1a; Meert & Lieberman, 2008; Itano et al., 2016;
Ganbat et al., 2021)). Paleoproterozoic and Neoproterozoic orogenic
belts surround these cratons, including the EAO (e.g. Kröner & Stern,
2004; Begg et al., 2009). The Mozambique Belt (MZB) is a major late
Neoproterozoic suture zone enclosed in the EAO and hosts juvenile
Neoproterozoic rocks that reworked crustal sections of Archean and
Paleoproterozoic age (e.g. Boniface & Tsujimori, 2021). Juvenile
Neoproterozoic metamorphosed anorthositic and charnockitic rocks
within the MZB show emplacement ages between 900 and 700 Ma.
This group is locally known as the Eastern Granulite in Tanzania and
Cabo-Delgado Nappe Complex in Mozambique (Fig. 1b; Maboko &
Nakamura, 1996; Tenczer et al., 2006; Fritz et al., 2013; Viola et al.,
2008; Bingen et al., 2009). The reworked Archean-Paleoproterozoic
rocks, locally known as the Western Granulite (Fig. 1b), have an
age of 580–550 Ma; this age corresponds to the timing of the
Neoproterozoic crustal reworking. These reworked rocks define a
prominent thrust zone toward the Tanzanian Craton and the Uben-
dian–Usagaran Belts (Mruma, 1989; Johnson et al., 2003; Cutten
et al., 2006; Fritz et al., 2009). Although the Ubedian–Usagaran
Belts have been reported to contain rare eclogite associated with the
Paleoproterozoic subduction event, the Ubendian subduction event
between 1920 and 1860 Ma is slightly younger than that of the 2050–
1990 Ma Usagaran Belt (Mruma, 1989; Reddy et al., 2003; Fritz
et al., 2005; Boniface & Appel, 2018; Mori et al., 2018; Boniface
& Tsujimori, 2019; Tamblyn et al., 2020; Ganbat et al., 2021).

The Ubendian Belt crops out between the Tanzanian Craton
and the Bangweulu Block (Ganbat et al., 2021). This tectonic unit
displays a poly-orogenic nature and consists of a NW–SE deformed
zone of ∼150 km width and ∼600 km length that extends from
eastern Congo to western Tanzania and from northern Malawi to
northeast Mozambique (Fig. 1b; Daly, 1988; Lenoir et al., 1994). The
Ubendian Belt has classically been considered as a Paleoproterozoic
orogenic belt. It is made up of Paleoproterozoic granitoid, migmatite,
mafic granulite, rare eclogite, and ultramafic rocks intruded by a few
Mesoproterozoic to Mesozoic carbonatites. Some geotectonic units
of the Ubendian Belt also recorded Neoproterozoic orogenic events
analogous to the MZB (Boniface & Schenk, 2012; Boniface et al.,
2014).

The Ubendian Belt consists of eight terranes: Ubende, Wakole,
Katuma, Ufipa, Mbozi, Lupa, Upangwa, and Nyika Terranes (Fig. 1b;
Daly, 1988; Boniface & Appel, 2018; Ganbat et al., 2021). These ter-
ranes formed and evolved through three discrete episodes related to
oceanic subduction and collision between the Tanzania, Bangweulu,
and Congo Cratons during the Paleoproterozoic (Boniface & Schenk,
2012; Boniface & Tsujimori, 2021; Ganbat et al., 2021). Based on
similarities in geology and age distribution, Boniface & Tsujimori
(2021) divided the Ubendian Belt into the following three mega-
units: Eastern Ubendian Corridor (EUC: Katuma and Lupa Terranes),
Central Ubendian Corridor (CUC: Ubende, Mbozi, and Upangwa
Terranes), and Western Ubendian Corridor (WUC: Ufipa and Nyika
Terranes). The Wakole Terrane does not fit into the above three
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Fig. 2. Photomicrographs showing mineral assemblages in eclogites. (a, b) Bimineralic eclogite (sample CHS040) displaying a secondary clinoamphibole

rim developed between garnet and omphacite. (c–g) Granulitized kyanite-bearing-eclogite (sample CHS039) showing (c) omphacite and kyanite inclusions in

porphyroblastic garnet, (d) secondary corona garnet around kyanite and symplectite (Sym) textures in kyanite fractures, (e) zircon inclusion in corona garnet,

(f) crossed–polarized light view of clinozoisite inclusions in kyanite, and (g) secondary clinoamphibole and Jd-low omphacite in the matrix. (h) Host orthogneiss

(sample CHS037) matrix composed of quartz, plagioclase, K-feldspar, mica, and peak assemblage minerals, e.g. garnet and omphacite.

groups because it only consists of Mesoproterozoic metasedimentary
rocks without Paleoproterozoic traces.

The EUC is characterized by the predominance of orthogneiss
surrounded by metabasite. These rocks are highly deformed and
represent a reworked Archean crust of ∼2.76 and ∼2.55 Ga. The
CUC consists of metamorphosed mafic rocks such as amphibolite,
hornblende-gneiss, granulite, HP-granulite, eclogite lenses (Ubende
and Mbozi Terranes), and meta-anorthosite (Upangwa Terrane). The

eclogitic rocks record the Paleoploterozoic (1.96–1.89 Ga) subduc-
tion zone metamorphism. The WUC encloses the Neoproterozoic
(590–500 Ma) eclogite and HP-granulite associated with migmatic
gneiss. This rock association contains relicts of ∼1.99 and ∼1.9 Ga
arc magmatism and displays shreds of evidence for crustal thickening
during Neoproterozoic (Boniface & Tsujimori, 2021).

The Ufipa Terrane eclogite occurs as lenses and lenticular boudins
enclosed in semi-pelitic and pelitic gneiss as well as in orthogneiss
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(Fig. 1c). Boniface & Schenk (2012) divided the eclogite into bimin-
eralic and kyanite eclogite based on the presence of kyanite in these
rocks. The bimineralic eclogite consists of up to 90% of garnet +
omphacite with a minor amount of rutile, quartz, apatite, zircon, and
secondary clinoamphibole. This type of eclogite displays MORB-like
geochemical affinity and was probably formed in the back-arc and/or
island-arc tectonic settings. Empirical geobarometry using the albite
(Ab) = jadeite (Jd) + quartz (Qz) equilibrium and Zr-in-rutile ther-
mometry studies suggest peak metamorphic conditions at P > 1.5–
1.7 GPa at T = 610–690◦C, implying relatively warm subduction
with a geothermal gradient of about 11◦C/km (Boniface & Schenk,
2012). Metamorphic zircon dating yielded U–Pb ages of 593 ± 20 Ma
and 524 ± 12 Ma. Based on the tectonic setting of the bimineralic
eclogite and the Neoproterozoic range, these ages are interpreted for
the timing of the successive accretions of volcanic-arc rocks derived
from the collision with the Bangweulu Block and the Tanzania Craton
(Boniface & Schenk, 2012). In contrast, the kyanite-bearing eclogite
consists of garnet, omphacite, kyanite, rutile, zoisite, quartz, plagio-
clase, and zircon. That protolith is a mafic variety of the granite-
dominated plutonic complex formed during the Paleoproterozoic.
This type of eclogite contains granulite-facies mineral assemblages
in the matrix and prograde mineral inclusions of omphacite, rutile,
plagioclase, and quartz in garnet porphyroblasts. The average P–T
method with the THERMOCALC program and other geothermo-
barometers (e.g. the garnet–plagioclase–aluminosilicate–quartz and
the Ab = Jd + Qz barometer) yielded P–T condition estimates of
1.6 GPa, 715◦C for prograde metamorphism, 2.0 GPa, 785◦C for
peak eclogite-facies metamorphism, and 1.1 GPa, 700◦C for post-
eclogite-facies metamorphism (Boniface & Schenk, 2012). Previ-
ous zircon U–Pb geochronology yielded ages between ∼1.89 and
∼1.82 Ga for the protolith and an intercept age of 548 ± 39 Ma for
the metamorphic overprint (Boniface & Schenk, 2012). However, it
is not clear whether the metamorphic age corresponds to that of the
eclogite metamorphism or the HP granulite-facies overprint.

MATERIAL AND METHODS

Petrological analyses

The studied main two samples (CHS039 and CHS040) were collected
from Site A (7◦14′20.34′′S 30◦59′02.49′′E) and Site B (7◦08′30.95′′S
30◦58′47.94′′E) of the Ufipa Terrane of the WUC, respectively
(Fig. 1c). These two localities lie about 5 km apart within the same
coherent terrane. Sample CHS040 is a massive, medium-grained,
bimineralic eclogite, which occurs as a ∼2m wide unfoliated lens
hosted in semi-pelitic, kyanite-bearing garnet–biotite gneiss. Due to
the surface weathering of the outcrop, the boundary of the lens was
not preserved. In contrast, sample CHS039 is a granulitized coarse-
grained kyanite eclogite, occurring as a ∼1.5-m-wide block hosted in
orthogneiss (sample CHS037). To test the regional extent of eclogite-
facies metamorphism, we also collected two bimineralic basaltic
eclogites (samples CHS070 and CHS073) from the southern part
of the Ufipa Terrane, Site C (7◦23′37.02′′S 31◦17′38.57′′E) located
about 40 km southeast of Site A and B (Fig. 1c). These samples
were geochronologically evaluated to verify the coeval eclogite-facies
metamorphism.

We characterize bimineralic eclogite (CHS040) and granulitized
kyanite eclogite (CHS039) of the Ufipa Terrane using petrographic
rock thin-sections and mineral composition analyses. Microtextures
were observed in polished petrographic thin-sections using a JEOL
JSM-7001F field emission-scanning electron microscope (FE-SEM),

equipped with an Oxford INCA X-act energy dispersive X-ray spec-
trometers, EDS at Tohoku University. Major-element quantitative
analyses were carried out with a JEOL JXA-8230 electron probe
microanalyzer at the Okayama University of Science; the analyses
were performed with 15 kV accelerating voltage, 12 nA beam cur-
rent, and 3–5 μm beam size. Natural and synthetic silicates and
oxides were used for calibration. The ZAF method (oxide basis)
was employed for matrix corrections. Throughout this study, mineral
abbreviations are after Whitney & Evans (2010).

Whole-rock major- and trace-element analyses of the two key
eclogite samples (CHS039, CHS040) were carried out at Activa-
tion Laboratories Ltd. (Canada). The facility uses a Code 4Litho
Lithogeochemistry Package; major- and trace-element were deter-
mined on lithium metaborate/tetraborate fused homogeneous glass
beads using inductively coupled plasma optical emission spectrom-
etry (FUS-ICP-OES) and inductively coupled plasma mass spec-
troscopy (FUS-ICPMS), respectively. We use the data to constrain
the nature of their protolith and to perform the phase equilibria
modeling.

We crushed two eclogite samples (CHS039 and CHS040) using a
Yasui Kikai Multi Rock Pressure and then sieved them using Nichika
Nylon Mesh (#150 [∼100 μm] and #100 [∼150 μm]) to obtain
the proper grain-size for concentrating zircons. Zircon grains were
concentrated by combining conventional magnetic and heavy liquid
(sodium polytungstate) methods. Hand-picked zircon grains under
a binocular microscope were mounted in 1-inch round epoxy resin
(Struers Specifix-40) discs and polished to expose their cores. A
Metkon Forcipol 1 V grinder and a 3-M aluminum oxide lapping
film were used for the polishing. For comparisons, zircons from
an orthogneiss (CHS037) hosting a granulitized kyanite eclogite
(CHS039) and basaltic eclogites (CHS070 and CHS073) in the
southern Ufipa Terrane were also separated for geochronology.

The phase equilibria modeling was performed using THERI-
AK/DOMINO software (de Capitani & Brown, 1987; de Capitani
& Petrakakis, 2010). For the calculation, we used the model
system Na2O–CaO–K2O–FeO–MgO–Al2O3–SiO2–H2O–TiO2
(NCKFMASHT). H2O was treated as an excess component, and
the quartz–fayalite–magnetite (QFM) buffer was considered for the
oxidation state. We adopted the thermodynamic dataset of Holland
& Powell (1998) and the solid-solution models of minerals used
in Tsujimori & Ernst (2014) and shown in Table S1. Whole-rock
density was also calculated in the considered pressure–temperature
range of 1.0–3.0 GPa, 500–900◦C for a total of 10 000 P–T points,
and these data are visualized with Python in the P–T phase equilibria
diagram.

Zircon geochronology

Cathodoluminescence (CL) images of zircon in the polished mount
of zircon from three sample rocks were observed using a Hitachi
S-3400 N SEM, equipped with a Gatan model MiniCL detector at
Tohoku University. The CL observation was conducted using a 25 kV
accelerating voltage and a 90 nA probe current. Mineral inclusions
in mounted zircons are identified using the SEM-EDS and a Horiba
LabRam 300 micro Raman spectroscopy at Tohoku University.

Zircon U–Pb and trace element analyses were carried out in the
Okayama University of Science using a Thermo Fisher Scientific
iCAP-RQ single-collector quadrupole ICP-MS coupled to a Teledyne
Cetac Technologies Analyte G2 ArF excimer laser ablation (LA)
system equipped with a HelEx 2 volume sample chamber. The LA
of zircons was conducted with a laser spot size of 25 μm with a

https://academic.oup.com/petroj/article-lookup/doi/10.1093/petroj/egac012#supplementary-data
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Fig. 3. Compositional trends of garnet, clinopyroxene, clinoamphibole, and plagioclase in bimineralic eclogite (sample CHS040, cyan diamonds) and granulitized

kyanite-bearing eclogite (sample CHS039, orange triangles). (a) The Mg# (= 100 × [Mg / (Mg + Fe)]) versus XAlm, XGrs, and XPrp in garnet, (b) aegirine (Aeg)–
jadeite (Jd)–augite (Aug) ternary diagram of clinopyroxene, (c) [B]Na (Na in the B-site) versus [4]Al (Al in tetrahedral site) diagram for clinoamphibole, and (d)

anorthite (An)–albite (Ab)–orthoclase (Or) ternary diagram of plagioclase.

fluence of 1.8 J/cm2 and a repetition rate of 5 Hz. With the ICP-
MS, data were acquired on seven isotopes, 202Hg, 204Pb, 206Pb, 207Pb,
208Pb, 232Th, and 238U. 202Hg was monitored to correct the isobaric
interference of 204Hg on 204Pb (common Pb). However, corrected
204Pb intensities were too low to calculate U–Pb age for common
Pb contamination with a reasonable precision based on 204Pb (Stern,
1997). Therefore, common Pb correction was not carried out in this
study. For the analysis, the 91 500 zircon standard (Wiedenbeck et al.,
1995, 2004) and NIST SRM 612 glass standard were also analyzed
for the correction of 206Pb/238U and 207Pb/206Pb ratios, respectively. As
normalization value of 91 500 zircon standard, apparent 206Pb/238U
without common Pb correction was used (Sakata et al., 2017; i.e.
206Pb/238U = 0.17928 ± 0.00018). The compiled values of the NIST
SRM 612 glass standard by Jochum et al. (2011) was used for the
correction of the instrumental mass bias of 207Pb/206Pb ratios. The
details of analytical method of zircon U–Pb dating are described in
Aoki et al. (2019, 2020). With the unknown zircons, the Plešovice
zircon (Sláma et al., 2008) was analyzed to check the accuracy of
the analyses. The weighted mean 206Pb/238U age of 339.52 ± 4.15 Ma

and 207Pb/235U age of 340.66 ± 5.33 Ma were obtained (n = 8). Those
values were coincident with the reference age of 337.13 ± 0.37 Ma
(Sláma et al., 2008). These analyses were mainly conducted for
separated and mounted zircons from the samples CHS040, CHS039,
and CHS037. In the case of the sample CHS039, we also carried out
U–Pb and trace element analyses for zircons on polished petrographic
thin-sections. Data plotting and age calculation were performed using
IsoplotR (Vermeesch, 2018).

2D thermomechanical modeling

To simulate oceanic and continental plate subduction followed by
exhumation, 2D petrological-thermomechanical numerical models
are constructed in a size range of 1000 × 300 km. The numerical
models are based on the I2VIS code (Gerya & Yuen, 2003) using a
conservative finite differences method with a non-diffusive marker-in-
cell technique. The models consist of a 201 × 61 nonuniform rectan-
gular grid with a high-resolution area of 300 × 90 km as the investi-
gate subduction channel (Fig. S1a). About 300 000 active Lagrangian

https://academic.oup.com/petroj/article-lookup/doi/10.1093/petroj/egac012#supplementary-data
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Table 1: Representative EPMA analyses for the Ufipa eclogites

CHS040 CHS039

Grt Cpx Amp Pl Grt (core) Grt (corona) Cpx (inclusion) Cpx (matrix) Amp Pl Ky Ms Bt Czo

SiO2 39.70 53.92 44.18 63.88 39.15 39.30 54.30 52.26 38.73 62.94 37.22 45.82 32.27 38.82
TiO2 0.03 0.23 1.24 0.00 0.14 0.06 0.24 0.32 0.10 0.00 0.04 0.01 1.81 0.25
Al2O3 22.58 10.42 14.57 22.73 21.89 22.18 14.06 17.95 18.84 23.22 63.93 34.51 17.92 28.82
Cr2O3 0.02 0.09 0.01 0.01 0.03 0.00 0.08 0.02 0.03 0.00 0.10 0.00 0.05 0.00
Fe2O3

T 6.10
FeO T 24.06 8.68 0.06 0.44 21.81 23.42 6.10 5.00 0.15 0.13 0.80 2.45 11.16
MnO 0.54 0.06 8.95 0.00 0.44 0.52 0.03 0.00 14.72 0.02 0.00 0.00 0.00 0.02
MgO 9.97 7.24 14.74 0.00 5.68 6.90 6.49 5.26 10.13 0.00 0.02 0.58 16.00 0.07
CaO 5.12 11.85 9.86 3.68 12.33 9.33 11.83 7.91 10.85 4.42 0.01 0.22 0.28 22.92
Na2O 0.02 6.33 3.69 9.12 0.03 0.03 6.61 3.64 2.61 8.67 0.00 0.18 0.55 0.02
K2O 0.00 0.02 0.20 0.02 0.00 0.00 0.00 3.81 0.72 0.19 0.00 10.89 9.54 0.01
Total 102.04 98.83 97.49 99.88 101.49 101.74 99.73 96.16 96.87 99.59 102.12 94.66 94.56 97.01
O= 12.00 6.00 23.00 8.00 12.00 12.00 6.00 6.00 23.00 8.00 5.00 11.00 11.00 13.00
Si 2.97 1.97 6.26 2.82 2.98 2.98 1.94 1.92 5.68 2.79 0.99 3.09 2.75 3.18
Ti 0.00 0.01 0.13 0.00 0.01 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.10 0.02
Al 1.99 0.45 2.43 1.18 1.96 1.98 0.59 0.78 3.26 1.21 2.00 2.75 1.56 2.78
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe3+ 0.10 0.05 0.75 0.09 0.08 0.00 0.00 1.06 0.42
Fe2+ 1.41 0.22 0.31 0.02 1.30 1.40 0.18 0.15 0.75 0.02 0.14 0.69
Mn 0.03 0.00 0.01 0.00 0.03 0.03 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00
Mg 1.11 0.39 3.11 0.00 0.64 0.78 0.35 0.29 2.22 0.00 0.00 0.06 1.76 0.01
Ca 0.41 0.46 1.50 0.17 1.01 0.76 0.45 0.31 1.71 0.21 0.00 0.02 0.02 2.01
Na 0.00 0.45 1.01 0.78 0.00 0.00 0.46 0.26 0.74 0.75 0.00 0.02 0.08 0.00
K 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.18 0.13 0.01 0.00 0.94 0.90 0.00
Total 8.03 4.00 15.54 4.98 8.03 8.03 3.98 3.90 15.58 4.98 3.01 7.01 7.92 8.42
[B]Na 0.15 0.34
Jd, mol% 39.26 45.21 25.08
XAn 0.22 0.18 0.30
Mg# 42.49 59.79 82.09 31.70 34.43 65.46 65.22 66.94 71.84
XAlm 0.49 0.45 0.49
XGrs 0.13 0.33 0.25

Fe2O3
T = total Fe as Fe2O3; FeOT = total Fe as FeO

Mg# = 100 × [Mg / (Mg + Fe2+)] atomic ratio

markers used for the marker-in-cell technique are characterized to
trace and mark material scalar properties such as temperature, stress,
and strain rate. Numerical equations and details of this approach are
based on the previous modeling (e.g. Burg & Gerya, 2005; Gerya
et al., 2006; Gerya, 2009; Li et al., 2011; Li, 2014) and shown
in supplementary materials. Geochemical and geophysical material
properties are based on Turcotte & Schubert (2014), Bittner &
Schmeling (1995), Clauser & Huenges (1995), Hofmeister (1999),
Poli & Schmidt (2002), Hess (1989), Hirschmann (2000), Johannes
(1985), and Ranalli (1995) shown in the supplementary Table S2 and
S3. The initial model geometry consists of sticky air/water, granitic
upper continental crust, dioritic lower continental crust, basaltic
upper oceanic crust, gabbroic lower oceanic crust, lithospheric man-
tle, and asthenospheric mantle (Fig. S1b). A hydrated mantle fracture
zone is prescribed between the oceanic and continental lithosphere as
a weak zone to proceed subduction. The model considered free slip
boundary conditions at the top, bottom, and side boundaries, erosion
and sedimentation process at the surface, melting of rocks, and visco-
plastic rheology for each rock unit based on Gerya (2009). Further
details of this approach are also described in the supplementary
materials.

RESULTS

Petrology

The bimineralic eclogite (sample CHS040, Fig. 2a,b) consists mainly
of garnet, omphacite, accessory rutile, apatite, quartz, zircon, and
secondary clinoamphibole and plagioclase. Garnet and omphacite
made up to ∼90% of the sample volume and exhibited granoblastic
texture. Both garnet (0.6–0.8 mm in size) and omphacite (0.2–0.6 mm
in size) occur as anhedral crystals and contain numerous inclusions
of rutile (0.1–0.2 mm in size) and apatite (0.1–0.2 mm in size). Along
some of the garnet and omphacite grain boundaries (commonly
<0.2 mm in width), a secondary mineral assemblage of dark greenish
clinoamphibole and/or symplectite occurs. The symplectite consists of
very fine-grained aggregates of clinoamphibole + plagioclase (0.05–
0.1 mm in width). Secondary clinoamphibole also appears as patches
(0.3–0.6 mm in size) in the matrix. Quartz inclusions occur within
garnet, omphacite, and zircon. Although kyanite is not visible in the
hand-specimen and thin sections, heavy liquid mineral separation
confirmed the presence of fine-grained kyanite (<0.02 mm in size).

The granulitized kyanite eclogite (sample CHS039, Fig. 2c–g)
is composed of garnet (∼35%), clinopyroxene (∼25%), kyanite

https://academic.oup.com/petroj/article-lookup/doi/10.1093/petroj/egac012#supplementary-data
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Fig. 4. Whole-rock compositions of the bimineralic eclogite (sample CHS040, cyan diamond) and the granulitized kyanite-bearing eclogite (sample CHS039,

orange triangle). For comparisons, orthogneiss (pink circles) in the Ufipa Terrane after Ganbat et al. (2021). (a) Total Alkali versus Silica (TAS) geochemical

classification diagram for igneous rocks classification, (b) major element variation diagrams of SiO2 versus Fe2O3, CaO, Mg#, and Al2O3. (c, d) Primitive mantle-

normalized trace element patterns. For comparisons, trace element patterns of N-MORB (Sun & McDonough, 1989), kyanite free eclogite (Boniface & Schenk,

2012), and orthogneiss in the Ufipa Terrane (Ganbat et al., 2021) are also plotted. Normalizing values are from Sun & McDonough (1989).

(∼20%), a minor amount (∼15%) of rutile, apatite, quartz, zircon,
muscovite, relict clinozoisite, and secondary minerals (∼5%) rep-
resented by plagioclase, clinoamphibole, and biotite. Garnet occurs
either as porphyroblasts or as a corona surrounding kyanite. The
garnet porphyroblasts (up to 2.0 cm) contain omphacite, kyanite,
and rutile (Fig. 2c). The corona occurs as a reaction band (0.1–
0.2 mm in width) surrounding kyanite (Fig. 2d), and it coexists with
the granulite-facies stage plagioclase in the matrix. It commonly
lacks inclusions but is closely associated with rutile and rare zircon
(Fig. 2d,e). Kyanite occurs as coarse-grained porphyroblasts up to
∼1.2 cm in length and contains inclusions of primary omphacite
(0.2–0.4 mm in size), clinozoisite (up to ∼0.1 mm in size), and rare
muscovite (Fig. 2f). Some kyanite fractures are filled by very fine-
grained symplectic aggregates of spinel, plagioclase, and corundum
(Fig. 2d). Although the primary omphacite during eclogite-stage is
well preserved in both garnet and kyanite, the matrix omphacite is
entirely replaced by the intergrowth of jadeite-low omphacite and
plagioclase with clinoamphibole (0.05–0.10 mm in width; Fig. 2g).

The host orthogneiss (sample CHS037, Fig. 2h) is composed of
quartz (∼30%), K-feldspar (∼30%), plagioclase (∼10%), biotite

and muscovite (∼20%), and a minor amount (∼10%) of garnet,
omphacite, kyanite, rutile, apatite, and zircon. Oriented biotite and
muscovite (0.4–0.6 mm in width) occur in the lepidoblastic layers.
Minor garnet and omphacite (0.1–0.2 mm in size) have well-rounded
shapes.

Mineral compositions

Compositional trends for garnet, clinopyroxene, clinoamphibole,
and plagioclase of the bimineralic eclogite (sample CHS040) and
granulitized kyanite eclogite (sample CHS039) are displayed in Fig. 3;
representative analyses are shown in Table 1.

The major element composition of garnet in the bimineralic eclog-
ite is relatively homogeneous and composed of Prp30–39 Alm46–54
Grs12–13 Sps1–2 Adr1–2 (Fig. 3a). However, gentle compositional
zoning from the core to the rim occurs in some porphyroblasts. The
compositional variations of garnet porphyroblasts and corona in the
kyanite eclogite are Prp21–28 Alm42–50 Grs25–32 Sps1–3 Adr0–3 and
Prp25–28 Alm44–48 Grs24–27 Sps1–2 Adr0–2, respectively (Fig. 3a).
Garnet porphyroblasts in the bimineralic eclogite display a slightly



Journal of Petrology , 2022, Vol. 63, No. 3 9

Table 2: Whole-rock major element (wt%) and trace element (μg/g)

compositions of the Ufipa eclogites

CHS039 CHS040

wt%
SiO2 56.9 51.49
TiO2 1.426 1.671
Al2O3 17.58 13.13
Fe2O3

a 7.22 14.28
MnO 0.136 0.231
MgO 3.65 6.33
CaO 7.78 9.5
Na2O 3.95 2.98
K2O 0.14 0.01
P2O5 0.09 0.06
LOI 1.36 0.28
Total 100.23 99.96
μg/g
Cs 0.1 <0.1
Rb 3 <1
Ba 101 12
Th 0.18 0.15
U 0.81 0.43
Nb 19.7 3.9
Ta 1.39 0.26
La 4.49 3.19
Ce 6.48 5.16
Pb 10 <0.5
Pr 1.02 0.98
Sr 318 56
Nd 4.62 5.07
Zr 95 89
Sm 1.9 2.66
Eu 0.712 1.2
Dy 4.32 5.49
Y 26.4 30.4
Yb 2.63 2.78
Lu 0.415 0.424

Fe2O3
a = total Fe oxides

broader range of Mg# (= 100 × [Mg / (Mg + Fe2+)]; 35–46%) than
those in kyanite eclogite (31–39%), which increases rimward. The
trends of the gentle increases of Mg# and Prp with decreasing of Grs
and Alm contents from the core to rim are common in garnet por-
phyroblasts in both eclogite samples, which show weak retrograde
chemical zoning. Mg# in the kyanite eclogite corona garnet around
kyanite is relatively homogeneous and has a composition range of
35–40%. The garnet of bimineralic eclogite is relatively enriched in
Prp and Alm and depleted on Grs compared to those of the kyanite
eclogite.

The compositions of clinopyroxene are plotted in the aegirine
(Aeg)–jadeite (Jd)–augite (Aug = diopside [Di] + hedenbergite [Hd])
ternary diagram (Fig. 3b). The Fe2+/Fe3+ ratio and end-member
components of the clinopyroxene were calculated based on Har-
low (1998). Omphacite in the bimineralic eclogite has a composi-
tion of Jd42–52 Aug48–51 Aeg0–9, and Mg# ranges from ∼63 to
73%. Matrix omphacite coexisting with plagioclase in the kyan-
ite eclogite is characterized by a jadeite-low composition (Jd32–45,
Aug55–67, Aeg0–1; Mg# = 67–70%). In contrast, the omphacite inclu-
sions within garnet and kyanite are jadeite-rich, containing up to
∼54 mol% jadeite.

Fig. 5. Mineral parageneses for the different stages of metamorphic recrys-

tallization in bimineralic eclogite (CHS040) and granulitized kyanite eclogite

(CHS039).

The structural formulae of clinoamphibole were calculated
based on O = 23 and the Fe2+/Fe3+ ratio was estimated with total
cation = 13, excluding Ca, Na, and K; compositional variations are
plotted in [4]Al (Al in the tetrahedral site) versus [B]Na (Na in the [B]-
site) diagram (Fig. 3c). Secondary clinoamphibole in the bimineralic
eclogite (CHS040) has a pargasitic composition of 5.7–6.3 Si a.p.f.u,
1.7–2.4 [4]Al, 0.2–0.4 [B]Na, and 0.7–0.9 [A](Na + K); Mg# varies
from ∼61 to 84% and Ti reaches up to ∼0.15 a.p.f.u. Matrix
clinoamphibole coexisting with plagioclase in granulitized kyanite
eclogite (CHS039) are also pargasitic and are characterized by 5.6–
6.2 Si, 1.8–2.4 [4]Al, 0.1–0.2 [B]Na, and 0.7–0.8 [A](Na + K). Mg# and
maximum Ti content are 59–69% and ∼0.19 a.p.f.u, respectively.

Plagioclase compositions are displayed in the anorthite (An)–
albite (Ab)– orthoclase (Or) ternary diagram (Fig. 3d). In the bimin-
eralic eclogite, secondary plagioclase occurs along clinoamphibole–
omphacite boundaries; the contents vary from 10 to 33 mol%. In
the granulitized kyanite eclogite, plagioclases occur in both matrix
and fine-grained spinel–plagioclase–corundum symplectic aggregates.
The matrix plagioclase has a wide composition range of An16–44, and
symplectic plagioclase shows wider variations of An10–33.

The granulitized eclogite’s kyanite contains trace amounts of Cr
and Fe as impurities (∼0.001 Cr a.p.f.u. and ∼0.02 Fe2+ a.p.f.u.). The
muscovite enclosed in the kyanite is characterized by a composition of
∼3.1 Si a.p.f.u. (O = 11) and Na/(Na + K) = 0.02–0.03. Finally, matrix
biotite has a composition of Mg# = 70–77% and Ti = ∼0.1 a.p.f.u.,
and clinozoisite inclusions within the kyanite contain 0.4–0.5 Fe3+
a.p.f.u.

Whole-rock chemistry

Whole-rock major and trace element compositions for the bimineralic
eclogite (sample CHS040) and granulitized kyanite eclogite (sample
CHS039) are shown in Table 2. In the Total Alkali versus Silica (TAS)
diagram, the bimineralic eclogite displays a basaltic composition,
while the granulitized kyanite eclogite plots at the boundary between
basaltic andesite and andesite composition (Fig. 4a). Both samples
show lower SiO2 and alkalis than the host Ufipa orthogneiss complex
(Ganbat et al., 2021). However, in the major element variations
diagrams, the granulitized kyanite eclogite and the Ufipa orthogneiss
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Fig. 6. Phase equilibria diagrams evaluating the stability field of (a) CHS040 and (b) CHS039 eclogites with isopleth of XGrs (blue lines) and Mg# (pink lines) of

garnet. Cyan-color and orange-color zones represent the M1 and M2 stage stability fields, and green circle represents maximum P–T value of the M3 stage. (c)

The estimated P–T conditions of the Ufipa eclogites (modified after Liou et al., 2014). Cyan square with initial E represents P–T condition of the eclogite-facies

metamorphism, orange square with initial G represents that of the HP granulite-facies overprinting, and green circle represents maximum P–T value of the M3

stage.

are defining common trends negatively correlated with SiO2 (Fig. 4b).
This can be expected from fractional crystallization processes.

The primitive mantle-normalized (McDonough & Sun, 1995)
trace element pattern of CHS040 (Fig. 4c) is similar to a previous
study by Boniface & Schenk (2012). These patterns are characterized
by enriched signatures compared to N-MORB, including significant
enrichments in U and Pb, and depletions on K. The signature of
CHS039 (Fig. 4d) is also enriched compared to N-MORB, and
displays enrichments on Ba, U, Pb, Sr, and Zr. This pattern differs
from the trends displayed by the Ufipa orthogneiss, characterized by
one order of magnitude enrichments in Rb, Ba, Th, U, and K, and
significant depletions on P and Ti.

Metamorphic stages and conditions

Microtextural relationships and mineral chemistry define three
metamorphic stages in the Ufipa Terrane eclogite (Fig. 5): eclogite
peak metamorphism (M1), HP granulite-facies overprinting (M2),
and amphibolite-facies retrogression (M3). Note that the bimineralic
eclogite lacks M2 minerals. The P–T conditions of the M1 and
M2 stages were estimated based on the key mineral assemblages,
conventional thermobarometry, and phase equilibria modeling.

The whole-rock major element compositions of the two eclogite
samples (Table 2) were converted to mole fraction for the phase
equilibria model system (NCKFMASHT) with H2O excess condition.
P2O5 was removed as apatite and MnO as spessartine components
of garnet, which occur in minor amounts relative to the main silicate
minerals and other garnet components. The measured total iron
oxides as Fe2O3 are converted to total Fe mole fraction. In this mod-
eling, the mole fraction of grossular (XGrs) is defined as XGrs = Ca
/ (Ca + Fe + Mg) because spessartine and andradite components in
garnet are neglected in the NCKFMASHT model calculation. There-
fore, the calculated XGrs values probably overestimate the measured
XGrs = Ca / (Ca + Fe + Mg + Mn) values by up to ∼0.03. Uncertainty
about the absolute positions of assemblage field boundaries is esti-
mated to be around ±1 kbar and ± 50◦C at the 2σ level (Powell &
Holland, 2008; Palin et al., 2016).

Eclogite peak metamorphism (M1)

The mineral assemblage of garnet + omphacite + rutile is common
to both types of eclogite samples and represents eclogite peak meta-
morphism. In addition to these minerals, kyanite, clinozoisite, and
muscovite also occur as the eclogite peak mineral assemblage in the
sample CHS039 (Fig. 5). The phase equilibria modeling for both
types of eclogite samples suggests the similar P–T space of the M1
stage metamorphism (Fig. 6a,b). With the exception of muscovite in
the sample CHS040, the mineral assemblage calculated in this P–T
space (Fig. 6a,b) correspond to those of the M1 stage (Fig. 5), which
is also well explained the occurrence of kyanite in the CHS039. How-
ever, the modeling for the sample CHS040 does not strongly constrain
the P–T conditions because of the broad phase field shown by the
mineral assemblage (Fig. 6a). In the case of the sample CHS039, the
occurrence of kyanite and zoisite limit the P–T space of the M1 stage
metamorphism at P = 1.8–2.8 GPa and T = 620–900◦C (Fig. 6b).
Although the homogeneous grossular content (XGrs = 0.12–0.13) of
garnet in the CHS040 is in good agreement with the model, neither
gives these strong constraints on the P–T conditions (Fig. 6a). The
modeled Mg# values (28–32%) of M1 stage garnet are lower than
and not consistent with the measured one (35–46%). On the other
hand, in the modeling of CHS039, the XGrs (0.30–0.34) and Mg#
(>∼0.32) isopleth for garnet are in good agreement with analyzed
garnet porphyroblasts in the CHS039 (Fig. 6a). Especially, consider-
ing the overestimation, the XGrs isopleth of 0.34 value situated in
2.1–2.6 GPa and 650–860◦C (cyan-color zone in Fig. 6b) and helps
targeting the peak M1 stage condition. The appearance of muscovite
and the discrepancy in Mg# of garnet (Fig. 6a) can be attributed to the
assumption of H2O excess and/or the lack of Fe2+/Fe3+ estimation,
but these assumptions do not significantly compromise the validity
of the model.

The Fe2+–Mg distribution coefficient (KD) between omphacite
and adjacent garnet shows a relatively wide range of variations.
Comparably low KD values (CHS040; 2.1, CHS039; ∼4.4 on aver-
age) suggest relatively high-T (872–1054◦C) equilibration during
the eclogite metamorphism. A summary of the garnet–clinopyroxene
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thermometry at 1.5 and 2.0 GPa, applying the calibration of Ellis &
Green (1979), Powell (1985), Krogh-Ravna (2000), and Nakamura
(2009), is shown in Table 3. In the granulitized kyanite eclogite, this
stage is recorded in porphyroblastic garnet and kyanite. The kyanite
+ clinozoisite assemblage constrains the low-P and -T limits of the
M1 stage by the equilibrium: Ky + Czo = An (in Pl) + Crn + H2O.
The occurrence of kyanite in eclogitic assemblage allows to
apply the garnet–clinopyroxene–kyanite–quartz geobarometry; the
calibrations suggested by Nakamura & Banno (1997) yield P = ∼1.9–
2.1 GPa at T = 925–960◦C (Table 3). However, this estimated P–T
condition is in the range of plagioclase and/or out of the clinozoisite
stability field, which seems inconsistent with the observed mineral
assemblage. This result of geothermobarometry might be caused by
the uncertainty of the Fe2+/Fe3+ estimation of omphacite and/or
incomplete equilibrium of selected garnet and omphacite. The
geothermobarometry did not provide further constraints on the P–T
conditions, so based on the phase equilibria model for the sample
CHS039 (Fig. 6b), we conclude that it is reasonable the eclogite
metamorphism occurred at 2.1–2.6 GPa, 650–860◦C (Fig. 6c).

HP granulite-facies overprinting (M2)
The mineral assemblage of corona garnet + Jd-low omphacite +
plagioclase in sample CHS039 represents a post-M1 stage of recrys-
tallization. This overprinting is also evidenced by the fine-grained
symplectic reaction zones of spinel- and corundum-bearing mineral
assemblages. CI-chondrite-normalized REE patterns of omphacite
and garnet display HREE depletion compared to those of the M1
stage (Fig. 7). These contrasting signatures on REE might suggest that
the corona garnet and the Jd-low omphacite crystalized at a second
HP event.

The phase equilibria modeling suggests an equilibrium for the M2
mineral assemblage at P = 1.1–2.0 GPa and T = 750–900◦C (Fig. 6b).
The mineral assemblage calculated in this P–T space (Fig. 6b) corre-
sponds to those of the M2 stage (Fig. 5). The corona garnet compo-
sition of (XGrs: 0.24–0.27, Mg#: 35–40) is also in good agreement
with the model within the range of XGrs overestimation, therefore
their calculated isopleths of XGrs (0.26–0.30) and Mg# (36–42%)
provided strong constraints on the P–T conditions of 1.3–1.7 GPa,
750–900◦C (orange-color zone in Fig. 6b). On the other hand, the
Fe2+–Mg distributions between corona garnet and Jd-low omphacite
(KD values of ∼4.3 on average) with plagioclase in the matrix suggest
the condition of P = 1.4–1.6 GPa at T = 895–940◦C (Table 3). Despite
the instability of the kyanite, P–T estimation by geothermobarometry
is reasonable and consistent with the M2 stage P–T range constrained
by the phase equilibria modeling. The REE chemistry for corona
garnet and Jd-low omphacite, geothermobarometry (Table 3) and
phase equilibria model (Fig. 6a,b) suggest the M2 granulite-facies
overprinting at 1.4–1.6 GPa, 750–940◦C (Fig. 6c).

Amphibolite-facies retrogression (M3)
This stage is evidenced by the grain-boundary growth of clinoam-
phibole in both types of eclogite samples and a secondary-grown
clinoamphibole in the granulitized kyanite eclogite. The formation
of clinoamphibole during this retrogression stage indicates the infil-
tration of fluids during decompression. Despite the lack of enough
mineral assemblages to define P–T range, the lower to moderate
[B]Na content and high [4]Al of clinoamphibole are indicative of rel-
atively low-pressure and moderate temperature metamorphism. We
also applied the amphibole–plagioclase thermometry and barometry
based on the [4]Al–Si partitioning calibrated by Holland & Blundy
(1994) and Molina et al. (2015) for secondary grown amphibole

Fig. 7. CI-chondrite normalized REE patterns. (a) REE patterns of porphyroblas-

tic and corona garnets from CHS039, (b) REE patterns of Jd-rich and Jd-low

omphacite from CHS039. Normalizing values are from McDonough & Sun

(1995). Cyan color and square with initial E represent the prophyroblastic

garnet and Jd-rich omphacite during the eclogite-facies metamorphism. In

contrast, orange color and square with initial G represent the corona garnet

and Jd-low omphacite during the HP granulite-facies overprinting.

and adjacent plagioclase in each eclogite sample. These geothermo-
barometers yield P = ∼1.3 at T = ∼768◦C for the sample CHS040,
and P = ∼1.2 at T = ∼809◦C for the sample CHS039 (Table 3). These
results of the P–T calculations of both eclogite samples are in close
agreement with the position of amphibole reaction lines on the phase
equilibria diagram (Fig. 6a,b). Taking into account the deficiency
of assemblages and the disequilibrium textures of boundary grown
clinoamphibole, we interpreted that these P–T conditions (CHS040;
∼1.3 GPa at ∼768◦C, CHS039; ∼1.2 GPa at ∼809◦C) are maximum
values of the M3 amphibolite-facies retrogression stage (Fig. 6).

Zirconology

To constrain the transition time between the peak eclogite meta-
morphism (M1) and the subsequent HP granulite-facies overprinting
(M2), we studied the zircons’ internal structures and minerals inclu-
sions, and carried out LA-ICPMS U–Pb dating from both types of
eclogite samples in Site A and B. For comparison, we also studied
zircons from the orthogneiss (CHS037) that hosts the granulitized
kyanite eclogite of Site B. Moreover, basaltic eclogites (CHS070 and
CHS073) of Site C were also geochronologically evaluated to verify
the extent of coeval eclogite-facies metamorphism.
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Table 3: A summary of P–T estimation of the Ufipa eclogites

Sample Remarks Stage Calibration T, ◦C P, GPa

Grt–Cpx
CHS040 Ompi, Grt M1 Ellis & Green (1979) 978 @1.5

997 @2.0
Powell (1985) 965 @1.5

983 @2.0
Krogh-Ravna (2000) 936 @1.5

975 @2.0
Nakamura (2009) 1025 @1.5

1054 @2.0
CHS039 Ompi, Grt M1 Ellis & Green (1979) 940 @1.5

956 @2.0
Powell (1985) 928 @1.5

943 @2.0
Krogh-Ravna (2000) 882 @1.5

913 @2.0
Nakamura (2009) 885 @1.5

911 @2.0
CHS039 Cpx, Grtc M2 Ellis & Green (1979) 930 @1.5

946 @2.0
Powell (1985) 917 @1.5

933 @2.0
Krogh-Ravna (2000) 874 @1.5

905 @2.0
Nakamura (2009) 886 @1.5

912 @2.0
Amp–Pl
CHS040 Amp, Pl M3 Molina et al. (2015) 611 @0.7

757 @1.2
CHS039 Amp, Pl M3 Molina et al. (2015) 736 @0.7

807 @1.2

Grt–Cpx–Ky–Qz
CHS039 Ompi, Grt M1 Nakamura & Banno (1997) @800 2.9

@850 2.6
Omp, Grtc M2 Nakamura & Banno (1997) @800 2.2

@850 1.9
Amp–Pl
CHS040 Amp, Pl M3 Holland & Blundy (1994) @700 1.0

@750 1.2
CHS039 Amp, Pl M3 Holland & Blundy (1994) @700 0.8

@750 1.0

The garnet–clinopyroxene geothermometer apply for both CHS039 and CHS040 eclogites, the garnet–clinopyroxene–kyanite–quartz geobarometer apply for
CHS039 eclogite, and the amphibole–plagioclase geothermobarometer apply for both CHS039 and CHS040 eclogites.
Ompi = omphacite inclusion within garnet; Grtc = garnet corona; @ = a given value

Zircon internal texture and mineral inclusions
Zircon grains (100–200 μm) from the bimineralic eclogite (CHS040)
are subhedral and vary from elliptical to rounded shape (Fig. 8a).
Zircon crystals are characterized by high overall CL, weak inter-
nal zoning or sector zoning. SEM-EDS and micro-Raman analyses
confirmed relatively large mineral inclusions of quartz, omphacite,
garnet, rutile, and apatite (Table 4).

Zircon grains (150–300 μm) within the granulitized kyanite
eclogite (CHS039) are euhedral and display prismatic shape with
well-rounded terminations (Fig. 8b). Almost all the zircon grains
have thick cores exhibiting oscillatory zoning surrounded by thin
overgrowth rims. These rims are highly luminescent, and at least two

layers are distinguished by CL intensity. They contain a few mineral
inclusions; quartz, kyanite, plagioclase, and apatite were identified
using EDS and micro-Raman. These identified minerals are included
in the oscillatory-zoned cores, and only a few quartz inclusions also
occur in the highly luminescent rims (Table 4).

The orthogneiss sample (CHS037) contains euhedral zircon
with well-rounded terminations (150–300 μm) and subhedral
zircon (100–200 μm), which have rounded and stubby morphology
(Fig. 8c). Most zircon grains have thick cores exhibiting oscillatory
zoning surrounded by highly luminescent and thin overgrowth rims.
These grains contain mineral inclusions of quartz, plagioclase, garnet,
kyanite, rutile, and apatite (Table 4).
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Fig. 8. CL images of analyzed zircon crystals with corresponding ages. The circles indicate the location of the LA-ICPMS analysis. (a) Sample CHS040, (b) Sample

CHS039, and (c) Sample CHS037.

Zircon grains (100–250 μm) within the eclogite samples from
Site C (CHS070 and CHS073) are subhedral and vary from ellip-
tical to rounded shapes (Fig. S2). Zircon grains mainly have high
overall luminescent. Their internal structure is almost characterized
by relatively homogeneous or sector zoning texture. However, a few
grains have relatively dark homogeneous cores with very thin high
luminescence rims. SEM-EDS analyses confirmed mineral inclusions
of quartz, rutile, apatite, and clinozoisite.

Zircon U–Pb ages
The LA-ICPMS zircon U–Pb dating results are in Table 5 and Fig. 9.
Zircon from the bimineralic eclogite (CHS040) yielded a U–Pb
concordant age of 588 ± 3 Ma (Fig. 9a). In contrast, zircon rims
and cores from granulitized kyanite eclogite (CHS039) yielded two
contrasting ages. The zircon cores spread along a discordia line with

an upper intercept age of 1923 ± 19 Ma and a lower intercept age
of 560 ± 8 Ma. The overgrowth rims yielded a concordant age at
562 ± 3 Ma (Fig. 9b), which is equivalent to the lower intercept
age of the discordia line. We also dated a single-zoned zircon grain
(∼0.15 mm in size) within a corona garnet in a petrographic thin
section (Fig. 2e) from the same sample. This zircon yielded a core age
of 1922 ± 74 Ma and a concordant rim age of 566 ± 13 Ma (Fig. 9c).
Both ages display large errors but are consistent with the ages
yielded by separated zircons. Finally, zircons within the orthogneiss
(CHS037) also yielded contrasting intercept ages. Oscillatory cores
gave discordant ages with an upper intercept age of 1853 ± 22 Ma
and a lower intercept age of 599 ± 55 Ma (Fig. 9d).

The Paleoproterozoic upper intercept ages of the inherited cores
of CHS039 and CHS037 zircons represent the timing of magmatic
crystallization of their protoliths. These ∼1.8–1.9 Ga protolith ages
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Table 4: A mineral inclusion assemblage of zircon grains from Ufipa eclogites (CHS040 and CHS039) and host orthogneiss (CHS037)

Sample Rock type Zircon size Remarks Quartz Omphacite Garnet Rutile Kyanite Plagioclase Apatite

CHS040 Bimineralic
eclogite

150–200 μm + + + + +

CHS039 Granulitized
kyanite eclogite

150–300 μm core + + + +
rim +

CHS037 Orthogneiss 150–300 μm + + + + +

are plotted within the range of zircon U–Pb age from meta-granitoids
from the Bangweulu Block and Ufipa Terrane (e.g. Ganbat et al.,
2021), which suggest that sample CHS039, CHS037, and these meta-
granitoids have a similar origin.

Zircons of basaltic eclogite from the southern Ufipa Terrane tend
to have relatively low U and Pb concentrations through overall this
region. Although this feature gives wider errors, zircons from the
basaltic eclogites in Site C (CHS070 and CHS073) yielded similar U–
Pb concordant ages of 604 ± 19 and 592 ± 36 Ma (Fig. 9e,f). These
concordant ages overlap with a timing of the eclogite facies metamor-
phism recorded in CHS040. The summary of these supporting U–Pb
dating results are shown in the supplementary Table S15.

Zircon trace elements geochemistry
The U, Th, and REE trends of zircon crystals are shown in Fig. 10.
Zircons from CHS040 have low Th/U ratios (0.003–0.2) with a
higher variable spanning range of 2 orders of magnitude (Fig. 10a).
Zircons from CHS039 have two different patterns of Th/U ratios. The
oscillatory-zoned cores have higher Th/U ratios (0.8–1.0), whereas
overgrowth rims have lower Th/U ratios (0.002–0.02). The zircons
from sample CHS037 also display similar trends, where the oscilla-
tory zoned core has higher Th/U ratios (0.3–0.8).

Zircon from CHS040 is characterized by flat HREE pat-
terns (Fig. 10b) and shows remarkable positive Ce anomalies
(Ce/Ce∗ = 95–190). These patterns indicate that zircon coexisted with
garnet (Rubatto, 2002). In contrast, zircon from CHS039 has two
different REE patterns (Fig. 10c). The oscillatory-zoned cores have
positive steep HREE patterns. They show strong positive Ce anoma-
lies (Ce/Ce∗ = 73–300) and negative Eu anomalies (Eu/Eu∗ = 0.3–0.4).
In contrast, highly luminescent rims are characterized by smooth
HREE enriched patterns, positive Ce anomalies (Ce/Ce∗ = 3–52), and
weak negative Eu anomalies (Eu/Eu∗ = 0.3–0.9). These REE patterns
indicate that their zircon rims grew with plagioclase crystallization
when garnet began to destabilize during exhumation (Rubatto, 2002;
Liao et al., 2016; Štípská et al., 2016).

Phase equilibria and physical modeling

We defined the effective density �ρ as the density difference between
the Ufipa Terrane HP rocks (bimineralic eclogite, granulitized
eclogite, and host orthogneiss) and lithospheric mantle to reveal the
buoyancy of subducted rocks. We applied the Preliminary Reference
Earth Model (PREM) as the mantle’s density profile (Dziewonski &
Anderson, 1981). Based on the PREM density evolution (Dziewonski
& Anderson, 1981), the density of the mantle is a function of depth,
which is represented by ρ = 2.691 + 0.6924x (x = r/6371: the
normalized Earth radius). Therefore, the PREM density values in the
pressure range of 1.0–3.0 GPa decrease from 3.380 to 3.375 g/cm3

with depth increasing. If the �ρ value is positive, this rock is still in
the subduction stage. As the �ρ value goes from 0 to negative,

subducted rocks can stagnate and subsequently turn to exhume
themselves. The calculated 2D P–T–Δρ and 3D P–T–ρ diagrams
of CHS040, CHS039, and host orthogneiss (Ganbat et al., 2021) are
shown in Fig. 11. The black dashed lines in 2D diagrams (Fig. 11a–c)
represent the stagnation state with Δρ = 0, which is also the depth
limit for the exhumation of subducted rocks.

CHS040 has a wide range of positive �ρ values derived from
higher density distribution of 3.02–3.57 g/cm3 (Fig. 11a), and the
density change tends to be gentle (Fig. 11d). In the M1 stage P–T
condition, the current density is ∼3.50 g/cm3, and Δρ is a positive
value of ∼0.13 g/cm3. These positive �ρ values derived from high
density distribution are controlled by garnet growth (∼19.7 mol%)
and omphacite (∼55.9 mol%) in the M1 stage.

On the other hand, CHS039 has a limited range of positive
�ρ values derived from a slightly lower density distribution of
2.89–3.44 g/cm3 (Fig. 11b) and shows two apparent sharp steps
(Fig. 11e). The first step is the result of the kyanite occurrence, and
the second step is the result of the quartz-to-coesite transition. In the
M1 stage P–T condition, the current density is ∼3.35 g/cm3, and
Δρ is a negative value of around −0.03. The abundance of garnet
(∼8.9 mol%) and omphacite (∼30.9 mol%) is lower than quartz
abundance (∼48.9 mol%).

The host orthogneiss shows a lower density range (2.61–
3.05 g/cm3), and the effective density is negative over the entire
calculated P–T range, although there is a significant increase in
density at the quartz/coesite phase boundary (Fig. 11c,f).

Thermomechanical modeling with the ‘I2VIS’ code

We conducted 2D numerical modeling with the thermo-mechanical
code (Gerya & Yuen, 2003) to investigate the subduction angle’s
effect on the exhumation duration. Figure 12a,b show the calculation
results with 20◦ and 30◦ subduction angles, and other parameters
were assumed to be identical (Table S1). Figure 12c,d show paths
tracing the pressure and temperature changes of the markers placed
in three different rock units, lower and upper continental and oceanic
crust.

Lower-angle subduction of 20◦ results in a slab break-off at
∼41 Myr from the beginning of plate convergence. In this case,
large fragments of the oceanic crust remain at the continental crust
edge even after the slab break-off (Fig. 12a). The continental crust
subducted to a maximum ∼120 km depth and exhumed adiabatically
to the lower crustal level with a relatively long duration, ∼30 Myr.

On the other hand, higher angle subduction of 30◦ results in
a much earlier slab break-off at ∼21 Myr. In this case, the slab is
broken-off in a shallow section, and most of the oceanic crust is
subducted with the edge of the continental crust (Fig. 12b). Despite
the deeper subduction, the subducted materials exhume adiabati-
cally to the lower crustal level in a short duration of ∼10 Myr
(Fig. 12b,d).

https://academic.oup.com/petroj/article-lookup/doi/10.1093/petroj/egac012#supplementary-data
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Fig. 9. U–Pb concordia diagrams of dated zircons from the CHS040, CHS039 eclogites, and CHS037 orthogneiss. (a) Concordant age of zircons from bimineralic

eclogite (CHS040), (b) upper intercept age of oscillatory zoned cores and concordant age of overgrowth rims of zircons from granulitized kyanite eclogite

(CHS039), (c) upper intercept age of cores and concordant age of overgrowth rims of zircon within corona garnet by in situ LA-ICPMS dating on thin section, (d)

upper and lower intercept ages of zircons from orthogneiss (CHS037), and (e, f) concordant age of zircons from basaltic eclogite (CHS070 and CHS073). Cyan

color and square with initial E represent the result from zircons during the eclogite-facies metamorphism; orange color and square with initial G represent the

result from zircon rims during the HP granulite-facies overprinting; and pink color and square with initial I represent the result from the zircon igneous cores.

DISCUSSION

P–T–t evolution of the Ufipa terrane

The P–T geothermobarometries and phase equilibria modeling sug-
gest the transitions from the eclogite peak metamorphism (M1 stage)
at 75 ± 7 km depth to the HP granulite overprinting (M2 stage) at
48 ± 3 km depth (Fig. 6c). It is not deniable that this decompression

path has various possible cooling trends, either heating or isothermal,
because of the error of temperature estimations. However, Mg#
of the M2 stage corona garnet (35–40%) is slightly higher than
the core of the M1 stage garnet porphyroblasts (31–35%) in the
sample CHS039. In contrast, KD values (∼4.4) between the M2 stage
omphacite and adjacent garnet is slightly lower than the value (∼4.3)
of the M1 stage. Considering temperature dependence of Mg# of
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Fig. 10. (a) Typical Th versus U diagram of magmatic and metamorphic

zircons. Black dashed lines represent the value of Th/U ratio at 0.01, 0.1, and 1,

respectively. (b) REE patterns of metamorphic zircons from CHS040 eclogite,

(c) REE patterns of igneous cores, and overgrowth rims of zircons from

CHS039 eclogite. Normalizing values are from McDonough & Sun (1995). See

Fig. 9 for colors and abbreviations.

garnet and KD values, these features suggest an almost isothermal
or a slight temperature increase during the decompression by the M1
to M2 stage transition. In addition, it is noteworthy that there are
abundant symplectic textures in the granulitized kyanite eclogite. The
such number of symplectic textures support the nearly isothermal
decompression path caused by adiabatic exhumation (e.g. Baldwin
et al., 2015). The maximum P–T condition of the M3 stage is
also consistent with the trend of this decompression path (Fig. 6).

Based on these features, we concluded that the transition from
the M1 to M2 stage was nearly isothermal decompression despite
the estimation error in geothermobarometry and phase equilibria
modeling. The previous studies of the Ufipa Terrane HP rocks also
showed nearly isothermal decompression path in eclogite and gneiss,
although the estimated values of P–T conditions slightly differed
(Boniface & Schenk., 2012; Boniface & Appel., 2018). In fact, such
nearly isothermal decompression P–T paths are common in other
HP–UHP eclogite of some continental collision zones (e.g. Banno et
al., 2000; Baldwin et al., 2004; Hacker et al., 2015; Kellett et al.,
2014; Liao et al., 2016; Cao et al., 2019).

The LA-ICPMS zircon U–Pb dating from bimineralic eclogite
(CHS040) yielded a concordia age of 588 ± 3 Ma. The dated zircon
is homogeneous or displays internal sector zoned texture, and their
Th/U ratios are low, which suggests a metamorphic origin (e.g.
Yakymchuk et al., 2018). These zircon grains also contain eclogite-
facies mineral inclusions (omphacite, garnet, and rutile) and lack of
negative Eu anomaly, which indicates that they are coeval with the
eclogitic minerals in the matrix (Hermann et al., 2001). Furthermore,
the absence of a granulite-facies overprinting in sample CHS040
strongly supports that the zircon formed during the eclogite metamor-
phism. Therefore, their concordia age of ∼588 Ma should represent
the M1 stage’s timing, the eclogite peak metamorphism.

In contrast, inherited oscillatory-zoned cores with overgrowth
rims characterize the zircon from granulitized kyanite eclogite
(CHS039). The oscillatory zoning texture in the zircon cores and
higher Th/U ratios (0.35–0.82) suggest that they developed during
the precursor’s magmatic crystallization. Their rims lack oscillatory
zoning and display lower Th/U ratios (0.002–0.02) similar to those
from HP metamorphic zircons (e.g. Flores et al., 2013). The zircon
LA-ICPMS dating of the overgrowth rims yielded a concordant
age of 562 ± 3 Ma. This age is significantly younger than the age
of M1 eclogite-facies zircon in the bimineralic eclogite (CHS040);
this younger age was also confirmed by in situ ∼566 Ma dating
in the rim of a zoned-zircon grain within M2 granulite-facies
corona garnet on a thin-section of the granulitized kyanite eclogite
(CHS039). Considering the lower Zr content of the whole-rock
compositions, we could not rule out that these zircon rims were
formed by replacement or recrystallization of old inherited cores,
not overgrowth. However, negative Eu anomalies and smooth
HREE enriched patterns (Fig. 10c) suggest that these rims were
formed under the M2 metamorphism condition with plagioclase
and corona garnet crystallization when garnet porphyroblasts began
to destabilize. Therefore, regardless of their formation process,
we think that these zircon rims were formed under the M2 stage
conditions, and their younger metamorphic age represents the HP
granulite-facies overprinting. This is also supported by the absence
of omphacite and kyanite inclusions on these zircon rims. Thus,
we propose that the concordia age of ∼562 Ma represents the M2
metamorphic stage age.

Boniface & Schenk (2012) reported two different U–Pb ages
of 593 ± 20 Ma and 524 ± 12 Ma for the timing of collisional
metamorphism. The M1 metamorphic age of ∼588 Ma is consistent
with the eclogite metamorphic age with oceanic closure between the
Tanzania Craton and the Bangweulu Block reported by Boniface &
Schenk (2012), which is also supported by the continuous age of
the basaltic eclogite from the southern part of the Ufipa Terrane. In
contrast, the timing of M2 stage metamorphism (∼562 Ma) is a new
insight into the orogenic evolution. Boniface & Appel (2018) indicate
that an oceanic basin closed later in the southern part of the Western
Ubendian Corridor (Nyika Terrane), during the collision with the
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Fig. 11. Two-dimensional effective density distribution on the P–T phase equilibria diagrams of (a) CHS040, (b) CHS039, and (c) host orthogneiss in the Ufipa

Terrane. Three-dimensional P–T–ρ diagrams visualizing density evolution of (d) CHS040, (e) CHS039, and (c) host orthogneiss. The whole-rock dataset of host

orthogneiss is based on Ganbat et al. (2021).

Bangweulu Block and the Tanzania Craton. This means that the
younger age between 530–500 Ma was likely affected by the sub-
duction and closure of different ocean basins. However, younger
concordia age of ∼524 Ma reported from basaltic eclogite (Boniface
& Schenk, 2012) has a wide variation of ages. Due to the lack of
trace element geochemistry and mineral inclusion study for zircon, it
is also unclear that the resulting age represents the timing of eclogite
metamorphism during the collisional event or a later process. Our
study revealed the timing of the eclogite metamorphism and the HP
granulite overprinting by integrating with zircon U–Pb dating and
trace element geochemistry.

Eclogite-to granulite transition caused by

buoyancy-driven exhumation

Based on the data discussed above, the transition time �t
between the peak eclogite-facies metamorphism peak (M1 stage)
and HP granulite-facies overprinting (M2 stage) in the Ufipa
Terrane is estimated as 26 ± 4 Myr. Considering error propagation
of the pressure estimation, the �t and exhumed distance of
29–38 km yield a range of exhumation rate of 0.7–1.5 mm/year.
This rate seems relatively slow, but enough to achieve the nearly
isothermal decompression path caused by adiabatic exhumation
in this region. Much rapid exhumation rates have been reported
in some continental collision zones, such as the Dora Maira
Massif and/or Kokchetav Massif (Hermann et al., 2001; Rubatto

& Hermann, 2001). In common, advection (exhumation) that
sufficiently exceeds thermal diffusion’s effect caused the adiabatic P–
T trajectory. This type of exhumation is usually caused by buoyancy
differences between the subducted low-density materials and the
surrounding mantle rocks (e.g. Ernst et al., 1997; Chemenda et al.,
2000; Liou et al., 2014). Warren et al. (2008) suggested that this
buoyancy-driven exhumation is achieved by the continental crust
buoyancy, overcoming subduction-enhancing traction of the oceanic
lithosphere. Therefore, the ratio of subduction-enhancing traction
to buoyancy may control various exhumation rates and duration of
subducted materials in continental collision zones.

The bimineralic eclogite (CHS040) occurred as lenticular boudins
with basaltic composition and MORB-like affinity similar to another
kyanite-free eclogite, which suggests that these eclogite rocks are
derived from the fragments of the oceanic crust. On the other hand,
the granulitized kyanite eclogite has higher SiO2 and alkalis than the
bimineralic eclogite. This kyanite eclogite and the Ufipa orthogneiss
(Ganbat et al., 2021) display a negative correlation with SiO2. These
suggest that the protolith of the granulitized eclogite is continental
derived, a mafic variety of granite-dominant plutonic complex, which
is supported by the occurrence of the zircon inherited cores. The
occurrence of these oceanic- and continental-derived HP rocks within
the Ufipa Terrane indicates the continuous tectonic event, subduction
of the oceanic crust followed by continental collision and subduction.
These differences of protoliths make the buoyancy structure more
complex in the Ufipa Terrane.
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Fig. 12. The evolution models of (a) lower angle (∼20◦) subduction and (b) higher angle (∼30◦) subduction are shown by composition and temperature

distribution. Colors indicate the rock type as follows: 1-air/water; 2-sediments; 3-upper continental crust; 4-lower continental crust; 5-upper oceanic crust; 6-

lower oceanic crust; 7-lithosphere, 8-asthenosphere, and 9-hydrated mantle in the fracture zone. Details of the geochemical and geophysical parameters are

shown in Table S2. The P–T paths of representative markers on different rock units, in the case of (c) lower and (d) higher angle subduction.

The effective density �ρ is an essential indicator for chasing
the state of subduction, stagnation, and exhumation of subducted
rocks. Our density distribution profiles show the buoyancy difference
in two-types of eclogite samples. In the P–T range of the M1

stage, higher density (∼3.50 g/cm3) and positive �ρ value of the
bimineralic eclogite suggest that this rock has negative buoyancy,
and subduction force is dominant. On the other hand, the granuli-
tized kyanite eclogite shows positive buoyancy and self-exhumation

https://academic.oup.com/petroj/article-lookup/doi/10.1093/petroj/egac012#supplementary-data


20 Journal of Petrology , 2022, Vol. 63, No. 3

Table 6: Characteristics of some large-type HP–UHP terranes in continental collision zones

Locality Peak HP–UHP
age, Ma

Lower-to-middle
crustal age, Ma

HP–UHP
depth, km

�t, Myr Reference

Western Gneiss Region ∼413 ∼397 >100 ∼15 Butler et al. (2018)
Eastern Himalaya ∼38 15–13 60–70 ∼25 Kellett et al. (2014)
Ufipa ∼588 ∼562 ∼80 ∼26 This study
Dabie-Sulu 235–225 215–208 >100 10–27 Liu & Liou (2011)
Qaidam ∼423 ∼403 >100 ∼20 Song et al. (2006)
North Qinling ∼497 476–447 > ∼60 21–50 Liao et al. (2016)

The eclogite-to granulite (and/or amphibolite) time gap (�t) is compared in different era.

ability supported by lower density (∼3.35 g/cm3) and negative �ρ

value in the M1 stage. These results are caused by a difference
in protolith composition of the two types of eclogite samples (i.e.,
basaltic or gabbro-dioritic). Basaltic eclogite has a wide range of
high-density zone derived from a high abundance of garnet and
omphacite. A lower density distribution of gabbro-dioritic eclogite is
resulted from higher quartz abundance than garnet and omphacite.
Therefore, there is a significant increase in density at the quartz/-
coesite phase boundary. Note that the presence of host pelitic gneiss
and/or orthogneiss is another critical factor for high-density rock
transportation. The effective density across the subduction channel
depends on the volumetric ratio of eclogite and low-density materials,
and it controls the exhumation rate (Wang et al., 2019). The rapid
decline in the transport capacity of felsic rocks at the quartz/coesite
phase boundary is consistent because no UHP rocks have been
identified in the Ufipa Terrane and are limited in other continental
collision zones. However, these host rocks in the Ufipa Terrane remain
positive buoyant even though the UHP phase. Although the difficulty
of constraining the volumetric ratio of materials in the subduction
channel precludes a quantitative discussion, the presence of these host
rocks, which remain positively buoyant even in the UHP condition,
was confirmed to be a factor in efficiently transporting the high-
density eclogite.

Geodynamic timescale in continental collision zone

How does the timescale of eclogite-to granulite transition in the Ufipa
Terrane differ from other continental collision zones? Kylander-Clark
et al. (2012) suggested that the exhumation duration estimated from
eclogite-to granulite transition time was associated with the size
of the HP-UHP terrane. Large-type orogenic terranes such as the
Western Gneiss Region, Qaidam, and Dabie-Sulu (>20 000 km2)
reported relatively longer exhumation duration (>15 Myr) than
small-type (<10 000 km2) orogenic terranes such as the Dora Maira
Massif or Kokchetav Massif (<10 Myr). It is noteworthy that the
Neoproterozoic HP terranes of the Ubendian Belt (Tanzania), Ufipa,
and Nyika Terranes (∼16 000 km2) are one of the exceptional large-
type orogenic terranes. Table 6 shows some examples of eclogite-to
granulite transition time from the Western Gneiss Region, Eastern
Himalaya, Dabie-Sulu, Qaidam, and North Qinling (Song et al.,
2006; Mattinson et al., 2006; Liu & Liou., 2011; Kellett et al.,
2014; Liao et al., 2016; Butler et al., 2018). Compared to the �t in
other continental collision zones in both Paleozoic and Cenozoic, the
values overlap within the similar range of ∼20–30 Myr regardless
of each collisional event’s age. The �t of ∼20–30 Myr might be
a geodynamic function of lower crustal stabilization followed by a
single continental collision event.

The value of �t is primarily affected by the ratio of subduction-
enhancing traction and buoyancy of continental slab. The volume of
HP–UHP terrane is one of the factors determining this ratio (Warren
et al., 2008; Kylander-Clark et al., 2012; Burov et al., 2014). Large
orogenic terranes are characterized by lower angle subduction, where
need duration to weaken the entire lithosphere due to their large
volume. Therefore, it takes a longer time for buoyancy to overcome
traction (Warren et al., 2008). Besides, as the subduction angle is
lower, the exhumation rate’s vertical component is limited in case the
HP–UHP domain exhume follows the same trajectory as subduction
(Kylander-Clark et al., 2012). Hence, at least the �t of 20–30 Myr
is required to exhume large volume HP–UHP terranes from greater
depth to lower crustal levels in continental collision zones.

Our 2D thermomechanical modeling revealed the effect of a
slight change in subduction angle of 10◦ to the timing of the slab
break-off and exhumation duration of subducted rocks (Fig. 12).
Lower angle (∼20◦) subduction characteristic of large-type orogenic
terranes induced deeper level slab break-off. In this case, the con-
tinental crust buoyancy is suppressed by leaving large fragments
of the oceanic crust even after the slab break-off, which increases
the exhumation duration. On the other hand, in a small-type oro-
genic case where the subduction angle is higher (∼30◦), the conti-
nental crust buoyancy predominates, as most of the oceanic crust
are broken-off, hence the exhumation to the lower crustal level is
achieved in a short duration. However, various other parameters
besides the subduction angle may be involved, such as the abun-
dance of sediments and/or continental materials, the convergence
rates, and the crustal strengths controlled by the thermo-rheological
structure (Warren et al., 2008; Burov et al., 2014; Wang et al., 2019).
Although these parameters are highly controversial and should be
tested through complete regional modeling with reproducing burial
and exhumation paths of HP–UHP rocks (Burov et al., 2014), the
subduction angle is one of the most important factors that primary
controlled the exhumation and structural style of HP–UHP rocks
during continental subduction/collision (e.g. Li et al., 2011; Li, 2014).

During the exhumation from the eclogite-facies depth, subducted
continental crust can be underplated to the hanging wall continental
crust (Fig. 13a,b). This process promotes the crustal thickening and,
subsequently, the exhumed and/or underplated slab recrystallizes in
a lower portion of the thickened crust. In this scenario, the timing of
an HP granulite-facies overprinting (∼562 Ma) of the Ufipa Terrane
can rephrase the timing of lower crustal stabilization. Assuming 30–
35 km for a crustal thickness of the hanging-wall crust before the
collision, our new data suggest up to ∼40% increase of crustal
thickness due to the collision. More importantly, this type of crustal
thickening process can require 20–30 Myr.
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Fig. 13. A schematic cartoon illustrating the Bangweulu Craton as a microcontinent in the Neoproterozoic era collide with the Tanzania Craton and the continental

crust thickened. (a) Timing of collision/subduction (eclogitization) at ∼588 Ma, which shows that continental subduction to eclogite-facies depth followed by slab

break-off and oceanic crust fragmentation. (b) Timing of lower crustal stabilization (granulitization) at ∼562 Ma, which shows that subducted continental crust

underplated to the hanging wall continental crust with the fragment of oceanic crust.

CONCLUSIONS

Petrological and geochemical studies of the basaltic bimineralic eclog-
ite and gabbro-dioritic granulitized kyanite eclogite define three
metamorphic stages in the Ufipa Terrane of Tanzania: eclogite-facies
metamorphism (M1), HP granulite-facies overprinting (M2), and
amphibolite-facies retrogression (M3). A nearly isothermal decom-
pressive exhumation path characterizes the transition from the M1
stage at 2.1–2.6 GPa and 650–860◦C to the M2 stage at 1.4–1.6 GPa
and 750–940◦C. Zirconology revealed the eclogite-to granulite tran-
sition time (�t) of ∼26 ± 3 Myr between 588 ± 3 and 562 ± 3 Ma,
giving then an average rate of the eclogite exhumation toward lower
crustal levels of 0.7–1.5 mm/year. In the exhumation process of the
Ufipa Terrane, lower density gabbro-dioritic eclogite, and host felsic
rocks play an essential role in carrying high-density basaltic eclogite.

The �t value of the Ufipa Terrane is also in agreement with
other large-type collisional orogens, suggesting that stabilization of
thickened continental crust followed by a single continental collision
event requires 20–30 Myr. This relatively long exhuming duration is
also consistent with the lower-angle subduction model simulation on
our thermomechanical modeling.

FUNDING

This work was supported by CNEAS, Tohoku University, and the
Okayama University of Science in part by grants from the JSPS KAK-
ENHI (JP21H01174, JP18H01299, JP15H05212, and JP24403010)
to T.T. This was also supported by the MEXT Private University

Research Branding Project (Okayama University of Science) to K.A.
and KAKENHI JP19K04043 to K.A.

DATA AVAILABILITY STATEMENT

The data underlying this article are available in the article and in its
online supplementary material.

SUPPLEMENTARY DATA

Supplementary data are available at Journal of Petrology online.

ACKNOWLEDGEMENT

We are grateful for constructive comments from Bernard Bingen and anony-
mous reviewers, and thoughtful editorial handing by Sarah Sherlock. We would
like to thank Tan Furukawa for his support of numerical approaches. We thank
Shota Matsunaga, Hironobu Harada and Ryo Fukushima for their laboratory
assistance. We are also grateful for constructive feedback from Daniel Pastor-
Gálan and Ariuntsetseg Ganbat. TT and NB thank R. Kinyaiya for driving us
safely in a Toyota Land Cruiser 70 in difficult but beautiful field conditions.

REFERENCES

Aoki, S., Aoki, K., Tsuchiya, Y. & Kato, D. (2019). Constraint on the eclogite
age of the Sanbagawa metamorphic rocks in Central Shikoku, Japan.
International Geology Review 61, 2211–2226.

https://academic.oup.com/petroj/article-lookup/doi/10.1093/petroj/egac012#supplementary-data


22 Journal of Petrology , 2022, Vol. 63, No. 3

Aoki, S., Aoki, K., Tsujimori, T., Sakata, S. & Tsuchiya, Y. (2020). Oceanic-arc
subduction, stagnation, and exhumation: zircon U–Pb geochronology and
trace-element geochemistry of the Sanbagawa eclogites in Central Shikoku
SW Japan. Lithos 358-359, 105378.

Baldwin, S. L., Monteleone, B. D., Webb, L. E., Fitzgerald, P. G., Grove, M. &
Hill, E. J. (2004). Pliocene eclogite exhumation at plate tectonic rates in
eastern Papua New Guinea. Nature 431, 263–267.

Baldwin, J. A., Powell, R., White, R. W. & Štípská, P. (2015). Using calculated
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& Whitehouse, M. J. (2008). Plešovice zircon—a new natural reference
material for U–Pb and Hf isotopic microanalysis. Chemical Geology 249,
1–35.

Song, S., Zhang, L., Niu, Y., Su, L., Song, B. & Liu, D. (2006). Evolution
from oceanic subduction to continental collision: a case study from the
Northern Tibetan Plateau based on geochemical and geochronological
data. Journal of Petrology 47, 435–455.

Stern, R. J. (1994). Arc assembly and continental collision in the Neoprotero-
zoic East African Orogen: implications for the consolidation of Gond-
wanaland. Annual Review of Earth and Planetary Sciences 22, 319–351.

Stern, R. A. (1997). The GSC sensitive high resolution ion microprobe
(SHRIMP): analytical techniques of zircon U-Th-Pb age determinations
and performance evaluation. Radiogenic Age and Isotopic Studies: Report
10, 1–31.

Stern, R. J. & Kröner, A. (1993). Late Precambrian crustal evolution in NE
Sudan: isotopic and geochronologic constraints. The Journal of Geology
101, 555–574.
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