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Abstract

Highly depleted Archean peridotites have proven very amenable to Re-Os model age dating. In contrast, due to the
increasing heterogeneity of mantle Os isotope compositions with time, the Re-Os system has not been as effective in dating
post-Archean peridotites. The timing of depletion and accretion of post-Archean lithospheric mantle around cratons is impor-
tant to understand within the context of the evolution of the continents. In an attempt to precisely date post-Archean peri-
dotite xenoliths, we present a study of the petrology, mineralogy and geochemistry, including whole-rock Re-Os isotopes,
highly siderophile elements and clinopyroxene-orthopyroxene Sr-Nd-Hf isotopes of peridotite xenoliths from Lake Nyos
in the Cameroon Volcanic Line (CVL). Eight Nyos peridotite xenoliths, all fresh spinel lherzolites, are characterized by
low to moderate olivine Fo contents (88.9–91.2) and low spinel Cr# (8.4–19.3), together with moderate to high whole-rock
Al2O3 contents (2.0–3.7%). These chemical characteristics indicate that they are mantle residues of a few percent to <20%
partial melting. However, trace element patterns of both clinopyroxene and orthopyroxene are not a pristine reflection of melt
depletion but instead show various extents of evidence of metasomatic enrichment. Some of the samples contain orthopyrox-
ene with 143Nd/144Nd lower than its coexisting clinopyroxene, which is best explained by recent short-timescale alteration,
most likely by infiltration of the host basalt. Because of these metasomatic effects, the Sr-Nd isotope systematics in pyroxenes
cannot sufficiently reflect melt depletion signatures. Unlike Sr-Nd isotopes, the Lu-Hf isotope system is less sensitive to recent
metasomatic overprinting. Given that orthopyroxene hosts up to 33% of the Lu and 14% of the Hf in the whole rock budget of
these rocks and has 176Hf/177Hf similar to, or higher than, coexisting clinopyroxene, it is necessary to reconstruct a whole-rock
Lu-Hf isochron in order to constrain the melt depletion age of peridotites. The reconstructed Nyos Lu-Hf isochron from
ortho- and clinopyroxenes gives an age of 2.01 ± 0.18 Ga (1r), and when olivine and spinel are considered, is 1.82
± 0.14 Ga (1r). Both ages are identical within error, and they are within error of the alumina-187Os/188Os pseudo-
isochron ages (1.2–2.4 Ga) produced on the peridotites from Lake Nyos, consistent with their oldest rhenium depletion Os
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model ages (2.0 Ga). We conclude that the Nyos peridotites, and the lithospheric mantle that they represent, were formed at
�2.0 Ga, indicating that the reconstructed whole-rock Lu-Hf isotope system can be a powerful radiometric dating tool that is
complementary to and in some instances, more precise than the Re-Os isotope system in dating well-preserved post-Archean
peridotites. The recognition of �2.0 Ga subcontinental lithospheric mantle (SCLM) in the Nyos area suggests that the Nyos
region was assembled as a Paleoproterozoic block, or that it represents fragments of the SCLM from the nearby Paleopro-
terozoic domain juxtaposed through collisional emplacement during the Pan African Orogeny. With regards to the origin of
the CVL, our data reveal that the Hf isotopic compositions of the Nyos peridotites are too radiogenic to be the main source of
the CVL basalts.
� 2019 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Partial melting of the mantle generates melts and resi-
dues to form crust and underlying lithospheric mantle that
constitute the lithosphere on Earth. However, the genetic
relationship of continental crust and underlying litho-
spheric mantle is unclear in most tectonic settings, because
of the compositional and geochronological decoupling of
crust and lithospheric mantle (e.g., Lee et al., 2000;
Peslier et al., 2000; Gao et al., 2002; Luguet et al., 2009;
Liu et al., 2015). One key issue is the difficulty of precisely
dating mantle peridotites that comprise the major compo-
nent of the underlying lithospheric mantle (Rudnick and
Walker, 2009, and references therein). Residual peridotites
are depleted in lithophile-element-based radioactive isotope
systems (e.g., Rb-Sr, Sm-Nd, U-Th-Pb) that are easily mod-
ified or reset by subsequent overprinting or thermal events
(e.g., Carlson and Irving, 1994; Pearson and Nowell, 2002),
thus, these isotope systems are not suited to extracting the
melt depletion age of the residue. In contrast, the
chalcophile-siderophile Re-Os isotope system has long been
shown to be more effective at dating peridotites than litho-
phile element based isotopic systems due to the contrasting
geochemical behavior of Re and Os (i.e., Re is moderately
incompatible while Os is compatible during mantle melting)
and their greater robustness to perturbation from sec-
ondary overprinting (e.g., Walker et al., 1989; Carlson
and Irving, 1994; Pearson et al., 1995; Reisberg and
Lorand, 1995). Given that Re often suffers recent modifica-
tion particularly for those peridotite xenoliths erupted by
alkali lava (e.g., Irvine et al., 2001), undisturbed Re-Os iso-
chron systematics are rarely observed in peridotites. To cir-
cumvent this issue, Os model ages are usually utilized —
TMA being calculated in a way similar to a crustal Nd
model age, assuming it remains a closed system evolving
from the mantle evolution line, while TRD is calculated
assuming that no Re remains in the residue evolving from
the mantle reference line and thus is a minimum estimate
of mantle partial melting (Walker et al., 1989; Pearson
et al., 1995). The combination of TMA and TRD has been
successful in constraining the formation age of cratonic
refractory peridotites demonstrating its longevity and its
long-term coupling with its overlying crust (e.g., Carlson
et al., 1999; Pearson et al., 2004; Pearson and Wittig,
2014 and references therein).
Despite this success, Os model ages yield much larger
uncertainties in dating post-Archean peridotites mainly
due to their typically lower degrees of partial melting, the
mobility of more Re and the greater diversity of Os isotope
composition in Phanerozoic-Proterozoic versus Archean
mantle (e.g., Pearson et al., 2007; Rudnick and Walker,
2009; Luguet and Pearson, 2019). To address the mobility
of Re, aluminum (and other immobile melt depletion
indices, for example, Lu, Yb) has been applied as a proxy
of Re/Os ratio to construct a pseudo-isochron in order to
calculate the initial Os isotopic ratio that is subsequently
used to estimate the melt depletion age (e.g., Reisberg
and Lorand, 1995; Handler et al., 1997). Nevertheless, this
is a relatively blunt tool complicated by the fact that meta-
somatism could alter melt depletion indices to some extent.
In addition, the exact point of complete Re extraction
determined by melt depletion indices may vary from one
suite to another. But the largest source of error is likely that
the mantle evolution reference line is not well defined,
including various chondritic mantle (ranging from carbona-
ceous (Walker et al., 1989) to ordinary (Pearson and Wittig,
2008) composition) and primitive upper mantle estimates
(Meisel et al., 2001). Different mantle evolutionary models
could generate a discrepancy of ca. 0.2 Ga (Pearson et al.,
2007; Rudnick and Walker, 2009). All of these factors make
the Re-Os isotope system not ideally suited to dating post-
Archean peridotites and complementary systems should be
sought. Recently, unlike the Sr-Nd-Pb isotope systems, the
Lu-Hf isotope system of clinopyroxene has been demon-
strated to show its success as a complementary tool to the
Re-Os isotope system in dating spinel-facies mantle peri-
dotites (e.g., Schmidberger et al., 2002; Pearson and
Nowell, 2003; Carlson et al., 2004; Wittig et al., 2006;
Bizimis et al., 2004; Liu et al., 2012; Doucet et al., 2015;
Ackerman et al., 2016). However, the contribution of
orthopyroxene is either ignored or arbitrarily estimated in
these studies, but should be considered (Stracke et al.,
2011; Byerly and Lassiter, 2015), as orthopyroxene has 3
to 4 times higher Lu/Hf ratios than coexisting clinopyrox-
ene and contains significant proportions of both elements,
e.g., up to 40% of the whole rock budget for Hf and up
to 60% for Lu (Liu et al., 2012; Byerly and Lassiter,
2015). Moreover, although the low Lu concentrations in
olivine are approximately one tenth of the concentrations
of coexisting orthopyroxene, its high modal abundance
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indicates that olivine hosts several percent of the total Lu
inventory and is characterized by higher Lu/Hf ratios
(e.g., Byerly and Lassiter, 2015). Previous work on the
Lu-Hf isotope system of garnets derived from
clinopyroxene-free peridotites showed that the Lu–Hf iso-
chron ages derived from subcalcic garnets (not existing with
clinopyroxenes) alone are systematically younger because
of the coexistence of orthopyroxene in these rocks
(Lazarov et al., 2009; Shu et al., 2013). Likewise, the effects
from orthopyroxene and olivine on the Lu-Hf isotope sys-
tem of clinopyroxene in garnet-free peridotites should be
considered. Here we apply the Re-Os and Lu-Hf isotope
system to a suite of fresh moderately depleted post-
Archean peridotites to evaluate the effectiveness of both
systems in providing age information pertinent to their
genesis.

The Cameroon Volcanic Line (CVL) is composed of a
chain of Cenozoic volcanoes formed both on the Atlantic
oceanic floor and the continental crust of the African plate
(Fig. 1a). The origin and petrogenesis of this unique geolog-
ical feature have received considerable attention from geo-
chemical, structural, geophysical and geochronological
perspectives (Assah et al., 2015, and references therein). It
is concluded that the CVL most likely results from reactiva-
tion of lithospheric cracks (shear zones) tapping sub-
lithospheric mantle with little to moderate reaction with
the lithospheric mantle (Meyers et al., 1998; Déruelle
et al., 2007; Assah et al., 2015), rather than resulting from
Fig. 1. (a) Geographic map of the Cameroon Volcanic Line with location
Schematic geologic map of Cameroon showing the major lithospheric un
WCD – Western Cameroon Domain; AYD – Adamawa-Yadé Domain;
Shear Zone; TBSZ: Tcholliré-Banyo Shear Zone; SSZ: Sanaga Shear Zo
melting of a deep mantle plume (Lee et al., 1994). By con-
trast, the subcontinental lithospheric mantle (SCLM) sam-
pled by peridotite xenoliths in several localities of the CVL
lavas remains poorly studied (e.g., Lee et al., 1996;
Princivalle et al., 2000; Tamen et al., 2015; Teitchou
et al., 2007; Wandji et al., 2009; Matsukage and Oya,
2010; Temdjim, 2012; Pintér et al., 2015; Liu et al., 2017).
Most previous studies were focused on peridotite petrology,
mineralogy, and elemental geochemistry as well as thermal
histories to unravel melt depletion and metasomatic pro-
cesses, but only a few studies were devoted to dating the
melt depletion and/or metasomatic evolution of the SCLM
(Lee et al., 1996; Liu et al., 2017). This significantly limits
our understanding of formation and evolution of the
SCLM in the context of the geodynamics of this region,
and also affects the evaluation of the role of the SCLM in
the formation of basaltic lavas. The published Late
Proterozoic Nd-depleted mantle ages of minimally metaso-
matized peridotites from the continental sector of the CVL
were interpreted to represent their formation age, whereas
the metasomatized peridotites gave Mesozoic Nd model
ages interpreted to reflect Mesozoic enrichment related to
the mantle sources for the basaltic host lavas (Lee et al.,
1996). Recently, Re-Os isotope work on the peridotites
from Lake Nyos was interpreted as reflecting an Archean
formation age of �2.6 Ga based on a 187Os/188Os-Al2O3

pseudoisochron (Liu et al., 2017). This either indicates the
extreme heterogeneity of the SCLM beneath the CVL, or
s of major volcanic centers (modified after Reusch et al., 2010). (b)
its (modified after Toteu et al, 2001; Liu et al., 2017). Abbreviation:
SCSZ – South Cameroon Shear Zone; CCSZ – Central Cameroon
nes.
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reflects large uncertainties in the radiometric dating. A cor-
roborating chronologic determination is, therefore, needed.

Here we present a study of petrology, mineralogy, and
geochemistry, as well as whole-rock Re-Os isotopes, highly
siderophile elements (HSE here including Re, Os, Ir, Ru,
Pt, and Pd) and clinopyroxene-orthopyroxene Sr-Nd-Hf
isotopes of peridotite xenoliths from Lake Nyos, Mt. Oku
in the Cameroon Volcanic Line. This comprehensive work
provides a good opportunity to address the issue of dating
post-Archean peridotites raised above. On the basis of this,
we will discuss the geodynamic implications of the SCLM
and the relationship with its overlying crust in the frame-
work of the Pan-African orogenic belt and amalgamation
of the African cratons. In addition, the contribution of
the SCLM in the petrogenesis of the CVL basaltic lavas will
be evaluated.

2. GEOLOGIC BACKGROUND AND SAMPLE

DESCRIPTIONS

Comprehensive field, petrological, structural, geochemi-
cal and geochronological studies show that the Central
African Fold Belt of Cameroon is composed of several
domains including Paleoproterozoic gneissic basement,
Mesoproterozoic to Neoproterozoic volcano-sedimentary
basins (e.g., Yaoundé and Poli sedimentary basin or
meta-sedimentary series), and voluminous Pan African
granitoids (Fig. 1b; Toteu et al., 2001). Pre-drift reconstruc-
tions of the supercontinent Pangea show that the Precam-
brian basement of Cameroon was attached to that of NE
Brazil. These two regions were part of the major
�600 Ma Pan African-Brasiliano orogenic belt that
extended from NE Brazil through central Africa to much
of Saharan Africa (Toteu et al., 2001, and references
therein). This belt marked the assembly of West Gondwana
when the West African and Congo-São Francisco cratons
collided (Trompette, 1994), while the fusion of the Congo
and São Francisco cratons occurred earlier, sutured par-
tially by the 2.1 Ga Nyong series metamorphic complex in
SW Cameroon resulting from the ca. 2.1 Ga Eburnian–
Transamazonian orogeny (Ledru et al., 1994; Tanko
Njiosseu et al., 2005). The 2.1 Ga Eburnian orogeny may
have resulted in the formation of the Paleoproterozoic
Adamawa-Yadé Domain mainly through the reworking
or melting of Archean crust on the northern edge of the
Congo Craton, and this Paleoproterozoic block may not
have extended northward beyond the Central Cameroon–
Tcholliré-Banyo shear zones (Fig. 1b; Toteu et al., 2001,
2004). The Pan African granitoids in this region were
formed mostly by reworking or melting of 2.1 Ga Eburnian
crust with limited juvenile inputs through the Pan African
orogeny. However, the Yaoundé meta-sedimentary series
with Mesoproterozoic-Early Neoproterozoic Nd model
ages were derived from a protolith characterized by a mix-
ture of juvenile Neoproterozoic and Paleoproterozoic
sources without Archean contribution from the present
adjacent Congo craton (Penaye et al., 1993; Toteu et al.,
1994, 2001). This indicates the development of the Yaoundé
series/basin in the internal zone of the Pan-African belt
before being thrust onto the Congo craton (Toteu et al.,
2004). On the other hand, a significant amount of juvenile
Neoproterozoic crustal component was recorded in the
Neoproterozoic volcano-sedimentary schists and gneisses
as well as Pan African granitoids from the Poli area, which
is located to the northwest of the Central Cameroon–Tchol
liré-Banyo shear zones in the Western Cameroon Domain
(Toteu et al., 2004). This region may contain a small
amount of 2.1 Ga crustal inheritance, but no Archean
inheritance has been recognized (Toteu et al., 2001). The
series of accretionary and collisional events from the Pale-
oproterozoic (Eburnian) to late Neoproterozoic in the Cen-
tral African Fold Belt of Cameroon and other areas
resulted in massive deformation/foliation phases expressed
as several major shear zones/faults (e.g., Tcholliré-Banyo,
Central Cameroon, Southwest Cameroon, and Sanaga
shear zones; Fig. 1b).

Accompanying the breakup of the Pangea, the opening
of the South Atlantic Ocean began, along with rifting and
formation of the Benue Trough in Nigeria since Early Cre-
taceous times. Since the Cenozoic, a 1600-km-long chain of
volcanic complexes has existed, straddling the ocean-
continental boundary from the Gulf of Guinea to the inte-
rior of the African plate as far as Lake Chad. This chain is
known as the Cameroon Volcanic Line (CVL). The CVL is
generally divided into three portions: the oceanic sector
(including Annobon, Principe and São Tomé islands), the
oceanic-continental boundary (including Bioko and Mt.
Cameroon volcanoes) and the continental sector (including
Manengouba, Bamboutou, Oku, Ngaoundéré Plateau and
Biu Plateau). These volcanic rocks are dominated by alkali
nephelinite/basanite/basalt, with more evolved rocks such
as rhyolite and trachyte in the continental sector (Fitton,
1987). The similarity of chemical and isotopic signatures
in basalts from both the oceanic and continental sectors
indicates that the dominant mantle source resided in the
asthenosphere instead of the lithospheric mantle (Déruelle
et al., 2007; Assah et al., 2015, and reference therein). How-
ever, the absence of systematic geographic migration of vol-
canic activities over time in the CVL argues against a plume
origin (Déruelle et al., 2007). The more evolved rocks reflect
the fractional crystallization and/or crustal contamination.
In summary, the CVL is regarded as a hotline along the
previously formed lithospheric faults/shear zones tapping
sub-lithospheric mantle (Meyers et al., 1998; Déruelle
et al., 2007; Assah et al., 2015). Some CVL lavas erupted
fragments of the lithospheric mantle that provides a pre-
cious opportunity to examine the nature of the lithospheric
mantle and also to evaluate its role in the complex tectonic
framework.

Mantle peridotite xenoliths chosen for this study were
collected from Lake Nyos in the Oku volcanic field
(Fig. 1). The major volcanic activity in the Nyos area
occurred in the Quaternary (1.1–3.5 Ma determined by
K-Ar dating of basalts; Freeth and Rex, 2000). The Pre-
cambrian basement of this area belongs to the Western
Cameroon Domain, but resides <80 km away from the
Central Cameroon shear zone (Fig. 1b). The eight peri-
dotite xenoliths studied here are all fresh spinel lherzolites
ranging from 6 cm to 15 cm in maximum dimension.
Similar to the samples examined in previous studies on



Fig. 2. (a–d) Photomicrographs of representative textures of the Nyos peridotites with an emphasis on the sulfide petrology. (e–i) X-ray
elemental mapping of typical complex mineral assemblages associated with desulfurization. Abbreviation: Ol – olivine; Opx – orthopyroxene;
Cpx – clinopyroxene; Sp – spinel.
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the peridotites from Lake Nyos (Temdjim, 2012; Pintér
et al., 2015; Liu et al., 2017), the samples in our study typ-
ically show protogranular to porphyroclastic texture
(Fig. 2a) accompanied by clinopyroxene exsolution lamel-
lae in orthopyroxene neoblasts and orthopyroxene/spinel
lamellae in clinopyroxene grains, while no amphibole grains
were found in our collection. The petrology and mineralogy
of the xenoliths from this locality has been well described in
these prior studies (Temdjim, 2012; Pintér et al., 2015; Liu
et al., 2017). Here we place an emphasis on the sulfide
petrology, as sulfides are major hosts to the HSE deter-
mined in this study and the state and abundance of sulfides
will influence the Re-Os isotopic system in dating melt
depletion of peridotites. We find that our Nyos peridotites
are extremely poor in sulfides, with only a few sizable sul-
fides found in thin sections. The scarce sulfides have two
typical forms. One is characterized by tiny (<10 mm) iron
and nickel monosulfide solid solutions (Mss, Fe(1-x)S-Ni(1-
x)S) that often form trails within the olivine or orthopyrox-
ene grains (Fig. 2b). The other form is represented by larger
complex mineral assemblages (�50–200 mm) that appear
within the olivine or orthopyroxene grains but close to
the grain boundaries (Fig. 2c-d). These assemblages are
rounded and consist in polymineralic blebs of pentlandite
and chalcopyrite together with oxy-hydroxides (Fe-rich
phases; Fig. 2e-i).
3. ANALYTICAL METHODS

Detailed analytical procedures used to produce the data
in this study, as well as analytical precision and accuracy,
are provided in the Electronic Annex EA-1. Here we briefly
summarize the methods: (1) Major element compositions of
peridotitic minerals on polished epoxy mounts or thin sec-
tions and sulfide mapping were determined/conducted
using a JEOL 8900R Electron Probe Microanalyzer
(EPMA) at the University of Alberta; (2) Trace element
data for clinopyroxene and orthopyroxene were obtained
on polished epoxy mounts using in situ laser ablation cou-
pled with inductively coupled plasma-mass spectrometry
(LA-ICP-MS) at the University of Alberta (see details in
Liu et al., 2018); (3) Whole-rock major and minor element
compositions were determined by X-ray fluorescence
(XRF) on fused glass disks made from whole-rock powders
(see Boyd and Mertzman (1987) for detailed protocols) at
the Franklin and Marshall College, United States; (4)
Whole-rock sulfur contents were determined at Macquarie
University using an elemental analyzer from Elementar
(EL-cube) fitted with an infrared detector for low
S-content material; (5) Rhenium-Os isotopic compositions
and HSE concentrations were determined using an isotope
dilution technique coupled with High Pressure Asher
(HPA-S, Anton Paar) digestion at the University of



182 J. Liu et al. /Geochimica et Cosmochimica Acta 278 (2020) 177–198
Alberta, following the protocols of Liu and Pearson (2014)
and Harris et al. (2018) and reference therein; and (6) The
Sr-Nd-Hf isotope analyses for clinopyroxene and orthopy-
roxene were measured using isotope dilution at the Univer-
sity of Alberta, following the protocols of Shu et al. (2013).

4. RESULTS

Whole-rock major and minor element compositions as
well as loss-on-ignition values of the Nyos peridotites are
shown in Table 1, and mineral major and trace element
concentrations are provided in Table 2 and Table 3, respec-
tively. These Nyos peridotites have moderate to high whole-
rock Al2O3 (2.0–3.7%) and CaO (1.9–3.1%, sample CAM-
022 up to 4.3%) contents (Fig. 3a), and low to moderate
forsterite contents (Fo = molar Mg/(Mg + Fe) �
100 = 88.9–91.2) of olivine and low Cr# (molar Cr/(Cr
+ Al) � 100 = 8.4–19.3) of spinel. These peridotites have
extremely low bulk sulfur contents ranging from 5.8 to
15.2 ppm except for CAM-022 that has a slightly higher S
content of 28.7 ppm (Table 1; Fig. 3b). The rare earth ele-
ment (REE) patterns and trace element spider diagrams
of both clinopyroxene and orthopyroxene are plotted in
Fig. 4a,b, respectively. Clinopyroxene generally exhibits
limited to moderate depletions of LREE and nearly flat
MREE to HREE, coupled with progressive depletions from
HREE to LREE in orthopyroxene. The exception is sample
Table 1
Major (oxides wt.%) and minor (ppm) element compositions of the Ny
MINSQ and equilibrium temperatures.

Samples CAM-020 CAM-022 CAM-101 CAM-

SiO2 43.72 43.47 43.52 44.15
TiO2 0.18 0.12 0.14 0.08
Al2O3 3.59 3.42 3.44 2.44
Fe2O3T 9.37 9.79 9.53 8.28
MnO 0.13 0.13 0.13 0.11
MgO 38.76 37.38 39.22 41.79
CaO 2.87 4.32 2.90 2.02
Na2O 0.27 0.27 0.23 0.20
K2O 0.056 0.007 0.001 0.001
P2O5 0.026 0.043 0.012 0.014
Total 98.97 98.95 99.12 99.08
LOI 0.02 0.54 �0.13 0
Sr 25 36 6 7
Zr 16 5 10 4
V 68 73 73 48
Ni 2495 2742 2267 2568
Cr 2487 2912 2120 3078
Co 98 98 94 94
S ± 1SD 8.3 ± 2.1 28.9 ± 6.8 9.7 ± 7.2 7.7 ± 2

Modal abundance (%)
Olivine 59.0 61.2 62.9 66.5
Orthopyroxene 22.6 14.4 19.4 21.6
Clinopyroxene 14.0 20.4 14.1 9.4
Spinel 3.3 3.1 2.7 2.1
TREE (�C ± 2r) 955 ± 18 926 ± 10 1043 ± 74 939 ±
TBKN (�C) 1048 942 1065 1017

Note: Mineral modal abundances are estimated using the MINSQ pro
approach of Liang et al. (2012); TBKN is calculated at P = 1.5 GPa using
CAM 111, from which clinopyroxene and orthopyroxene
both record progressive depletions of HREE to MREE
with substantial enrichment of LREE. Systematic compar-
ison of clinopyroxene and orthopyroxene shows that
orthopyroxene can retain a significant amount of HREE
and high strength field elements (Ti, Zr, Hf, Nb, Ta, U
and Th) as a complementary host of these elements to
clinopyroxene (e.g., Rampone et al., 1991; McDonough
et al., 1992). Moreover, the elemental ratios of orthopyrox-
ene/clinopyroxene decrease from Lu to Sm, forming a lin-
ear trend with ionic radius except for some fluctuations
from Nd to La (Fig. 4c).

We calculated equilibrium temperatures for the Nyos
peridotites in two ways: (i) the two pyroxene REE ther-
mometer of Liang et al. (2012) & (ii) the two pyroxene ther-
mometer of Brey and Köhler (1990) based on major
elements (assuming an equilibration pressure of 1.5 GPa
for the latter approach). Both approaches yield overall con-
sistent results with TREE of 926–1043 �C and TBKN of 942–
1065 �C (Table 1), consistent with the range of equilibrium
temperatures for the Nyos peridotites reported by Liu et al.
(2017).

Whole-rock Re-Os isotopic compositions and HSE con-
centrations of the Nyos peridotites are shown in Table 4.
The primitive upper mantle (PUM)-normalized HSE pat-
terns are plotted in Fig. 5. These rocks display remarkable
inter-element variations of HSE concentrations. For
os peridotites as well as mineral modal abundances calculated by

102b CAM-108 CAM-108b CAM-109 CAM-111

43.32 43.64 43.86 43.80
0.11 0.10 0.12 0.01
3.60 2.74 3.71 2.01
9.04 9.26 8.43 8.44
0.12 0.12 0.12 0.11
39.65 40.49 39.61 42.56
3.07 2.53 3.05 1.90
0.26 0.23 0.29 0.10
0.010 0.012 0.002 0.002
0.014 0.017 0.012 0.006
99.17 99.14 99.20 98.94
�0.16 �0.13 �0.20 �0.11
6.5 15.5 10 1
3.5 6.5 11 5
68.5 53.0 66 48
2641 2686 1972 2699
3051 2193 2401 2818
87.50 92.50 104 116

.3 11.7 ± 2.4 15.6 ± 4.6 8.9 ± 4.7 5.9 ± 3.2

64.0 66.4 62.4 69.4
17.6 18.7 19.5 20.2
14.4 11.9 14.6 8.0
3.5 2.3 3.4 1.9

30 969 ± 12 978 ± 22 968 ± 24 1028 ± 76
993 1009 990 976

gram (Herrmann and Berry, 2002); TREE is calculated using the
the equation of Brey and Köhler (1990)



Table 2
Mineral major element compositions (wt.%) of the Nyos peridotites determined by Electron Microprobe Analyzer.

Samples SiO2 TiO2 Al2O3 Cr2O3 MnO FeO NiO MgO CaO Na2O Total n Mg#

Olivine
CAM-020 40.44 0.01 0.13 9.65 0.40 48.60 0.03 99.28 4 90.0
CAM-022 40.46 0.03 0.14 10.58 0.40 47.73 0.08 99.45 6 88.9
CAM-101 40.63 0.03 0.15 9.89 0.38 48.37 0.10 99.58 4 89.7
CAM-102b 40.79 0.02 0.12 8.49 0.38 49.28 0.07 99.19 4 91.2
CAM-108 40.58 0.02 0.14 9.57 0.38 48.48 0.07 99.30 8 90.0
CAM-108b 40.71 0.03 0.14 9.57 0.38 48.46 0.07 99.41 6 90.0
CAM-109 40.72 0.01 0.13 9.26 0.37 48.58 0.06 99.17 5 90.3
CAM-111 40.72 0.03 0.13 8.50 0.39 49.26 0.09 99.14 5 91.2
San Carlos 41.16 0.01 0.12 8.93 0.38 49.57 0.07 100.3 4 90.8

Orthopyroxene
CAM-020 55.37 0.09 3.89 0.3 0.15 6.16 0.09 32.76 0.45 0.07 99.33 5 90.5
CAM-022 55.52 0.07 3.49 0.28 0.15 6.71 0.10 32.59 0.49 0.09 99.49 5 89.7
CAM-101 54.95 0.13 4.55 0.28 0.14 6.27 0.10 32.21 0.62 0.11 99.38 5 90.2
CAM-102b 55.70 0.10 3.63 0.42 0.12 5.41 0.09 33.28 0.55 0.11 99.42 5 91.6
CAM-108 55.35 0.10 3.97 0.30 0.14 6.06 0.09 32.59 0.58 0.10 99.26 6 90.6
CAM-108b 55.38 0.10 3.97 0.31 0.14 6.04 0.09 32.66 0.58 0.10 99.40 7 90.6
CAM-109 55.33 0.10 4.01 0.31 0.14 5.91 0.09 32.82 0.56 0.11 99.38 5 90.8
CAM-111 55.71 0.04 3.45 0.4 0.12 5.40 0.11 33.25 0.60 0.07 99.18 5 91.7

Clinopyroxene
CAM-020 52.33 0.42 6.43 0.75 0.08 2.60 0.05 15.55 19.62 1.64 99.51 6 91.4
CAM-022 52.30 0.45 6.08 0.79 0.07 2.78 0.04 14.70 20.56 1.59 99.39 6 90.4
CAM-101 51.95 0.59 6.97 0.62 0.09 2.94 0.05 15.13 19.31 1.69 99.39 7 90.2
CAM-102b 52.81 0.48 6.04 1.11 0.06 2.35 0.05 15.17 19.75 1.86 99.71 7 92.0
CAM-108 52.50 0.49 6.18 0.75 0.08 2.54 0.05 15.15 20.25 1.61 99.64 8 91.4
CAM-108b 52.48 0.49 6.16 0.76 0.08 2.59 0.04 15.20 19.99 1.67 99.50 7 91.3
CAM-109 52.60 0.49 6.51 0.75 0.08 2.49 0.04 14.87 19.93 1.86 99.62 6 91.4
CAM-111 53.02 0.12 4.44 0.88 0.07 2.27 0.05 16.34 21.40 1.01 99.63 8 92.8
DUR 55.51 0.13 0.26 0.36 0.06 1.55 0.03 17.93 24.56 0.34 100.7 11 95.4

Spinel Cr#
CAM-020 0.07 0.07 57.82 9.85 0.10 10.63 0.38 20.54 99.61 4 10.3
CAM-022 0.07 0.1 56.22 10.80 0.09 11.89 0.39 20.08 99.77 5 11.4
CAM-101 0.09 0.18 58.99 8.06 0.09 10.50 0.39 21.08 99.52 6 8.4
CAM-102b 0.07 0.13 51.82 16.42 0.09 10.45 0.32 20.42 99.85 6 17.5
CAM-108 0.09 0.12 56.86 10.70 0.09 10.53 0.37 20.68 99.57 6 11.2
CAM-108b 0.08 0.12 56.88 10.61 0.09 10.59 0.38 20.78 99.64 6 11.1
CAM-109 0.09 0.12 57.41 10.07 0.08 10.35 0.38 20.92 99.51 6 10.5
CAM-111 0.09 0.05 50.19 17.93 0.09 10.76 0.34 20.22 99.80 11 19.3
EPS1 0.08 0.11 10.44 60.19 0.13 12.88 0.17 16.66 100.7 7 79.5

Note: blank means below detection limit (<0.01%); San Carlos olivine, Dur Cr-diopside and EPS1 spinel are used as unknowns. Mg# = molar
(Mg/(Mg + Fe)) � 100, Cr# = molar Cr/(Cr + Al) � 100. Uncertainties are provided in the Electronic Annex EA-2 (Table S1).

J. Liu et al. /Geochimica et Cosmochimica Acta 278 (2020) 177–198 183
instance, their Ir (2.72–4.49 ppb) and Ru (5.63–9.76 ppb)
concentrations lie in the range of primitive upper
mantle (PUM; Becker et al., 2006), while their Os
(0.83–2.58 ppb), Pd (1.42–5.28 ppb) ppb, and Re (0.021–
0.067 ppb) concentrations are significantly lower than those
of PUM estimates; the Pt concentrations range from 3.26 to
8.56 ppb, which are lower than or comparable to that of
PUM. As a result, these peridotites exhibit low chondrite-
normalized OsN/IrN (0.28–0.63), PdN/IrN (0.39–1.55) and
ReN/IrN (0.07–0.26) ratios (Fig. 6), and are characterized
by convex, arc shape-like fractionated HSE patterns
(Fig. 5). The Nyos peridotites have 187Os/188Os ratios
ranging from 0.1198 to 0.1282 yielding TRD and TMA ages
of 0–1.2 Ga and 0–1.4 Ga, respectively. A Re-Os isochron
diagram and the correlation between Al2O3 and

187Os/188Os
are presented in Fig. 7a&b, respectively.
Strontium, Nd and Hf isotopic data of both clinopyrox-
ene and orthopyroxene of the selected five Nyos peridotites
are provided in Table 5. The Nyos clinopyroxene has a nar-
row range of 87Sr/86Sr (0.70210–0.70296) that is lower than
that of the host basalt (0.70356), while the orthopyroxene
did not have enough Sr to produce high-quality isotopic
data. There are some differences in the concentrations of
Sm, Nd, Lu and Hf determined between using the laser
ablation (LA) and isotope dilution (ID) methods. For
clinopyroxene, the ID concentrations of these elements
are generally slightly higher than the LA data (Nd 4.8–
8.7%, Sm 16.6–27%, Lu 3.4–17.7%, and Hf 6.6–33%;
Table 5). For orthopyroxene, the ID Sm and Nd concentra-
tions are generally lower than, or similar to, the LA coun-
terparts (Nd �38–10%, Sm �35–19.6%) primarily due to
extremely low concentrations that could have led to large



Table 3
Mineral elemental concentrations (ppm) of clinopyroxene and orthopyroxene from the Cameroon peridotites determined using in situ laser ablation ICP-MS.

Samples Clinopyroxene Orthopyroxene

CAM-
020

CAM-
022

CAM-
101

CAM-
102b

CAM-
108

CAM-
108b

CAM-
109

CAM-
111

CAM-
020

CAM-
022

CAM-
101

CAM-
102b

CAM-
108

CAM-
108b

CAM-
109

CAM-
111

Sc 66.0 65.2 65.7 73.2 69.3 69.0 68.6 71.7 15 12 16 14 15 14 14 18
Ti 2896 2936 4053 3190 3220 3173 3217 772 525 473 814 623 655 643 640 216
V 283 283 308 325 296 293 313 272 88 75 95 85 91 89 90 90
Cr 5508 5775 4645 8072 5605 5628 5745 6895 2094 1839 1884 2802 2244 2195 2132 2820
Mn 685 734 831 618 754 742 740 679 1165 1212 1116 971 1156 1137 1107 1024
Co 18.5 22.9 25.4 22.1 21.2 21.3 20.7 21.5 57.5 65.0 64.3 58.3 62.4 62.8 61.0 61.9
Ni 315 362 416 362 376 366 367 425 751 809 872 818 824 853 822 913
Cu 1.45 1.16 0.90 1.36 1.23 1.17 1.14 0.82 0.85 1.18 0.74 0.98 1.14 1.15 1.13 1.00
Zn 6.55 8.96 10.97 8.49 7.45 7.66 7.46 8.20 28.3 34.9 38.5 33.9 33.1 32.8 31.3 35.3
Ga 3.19 3.25 3.98 3.19 3.08 3.08 3.38 1.91 2.45 2.70 3.39 2.55 2.58 2.60 2.76 1.87
Rb 0.024 0.010 0.007 0.014 0.012 0.007 0.011 0.008 0.0036 0.0025 0.0032 0.0030 0.023 0.017 0.022 0.0085
Sr 30.7 75.2 46.8 61.8 51.2 52.2 74.6 13.1 0.094 0.098 0.081 0.082 0.083 0.060 0.127 0.023
Y 16.9 14.8 18.5 15.5 16.8 16.4 17.1 7.5 0.752 0.66 1.23 0.80 0.90 0.90 0.88 0.53
Zr 18.8 25.8 22.5 27.1 24.0 24.6 26.4 6.3 0.766 0.77 1.17 0.92 0.98 0.97 1.19 0.44
Nb 0.08 0.16 0.26 0.05 0.08 0.27 0.03 0.18 0.0034 0.0039 0.0045 0.0028 0.0051 0.0038 0.0035 0.0107
Sn 0.17 0.21 0.29 0.29 0.26 0.29 0.29 0.04 0.026 0.019 0.029 0.031 0.0233 0.0287 0.0304 0.0065
Ba 0.62 0.03 0.03 0.05 0.03 0.02 0.07 0.02 0.038 0.0026 0.0060 0.0031 0.0026 0.0036 0.0066 0.0029
La 0.20 2.17 0.55 0.88 0.51 1.14 0.80 0.70 0.0020 0.0028 0.0025 0.0017 0.0023 0.0013 0.0022 0.0020
Ce 1.00 3.95 2.76 3.18 2.20 2.96 3.42 0.86 0.023 0.0138 0.021 0.018 0.0148 0.0077 0.0172 0.0072
Pr 0.25 0.55 0.55 0.61 0.45 0.54 0.72 0.09 0.0013 0.0018 0.0031 0.0017 0.0017 0.0016 0.0028 0.0005
Nd 2.01 3.20 3.74 3.82 3.10 3.25 4.74 0.48 0.011 0.0094 0.020 0.012 0.012 0.013 0.019 0.0032
Sm 1.16 1.38 1.68 1.56 1.42 1.39 1.84 0.27 0.0089 0.0084 0.013 0.0123 0.0099 0.0107 0.0163 0.0022
Eu 0.53 0.58 0.71 0.63 0.60 0.58 0.73 0.14 0.0057 0.0051 0.0099 0.0052 0.0073 0.0065 0.0082 0.0025
Gd 2.04 1.99 2.57 2.21 2.19 2.13 2.43 0.64 0.028 0.025 0.053 0.031 0.033 0.038 0.037 0.013
Tb 0.39 0.37 0.46 0.39 0.40 0.39 0.42 0.13 0.0083 0.0072 0.015 0.0088 0.010 0.011 0.010 0.0050
Dy 2.92 2.62 3.31 2.86 2.93 2.92 3.03 1.15 0.084 0.072 0.144 0.094 0.104 0.107 0.108 0.056
Ho 0.65 0.57 0.70 0.58 0.63 0.62 0.64 0.28 0.026 0.023 0.042 0.026 0.031 0.030 0.030 0.018
Er 1.97 1.69 2.11 1.75 1.92 1.87 1.93 0.92 0.114 0.097 0.168 0.111 0.134 0.130 0.133 0.085
Tm 0.28 0.24 0.30 0.24 0.27 0.27 0.28 0.14 0.026 0.020 0.035 0.024 0.028 0.026 0.028 0.017
Yb 1.87 1.61 2.01 1.55 1.82 1.76 1.86 0.95 0.207 0.179 0.272 0.176 0.225 0.214 0.230 0.156
Lu 0.26 0.22 0.27 0.20 0.25 0.24 0.26 0.14 0.039 0.032 0.050 0.032 0.040 0.039 0.040 0.026
Hf 0.72 0.81 0.93 0.76 0.83 0.81 0.97 0.11 0.031 0.027 0.040 0.021 0.033 0.031 0.036 0.0066
Ta 0.00 0.03 0.01 0.01 0.01 0.01 0.01 0.02 0.0008 0.0003 0.0003 0.0002 0.0003 0.0002 0.0007 0.0005
Pb 0.05 0.20 0.04 0.62 0.11 0.17 0.23 0.08 0.0042 0.0047 0.0052 0.0057 0.0057 0.0065 0.0051 0.0059
Th 0.01 0.68 0.06 0.15 0.04 0.22 0.01 0.23 0.0026 0.0060 0.0006 0.0015 0.0007 0.0005 0.0007 0.0019
U 0.01 0.12 0.01 0.11 0.02 0.08 0.01 0.07 0.0009 0.0023 0.0009 0.0035 0.0006 0.0009 0.0014 0.0018
n 6 6 8 8 8 8 6 6 5 5 5 5 6 6 5 5

Uncertainties are provided in the Electronic Annex 2 (Table S2).
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Fig. 3. Whole-rock Al2O3 vs. MgO (a) and S (b) of peridotites from Lake Nyos, Mt. Oku. Melting curve for major elements from a primitive
mantle source (PM: McDonough and Sun, 1995) follows that of Niu (1997), and for S content assuming that the extracted melts have a S
capacity of 1000 ppm (Jugo et al., 2005). Gray field shows typical cratonic mantle composition (Pearson and Wittig, 2008, and references
therein). Also shown are the data of Nyos peridotites from Liu et al. (2017).

Fig. 4. Chondrite-normalized REE patterns (a) and primitive mantle-normalized trace element spider diagram (b) of both clinopyroxene
(symbols with solid lines) and orthopyroxene (symbols with dashed lines) from the Nyos peridotites examined in this study. The REE
elemental ratios of orthopyroxene/clinopyroxene are plotted as a function of ionic radius in (c). Chondrite composition: Sun and McDonough
(1989); Primitive mantle composition: McDonough and Sun (1995). Grey lines are the modeled results for residual clinopyroxene assuming
non-modal fractional melting in the spinel stability field (see the details in Liu et al. (2012) and reference therein). Literature data are shown in
Fig. S5.
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bias for the LA data, while the ID Lu and Hf concentra-
tions are largely higher than the LA data (Lu 8.6–15.4%,
Hf �4.3–39%). Despite having considerably higher Sm/
Nd ratios than its coexisting clinopyroxene, orthopyroxene
within CAM-102b and CAM-109 has 143Nd/144Nd only
slightly greater than that of coexisting clinopyroxene, giv-
ing positive two-point clinopyroxene-orthopyroxene Sm-
Nd isochron ages (Table 5), while the other three samples
(CAM-020, CAM-108 and CAM-111) have clinopyroxene
143Nd/144Nd identical to, or slightly greater than, that of
the coexisting orthopyroxene, yielding near zero or slightly
negative two-point isochron ages (Table 5). The Nd model
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ages of the clinopyroxene in most samples are generally
older than those of the orthopyroxene (TDM(Nd) = 0.25–
0.90 Ga versus 0.17–0.40 Ga, and TCHUR(Nd) = 1.01–
1.17 Ga versus 0.45–0.74 Ga), except for the most fertile
sample CAM-109 that has much lower or negative values
(TDM(Nd) = �0.80 Ga versus �0.22 Ga, and TCHUR(Nd)
= 0.25 Ga versus 0.33 Ga) and has a significantly positive
two-point isochron age (Table 5).

Unlike the Sm-Nd isotope system, orthopyroxene has
Lu/Hf ratios three to five times of those of clinopyroxene,
and the orthopyroxene 176Hf/177Hf ratios are identical to,
or significantly larger than, those of coexisting clinopyrox-
ene. Both clinopyroxene and orthopyroxene generally have
higher 143Nd/144Nd and 176Hf/177Hf ratios than the host
lavas, except for the most fertile sample CAM-109 that
has 143Nd/144Nd slightly lower in clinopyroxene but
slightly higher in orthopyroxene than the host lava.
Because the majority of Sm and Nd (>98%) in these sam-
ples are hosted in clinopyroxene, the limited variation of
143Nd/144Nd in both clinopyroxene and orthopyroxene
means that the reconstructed whole-rock Sm/Nd and
143Nd/144Nd for each sample are essentially identical to
the values in clinopyroxene. The reconstructed whole-
rock Sm-Nd isochron yields an apparent age of 1.37
± 0.39 Ga (1r; MSWD = 51; an initial eNd of �8 ± 8
(1r); Fig. 8a), and the reconstructed whole-rock Lu-Hf iso-
chron gives an age of 2.01 ± 0.18 Ga (1r; MSWD = 11.4;
Fig. 8b) with an initial eHf of �0.8 ± 9.6 (1r).

5. DISCUSSION

5.1. History of melt depletion and metasomatic overprinting

5.1.1. Melt depletion

Mantle melt extraction shapes the mineralogy and
chemistry of residual peridotite, changing fertile lherzolite
into depleted harzburgite. The mineral modal abundances
of the Nyos peridotites examined in this study are
calculated using the MINSQ program (Herrmann and
Berry, 2002) through combination of both mineral and
whole-rock major element data. The results show that these
Nyos peridotites are composed of olivine (59–69%),
orthopyroxene (14–23%), clinopyroxene (8–20%), and
spinel (1.9–3.5%) (Table 1). All the Nyos peridotites are
categorized as spinel facies lherzolites (Fig. S1; Electronic
Annex EA-1), except for sample CAM-022 which has sig-
nificantly higher clinopyroxene (20%) and lower orthopy-
roxene (14%). In addition to lherzolites, previous studies
have reported harzburgites and olivine websterites from
this locality (Fig. S1; Temdjim, 2012; Pintér et al., 2015;
Liu et al., 2017).

Mineral and whole-rock chemistries are the key to esti-
mate the degrees of apparent melt depletion of the Nyos
peridotites, as auto-refertilization/metasomatism may have
occurred in nearly all mantle peridotites (Rudnick and
Walker, 2009; Fig. S2a). Our Nyos peridotites are
characterized by low to moderate olivine Fo contents of
88.9–91.2 and low spinel Cr# of 8.4–19.3, plotting within
the range found in prior studies (Fo = 89.8–92.0; spinel
Cr# = 9.6–37.2; Fig. S3; Temdjim, 2012; Pintér et al.,



Fig. 5. Primitive Upper Mantle (PUM: Becker et al., 2006)-
normalized highly siderophile element patterns of the Nyos
peridotites. Also shown are the data of Nyos peridotites from
Liu et al. (2017).

Fig. 6. (a) Whole-rock PdN/IrN versus Al2O3and (b) OsN/IrN versus ReN
compared to massif peridotites. Melt extraction curves were calculated in
source containing �250 ppm S (McDonough and Sun, 1995) and assumin
2005). The partition coefficients between sulfide and silicate melt used in t
upper curve and lower curve, respectively; and DIr(sulfide/melt) was set a
Data sources: Nyos peridotites from Liu et al., 2017 and this study; glo
Penglai, Shanwang from China; Sierra Nevada, USA; Sidamo, Ethiopia;
France; Beni Bousera, Morocco; Ronda, Spain; Italian Alps; Lower Aust
(2010) and references therein. PUM: Becker et al. (2006).

Fig. 7. (a) The Re-Os isochron diagram and (b) whole-rock 187Os/188Os
PUM: Meisel et al. (2001).
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2015; Liu et al., 2017). Using an experimental curve of melt-
ing degree versus Fo contents of residual olivine (Bernstein
et al., 2007), we found that the Nyos peridotites experienced
variable degrees of partial melting ranging from a few per-
cent to �15–20% for lherzolites in this suite, and up to 25%
for harzburgites in other Nyos peridotites (Liu et al., 2017).
Moreover, the Nyos peridotites in our suite have moderate
to high whole-rock Al2O3 (2.0–3.7%) and CaO (1.9–3.1%)
contents, which plot within the melt depletion trend
(Fig. 3a; Fig. S2b). The exception is sample CAM-022 with
4.3% CaO (plotting above PUM), due to modal metaso-
matic overprinting/refertilization as will be discussed
below. For the rest of the Nyos peridotites in our suite, they
can be explained by �5–16% batch melting at 1.5 GPa fol-
lowing the model of Niu (1997), which is in concordance
with the estimate from Fo contents discussed above,
derived from an experimental calibration of batch melts.
In addition, incompatible trace element abundances in
/IrN for xenolithic peridotites from Nyos and other areas globally
the form of non-modal, fractional melting using a primitive mantle
g that the extracted melts have a S capacity of 1000 ppm (Jugo et al.,
he two modeling curves are: DPd(sulfide/melt) of 104 and 103 for the
t 105 (Fleet et al.,1999). Tick marks indicate 5% melting increments.
bal xenolith data (including Vitim, Siberia; Hannuoba, Yangyuan,
North Queensland, Australia) and massif data (including Pyrenees,
ria; Rhode Island, USA) are referred to the compilation of Liu et al.

versus Al2O3 for the Nyos peridotites (Liu et al., 2017; this study).



Table 5
Sr, Nd and Hf isotopic compositions of clinopyroxene and orthopyroxene separates of the Nyos peridotites as well as the calculated whole-rock compositions and host basalt (CAM-108 basalt).

Sample CAM-
020

CAM-
020

CAM-
020

CAM-
102b

CAM-
102b

CAM-
102b

CAM-
108

CAM-
108

CAM-
108

CAM-
109

CAM-
109

CAM-
109

CAM-
111

CAM-
111

CAM-
111

BHVO-1 CAM-
108 basalt

CPX OPX WR CPX OPX WR CPX OPX WR CPX OPX WR CPX OPX WR WR WR

Weight (g) 0.05972 0.28211 0.05241 0.32031 0.06658 0.30301 0.05744 0.32174 0.20903 0.52584 0.02099 0.05496
Rb [ppm]-LA 0.024 0.0036 0.014 0.0030 0.012 0.0231 0.011 0.0225 0.008 0.0085
Sr [ppm]-LA 30.7 0.094 61.8 0.082 51.2 0.083 74.6 0.127 13.1 0.023
87Sr/86Sr 0.702257 0.702417 0.702100 0.702864 0.702956 0.703450 0.703558
2r 0.000016 0.000012 0.000011 0.000013 0.000019 0.000021 0.000022
Sm [ppm]-ID 1.393 0.00590 0.196 2.000 0.00799 0.190 1.784 0.00799 0.259 2.394 0.01166 0.351 0.365 0.00169 0.030 7.633 7.759
Sm [ppm]-LA 1.16 0.0089 1.56 0.0123 1.42 0.0099 1.84 0.0163 0.27 0.0022
Nd [ppm]-ID 2.109 0.00682 0.297 4.183 0.01041 0.396 3.333 0.01228 0.483 5.135 0.02061 0.751 0.506 0.00219 0.041 24.96 37.87
Nd [ppm]-LA 2.01 0.0110 3.82 0.0121 3.10 0.0115 4.74 0.0187 0.48 0.0032
147Sm/144Nd 0.3996 0.5235 0.4003 0.2891 0.4642 0.2901 0.3238 0.3933 0.3241 0.2818 0.3421 0.2821 0.4362 0.4659 0.4365 0.1849 0.1239
143Nd/144Nd 0.513980 0.513952 0.513980 0.513252 0.513412 0.513253 0.513611 0.513591 0.513611 0.512770 0.512943 0.512771 0.514452 0.513653 0.514443 0.512962 0.512834
2r 0.000019 0.000157 0.000019 0.000013 0.000071 0.000013 0.000019 0.000074 0.000019 0.000017 0.000055 0.000017 0.000036 0.000112 0.000036 0.000010 0.000011
TDM (Ga) 0.69 0.40 0.69 0.25 0.17 0.24 0.66 0.39 0.66 -0.80 -0.22 -0.79 0.90 0.32 0.90
TCHUR (Ga) 1.01 0.62 1.01 1.02 0.45 1.01 1.17 0.74 1.17 0.25 0.33 0.25 1.16 0.58 1.15
Two-point isochron
age (Ma)

–35 ± 190 140 ± 62 –44 ± 160 439 ± 150 -4170 ± 1900

Lu [ppm]-ID 0.3083 0.0430 0.0529 0.2423 0.0351 0.0304 0.2916 0.0459 0.0501 0.3132 0.0469 0.0547 0.1417 0.0313 0.0177 0.2868 0.2434
Lu [ppm]-LA 0.26 0.0393 0.20 0.0315 0.25 0.0404 0.26 0.0400 0.14 0.0264
Hf [ppm]-ID 0.7844 0.0298 0.1165 0.8241 0.0250 0.0829 0.8913 0.0341 0.1345 1.0685 0.0390 0.1631 0.1586 0.0108 0.0149 4.229 4.732
Hf [ppm]-LA 0.72 0.0310 0.76 0.0214 0.83 0.0330 0.97 0.0358 0.11 0.0066
176Lu/177Hf 0.0558 0.2051 0.0643 0.0417 0.1994 0.0519 0.0464 0.1911 0.0528 0.0416 0.1710 0.0476 0.1269 0.4096 0.1682 0.0096 0.0073
176Hf/177Hf 0.283623 0.286545 0.283791 0.283645 0.283908 0.283662 0.283618 0.283479 0.283612 0.283137 0.283454 0.283152 0.287652 0.289558 0.287932 0.283088 0.282989
2r 0.000017 0.000056 0.000017 0.000016 0.000219 0.000021 0.000022 0.000085 0.000022 0.000014 0.000031 0.000013 0.000064 0.000274 0.000068 0.000015 0.000007
eHf 30.1 133.4 36.0 30.9 40.2 31.5 29.9 25.0 29.7 12.9 24.1 13.4 172.6 240.0 182.5 11.2 7.7
TDM (Ga) 1.14 1.05 1.11 5.99 0.22 1.61 2.40 0.08 1.33 -1.92 0.08 -0.58 2.60 0.90 1.90 0.30 0.45
TCHUR (Ga) 1.98 1.16 1.73 5.22 0.37 2.49 3.32 0.24 2.24 2.28 0.26 1.40 2.72 0.96 2.01 -0.72 -0.45
Two-point isochron
age (Ma)

1039 ± 35 89 ± 73 –52 ± 32 131 ± 14 360 ± 53

Abb reviation: LA - laser ablation data; ID - isotope dilution data; CPX - clinopyroxene; OPX - orthopyroxene; WR - Reconstructed Whole Rock data using CPX and OPX assuming olivine and
spinel contain none of the elements considered.
Chondritic Uniform Reservoir (CHUR) values: 147Sm/144Nd = 0.1960, 143Nd/144Nd = 0.512630, 176Lu/177Hf = 0.0336 and 176Hf/177Hf = 0.282785 (Bouvier et al., 2008)
TDM(Nd) is calculated based on the depleted mantle values (147Sm/144Nd = 0.2129 and 143Nd/144Nd = 0.51313; Nowell et al., 1998; Bouvier et al., 2008)
TDM(Hf) is calculated based on the depleted mantle values (176Lu/177Hf = 0.0388 and 176Hf/177Hf = 0.28325; Nowell et al., 1998; Bouvier et al., 2008)

188
J.

L
iu

et
al./

G
eo
ch
im

ica
et

C
o
sm

o
ch
im

ica
A
cta

278
(2020)

177–198



J. Liu et al. /Geochimica et Cosmochimica Acta 278 (2020) 177–198 189
minerals can also be used to constrain melt depletion char-
acteristics. We model the REE and Hf composition of resid-
ual clinopyroxene (the main carrier of these elements in
spinel facies lherzolite) in the scenario of non-modal, frac-
tional melting following the method of Johnson et al.
(1990) (see details in Liu et al. (2012)). The modeling is con-
ducted in the spinel stability field, as there is no garnet or
observation of garnet breakdown in the Nyos peridotites.
Based on the relatively immobile HREE, the Nyos peri-
dotites are residues of a few percent up to �12% fractional
melt extraction (Fig. 4a; Fig. S4), somewhat lower than esti-
mates from batch-melting calibrations. In reality, natural
melting is likely somewhere between pure batch and pure
fractional melting and so these estimates bracket the likely
extent of actual melting. Collectively, the Nyos peridotites
in our collection are mantle residues of variable degrees
of melt depletion ranging from a few percent up to a max-
imum of �16%. We find that some of the Nyos clinopyrox-
enes and orthopyroxenes, particularly the more depleted
ones, have LREE contents too high to be pristine melt resi-
dues. This has been observed in the Nyos peridotites in
prior studies and in global mantle peridotites, and has been
ascribed to metasomatic alteration/enrichment.

5.1.2. Metasomatic overprinting

Metasomatism has almost ubiquitously affected mantle
peridotite. This process can be divided into broad two
types: modal versus cryptic metasomatism. As stated above,
sample CAM-022 has extreme signatures of mineralogical
and geochemical characteristics. This sample is a
clinopyroxene-rich lherzolite that is characterized by the
lowest abundance of orthopyroxene (14%) and the highest
abundance of clinopyroxene (22%), but moderate modal
abundance of olivine (61%) relative to other samples in
the suite (Table 1). Moreover, CAM-022 has the highest
bulk rock CaO content (4.32 wt.%, higher than that of
primitive mantle; McDonough and Sun, 1995), intermedi-
ate Al2O3 content (3.42 wt.%), the highest CaO/Al2O3 ratio
Fig. 8. (a) Sm-Nd isochron and (b) Lu-Hf isochron diagrams of both clino
as well as the reconstructed whole-rock compositions that are calculated in
phases contain negligible amounts of these elements in these spinel facies
the phases plot on the two pyroxene isochron trend for each individual pe
are calculated using the partition coefficients reported in literature (see det
the CHUR (Bouvier et al., 2008), Depleted Mantle (Nowell et al., 1998
peridotites.
(1.26, compared to the range of 0.83–0.95 for the main
suite) and the lowest MgO/SiO2 (0.86, compared to the
range of 0.89–0.97 for the main suite). These features are
coupled with the lowest Fo content (88.9) and spinel Cr#
(8.4). In addition, this sample has the highest La/Yb ratios
and U and Th contents in both clinopyroxene and orthopy-
roxene in the suite (Fig. 4). All these signatures of sample
CAM-022 can be explained by modal metasomatism by
carbonated silicate melt that converts orthopyroxene to
clinopyroxene and olivine (e.g., Gervasoni et al., 2017).

In contrast, the rest of the Nyos suite has major element
compositions and mineral modal abundances consistent
with the results of melt extraction modeling. Thus, we con-
sider that the remainder of our Nyos peridotites did not suf-
fer substantial modal metasomatism. As mentioned above,
both clinopyroxene and orthopyroxene have LREE con-
tents that are too high to be accounted for by melt deple-
tion only. Moreover, both pyroxenes have elevated U and
Th concentrations relative to their surrounding elements
in the spider diagram (Fig. 4b). This is also observed in
many Nyos clinopyroxenes reported in prior studies
(Fig. S5; Lee et al., 1996; Temdjim, 2012; Pintér et al.,
2015; Liu et al., 2017) and global peridotite clinopyroxenes.
Such enrichment and alteration has been ascribed to multi-
ple metasomatic agents ranging from silicate melts
(Zangana et al., 1999), aqueous or CO2-rich fluids
(O’Reilly and Griffin, 1988; Downes, 2001) to carbonated
melts (Rudnick et al., 1993; Yaxley et al. 1998; Shu and
Brey, 2015), acting individually or in combination. Carbon-
ated melts are normally characterized by higher LREE and
Eu contents but lower high field strength element (HFSE
including Ti, Zr, Hf, Nb, Ta) contents than silicate melts.
From the spider diagrams, it is seen that clinopyroxene is
commonly depleted in HFSE and relatively enriched in
LREE. On the other hand, orthopyroxene has significant
amounts of HFSE as shown by the spikes of positive
anomalies (Fig. 4b; Fig. S5). Clinopyroxene is the dominant
phase hosting REE, particularly MREE to LREE, while
pyroxene and orthopyroxene of the Nyos peridotites examined here
two ways: WR1 from measured pyroxenes assuming that the other

peridotites, and WR2 from all peridotitic minerals assuming that all
ridotite, while trace elemental abundances of both olivine and spinel
ails in the Electronic Annex EA-2 Table S4). Also shown are data of
; Bouvier et al., 2008) and the measured host basalt for the Nyos
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orthopyroxene can contain a significant amount of HREE
(e.g., orthopyroxene Yb = 0.16–0.27 ppm (7.3–30% of the
whole rock budget) versus clinopyroxene 0.95–2.01 ppm)
and HFSE. Therefore, Ti/Eu in clinopyroxene is an under-
estimate to the bulk value, while La/Yb slightly overesti-
mates the bulk value. Given the potential contamination
of the xenoliths by host basalts (e.g., high Ti contents were
found at grain boundaries in peridotites; Byerly and
Lassiter, 2015), it is important to reconstruct the whole-
rock compositions using two pyroxenes, with the assump-
tion that spinel and olivine contain none of the trace ele-
ments considered (Fig. S6); we will discuss below the
potential effects of olivine and spinel to the trace element
budget. The reconstructed whole-rock values of the studied
Nyos peridotites show a relatively low La/Yb and high Ti/
Eu that primarily plots within the range of silicate melt
metasomatism or melt depletion (Fig. S7) that is also
reported in prior studies (Temdjim, 2012; Pintér et al.,
2015; Liu et al., 2017). In addition, both silicate melt and
fluid inclusions were observed in some Nyos clinopyroxenes
(Liu et al., 2017) indicating the infiltration of hydrous sili-
cate melts in the SCLM beneath this region of the CVL.
However, the high La/Yb and low Ti/Eu signatures of three
Nyos harzburgites reported in Liu et al. (2017) are inter-
preted to reflect the infiltration of carbonated melts
(Fig. S7). Considering that orthopyroxene hosts a signifi-
cant portion of HREE and Ti, the La/Yb and Ti/Eu ratios
in clinopyroxene from clinopyroxene-poor and
orthopyroxene-rich harzburgites would deviate from the
bulk composition (Scott et al., 2016). Thus, it remains
unclear whether these three harzburgites indeed have bulk
high La/Yb but low Ti/Eu, when the orthopyroxene com-
position is not determined. Nonetheless, modal metasoma-
tism by carbonated silicate melt is suggested to have
affected sample CAM-022 in our suite as discussed above,
which is consistent with the occurrence of carbonated (sili-
cate) melt metasomatism documented previously. Collec-
tively, the Nyos SCLM has been affected to various
extents by multiple kinds of metasomatism that is domi-
nated by silicate melts.

5.2. Age of melt depletion and the effects of metasomatism

5.2.1. Re-Os isotope system

Unlike the daughter products of most radiometric cou-
ples used to study Earth’s mantle, Os, a highly siderophile
element, behaves as a compatible element during mantle
melting and has a strong affinity to base metal sulfides
and alloys in peridotites (e.g., Hart and Ravizza, 1996;
Burton et al., 2000; Brenan et al., 2016). Rhenium behaves
like a moderate incompatible element during mantle melt-
ing, and it is mainly hosted by base metal sulfides in fertile,
sulfide-saturated peridotites, while almost completely
excluded in refractory, sulfide-poor peridotites (e.g.,
Burton et al., 2002; Fonseca et al., 2007; Brenan et al.,
2016). Thus, it is critical to investigate the composition
and abundance of sulfides that can be affected by metaso-
matic or surficial processes and to evaluate their influence
on the HSE abundances and possibly Os isotopic composi-
tions of the rocks (e.g., Alard et al., 2000; Luguet and
Pearson, 2019).

Secondary effects on sulfide and HSE systematics: Two
forms of sulfides are observed in the Nyos peridotites. Tiny
(<10 mm) iron and nickel Mss within the olivine or orthopy-
roxene grains in the Nyos peridotites (Fig. 2b) are normally
interpreted to be residues formed during mantle melt deple-
tion (Lorand and Luguet, 2016). However, other forms of
sulfides can reside in larger complex mineral assemblages
(50–200 mm) (Fig. 2c,d). Microscopic observation, quanti-
tative analyses and X-ray elemental mapping reveal an
assemblage of pentlandite and chalcopyrite (Electronic
Annex EA-2 Table S2) with disseminated Fe-rich phases
including small lamellae of native Fe metal (<10 mm) at
grain edges (Fig. 2e-i). The Fe-rich phases can contain vari-
able amounts of other elements such as Si, Mg and Ni with
FeO ranging from 27.5 to 85.4 wt.%, SiO2 from 3.4 to 38
wt.%, NiO from 0.3 to 10.8 wt.%, MgO from 0 to 11 wt.
%, and SO3 from 0 to 1.3 wt.% (Electronic Annex EA-2
Table S2). The Fe-rich phases are composed of two end-
members: Si-poor and Si-rich phases. The negative trend
of FeO versus SiO2 contents defines a Si-poor endmember
with an FeO of � 80% coupled with a NiO of a few percent
(Fig. S8). Considering that the totals of the major element
oxides analyzed for these phases are generally between 76
and 85 wt.% (Electronic Annex EA-2 Table S2; Fig. S8),
we speculate that the Si-poor endmember is composed of
Fe-Ni hydroxides, and the Si-rich end-member was derived
from Mg-poor silicate melts, but unlikely from Mg–rich
host minerals (olivine or orthopyroxene; Fig. 2). The petro-
graphic and geochemical evidence suggests that the mantle
sulfides were likely affected by S-undersaturated metaso-
matic silicate melts that caused sulfide breakdown/dissolu-
tion and the formation of complex mineral assemblages
consisting of residual pentlandite and chalcopyrite with dis-
seminated Fe-rich phases.

At mantle temperatures, Mss contain significant
amounts of copper that leads to Cu-rich liquids when
incongruent melting occurs. Copper-rich liquids, which
are able to migrate at the grain boundaries, form an inter-
mediate solid solution (Iss) as a phase on the liquidus at
about 970 �C, which is the precursor of chalcopyrite
(Harvey et al., 2016 and reference therein). Since high T
Cu-sulfides contain significant amounts of Ni, pentlandite
can exsolve directly as coarse blebs enhanced at chalcopy-
rite grain boundaries, which is consistent with the observa-
tion of sulfide petrology. Thus, alternatively, the Nyos
peridotites may have experienced exsolution of sulfides in
the mantle. Here we refer sulfide breakdown/dissolution
or exsolution to desulfurization. The feature of desulfuriza-
tion is strongly supported by the sulfide-poor nature, and
extremely low bulk S contents of these Nyos peridotites
that are far below the values predicted from modeling the
effects of melt depletion (Fig. 3b). The fresh nature of these
rocks indicates that desulfurization was not likely caused by
surficial weathering or serpentinization but occurred at
mantle depths.

The Nyos peridotites exhibit typical convex-up HSE
patterns characterized by variable, prominent Os, Pd, and
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Re depletions relative to Ir (Fig. 5; Liu et al., 2017; this
study). Although Pt, Pd, and Re are incompatible and
Os, Ir and Ru behave as compatible elements during mantle
partial melting (e.g., Pearson et al., 2004; Aulbach et al.,
2016), the limited degrees of melt depletion occurring in
the Nyos lherzolites from this study and the study of Liu
et al. (2017) cannot adequately account for the low
PdN/IrN ratios in these rocks (Fig. 6). Moreover, at the
modest level of melt depletion observed in our suite, there
should be no significant inter-element variations between
Os, Ir and Ru as observed in orogenic massif peridotites
and some peridotite xenoliths (e.g., Hannuoba, China;
Fig. 6). Instead, such fractionated HSE characteristics are
often observed in global post-Archean xenolithic
peridotites (e.g., Sidamo, Ethiopia, Lorand et al., 2003a;
Penglai, China, Chu et al., 2009; Yangyuan, China, Liu
et al., 2010; Kilbourne Hole, Rio Grande Rift, Harvey
et al. 2015; Nuomin, Northeast China, Zhang et al.,
2019). These features have been explained by desulfuriza-
tion through metasomatic melt–rock reaction during S-
undersaturated conditions or during surficial oxidizing
weathering (Lorand et al., 2003b; Lorand and Luguet,
2016). As discussed above, the sulfide petrography and geo-
chemistry of the Nyos peridotites provide excellent evidence
for desulfurization during S-undersaturated silicate melt
infiltration in the mantle. To investigate the process of
desulfurization in controlling the HSE abundances, partial
desulfurization of Fe-Ni-Cu sulfides was carried out by
Peregoedova et al. (2004). These experiments revealed that
Ir–Ru–Pt could be largely retained in the peridotites by
forming (Fe)-Pt–Ir alloys (as native Fe is observed in the
complex mineral assemblages discussed above; Fig. 2) or
hosted by remnant sulfides, whereas Os, Pd and Re would
be partially rejected from the Pt-Ir alloys and thus depleted
in the bulk rocks, although Os was not specifically exam-
ined in the experiments. This type of behaviour can well
explain the HSE characteristics of the Nyos peridotites
(Fig. 6). The contrasting HSE signatures between xenolithic
peridotites and massif peridotites in post-Archean regions
led to the suggestion that the volcanic activity, particularly
the host magmatism, was the main cause for desulfurization
in xenolithic peridotites (Liu et al., 2010). As such, the Nyos
peridotites were affected by desulfurization, most likely dur-
ing or immediately before the eruption (see more chrono-
logic details below). Given the lack of correlation of 1/Os
or OsN/IrN and 187Os/188Os, this process modified the ele-
mental HSE ratios but did not significantly change the Os
isotopic composition as it is a process of Os removal, with
no addition of Os.

Re-Os dating: As discussed above, recent desulfurization
caused loss of both Re and Os. Of note, the Nyos peri-
dotites define a very old apparent isochron age of 3.3 Ga
(Fig. 7a). This old age is inconsistent with the high initial
187Os/188Os that corresponds to a model age of only
�1.6 Ga. This suggests that the loss of Re is proportionally
more than Os, lowering Re/Os and thus steepening the iso-
chron. Although Re/Os has been modified in the process of
desulfurization (Figs. 6b, 7a), alumina remains immobile
during this process and can be used as a proxy of pristine
Re/Os to construct a pseudo-isochron with 187Os/188Os
(Reisberg and Lorand, 1995; Handler et al., 1997). In the
study of Liu et al. (2017), the alumina-187Os/188Os
pseudo-isochron is extrapolated to the point of
Al2O3 = 0.7%, below which no rhenium is believed to be
retained in the peridotite residue (Handler et al., 1997), to
yield an initial 187Os/188Os of 0.1106 that gives a TRD age
of 2.6 Ga (if using PUM as the mantle reference line) or
2.4 Ga (if using the ordinary chondrite reservoir that will
be applied in this study as a median value between PUM
and CI-chondrites) (Fig. 7b). This pseudo-isochron age is
significantly older than the oldest TRD ages (2.0 Ga) of
the four harzburgites (Liu et al., 2017). Incorporation of
our less depleted lherzolite samples in the
alumina-187Os/188Os pseudo-isochron of the Nyos peri-
dotites generates variable initial 187Os/188Os values that
would yield 1.2–2.4 Ga age estimates (Fig. 7b). If the Nyos
peridotites were formed in the Archean as claimed by Liu
et al. (2017), it would be difficult to explain (1) the variable
range of fertile to moderate refractory composition
observed in the Nyos peridotites that contrasts strongly
with typical refractory Archean peridotites that were
formed after high degrees of mantle partial melting
(Pearson and Wittig, 2014), and (2) the absence of Archean
TRD ages are found in the Nyos peridotites, whereas nearly
all suites of Archean cratonic peridotites have a dominant
population with TRD ages >2.5 Ga (Carlson et al., 1999;
Pearson and Wittig, 2014). Given those aforementioned
factors potentially contributing uncertainties when using
the Re-Os isotope system to constrain the age of melting
in post-Archean peridotites, additional chronologic infor-
mation from the Lu-Hf system provides a useful
perspective.

5.2.2. Sr-Nd-Hf isotope systems

Since Sr isotopic ratios of orthopyroxene from the Nyos
peridotites are not available due to the very low concentra-
tions of Sr, this does not permit comparison of Sr isotopic
compositions between orthopyroxene and clinopyroxene in
these rocks. Although clinopyroxene, as the dominant host
of both Sr and Nd, has lower 87Sr/86Sr ratios than that of
the host basalt measured in this study and other Cameroon
basalts (Fig. 9a; e.g., Ballentine et al., 1997), samples CAM-
111 and NY-01 from Liu et al. (2017) significantly deviate
from the depleted MORB mantle trend (Fig. 9a), implying
that their compositions might have been modified by the
diversity of metasomatism experienced by these rocks, if
the pristine mantle peridotites evolve along the mantle
trend. Since 87Sr/86Sr ratios of the depleted samples
CAM-111 and NY-01 are much higher than the values
extrapolated to their 143Nd/144Nd values on the MORB
mantle trend, the deviation of these two samples can be
explained by a recent, significant addition of radiogenic
Sr that had relatively less effect on the Nd isotopic
composition.

Although all the Nyos peridotites probably experienced
metasomatism to variable extents based on their mineral
REE patterns and trace element spider diagrams (Fig. 4a,
b), log orthopyroxene/clinopyroxene REE ratios are lin-
early correlated with the X3+ ionic radii from Lu to Sm,
indicating that for these elements equilibrium existed



Fig. 9. (a) 143Nd/144Nd versus 87Sr/86Sr and (b) 176Hf/177Hf versus 143Nd/144Nd of both clinopyroxene and orthopyroxene of the Nyos
peridotites examined here, as well as the reconstructed whole-rock compositions. Also shown are the literature data including cpx from the
CVL peridotites (Lee et al., 1996) and the Nyos peridotites (Liu et al., 2017), as well as the CVL basalts (Ballentine et al., 1997). N-MORB:
Hofmann (2014); MORB & OIB: Stracke et al. (2011); the mantle array: Vervoort and Blichert-Toft (1999).
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between the two types of pyroxenes under mantle condi-
tions, while some significant scatter/elevation is observed
from Nd to La (Fig. 4c). The equilibrium of Lu to Sm in
coexisting orthopyroxene and clinopyroxene can be used
to calculate the REE equilibrium temperatures
(TREE = 926–1043 �C; Table 1) that are generally consistent
with the two-pyroxene thermometer data (TBKN = 942–
1065 �C; Table 1) calculated based on major element com-
positions that are less sensitive to cryptic metasomatism.
With regards to the scatter/elevation from Nd to La,
although there are relatively large uncertainties in the mea-
surements of these extremely low concentrations of LREE
in orthopyroxene (Table 5), the observed scatter for these
elements is beyond analytical uncertainty. We speculate
that the scatter from Nd to La is mainly caused by the dis-
equilibrium effects of metasomatism on these elements that
are poorly concentrated in pyroxenes (see more discussion
based on Nd isotopes below) as well as their low
diffusivities.

Calculated equilibrium temperatures are well above the
closure temperature of Nd isotopes in pyroxenes (�850 �C;
Shu et al., 2014), which means that the Nd isotopic com-
position of the pyroxene pairs should be identical if equi-
librium existed before eruption. In reality, there are
several scenarios in the pyroxene pairs of the five analyzed
Nyos peridotites (Fig. 8a; Table 5). For instance, samples
CAM-020 and CAM-108 have identical 143Nd/144Nd in
coexisting orthopyroxene and clinopyroxene, which indi-
cates equilibration of Nd isotopes in this mineral pair, con-
sistent with their high equilibrium temperatures. In
contrast, the orthopyroxene in samples CAM-102b and
CAM-109 have 143Nd/144Nd somewhat higher than their
co-existing clinopyroxene, generating two-point isochron
ages of 140 ± 62 Ma and 439 ± 150 Ma, respectively
(Table 5), and these ages are significantly older than the
eruption age of host basalts (1.1–3.5 Ma; Freeth and
Rex, 2000). This may indicate that the sampled litho-
spheric mantle experienced rapid uplift to shallower depths
in the past without significantly resetting the REE parti-
tioning between the pyroxene pairs. Exceptionally, the
orthopyroxene of sample CAM-111 has a lower
143Nd/144Nd than its coexisting clinopyroxene, giving a
negative two-point isochron age (Table 5). This inconsis-
tency with their Sm/Nd ratios is best explained by recent
metasomatic alteration that influenced more the extremely
Nd-poor orthopyroxene than clinopyroxene. This process
most likely occurred during or shortly before eruption
from the contamination of host basaltic lava, which can
potentially account for the variable Sr-Nd isotope compo-
sitions of the Cameroon peridotitic clinopyroxenes
(Fig. 9a; Liu et al., 2017), and did not allow sufficient time
to equilibrate Nd isotopes in pyroxenes. This also coin-
cides with recent desulfurization as discussed above. In
addition, sample CAM-111 shows a significant decoupling
between Nd and Hf isotopes (i.e., lower 143Nd/144Nd com-
pared to 176Hf/177Hf) when normalized to the mantle
array, while the other samples plot within or close to the
mantle array (Fig. 9b). Therefore, CAM-111 may also
have undergone significant alteration of Nd isotopes in
addition to Sr isotopes mentioned above, consistent with
it having a more elevated Nd concentration than predicted
from melt modeling (Fig. 4). Collectively, it is evident from
the Nyos suite that the extent of metasomatic modification
is greatest in the order of Sr > Nd > Hf isotopes, as sug-
gested by previous studies (e.g., Scherer et al., 2000;
Ionov et al., 2005; Wittig et al., 2006; Liu et al., 2012;
Shu et al., 2013; Byerly and Lassiter, 2015). Given the
observed metasomatic enrichment of Nd isotopes, the Nd
model ages of these peridotites should underestimate melt
depletion ages and can be treated as a lower limit con-
straint of the peridotite formation age. Since clinopyroxene
dominates the budget of Sm and Nd, the Sm-Nd isotope
system in clinopyroxene (or reconstructed whole-rock) is
more robust than orthopyroxene in retaining primary melt
depletion signatures (Table 5). As such, the Nyos peri-
dotites experienced melt depletion by at least 0.9 Ga (max-
imum TDM(Nd)) or 1.2 Ga (maximum TCHUR(Nd)),
consistent with previous results (Lee et al., 1996). This is
also supported by the reconstructed whole-rock or clinopy-
roxene isochron age (1.37 ± 0.39 Ga (1r); Fig. 8a),
although the large scatter (MSWD = 51) also reflects alter-
ation by secondary metasomatism.
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Unlike Nd isotopes, the Lu-Hf isotope system yields
more consistent results. Nyos peridotite orthopyroxenes
have 176Hf/177Hf identical to, or significantly higher, than
their coexisting clinopyroxenes. This is consistent with the
estimated higher closure temperature (�920 �C) of the
Lu-Hf isotope system in pyroxenes (Shu et al., 2014). A fur-
ther implication is that Hf isotopes are not necessarily at
isotopic equilibrium in pyroxene pairs in peridotites. Con-
sidering the potentially more vulnerable status of Hf iso-
topes in orthopyroxene (characterized by high Lu/Hf but
low Hf content) compared to clinopyroxene (characterized
by low Lu/Hf but high Hf content) and the diffusive
exchange of Hf isotopes between the pair, a two-point iso-
chron age can be treated as the minimum estimate for the
age of peridotites. The two-point isochron ages for the
Nyos peridotites are variable and range from around zero
to 1.0 Ga, which indicates that the Nyos peridotites were
formed at least 1 Ga.

Additional evidence indicates a much greater antiquity
to the melting event. Hafnium model ages (TDM(Hf)
= 1.1–1.9 Ga, and TCHUR(Hf) = 1.4–2.5 Ga) calculated
using the reconstructed whole-rock isotope compositions
are significantly older than the two-point isochron ‘‘cooling
ages”. Orthopyroxene controls up to 33% Lu and 14% Hf
in the whole rock budget. This proportion increases
through progressive melt extraction (Fig. S9). Hence, to
further constrain the formation age of the Nyos peridotites,
it is necessary to reconstruct a whole-rock Lu-Hf isochron
combining data of both clinopyroxene and orthopyroxene.
Such an isochron yields an age of 2.01 ± 0.18 Ga (1r) with
an initial eHf of �0.8 ± 9.6 (1r) (Fig. 8b). Furthermore,
melt modeling calculations show that olivine hosts up to
16% of Lu and 5% of Hf in the whole rock budget, while
spinel likely contains negligible Lu and Hf (Fig. S9). Due
to too low Hf abundances, neither olivine nor spinel was
measured for the Lu-Hf isotopic compositions. We assume
that the Lu-Hf isotopic compositions of olivine and spinel
plot on the isochron trend defined by the two pyroxenes
for each individual peridotite, through which the whole-
rock Lu-Hf isotopic composition can be reconstructed
using all the major peridotitic phases. As a result, the recon-
structed whole-rock isochron using all the peridotitic
phases gives an age of 1.82 ± 0.14 Ga (1r) with an initial
eHf of �3.0 ± 7.5 (1r) (Fig. 8b). Both ages are identical
within error, indicating that olivine has some effect but is
not the dominant control on the whole-rock Lu-Hf iso-
chron of peridotites. The reconstructed whole-rock iso-
chron age has a much higher precision than the age (2.65
± 0.72 Ga) recorded by constructing an isochron clinopy-
roxene alone. The reconstructed whole-rock isochron is in
better agreement with the regional geological constraints
on the evolution of the crust in this region. This result
demonstrates the necessity of measuring the isotope compo-
sitions of both orthopyroxene and clinopyroxene (as well as
garnet if present), enabling reconstruction of a whole-rock
isochron to better determine the melt depletion age of the
peridotites. Moreover, the initial eHf value from the recon-
structed whole-rock isochron is identical within uncertainty
to the depleted mantle or chondritic mantle, in contrast to
large positive initial eHf values derived from clinopyroxene
isochrons in previous studies (Choi et al., 2008, 2010; Liu
et al., 2012) that have been ascribed to isotopic exchange
with coexisting higher-Lu/Hf orthopyroxene, as evidenced
by the young two-point isochron ages in this study
(Table 5).

What does the reconstructed whole-rock Lu-Hf isochron
age date? If the parent-daughter elemental fractionation
was established during melt extraction of the mantle and
the isotope system remains close since then, the isochron
age will date the melt depletion of peridotites and therefore
formation of the lithospheric mantle. However, modeling
calculations show that the reconstructed whole-rock Lu/
Hf ratios of the Nyos peridotites are normally lower than
those expected from non-modal fractional melting
(Fig. S4b), which indicates enrichment of Hf over Lu
through ancient (e.g., right after melt extraction) or recent
metasomatism. We propose that the Nyos peridotites most
likely experienced metasomatic enrichment right after melt
extraction through upward infiltration of remnant silicate-
dominated melts, based on the following reasons: (1) the
two-point Lu-Hf isochron ages of the Nyos peridotites
are normally around zero to positive with a maximum of
ca. 1.0 Ga; (2) Hf model ages (TDM(Hf) = 1.1–1.9 Ga,
and TCHUR(Hf) = 1.4–2.5 Ga) are older than the maximum
two-point isochron age; and (3) the reconstructed whole-
rock Lu-Hf isochron age lies in the range of
alumina-187Os/188Os pseudo-isochron ages (1.2–2.4 Ga;
Liu et al., 2017; this study), and in fact agrees exactly with
the oldest of the TRD ages (2.0 Ga) of these rocks. This can
well explain the decoupling of the reconstructed whole-rock
176Hf/177Hf versus measured whole-rock 187Os/188Os of
sample CAM-102b (Fig. S10) that has significantly lower
Lu/Hf and 176Hf/177Hf but a similar 187Os/188Os compared
to those of sample CAM-111 (Table 4, Table 5), although
both samples have similar major element compositions
(Al2O3 = 2.44 wt.% vs 2.01 wt.%; Fo = 91.1 vs. 91.2; Cr#
= 17.5 vs. 19.3). In addition, although the Nyos host basalt
plots at one endmember of the 176Hf/177Hf vs. 1/Hf dia-
grams (Fig. S11), the host basalt did not significantly alter
the Lu/Hf isotopic composition of the leached mineral sep-
arates of the Nyos peridotites. Collectively, although
ancient incipient metasomatism affected the Nyos peri-
dotites, the whole-rock Lu-Hf isotope system in these spinel
facies lherzolites appear to have remained faithful tracers of
the melt-depletion history of the SCLM.

Overall, we conclude that the SCLM sampled by the
Nyos peridotites was formed at �2.0 Ga, rather than in
the Archean (Liu et al., 2017). As demonstrated by the
Nyos peridotites in this study, the reconstructed whole-
rock Lu-Hf isotope system can be used in well-preserved
fresh spinel-facies peridotites (and also garnet-facies peri-
dotites from which clinopyroxene, orthopyroxene and gar-
net should be individually measured) to obtain the most
accurate estimate age of melt depletion, although they
may have experienced metasomatic enrichment right after
melt extraction. When this is done, the Lu-Hf decay system
is a radiometric tool complementary to the Re-Os
isotope system for dating post-Archean peridotites (e.g.,
Wittig et al., 2006; Pearson and Wittig, 2014). For those
peridotites that were highly metasomatized in the later
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evolutionary history, the Re-Os isotope system may still
provide better age constraints of melt depletion than other
radiometric dating systematics.

5.3. Tectonic implications for the Cameroon continental

sector and origin of CVL

The Nyos area is located in the Western Cameroon
Domain within the Central African Fold Belt (Fig. 1).
Although there is a considerable amount of juvenile Neo-
proterozoic crust found in this domain (Toteu et al.,
2004), the characteristics of basement rocks at or near the
Nyos area are not well known, as voluminous CVL mantle
magmatism occurs on the surface (Fig. 1). Of note, frag-
ments of �2.1 Ga crust units were identified in the Western
Cameroon Domain (Toteu et al., 2001, 2004). The finding
of Paleoproterozoic crust in this domain is consistent with
the recognition of �2.0 Ga SCLM in the Nyos area. To
date, there is no evidence of Archean crust found in this
area. Thus, our data imply that the Western Cameroon
Domain formed a Paleoproterozoic mantle root that has
been extant since that time. Although the Central
Cameroon–Tcholliré-Banyo shear zones have been used
to define the boundary of the Western Cameroon Domain
and the Paleoproterozoic Adamawa-Yadé Domain (Toteu
et al., 2001, 2004), the suture at mantle depths is not well
defined. Considering that the Nyos area lies <80 km away
from the Central Cameroon–Tcholliré-Banyo shear zones
(Fig. 1), it is also possible that the SCLM sampled by the
Nyos peridotites may represent fragments of the SCLM
from the Paleoproterozoic Adamawa- Yadé Domain
through collisional emplacement during the Pan African
Orogeny. Given the large variation and even disagreement
among the limited isotope data from mantle xenoliths from
the Cameroon continental sector and beyond in the CVL
(Lee et al., 1996; Liu et al., 2017; this study), extensive
radiometric dating of other mantle peridotites from this
region, especially to the west and south of the Nyos area,
is needed to better define the age structure of the litho-
spheric root and to ascertain with more confidence whether
there are any Archean components to the root.

With regards to the origin of the CVL, our data demon-
strate that the infiltration of host basalts strongly influenced
the Nyos peridotites. Although melting of a potential mix-
ture of the observed SCLM components could possibly
account for the Sr-Nd isotope composition of the CVL
basalts (Fig. 9a), the Hf isotopic compositions of the Nyos
peridotites are too radiogenic to allow these rocks to be the
main source of the CVL basalts (Fig. 9b; Liu et al., 2017;
this study). This is consistent with the recognition that the
CVL primarily resulted from reactivation of lithospheric
shear zones tapping sub-lithospheric mantle (Fitton, 1987;
Meyers et al., 1998; Déruelle et al., 2007; Assah et al., 2015).

6. CONCLUSIONS

Data for relatively immobile major and trace element
data in eight fresh spinel lherzolite xenoliths from Nyos,
Cameroon indicate that they are mantle residues of a few
percent to <16% melt depletion. However, the trace element
patterns of both clinopyroxene and orthopyroxene reflect
the effects of metasomatic enrichment in addition to melt
depletion. The relatively low La/Yb and high Ti/Eu ratios
of the reconstructed bulk rocks are consistent with silicate
melt metasomatism. Some orthopyroxenes have lower
143Nd/144Nd than coexisting clinopyroxenes, which is best
explained by recent rapid metasomatic alteration most
likely by host basaltic lava. This process also led to desulfu-
rization in the Nyos peridotites, which can account for the
observed convex-up HSE patterns. Due to metasomatic dis-
turbance, the Sr-Nd isotope systems in pyroxenes cannot
accurately reflect the melt depletion signature. Unlike Sr-
Nd isotopes, the Lu-Hf isotope system is more robust to
recent metasomatic overprinting. Given that orthopyroxene
controls up to 33% Lu and 14% Hf in the whole rock bud-
get and has 176Hf/177Hf ratios similar to, or higher than
those of coexisting clinopyroxene, it is necessary to recon-
struct a whole-rock Lu-Hf isochron in order to constrain
the melt depletion age and the initial Hf isotopic ratio of
the peridotites. The resulting reconstructed whole-rock
Nyos Lu-Hf isochron from ortho- and clinopyroxenes gives
an age of 2.01 ± 0.18 (1r) with an initial eHf of �0.8 ± 9.6
(1r) and when olivine and spinel are considered, is 1.84
± 0.14 (1r) with an initial eHf of �3.0 ± 7.5 (1r). These
two ages are identical within error, and they are also within
error of the alumina-187Os/188Os pseudo-isochron ages
(1.2–2.4 Ga; Liu et al., 2017; this study), and is consistent
with the oldest rhenium depletion Os model ages (2.0 Ga)
of the four Nyos harzburgites reported in Liu et al.
(2017). We conclude that the Nyos peridotite suite, and
the continental mantle root that they derive from, was
formed by melt depletion at �2.0 Ga. This result illustrates
clearly how reconstructed whole-rock Lu-Hf isotope sys-
tematics can be a powerful radiometric tool that is comple-
mentary to the Re-Os isotope system in dating well-
preserved post-Archean peridotites, even in peridotites that
may have experienced metasomatic enrichment right after
melt extraction. The recognition of �2.0 Ga SCLM in the
Nyos area suggests that the Nyos region assembled as a
Paleoproterozoic block, or these Nyos peridotites may rep-
resent fragments of the SCLM from the nearby Paleopro-
terozoic domain displaced by collision during the Pan
African Orogeny. With regards to the origin of the CVL,
our data reveal that the Hf isotopic compositions of the
Nyos peridotites are too radiogenic to be the main source
of the CVL basalts, which is consistent with derivation of
these magmas from the sub-lithospheric mantle during
reactivation of lithospheric shear zones.
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S. (2000) Resolving crystallization ages of Archean mafic–
ultramafic rocks using the Re–Os isotope system. Earth Planet.

Sci. Lett. 179, 453–467.
Burton K. W., Gannoun A., Birck J. L., Allegre C. J., Schiano P.,

Clocchiatti R. and Alard O. (2002) The compatibility of
rhenium and osmium in natural olivine and their behavior
during mantle melting and basalt genesis. Earth Planet. Sci.

Lett. 198, 63–76.
Byerly B. L. and Lassiter J. C. (2015) Trace element partitioning

and Lu–Hf isotope systematics in spinel peridotites from the
Rio Grande Rift and Colorado Plateau: towards improved age
assessment of clinopyroxene Lu/Hf- 176 Hf/ 177 Hf in SCLM
peridotite. Chem. Geol. 413, 146–158.

Carlson R. W. and Irving A. J. (1994) Depletion and enrichment
history of subcontinental lithospheric mantle—an Os Sr Nd and
Pb isotopic study of ultramafic xenoliths from the Northwest-
ern Wyoming Craton. Earth Planet. Sci. Lett. 126, 457–472.

Carlson R. W., Pearson G., Boyd F. R., Shirey S. B., Irvine G.,
Menzies A. and Gurney J. (1999) Re-Os Systematics of
Lithospheric Peridotites: Implications for Lithosphere Forma-
tion and Preservation. In 7th International Kimberlite Confer-

ence, Volume I, pp. 99–108.
Carlson R. W., Irving A. J., Schulze D. J. and Hearn B. C. (2004)

Timing of Precambrian melt depletion and Phanerozoic refer-
tilization events in the lithospheric mantle of the Wyoming
Craton and adjacent Central Plains Orogen. Lithos 77, 453–472.

Choi S. H., Mukasa S. B., Zhou X. H., Xian X. H. and Androniko
A. V. (2008) Mantle dynamics beneath East Asia constrained
by Sr Nd Pb and Hf isotopic systematics of ultramafic xenoliths
and their host basalts from Hannuoba North China. Chem.

Geol. 248, 40–61.
Choi S. H., Suzuki K., Mukasa S. B., Lee J. I. and Jung H. (2010)

Lu–Hf and Re–Os systematics of peridotite xenoliths from
Spitsbergen western Svalbard: implications for mantle–crust
coupling. Earth Planet. Sci. Lett. 297, 121–132.

Chu Z. Y., Wu F. Y., Walker R. J., Rudnick R. L., Pitcher L.,
Puchtel I. S., Yang Y. H. and Wilde S. A. (2009) Temporal
evolution of the lithospheric mantle beneath the Eastern North
China Craton. J. Petrol. 50, 1857–1898.

Doucet L. S., Ionov D. A. and Golovin A. V. (2015) Paleopro-
terozoic formation age for the Siberian cratonic mantle: Hf and
Nd isotope data on refractory peridotite xenoliths from the
Udachnaya kimberlite. Chem Geol 391, 42–55.

Downes H. (2001) Formation and modification of the shallow sub-
continental lithospheric mantle: a review of geochemical
evidence from ultramafic xenoliths suites and tectonically
emplaced ultramafic massifs of western and central Europe. J.
Petrol. 42, 233–250.
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