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ABSTRACT
Did exhumation of ultrahigh-pressure (UHP) rocks proceed at comparable rates in the 

Neoproterozoic and in modern collisional orogens? We address this question with a multi-
mineral geochronological study of UHP rocks from the Gourma fold-and-thrust belt in Mali. 
Integrated petrology and zircon U-Pb geochronology reveal peak metamorphic conditions 
of 820–740 °C and 3.3–3.4 GPa at 611.7 ± 3.6 Ma, providing evidence for subduction of the 
passive margin of the West African craton to ∼125 km depth in the West Gondwana orogen. 
Rutile U-Pb cooling ages indicate further exhumation of the Gourma UHP unit to mid-crustal 
levels (∼35 km) at 601.7 ± 3.2 Ma. These two ages provide a time lag between peak conditions 
and exhumation to 35 km of 10 ± 3.1 m.y., constraining an average vertical exhumation rate 
of 0.9 ± 0.3 cm/yr. Our data indicate a fast exhumation rate for the oldest known UHP rocks, 
comparable to that reported for modern collisional orogens. We argue that exhumation of 
the deeply subducted UHP rocks along the West Gondwana orogen contributed to significant 
changes in the Neoproterozoic atmosphere and biosphere.

INTRODUCTION
The emergence of modern-style mechanisms 

for plate tectonics is one of the most debated 
issues in the geological literature (Cawood et al., 
2018), but direct evidence for deep continental 
subduction at ultrahigh-pressure (UHP) condi-
tions in the geological record is limited to Neo-
proterozoic and younger times (Stern, 2018). 
The transport of continental rocks to UHP con-
ditions equivalent to depths >100 km, where 
coesite is stable (Chopin, 1984; Smith, 1984), 
and their exhumation back to mid-crustal lev-
els is a common process in Phanerozoic colli-
sional orogens such as the Alps and Himalayas. 
Coesite-bearing rocks from the Gourma fold-
and-thrust belt (Caby, 1994) of the West Gond-
wana orogen represent the oldest unambiguous 
record of UHP rocks (Jahn et al., 2001; Ganade 
et al., 2014). In this belt, burial to UHP condi-
tions at ca. 610 Ma has been previously defined 
(Caby, 1994; Ganade et al., 2014), however the 
detailed pressure-temperature-time (P-T-t) tra-

jectory of these rocks during continental sub-
duction and exhumation remains unconstrained. 
This period also coincides with critical changes 
in the Earth’s atmosphere and biosphere, lead-
ing to the hypothesis that these changes were 
triggered in part by the growth and erosion of 
Himalayan-sized mountains (Squire et al., 2006; 
Campbell and Allen, 2008; Ganade et al., 2014).

Here, we report a petrochronological inves-
tigation that unravels the exhumation rate of 
these important UHP rocks. Our results define 
a fast exhumation rate for these earliest UHP 
rocks, suggesting that the process of exhuma-
tion has similar constraints to those recorded in 
the Phanerozoic collisional orogens. We suggest 
here that the interdependence of low latitude, 
tectonics, and climatically driven erosion may 
have influenced critical changes in the Neopro-
terozoic atmosphere and biosphere.

THE GOURMA FOLD-AND-THRUST 
BELT (WEST GONDWANA OROGEN)

The Gourma fold-and-thrust belt of north-
ern Mali hosts UHP coesite-bearing rocks 
(Caby, 1994) and is part of the >2500-km-long 
orogen that resulted from the closure of the 

Goiás-Pharusian Ocean (Caby, 1989; Ganade 
et al., 2014). The orogen culminated in a con-
tinent-continent collision, mainly involving the 
conjoined Amazon and West African cratons 
against the São Francisco–Congo and Saha-
ran cratons (Fig. 1A). Subduction was long 
lived (>400 m.y.), resulting in the develop-
ment of several intra-oceanic and continental 
arcs that are now partially preserved within a 
deeply eroded paleo-collisional zone (Caby, 
1989; Ganade et al., 2014, 2021). The colli-
sional period has been defined by U-Pb dating 
of UHP eclogitic zircons along the orogen in 
Brazil, Togo, and Mali and can be bracketed 
between 615 and 610 Ma (Ganade et al., 2014). 
The erosion of mountains resulting from the 
collision is documented in syn- to post-colli-
sional sedimentary deposits, and the termina-
tion of orogenic activity is dated by the age of 
post-collisional granitoids ranging from 580 
to 520 Ma (Liégeois and Black, 1987; Ganade 
et al., 2014).

The rock assemblage of the Gourma fold-
and-thrust belt represents the subducted, rifted 
passive continental margin of the West African 
craton (Caby, 1989). It consists of shelf car-
bonates grading eastward to turbiditic slope 
facies overlain by a thick terrigenous turbidite 
sequence (Caby, 1979; Jahn et al., 2001). The 
proximal portion of the passive margin consists 
of folded low-grade metasedimentary rocks and 
undeformed strata of the Ydouban and Hombori 
formations, respectively (Fig. 1B) (Reichelt, 
1966; Caby, 1979). The inner part of the mar-
gin has been affected by collisional tectonics 
that imprinted a westward vergence toward the 
West African craton. This inner part consists of 
greenschist facies rocks of the external nappes 
(Adouf turbidites) and high-pressure nappes 
that include eclogites and garnet blueschists 
around Assongo (Caby et al., 2008) (Fig. 1B). *carlos​.ganade@cprm​.gov​.br
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This ∼10,000 km2 unit preserves high-pressure 
metamorphic assemblages represented by phen-
gite-garnet-omphacite-rutile assemblages and 
kyanite in aluminous quartzites, including a 
3-km-thick imbricated flat-lying UHP eclogitic 
unit, the source of the samples investigated here.

PETROLOGY AND DATING OF 
ACCESSORY PHASES

Petrological investigations combined with 
time-stamped zircon trace element and rutile 
U-Pb geochronology were used to constrain 
the P-T-t history of the UHP eclogitic Gourma 
terrane. Two impure quartzite samples (S508 
and S520) and one eclogite sample (S510) were 
collected in the region of In Edem within the 
coesite-bearing UHP domain (Caby, 1994). Thin 
sections were mapped with an electron probe 
micro-analyzer to determine mineral composi-
tional zoning (Lanari et al., 2014) and for P-T 
modeling combined with U-Pb geochronology 
and trace elements of zircon and rutile. Analyti-

cal procedures and detailed results are provided 
in the Supplemental Material1.

Element maps for samples S508 and S520 
show a peak metamorphic assemblage of garnet-
omphacite-phengite-kyanite-coesite-(quartz)-
rutile with retrograde amphibole, paragonite, 
epidote, albite, and chlorite (Figs. 2A and 2B). 
Sample S510 has an inferred peak metamor-
phic assemblage of garnet-omphacite-(quartz)-
coesite-rutile and retrograde amphibole, epidote, 
and paragonite (Fig. 2C).

The topology of the phase equilibrium dia-
grams for the samples from the internal nappe 
sequence are similar (Fig. 2; Fig. S1 in the Sup-
plemental Material), with low-variance fields 
bounding the stability field of garnet-omphacite-

phengite-bearing assemblages at temperatures 
above 650–700 °C and pressures between 2.0 
and 3.5 GPa. In general, the transition from high- 
to low-pressure equilibrium fields is accompa-
nied by an increase in amphibole and epidote 
volume at the expense of garnet and omphacite. 
In all models, the calculated peak metamorphic 
assemblages are high-variance fields (variance 
v = 4 or 5). The combined isopleth intercept area 
of high-Si per formula unit (pfu) in phengite, 
jadeite molecule in omphacite (XJd), and gros-
sular molecule in garnet (XGrs) indicates similar 
average peak metamorphic conditions for the 
metasedimentary rocks of 3.36 ± 0.16 GPa and 
743 ± 44 °C (sample S508) and 3.46 ± 0.14 GPa 
and 825 ± 34 °C (sample 520). For the eclogite 
sample S510, the interception of the isopltehs of 
XJd in omphacite and pyrope molecule (XPrp) in 
garnet yielded a less-constrained P-T conditions 
of 2.66 ± 0.31 GPa and 725 ± 57 °C.

Metamorphic zircon in both eclogite and 
quartzite is represented by overgrowths around 
ca. 900 Ma cores (Data Set S1 in the Supple-
mental Material) and structureless to sector-
zoned rounded crystals (Fig. 3A) with ompha-
cite and garnet inclusions (Fig. S2). Zircon 
cores and rims and structureless crystals were 
dated with secondary ionization mass spectrom-
etry (SIMS; methods in Supplemental Mate-
rial). For eclogite S510, zircon dates from nine 
round structureless zircon crystals and zircon 
rims define a concordia age of 610.3 ± 4.7 Ma 
(2σ, MSWD = 1.00) (Fig. 3B). Metamorphic 
zircon overgrowths from the UHP quartzite 
S508 define a concordia age of 613.9 ± 5.8 Ma 
(2σ, MSWD = 0.29) (Fig. 3B). Because both 
samples were collected from the same struc-
tural level at the same location within the In 
Edem well and have the same zircon texture 
and chemistry, both ages can be combined to 
define a concordia age of 611.7 ± 3.6 Ma (2σ, 
MSWD = 0.57) (Fig. 3B). In both samples, 
metamorphic zircon is characterized by a flat 
heavy rare earth element pattern and the absence 
of a pronounced Eu anomaly (Fig. 3), indicating 
that, in contrast to the older cores, they grew 
in the presence of garnet and in the absence of 
plagioclase (e.g., Rubatto, 2002, 2017). Tita-
nium contents for the metamorphic zircons 
from eclogite S510 and impure quartzite S508 
range from 7.2 to 17.6 ppm and 7.3 to 24.5 ppm, 
respectively, resulting in Ti-in-zircon tempera-
tures (Watson et al., 2006) of 746 ± 23 °C and 
795 ± 21, respectively (Data Set S1; Fig. 3A).

Rutile grains with equatorial areas ranging 
in size from 10 to 50 mm2 from UHP kyanite-
bearing quartzite (samples S508 and S520) were 
dated by laser ablation–inductively coupled 
plasma–mass spectrometry (LA-ICP-MS). A 
regression based on 20 spot analyses in rutile 
grains from sample S508 yield a mean 206Pb/238U 
date of 608.1 ± 4.9 Ma (2σ, MSWD = 2.3) with 
an initial 207Pb/206Pb intercept at 0.89 ± 0.02. For 

1Supplemental Material. Analytical procedures 
and detailed petrology. Please visit https://doi​.org​/10​
.1130​/GEOL​.S.22688005 to access the supplemental 
material, and contact editing@geosociety.org with 
any questions.
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Figure 1.  Geological context of the West African craton and Gourma fold-and-thrust belt. (A) 
Continental-scale geological context of the West Gondwana orogen in Africa (Ganade et al., 
2014). (B) Geological map of the Gourma fold-and-thrust belt. (C) Cross section of the Gourma 
region after Caby (1989). UHP—ultrahigh pressure.
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Figure 2.  Mineral dis-
tribution (left) and 
compositional variation 
of garnet, omphacite, and 
phengite together with 
isopleth thermobaro-
metric results (right). (A) 
Quartzite sample S508. 
(B) Quartzite sample 
S520. (C) Eclogite sample 
S510. Pfu—per formula 
unit; XJd—jadeite mol-
ecule; XGrs—grossular 
molecule; XPrp—pyrope 
molecule; Grt—garnet; 
Omp—omphacite; Phg—
phengite; Ky—kyanite; 
Rt—rutile; Pa—parago-
nite; Amp—amphibole; 
Ep—epidote; Ab—albite; 
Chl—chlorite; Ap—
apati te; Q—quar tz; 
Coe—coesite; Gph—
graphite; Dia—diamond.
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B
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Figure 3.  Zircon geochronology and trace elements. (A) Internal zircon structure and rare earth element (REE) composition for samples S508 
and S510. Spots refer to REE analyses in the zircon core (black) and metamorphic rims and rounded zircons (orange and green). Dashed 
smaller spot refers to U-Pb analyses. (B) Wetherill concordia plots of U-Pb zircon data from samples S508 (orange) and S510 (green). (C) U-Pb 
Tera-Wasserburg plot for rutile grains from quartzite samples S508 and S520. Dashed ellipses refer to rutile grains with an equatorial area 
>26 mm2 and are not included in the age calculation. MSWD—mean square of weighted deviates.
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sample S520, an isochron of 29 spot analyses 
yielded a mean date of 602.8 ± 4.1 Ma (2σ, 
MSWD = 1.9) with initial 207Pb/206Pb intercept 
of 0.87 ± 0.19. Individual rutile dates are cor-
related with grain area, with smaller grains tend-
ing to be younger, indicating that rutile dates 
are controlled by diffusion (Fig. 3C). Given the 
comparable initial 207Pb/206Pb and the proximity 
of the two samples, a cumulative age consid-
ering only the smallest grains is calculated at 
601.7 ± 3.2 Ma (2σ, MSWD = 1.6) (Fig. 3C). 
Zirconium concentrations in rutile from samples 
S508 and S510 are similar, ranging from 120 to 
535 ppm and yielding mean Zr-in-rutile tempera-
tures (Watson et al., 2006) of 742 ± 30 °C and 
743 ± 25 °C, respectively (Data Set S2). Zirco-
nium diffusion in rutile is significantly slower 
than that of Pb and robust to high temperature 
(Cherniak et al., 2007; Ewing et al., 2013), so Zr-
in-rutile temperatures are interpreted as forma-
tion temperatures and predate the cooling ages.

DISCUSSION: PACE OF EXHUMATION 
OF EARLIEST UHP ROCKS

Phase equilibrium modeling and isopleth 
thermobarometry for the Gourma UHP rocks 
support metamorphic conditions in the coesite 
stability field with pressures between 3.4 and 
3.3 GPa. Together with evidence for coesite 
(Caby, 1994), such peak conditions provide an 
unambiguous record of subduction of the West 
African craton passive margin to UHP at 820–

740 °C with an apparent geothermal gradient of 
240–220 °C/GPa. Trace element composition 
and mineral inclusions in metamorphic zircon 
from samples S510 and S508 indicate zircon 
growth at eclogitic conditions. Average Ti-in-
zircon thermometry (Watson et al., 2006) of 
metamorphic overgrowths returns temperatures 
of 800–750 °C, within the uncertainty of temper-
atures from thermobarometry results. Therefore, 
we interpret the zircon age of 611.7 ± 3.6 Ma 
(2σ) to mark the transition from the peak to the 
onset of exhumation in the studied rocks (Fig. 4).

Retrograde textures and minerals such 
as symplectic intergrowth of clinopyroxene, 
amphibole, albite, and quartz after Na-rich 
omphacite, and paragonite growth after kya-
nite, indicate decompression from 3.4 GPa to 
1.6 GPa accompanied by cooling from 820–
740 °C to 620–650 °C. The appearance of epi-
dote during retrogression suggests yet further 
decompression and cooling to 1.0 GPa and 500 
°C (Fig. 4). Rutile is clearly stable during peak 
conditions as documented by the textures and 
Zr-in-rutile temperatures. However, the corre-
lation of rutile size with the concordant U-Pb 
dates and the younger age compared to eclog-
itic zircon suggest that Pb diffusion was active 
after the formation of rutile. Therefore, the U-Pb 
dates of these grains correspond to the cooling 
age rather than the formation age of the rutile 
grains. Closure temperatures for Pb diffusion 
have been estimated at ∼600 °C (Cherniak, 

2000) and 550–450 °C (Kooijman et al., 2010) 
for rutile grains of ∼100 μm, and decoupling 
of Zr-in-rutile temperatures from U-Pb ages 
is commonly observed in high-grade rutile 
(Ewing et al., 2015). Taking the interval for the 
closure temperature of Pb in rutile of 600–450 
°C together with the proposed P-T trajectory, 
the 601.7 ± 3.2 Ma (2σ) age obtained from the 
smallest rutile grains is attributed to cooling at 
∼1.2 GPa. The zircon age of 611.7 ± 3.6 Ma 
at the transition from the peak to the onset of 
exhumation at ∼3.3 GPa and the rutile cooling 
age provide a time interval of 10 ± 3.1 m.y. for 
vertical exhumation from 125 to 35 km depth 
(assuming an average density of 2800 kg/m3 
for the rock column). This interval implies a 
fast vertical exhumation rate of 0.9 ± 0.3 cm/yr.

Exhumation of UHP rocks has been 
described as a two-stage process (e.g., Duchêne 
et al., 1997). Aided by tectonic forces, buoyancy 
has been suggested to be the main driving force 
for exhumation of deeply subducted continental 
crust to 40–30 km depth in a balance between 
down-channel shear traction and up-channel 
buoyancy (Ernst et  al., 1997; Warren et  al., 
2008). The average vertical exhumation rates 
from peak UHP conditions to 40 km depth of 13 
selected Phanerozoic collisional orogens are fast 
at ∼1.9 cm/yr (Yan and Zhang, 2019), with the 
fastest exhumation rates of 3–8 cm/yr reported 
for the Dora Maira (Western Alps), Kokchetav 
Massif (Kazakhstan), and Kaghan Valley (Paki-
stan) terranes (Hermann et al., 2001; Rubatto 
and Hermann, 2001; Parrish et al., 2006). Our 
estimate for the rapid vertical exhumation of 
the Gourma UHP unit to mid-crustal levels 
(∼40 km) suggests similar tectonic processes 
and conditions to those of modern collision in 
the late Neoproterozoic.

Exhumation from 40–45 km to the surface is 
generally associated with climate-driven erosion 
at low latitudes (Yan and Zhang, 2019), which 
can directly influence tectonic deformation in 
collisional zones (Beaumont et al., 1991). Paleo-
magnetic data indicate that the formation of the 
2500-km-long West Gondwana orogen occurred 
at low latitudes (2.2°N–16.8°N) during an inter-
glacial period (Yan and Zhang, 2019). We argue 
that the Marinoan deglaciation may have been 
enhanced by an increase in atmospheric CO2 
sourced from the extensive arc magmatism from 
650 to 620 Ma that preceded the continental 
collision (e.g., Ganade et al., 2021; Sun et al., 
2022). Exhumation of deeply subducted rocks 
along the West Gondwana orogen to the surface 
due to precipitation, rapid erosion, and active 
faulting may have contributed to the increase in 
87Sr/86Sr in the oceans (Halverson et al., 2007) 
and the net decrease in atmospheric CO2 due 
to enhanced silicate weathering that occurred 
at ca. 600 Ma. As a result, nutrient-rich rivers 
dissecting the West Gondwana orogen fertilized 
the shelf area, paving the way for the Ediacaran 

Figure 4.  Integrated 
pressure-temperature-
time (P-T-t) trajectory of 
the Gourma ultrahigh-
pressure (UHP) terrane. 
P-T trajectories extracted 
from Kylander-Clark 
et  al. (2012) from other 
small (dashed lines) and 
large (solid lines). UHP 
terranes worldwide are 
shown for comparison. 
Lower-left inset illustrates 
vertical exhumation rate 
based on 2σ uncertainty 
of the U-Pb geochro-
nology data of zircon 
and rutile. Metamorphic 
facies: GS—green schist; 
A M P — a m p h i b o l i t e ; 
LPG—low-pressure gran-
ulite; HPG—high-pressure 
granulite; BS—blue schist; 
EC—eclogite; Ep—epi-
dote; Amp—amphibolite; 
Lw—lawsonite, Ab—albite; 
Jd—jadeite; Qtz—quartz; 
Coe—coesite.

Downloaded from http://pubs.geoscienceworld.org/gsa/geology/article-pdf/51/7/647/5897107/g50998.1.pdf
by Universitaetsbibliothek Bern user
on 26 July 2023



Geological Society of America  |  GEOLOGY  |  Volume 51  |  Number 7  |  www.gsapubs.org	 651

expansion of metazoan ecosystems (Ganade 
et al., 2014), and may have triggered the minor 
Gaskier glaciation at ca. 580 Ma.

CONCLUSIONS
Zircon and rutile U-Pb ages and petrol-

ogy for the oldest known coesite-bearing UHP 
rocks from the Gourma fold-and-thrust belt, 
Mali, constrain a vertical exhumation rate from 
125–35 km depth of 0.9 ± 0.3 cm/yr for the 
subducted passive margin of the West African 
craton. This value is in agreement with those 
reported for Phanerozoic collisional orogens, 
suggesting that the conditions for the opera-
tion of modern collisional orogens were already 
present during the late Neoproterozoic. Due to 
its low-latitude position, we suggest that the 
exhumation of this large unit from 40 km to 
the surface may have been climatically driven 
and that enhanced weathering and erosion 
affected both the Neoproterozoic atmosphere 
and biosphere.
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