N

N

GBi?QbT?2 B+ K MIiH2 272 iBHBx iBQM #v
K2Hib #2M2 i? i?2 * K2’QQM oQH+ MB+ GBM:
Q7 i?2 "27 M; t2MQHBi? bmBi2 UPFm oQH+
* K2'QQMYV
avHpBM aX hX h2/QMF2M7 +F-C +2F SmxB2rB+x- aC
Li ~Qb-J 'v@ HBtE +xK "2F-J ;/ H2M J imbB F@J H
J H;Q xi wBQ# Q

hQ +Bi2 i?Bb p2 bBQM,

avHpBM aX hX h2/QMF2M7 +F- C +2F SmxB2rB+x- aQMD mH# +?- h?
K "2F-2i HXX GBi?QbT?2 B+ K MiH2 "272 iBHBx iBQM #v .JJ@/2 Bp2/
+ MB+ GBM2@ + b2bim/vQ7i?2"27 M;t2MQHBIi? bmBi2 UPFm oQH+ M
iQJBM2 HQ;v M/ S2i QHQ;v- kykR- Rde- RyXRyydfbyy9Ry@ykR@yRd

> G A/, BMbm@yjeeR9eN
?2iiTbh,ff? H@BMbmX "+?Bp2b@Qmp2 i2bX7 fBMbn
am#KBii2/ QM d J v kykk

> G Bb KmHiB@/Bb+BTHBM v GOT24WB p2 Dmbp2 "i2 THm B/BbBIBTHBN
"+?Bp2 7Q i?72 /2TQbBi M/ /Bbb2KIBEBMBR MNQ@T™+B2® " H /BzmbBQM /2 /
2MiB}+ "2b2 "+?2 /Q+mK2Mib- r?2i?@+B2MMiB}2mM2b#/@ MBp2 m "2+?22 +?22- T
HBb?2/ Q° MQiX h?2 /IQ+mK2Mib MK VW+RK2Z2EF IQKHBbb2K2Mib /62Mb2B;M
i2 +?BM; M/ "2b2 "+? BMbiBimiBQWER BM?8 7M#M2I @b Qm (i~ M;2 b- /2b H
#Q /-Q 7 QK Tm#HB+ Q T ' Bp i2T2HRAB+B @2MT2BIpXib X

.Bbi'B#mi2/ mM/2  * 2 iBpR *EMOKIBRM% 9Xy AMi2 M iBQM H GB+2M


https://hal-insu.archives-ouvertes.fr/insu-03661469
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

Contributions to Mineralogy and Petrology (2021) 176:37
https://doi.org/10.1007/s00410-021-01796-3

ORIGINAL PAPER q

Check for
updates

Lithospheric mantle refertilization by DMM-derived melts
beneath the Cameroon Volcanic Line—a case study of the Befang
xenolith suite (Oku Volcanic Group, Cameroon)

Sylvin S. T. Tedonkenfack? - Jacek Puziewic4® - Sonja Aulbach* - Theodoros Nta 0s® - Mary-Alix Kaczmare -
Magdalena Matusiak-Ma eK - Anna Kuku & - Ma gorzata Ziobrd

Received: 31 October 2020 / Accepted: 13 April 2021 / Published online: 24 April 2021
© The Author(s) 2021

Abstract

The origin and evolution of subcontinental lithospheric mantle (SCLM) are important issues of Earth’s chemical and physical
evolution. Here, we report detailed textural and chemical analyses on a mantle xenolith suite from Befang (Oku Volcanic
Group, Cameroon Volcanic Line), which represents a major tectono-magmatic structure of the African plate. The samples
are sourced from spinel-facies mantle and are dominated by Iherzolites. Their texture is cataclastic to porphyroclastic, and
foliation de ned by grain-size variation and alignment of spinel occurs in part of peridotites. Spinel is interstitial and has
amoeboidal shape. Clinopyroxene REE patterns are similar to those of Depleted MORB Mantle (DMM) except LREES, which
vary from depleted to enriched. The A-type olivine fabric occurs in the subset of one harzburgite and 7 Iherzolites studied by
EBSD. Orthopyroxene shows deformation consistent with olivine. The fabric of LREE-enriched clinopyroxene is equivalent
to those of orthopyroxene and olivine, whereas spinel and LREE-depleted clinopyroxene are oriented independently of host
rock fabric. The textural, chemical and thermobarometric constraints indicate that the Befang mantle section was refertilised
by MORB-like melt at pressures of 1.0-1.4 GPa and temperatures slightly above 1200-1275 °C. The olivine-orthopyroxene
framework and LREE-enriched clinopyroxene preserve the protolith fabric. In contrast, the LREE-depleted clinopyroxene,
showing discordant deformation relative to the olivine-orthopyroxene protolith framework, and amoeboidal spinel crys-
tallized from the in Itrating melt. The major element and REEs composition of minerals forming the Befang peridotites
indicate subsequent reequilibration at temperatures 930-1000 °C. This was followed by the formation of websterite veins
in the lithospheric mantle, which can be linked to Cenozoic volcanism in the Cameroon Volcanic Line that also brought the
xenoliths to the surface. This study therefore supports the origin of fertile SCLM via refertilization rather than by extraction
of small melt fractions, and further emphasizes the involvement of depleted melts in this process.
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Introduction Tariat Region, Mongolia—Carlson and lonov 2019). By
analogy with the depleted MORB-mantle, these lherzo-
Subcontinental lithospheric mantle (SCLM) forms thelites could be considered to represent the residuum after
lower, sub-Moho parts of continental plates. It is considlow-degrees of magma extraction from fertile mantle (e.qg.,
ered to be the residue after melt extraction from “fertile’'Downes et al. 2003; Carlson and lonov 2019). Alterna-
primitive mantle, which subsequently was a ected bytively, this kind of SCLM can originate by refertilization
metasomatism, i.e., reactive percolation of melts or u-Of harzburgites which were initially strongly depleted
ids, which changed the composition of a protolith (e.g.(€.9., Le Roux et al. 2007). Lenoir et al. (2000) suggest
Carlson et al2005 and references therein). that LREE-depleted lherzolites of the southern domain of
Vast knowledge on the nature of SCLM and its laterathe French Massif Central could have originated in this
and vertical variation is based mainly on the studies oay. More speci cally, Puziewicz et al. (2020) showed that
xenoliths occurring in alkali basalts and kimberlites (e.g.lherzolites forming the southern part of the French Massif
Pearson et al. 2003 and references therein). They shdwentral originated by refertilization by MORB-like melts
that the SCLM underlying Archean cratons is di erentof a protolith that originally was depleted in magmaphile
from that occurring beneath Proterozoic and PhanerozoRlements.
areas (e.g., Gri n et al2009 and references therein). The In this paper, we present another example of this kind of
latter consists of fragments of older subcontinentade-  refertilized mantle. We describe the xenolith suite coming
anic mantles (e.g., Boyd 1989; Aulbach 2012; Pearson afdtbm Befang in the Oku Volcanic Group (OVG), part of
Wittig 2014) assembled during orogenic events. the Cameroon Volcanic Line in the western part of equato-
The SCLM occurring beneath some continentalial Africa (Fig. 1a). The data presented in this paper are
areas has the characteristics of Mid Ocean Ridge Basdlfte rst detailed account on the Befang site xenoliths. The
(MORB)-source mantle, i.e., consists of Iherzolites whichinodal composition of the xenoliths as well as the chemical
are fertile in terms of major elements but depleted irfgharacteristics of minerals are similar to those presented in
incompatible trace elements (southern domain of Frendprior xenolith studies in the OVG (Lee et al. 1996; Liu et al.
Massif Central—Lenoir et al. 2000; Downes et al. 20032017,2020; Pintér et al. 2015; Temdjim 2012). Our study
additionally takes into account the deformation fabric of
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Fig. 1 a Geological sketch map of the Cameroon Volcanic Linelnset shows overview of Africa with location of Cameroon Volcanic
(based on Asaah et #015). Approximate extent of the Congo Cra- Line; b Geological sketch of the Oku Massif (based on Asaah et al.
ton based on Reusch et al. (2010) and Goussi Ngalamo et al. (2018n15)
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the xenoliths. The detailed investigation of grain alignmenstratovolcanoes (Mts. Oku, Babanki, Nyos and Nkambe),
allows us to de ne the olivine-orthopyroxene framework,where volcanic rocks (30 tol Ma; Njome and de Wit
the deformation of which is similar in all studied xenoliths,2014) have compositions ranging from basanite to trachyte
and distinguish between clinopyroxene, deformed alongnd rhyolite (Asaah et a&2015 and references therein).

with olivine and orthopyroxene from that, which post-dates

this deformation. We show that the Befang mantle section

was metasomatized by melts leaving a source similar to tHerevious xenolith studies in the Oku Volcanic
Depleted MORB Mantle (DMM). Group

Lee etal. (1996) presented the rst set of peridotite data from
Geological setting the continental sector of the CVL including three xenoliths
from OVG and reporting mineral major and trace element
The Cameroon Volcanic Line (CVL) is the linear group ofcontents. Lee et al. (1996) showed that the xenolith minerals
Eocene to recent volcanoes that stretches 1700 km SW-Nige fertile in terms of major elements and that clinopyrox-
from Pagalu Island in the Atlantic to the Biu Plateau anénes from Mt. Cameroon, Mt. Oku and Biu Plateau have
Mandara Mountains in NE Nigeria (Fi@). The lavas of REE patterns which are LREE-depleted, REE-enriched or
CVL are mostly alkaline and their volume is small (FittonHREE-depleted. They suggested that the xenoliths record
1980). The lavas with compositions ranging from basaniteelt extraction followed by metasomatism. Lee etl#196)
to hypersthene-normative basalt occur in almost all volcaniurther reported the occurrence of small amounts of amphi-
centres (Njome and de WAD14). bole in some of xenoliths, which they interpreted to be of
The continental part of the CVL developed on the Centradynvolcanic origin.
African Orogenic Belt, which formed during Neoproterozoic The other published xenolith data from the OVG refer
collision of the Congo Craton with the Saharan Metacratoto the Lake Nyos site (Liu et al. 201Z020; Pintér et al.
during assembly of Gondwana (Abdelsalam et al. 20022015; Temdjim 2012), which is located several kilometres
The part of the Central African Orogenic Belt underlying thérom Befang (Figlb). Part of the Nyos lherzolites contain
CVL borders the Congo Craton to the SW, and the Benusubordinate amphibole (Liu et al. 2017; Pintér et al. 2015;
Trough to the NE (Figla). Temdjim2012). Analyses of minerals from xenoliths oecur
Tomographic seismic models of O'Reilly et al. (2009)ring in the OVG were presented in a study of Matsukage and
and Fishwick (2010) suggest that the upper mantle underlya (2010). All these studies document prevailing lherzolite
ing CVL forms a NE-SW corridor between the Congo andnodal compositions of xenoliths and fertile mineral major
the West African cratons. These models, albeit crude, suglement compositions.
gest that the lithospheric/asthenospheric mantle analogousThe REE patterns of clinopyroxene from Nyos xenoliths
to that underlying the continental part of the CVL stretchegvere shown to be at except LREE, which vary from LREE-
to the SW beneath the Gulf of Guinea and underlies théepleted to LREE-enriched (Liu et al. 202D20; Pintér
Atlantic part of CVL. et al.2015; Temdjim 2012). Liu et al. (2017) report addi-
The lithosphere-asthenosphere boundary (LAB) isionally MREE-LREE-depleted clinopyroxene in one xeno-
located between 150 and 200 km beneath the Congo Cratdith, and Temdjim (2012) reports two xenoliths containing
Beneath the Central African Orogenic Belt the LAB shalclinopyroxene with REE increasing steadily from HREE to
lows to ca. 110 km (Goussi Ngalamo et al. 2018). The LABREE with a hump at Ce.
beneath the Oku Volcanic Group is elevated to ca. 85-90 km Pintér et al. 2015 and Temdjim 2012 argue for melt
(Goussi Ngalamo et al. 2018). The study of Gallacher andepletion followed by silicate melt metasomatism, whereas
Bastow (2012) shows that the lithosphere beneath the CMLiu et al. (2020) conclude that the SCLM beneath Lake
di ers from that typical of hot-spots or rifts in that there is Nyos was subjected to low degree of melting and subsequent
no evidence for extensive melting in the crust, or for additiometasomatism by carbonated silicate melt. Conversely, Liu
of ma c intrusions to the lower/middle crust by underplat-et al. (2017) suggest metasomatism partly by silicate melt
ing. This suggests that potential temperatures in the mantad partly by carbonatite. These latter two studies also reach
are not increased and indicates alternative mechanisms pomn icting conclusions regarding the age of lithosphere sta
ducing small melt fractions, like shear zones or delaminatiobilization. Based on Re—Os and Lu—Hf isotope compositions
(Gallacher and Basto2012). of Lake Nyos xenoliths, witfiz5 Re—Os ages between 0.02
The Oku Volcanic Group (OVG; 9°5tb+10°50k, 6°00+ and 1.19 Ga, Liu et al2020 concluded that the lithosphere
to 6°40N) culminating at Mt. Oku (3011 m asl) is one was a ected by melt depletion at2.0 Ga. In contrast, Liu
of the four major volcanic centres in the continental secet al. (2017) presented Re—Og ages varying between
tor of CVL (Asaah et al2015. The OVG consists of four 0.12 and 2.05 Ga, but proposed that the age of depletion
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is ca. 2.6 Ga, based on the initt8f0s*®%0s and resultant features typical of deformation, and for more precise
Trp age yielded by a correlation BfOsA8%0s withAl,O,.  description, we use the terms seriate (grain sizes continu-
ously varying from the small ones to the large ones) and
cataclastic (describing the texture which originates due to
Sampling, analytical methods, nomenclature  predominantly brittle grain size reduction).

Sampling Electron microprobe analyses

The xenolith suite described in this study comes from @&he major element composition of minerals was analyzed by
morphologically recent ( 1 Ma) pyroclastic cone located inCameca SXFive FE electron microprobe at the Department
Befang village in the Oku Massif (Electronic Supplemen-of Lithospheric Research, University of Vienna, Austria.
tary Material 1). The cone, which is cut due to quarryingAcceleration voltage was 15 kV, beam current 20 nA, count-
consists of ash, lapilli, bombs and granite-gneiss and mantleg times on peak position 20 s, background 10 s. At least
xenoliths, which range in size from few to ca 20 cm. Web—10 grains of each mineral in thick section were analyzed,
collected 46 xenoliths, and after rejecting those which wereach grain usually in 2—4 points to verify the compositional
strongly weathered, 27 were chosen to make thick (100 myariation.
sections. After microscopic examination, 16 unweathered The counting time for Ca and Ni in olivine was slightly
sections representing the whole textural spectrum ecculengthened (peak 60 s, background 30 s), which allowed
ring in the xenoliths were chosen for detailed studies. Moddhe detection limit (DL) of Ca in olivine to be ca. 160 ppm
compositions were determined on high-resolution image®.02 wt% CaO) and that of Ni 400 ppm (0.05 wt% NiO).
of thick sections by point-counting using JMicrovisionIn olivine, we analyzed also contents of Ti (BL00 ppm,
software and are summarized in Electronic Supplementagorresponding to 0.015 wt%O,), Al (DL ~80 ppm, cor
Material 2. responding to 0.015 wt®l ,0;) and Cr (DL~135 ppm, cor

The primary minerals forming the xenoliths are describedesponding to 0.02 wt% &r,O,).
as “I” (olivine |, orthopyroxene |, etc., see also Matusiak- The counting time for Ni in pyroxenes was 30 s on peak
Ma ek et al. 2014). Lamellae in primary minerals areand 15 s on background, which resulted in detection limit
referred to as “II”. Minerals in ne-grained intergranular of ca. 500 ppm (0.06 wt% NiO). Mineral chemical data are
aggregates and forming reactive rims on primary ones, aimmarized in Tabl&, the source data are given in Elec-
well as ne interstitial grains which are compositionally tronic Supplementary Material 3. Forsterite content in oli-
similar, are “llI” (Fig. 2). vine (Fo) is calculated as atomic 100*Mg/(Md&e+ Mn)

When possible, we use the textural terminology of-Merper formula unit. Spinel compositions are based on three cat-
cier and Nicolas (1975). However, the peridotites fromions, withFe** andFe?* calculated by charge balance (Deer
Befang commonly exhibit grain size reduction and otheet al. 1992). Silica content in spinel is commonly below
detection limit (240 ppm, corresponding to 0.052 \@&,).
In some analyses, it is slightly above detection limit (typi-
cally <0.10 wt%SiO,, Electronic Supplementary Material
3) but for consistency we did not include it in the structural
formulae. The Cr-number (Cr#) denotes the atomic ratio of
Cr/(Cr+ Al), and Mg-number (Mg#) denotes atomic Mg/
(Mg + FeY).

LA-ICP-MS analyses

Trace element contents in clino- and orthopyroxene were
analyzed by Laser Ablation ICP-MS at the Institut fiir Geow
issenschaften, Goethe Universitat (Frankfurt am Main,
Germany) using a RESOlution (Resonetics) 193 nm ArF
Excimer Laser (CompexPro 102, Coherent), operated at a
laser energy of 5 J/chand repetition rate of 8 Hz, coupled

to a Thermo Scienti ¢ Element XR ICP-MS. Sample runs
were bracketed by NIST 612 glass measurements which was
used for sensitivity calibration (reference values of Jochum
Fig. 2 The classi cation of peridotite minerals used in this study et al.2011, were adopted). The Si content determined by
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Table 1 Overview of mineral chemical data for the Befang xenolith suite

Sample no Olivine Fo Olivine NiO Olivine Orthopyroxene Clinopyroxene Spinel Cr# T (B&K)? T (B&K)" T (L)
(Wt%) Ca (ppm) Al (a pfu) Al (a pfu) min—-max °C (n) °C °C
BFA3 89.3 0.37 250-400 0.177 0.297 0.11 946-976 (18) 959 967+ 6
BFA7 90.0 0.39 450-690  0.177 0.281 0.11 948-973 (17) 968 972+ 7
BFA16 89.1 0.38 280-570 0.188 0.300 0.09 970-996 (11) 987 999+ 6
BFA17 89.9 0.39 420-650 0.176 0.289 0.09 970-987 (22) 984 971+6
BFA23 89.5 0.39 300-490 0.178 0.300 0.09 925-944 (16) 930 942 +5
BFA28 89.6 0.39 580-750 0.190 0.281 0.09 969-1006 (13) 983 1004+ 7
BFA29 88.7 0.38 380-530 0.181 0.286 0.09 946-973 (20) 956 964 + 6
BFA31 89.8 0.38 450-680 0.175 0.284 0.11 980-998 (15) 997 993+ 7
BFA33 89.2 0.38 180-400 0.175 0.278 0.11 947-974 (45) 953 949 + 7
BFA35 89.8 0.39 450-730 0.181 0.296 0.10 962-981 (44) 965 967 +5
BFA36 90.1 0.39 550-750 0.171 0.250 0.15 No equilibrium, (43) — -
BFA42 89.8 0.38 220-420 0.169 0.275 0.11 No equilibrium, (27) — -
BFA43 89.4 0.38 450-750 0.180 0.291 0.10 No equilibrium, (28) — -
BFAX 89.7 0.37 260-500 0.177 0.292 0.11 962-984 (9) 968 962+ 6
BFA24*  90.3 0.39 200-400 0.151 0.244 0.19 930-948 (20) 938 935+ 6
BFA13** — - - 0.154 0.226 - 925-948 (30) 936 1104 +9

All samples have herzolite composition except * (harzburgite) and ** (websterite)

Fo forsterite content; a pfu atoms per formula unit; Cr# Cr/(Cr+Al) molar; T temperature of orthopyroxene-clinopyroxene equilibration; B&K
calculated by method of Brey and Kéhler (1990); L calculated by method of Liang et al. (2013); n number of pairs used

aTemperature range, pairs of ortho- and clinopyroxene
bTemperature from spreadsheet of Liang et al. (2013), based on averaged mineral compositions

electron microprobe was used as internal standard. The spahich are present in ultralow concentrations and conse-
diameter was 50 (clinopyroxene) or 75 (orthopyroxene) pnguently most sensitive to analytical uncertainties (Rb, Ba,
Basalt glass BIR1G was used to monitor accuracy and Sam, U, Nb, Ta). The same applies to orthopyroxene in most
Carlos orthopyroxene grain was used as an in-house secos@mples. The variation in REE contents is slightly greater
ary standard (Aulbach et al. 2017). Results are reported from La to Sm or Eu in orthopyroxene, but is also taken
Electronic Supplementary Material 7. The Glitter 4.0 softto re ect scatter caused by mass spectrometer working
ware (van Achterberg et al. 2001) was used for raw data prat the limits of detection. As all these variations likely
cessing. As the reproducibility of BIR-1G was 5% or bettere ect measurement uncertainty, and because of the over
for most elements (except Be, In and U), but the measuredl homogeneity, we present averages for each sample in
values of many elements of interest were low by 10-20%,tae following. In some samples, single analytical points
correction factor was applied to the unknowns. yield compositions, which depart from the majority of
We analyzed at least 2—4 grains of ortho- and clinopyanalyses. They show no systematic location relative to
roxene in each thick section. If the grain size allowed, grain margins/centers, and we assume that they are due
or 3 points in each grain were analyzed (margin, centdo contamination of analyzed spots by optically invisible
and one point between). Trace element and REE conterdfieration- lled cracks or clinopyroxene lamellae and/or
were normalized to primitive mantle (PM) using values ofintergrowths and exclude them from the averages. Rep-
McDonough and Sun (1995). The REE patterns of clinoresentative examples of the variation of REE patterns in
pyroxene are identical at the scale of individual grains anshdividual samples are given in Electronic Supplementary
of multiple grains within a sample, apart from small vari-Material 6.
ation in La and Ce in some of the samples (e.g., BFA35, The full set of LA-ICP-MS analytical data is presented in
Electronic Supplementary Material 6). Other exceptiong&lectronic Supplementary Material 7, in which the relative
are clinopyroxene grains from lherzolites BFA29 andstandard deviation of multiple analyses of each elementin a
BFA33, which show slight variation from La to Sm or Eu.sample is included, shown as a percent of average element
Trace element patterns of clinopyroxene further exhibitoncentration in the sample. Since multiple spots per grain
variations in contents of highly incompatible elementsand multiple grains per sample were analyzed, this indicates
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whether there is homogeneity both at the grain and the sa
ple scale and allows outliers to be identi ed. o D29

O BFA33

@ BFA35
EBSD measurements O BFA36

B BFA42

Electron Backscatter Diffraction (EBSD) has been per 8 ‘ E@ig
formed on eight samples where olivine, pyroxenes an ¢ DMM
spinel have been analyzed. Before analysis, a mechan ¢
chemical polishing using a Vibromet was applied for 1 r
15 min with a colloidal silica suspension (pH 10) to remove
mechanically induced surface damage. The EBSD came
HKL Advanced Nordlys Nano from Oxford Instruments is y ,

. olivine websterite
attached to a JEOL 7100 electron microscope, located at t S
microcharacterization centre Raimond Castaing, Universit 0 O D D D 5 60 70 80 90 100
Paul Sabatier, Toulouse, France. The microscope workir Opx Cpx
conditions include an acceleration voltage of 20 kV, probe
current of 16 nA, with a stage tilt of 70° and working-dis Fig. 3 Rock compositions in olivine (Ol)-orthopyroxene (Opx)-
tance of 16 mm. Automatic indexing was performed usinglinopyroxene (Cpx) classi cation diagram of IUGS. DMM depleted
AZTec software (version 3.5) from Oxford Instruments,MORB Mantle (Workman and Hart 200%);dunite; o orthopyroxen-

. . . . L ite; ¢ clinopyroxenite

with di erent settings according to the grain size. Data were
processed using Channel 5 package. Measurements with a
mean angular deviation greater than 1.3 were removed, andhopyroxene in some rocks, Figgl), through millimetric
grains were then calculated by imposing an orientation difgrains of all rock-forming minerals to 0.1 mm in ne-grained
ference smaller than 10° for any two neighboring measurenosaic (Fig4). Spinel (up to 5 mm) in lherzolites is tex-
ments belonging to the same grain. Grains with a surfadarally late, its grains are commonly interstitial and have
smaller than 10 pixels were removed to avoid bias causeanoeboidal to vermicular shapes (Fd). Larger grains of
by potential indexing error. The maps were compared witblivine commonly exhibit kink-bands. Orthopyroxene grains
band contrast maps to ensure that the treatment did net com some samples contain parallel clinopyroxene lamellae.
promise the data. In the xenoliths, when possible, a lineatidblinopyroxene grains are maximally up to 3.0 mm in size
has been de ned and the xenoliths have been oriented witind commonly have spongy margins. Those occurring in
the lineation parallel to X, within the foliation plane XY. lherzolite BFA36 contain parallel spinel lamellae.
The lineation has been de ned using orthopyroxene [001] Harzburgite BFA24 is protogranular to equigranular,
axes which are parallel to olivine [100] axes in all samplesolivine and orthopyroxene are up to 4-5 mm, clinopyrox-
Moreover, olivine [010] axes are perpendicular to orthopyene is 1 mm. The rock is faintly layered due to variation
roxene [001] axes and olivine [010] axes de ning the polén grain size (Fig4e). Spinel is interstitial to amoeboidal
to the foliation plane. The multiple uniform density (mud)similar to that occurring in Iherzolites. Websterite BFA13
and the J-index, which is the measure of the fabric strengttas ne-grained, unequigranular, mosaic texture (&ig.

(Bungel982) are reported. Fine-grained intergranular aggregates consisting of oli-
vine Ill, clinopyroxene Ill and decomposed remnants of
Petrography and mineral chemistry glass (?) occur locally, but are not very common. Spinel

at the contact with them is decomposed into aggregates of
The Befang xenoliths are angular to rounded, and measure grains.
between 3 and 21 cm in size. The studied xenolith suite com-
prises 14 spinel-lherzolites, one spinel-harzburgite and one
websterite (Electronic Supplementary Material 1, Blg. Mineral chemistry of peridotites
Lherzolites are unequigranular, seriate, weakly cataclastic
(Fig. 4a) to weakly porphyroclastic (Figh). They con- Major elements
sist of a mosaic of ne grains, which enclose aggregates of
slightly to signi cantly coarser grains (Figc). The folia-  Olivine | contains 88.7-90.3% Fo, from 0.37 to 0.39 wt%
tion de ned by the arrangement of streaks of isometric tiNiO (Fig. 5) and from 180 to 750 ppm Ca (Taldlg Oli-
elongated spinel grains (Fidc) or by alternating layers vine | grains are homogeneous in terms of forsterite content.
of ner and coarser grains occurs in some rocks (Fif). Small and not systematic (<06 wt%; Electronic Supple-
Grain sizes vary from 8-9 mm (larger grains of olivine omentary Material 3) variations of NiO content occur (B)g.
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Fig. 4 Rock textures (optical images, plane-polarized light). Ol oli-de ned by arrangement of spinel grains; d weak foliation in Iherzolite
vine; Opx orthopyroxene; Cpx clinopyroxene; Spinel.a Cataclas- BFA43 (horizontal in the image), de ned by alternating layers of dif-
tic texture of Iherzolite BFA3; b porphyroclastic texture of Iherzolite ferent grain-sizee weakly cataclastic texture of harzburgite BFAR4;
BFA42; c mosaic texture of lherzolite BFAX; foliation of the rock is websterite BFA13

No inter-grain compositional variation occurs within indi- occurring in ne-grained interstitial aggregates is richer in
vidual samples. The variation of Ca content in olivine | isFo by 0.7 to 2.3% relative to coexisting olivine I.

correlated with the REE characteristics of coexisting clino- Orthopyroxene | (Mg# 0.89-0.91) contains 0.171 to
pyroxene (see below and Electronic Supplementary Materi@l. 190 atoms of Al per formula unit (pfu); the exception is
3). orthopyroxene from harzburgite BFA24, which contains

Olivine 11l has higher Ca content (820-1520 ppm; Elec0.151 atoms of Al pfu (Fig6; Tablel). Mineral grains

tronic Supplementary Material 3) than olivine I. Olivine IIl are chemically homogeneous and their composition does
forming small (<200 m) grains in the peridotites, as well not vary in individual samples (Electronic Supplementary
as outermost rims (¥00 m) of larger grains are slightly Material 3). In Iherzolites BFA31, BFA35 and BFA36, a
(by few tenths of percent) richer in forsterite than olivine 1slight increase of Ca contents occurs at the orthopyroxene
They are located in contact with clinopyroxene. Olivine llimargins in contact with clinopyroxene grains. It is best

13



37 Page 8 of 18 Contributions to Mineralogy and Petrology (2021) 176:37

050 @ Oiving Trace elements
8 BFA3 o BFA31
_ 049 s o i The REE patterns of clinopyroxene occurring in lherzolites
S 0.40 0 2322 o gaig are at from Lu to Eu, and display a spectrum from LREE-
E = BRA24 e BRA43 depleted to LREE-enrichdtay/Luy, from 0.07 to 2.58; sub-
o %% i script N denotes normalization to Primitive Mantle; Fig.
Z ° They coexist with orthopyroxene, in which the REE patterns
Olivine Ill are decreasing from Lu to La. They are identical from Lu
02y | gi;i o B2 to Eu and di er slightly from Eu to La. The REE patterns
P BFA43 ‘ ‘ enable to group the lherzolites into type | (LREE-impov
" 880 89.0 90.0 91.0 92.0 93.0 erished patterns in clino- and orthopyroxene) and group I
Fo (LREE-enriched patterns in pyroxenes compared to those
1600 of group I; Fig.7). Clinopyroxene from harzburgite BFA24
ool (0) ° " has an REE pattern similar to those of group |, but shifted to
1200 . slightly lower values of REE (Fig). The REE patterns are
—~ 5 almost identical to that of DMM clinopyroxene (Workman
gl‘m‘ and Hart2005) in the Eu-Lu part (Fig).

s 8004 The trace-element patterns of clinopyroxene show weak
© 00/ Ti and Pb negative anomalies and well-de ned negative
4004 Nb-Ta and positive Th-U ones (Fig).. Orthopyroxene
200 is characterized by well-de ned positive Ti, Zr—Hf and Pb

anomalies (Fig7).
° 88.0 2;9.0 96.0 9;1.0 9'2.0 93.0

Fo

Mineral chemistry of websterite

Fig. 5 Compositions of olivine | and Olivine lll. a forsterite (Fo) vs.

NiO. b forsterite—Ca. For diagram showing averages (1 point foWebsterite BFA13 consists of orthopyroxene (Mg#

sample) see Electronic Supplementary Material 4 0.83-0.84, 0.15—0.16 atoms of Al pfu), and clinopyrox
ene (Mg# 0.84-0.85, 0.22-0.23 atoms of Al pfu; Tdble
The REE pattern of clinopyroxene exhibits enrichment from
HREE towards LREE with a hump in Sm—Nd (Fig. The
clinopyroxene trace element pattern shows weak Zr—Hf and
Ti negative anomalies and is signi cantly enriched in Rb

expressed in lherzolite BFA36, where the rimd00 m  (Fig. 7), but does not show the Nb—Ta anomaly exhibited by

thick) of grains in contact with clinopyroxene are richerclinopyroxene from lherzolites (Fig). The REE patterns

than centers by 0.24 atoms pfu (corresponding to 0.3 orthopyroxene are variably depleted from HREE towards

wt% CaO; Electronic Supplementary Material 3). LREE (Fig.7). Trace element patterns of this mineral have

Clinopyroxene | (Mg# 0.90-0.91) contains 0.275 tomarked positive Ti and Zr—Hf anomalies (F1y.

0.300 atoms of Al pfu, with the exception of two rocks:

harzburgite BFA24 (0.244) and lherzolite BFA36 (0.250

atoms Al pfu; Fig6; Tablel). Mineral grains are chemi- Geothermometric calculations

cally homogeneous and show no intergranular varia-

tion in individual samples. The exception is |herzoliteTemperatures of equilibration between ortho- and clino-

BFA33, in which cores of large clinopyroxene grainspyroxene were calculated using the thermometer of Brey

contain ~0.50 wt% oTiO,, whereas their rims as well and Kéhler £990. Pressure has a small effect on cal-

as smaller (0.5 mm) grains contain ~0.30-0.35 wt% of culated results (1.5 GPa was assumed), with an uncer

TiO, (Electronic Supplementary Material 3). tainty of+ 15 °C (Brey and Kdéhler 1990). We used pairs

Spinel I is Al-rich and chemically homogeneous atof points located in neighboring grains (margin—-margin,

the scale of grains and samples. In Iherzolites its Créenter—center); for comparison, we calculated also the tem-

is 0.09-0.11, the exception is Iherzolite BFA36, whichperatures for pairs of larger grains of ortho- and clinopyrox-

contains spinel of Cr# 0.15 (Tallg Harzburgite BFA24 ene, which are not in direct contact, but are separated by few

contains spinel with Cr# 0.19 (TahleFig. 6, Electronic  grains of olivine. Because in most samples ortho- and clino-

Supplementary Material 3). pyroxene | are chemically homogeneous, the temperatures
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Fig. 6 Chemical parameters of primary pyroxenes and spinel fronshowing averages (1 point for sample) for ortho- and clinopyroxene
Befang peridotites and websterite. a Orthopyroxene I-Mg# vs. Al; Isee Electronic Supplementary Material 4
clinopyroxene I-Mg# vs. Al; ¢ spinel I-Mg# vs. Cr#. For diagrams

in single sample show little variation (14-30 °C, Table Electronic Supplementary Material 7). The contents of
The exception is lherzolite BFA28, in which temperatured REE are very low in orthopyroxene, and much of the
span 37 °C (Tabl&). This may be due to the small varia variation occurring in our results is likely due to analytical
tion in the chemical composition of pyroxenes coupled withuncertainties. To avoid these e ects, we excluded from the
analytical uncertainties. Three of the studied rocks yieldedalculation by Liang et al. (2013) elements whose RSD
temperatures indicating disequilibrium: BFA36 (951-1077)was> 10%. All results are robust and all pyroxene pairs are
BFA42 (907-979) and BFA43 (951-1042 °C). within the calibrated Mg# range according to the spread-
We also used the thermometer of Liang et al. (2013sheet of Liang et al. (2013).
which calculates the temperature based on the REE con-To verify this approach, we also calculated REE equi-
tents of coexisting clino- and orthopyroxene. In theidibration temperatures for individual pairs of ortho- and
original examples, Liang et al. (2013) used averaged RE&8inopyroxene, using mineral grains which were either in
contents in ortho- and clinopyroxene in a given samplegontact, or in close proximity. The representative exam-
as well as averaged major element contents for calculgble is Iherzolite BFA17Trge based on averaged compo-
ing temperatures according to Brey and Kdéhler (1990%ition is 971 °C (Tabld), whereas the individual pairs
algorithm. REE data for clinopyroxene in this study arg7 calculated) yielded values 954-972 °C except one
in most cases homogeneous, which is manifested bgsult with 1000 °QTgky for individual mineral pairs is
low relative standard deviations (RSD), which are typi970-987, and that for “averaged” composition is 984 °C).
cally within few per cent (see Electronic Supplementarylhis example shows that the temperature calculated using
Material 7). By contrast, the REE contents in orthopy averaged REE contents is representative for the individual
roxene shows signi cantly greater variation, resulting inortho-clinopyroxene pairs.
RSD reaching few tens per cent for light REE (La-Gd;
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Fig. 7 Primitive-mantle normalized (McDonough and Sun 1995)depending on the grain size, samples with large grains can
REE and trace-element patterns of pyroxenes from the Befang xendisplay strong internal deformation with kink bands-per

liths. DMM (Depleted MORB Mantle; Workman and Hart 2005) . . :
clino- and orthopyroxene shown for comparison. Ranges of REE ar%endICUIar to the grain elongation (e.g., BFA33), and/or

trace elements in pyroxenes from Nyos xenoliths based on data of Leak internal deformation for smaller grains (e.g., BFA28,
et al. 2017,2020; Lee et al. 1996; Pintér et al. 2015; Temdjim 2012.0r BFA43) (Fig.9). One sample (BFA29), with intermediate

a, e Clinopyroxene of group I; H, clinopyroxene of group II; cg  grain size, displays almost undeformed olivine. Orthopyrox
orthopyroxene of group I; d, h orthopyroxene of group |l ene shows internal deformation with low-angle boundaries
for large grains and weak or no deformation for smaller,
Microstructure recrystallized grains (not shown), a classical texture in peri-
dotite (e.g., Toy et aR01Q Kaczmarek and Redd@®013. In
Among eight studied xenoliths, the single harzburgite show&arked contrast to olivine and orthopyroxene, clinopyroxene
an olivine crystal-preferred orientation (CPO) with a strongn all samples displays few deformed grains (up to 5°) and
concentration of [010] axes perpendicular to the foliatioralmost no deformation in sample BFA29 (Fig.
plane (XY) and weak girdles on both [100] and [001] axes
(Fig. 8). Only two Iherzolites (BFA33 and BFA23) show
olivine CPO patterns similar to those of the harzburgiteDiscussion
but the [100] axes show a slightly strongest concentration
point parallel to X. Three samples (BFA28, BF43, BFA16)Evolution of peridotite textures
show olivine CPO with a strong concentration point on [100]
axes parallel to X, [010] axes forming a strong concentrafhe studied xenoliths show grain size reduction and have
tion point perpendicular to the foliation plane and [001] acataclastic to weakly porphyroclastic textures. Some consist
weak concentration point parallel to Y within the foliation of weakly visible layers of di erent grain sizes (F&).
plane (Fig.8). In Iherzolites BFA17 and BFA29, olivine  The CPO study shows that olivine [100] axes and
CPO shows the strongest concentration on [100] axes parakthopyroxene [001] axes are subparallel, suggesting coeval
lel to X (Fig.8). Both [010] and [001] axes form weak point deformation because they are the dominant glide direction
concentrations parallel to Z or girdles within the ZY plane for these minerals. In most of the Befang Iherzolites, olivine
Orthopyroxene CPO in all studied rocks shows [001] axeis deformed by dislocation creep and olivine CPO displays
parallel to the de ned lineation (X) and sub-parallel to oli-an orthorhombic symmetry with [100] axes parallel to the
vine [100] axes. When observable, the slip plane is eithdineation and [010] marking a concentration point perpen-
[100] in the harzburgite (BFA24), and Iherzolites BFA28,dicular to the lineation (parallel to Z, Fig). Compared to
BFA33, or [010] in Iherzolite BFA43. For some samples, thehe Iherzolites, the harzburgite shows a similar olivine CPO
orientation of orthopyroxene axes is more oblique and a slipattern, but the concentration on [100] is weaker (8)g.
plane is di cult to de ne (e.g., BFA29). which is probably due to the several sets of low-angle bound-
Clinopyroxene CPO is weaker than those of olivine andries which are the expression of multiple slip directions
orthopyroxene. However, correlation can be observed, whe(Eig. 9).
clinopyroxene [001] axes, olivine [100] axes and orthopy The activated slip system in the olivine ((010) [100], or
roxene [001] axes are subparallel to X in three Iherzolité&-type after Jung et al. 2006) is well known to be activated
samples (BFA23, BFA29, BFA33) and in the harzburgitén the mantle at high temperature, low stress and dry condi-
BFA24 (Fig. 8). Among these samples, clinopyroxenetions (Nicolas et al. 1971; Ben Ismail and Mainprice 1998;
[001] axes from BF29 show a more scattered distributiorKarato2008). Only sample BFA29 shows an axial-[100] oli-
Another group of lherzolites shows clinopyroxene [001] axesine CPO symmetry, with [100] axes parallel to the de ned
at high angle to X and both olivine [100] and orthopyrox-ineation and [010] and [100] forming girdles perpendicular
ene [001] axes (samples BFA17, BFA28, BFA43). In-Hherto the lineation (parallel to Z; Fi§). The axial-[100] fabric
zolite BFA17, clinopyroxene [001] axes are parallel to Zjs typical of mantle rocks deformed at high temperature,
in Iherzolite BFA43, they are closer to Y and in lherzoliteat moderate pressure conditions, in a simple shear context
BFA 28, they are completely scattered. It is also interes{Tommasi et al. 2000; Zhang and Karat@05; Bystricky
ing to note that in sample BFA43, clinopyroxene [001] axeet al.2000). This is very similar to the conditions recorded
show a weak point concentration at low angle to olivine antly the rest of the xenolith suite. In most of lherzolites and
orthopyroxene [001] axes (Fig). the harzburgite, orthopyroxene CPO shows the activation
A closer inspection of the internal deformation of miner of the (100)[001] slip system, indicating high temperature
als using disorientation maps reveals that olivine from theonditions.
harzburgite show numerous low-angle boundaries, in sev In Iherzolites BFA23, BFA29, BFA33 and in harzbur
eral orientations within one grain (Fi@). In the Iherzolites, gite BFA24, the clinopyroxene [001] axes are subparallel
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Fig. 8 Crystallographic pre- Olivine Orthopyroxene Clinopyroxene
ferred orientations of olivine, Harzburgite [100] [010] [001] [100] [010] [001] [100] 010] 1001]
. z z z z z z z z z
orthopyroxene and clinopyrox-
ene from Befang xenoliths. Pole BFA2G o . . .
. cpx: 2.6%
gures are lower-hemisphere, O‘;X: 23.2%
?qUﬁFQI’ea stereographic p_rOjEC- Lherzolite n=374; md=7.33; J-index=6.6 n=224; md=4.13; J-index=8.5 , n=60 Z
tion; n is the number of grains ‘ ‘ ‘ ‘ ‘ ‘
and the pole gures represent BF3)3X39 . . . .
. . 1 9.2%
one point per grain. For all pole opx: 22.6%
gures, contours have been n=590; md=4.4; J-index=5.83 n=191; md=5.04; J-index=16.3 Nn=247; md=6.24; J-index=15.2
plotted at 0.5 multiples of the z z z z z z : : z
uniform distribution (md). The BFA23
A . X x X
strength of the crystallographic o Y
preferred orientation (CPO) . ) )
. A ] n=446; md=5.04; J-index=5.51 n=149; md=6.1; J-index=22.3 n=363; md=2.08; J-index=14.2
was estimated using the J-index 2 2 2 2 2 2 2 2 2
(Bunge 1982) . )
cpx: 21.2% x *
opx: 30.9%
n=773; md=3.91; J-index=3.62 n=531; md=3.5; J-index=10.8 n=363; md=2.1; J-index=7.48
2 B z z 7 B z z b
BFA43
cpx: 16.3%
opx: 25.7% x x x
n=1175; md=3.39; J-index=3.87 n=521; md=2.69; J-index=6.97 n=761; md=4.39; J-index=7.46
2 P P
BFA16
cpx: 15.5% x
opx: 34.9%
n=230 md=3.43; J-index=9.63 n=82
2 z z 2 2 2 2 2 2
BFA17
cpx: 18.6% x X X
opx: 28.5%
n=238; md=5.7; J-index=7.2 n=125; md=4.4; J-index=.7.5 n=157; md=3.43; J-index=9.4
z z z z z z z z z
BFA29 .
cpx: 12.7% x x
opx: 22.3%
n=529; md=3.79; J-index=4.04 n=189; md=3.65; J-index=24.2 Nn=192; md=2.78; J-index=14.6

to those of olivine [100] and orthopyroxene [001] and tdndicating that after its crystallization the rock texture was
X (Fig. 8), showing that the clinopyroxene fabric is con-not modi ed. The exception is large grain of spinel in ther
temporaneous with that of the olivine-orthopyroxene framezolite BFA33 (Fig.9), which shows e ects of deformation.
work. In contrast, Iherzolites BFA17, BFA28, BFA43 show The spinel is Al-rich and its composition is very similar
clinopyroxene [001] axes at high angle to olivine [100] andn most of the xenoliths (Fid, Electronic Supplementary
orthopyroxene [001] ones (Fig),&vhich indicates that the Material 3). We interpret these characteristics as the result
clinopyroxene fabric is later than that of the olivine-orthopy of crystallization from a melt, consistent with prior inter
roxene framework. pretations of similar textures by e.g. Le Roux et al. (2007)
Therefore, the CPO study shows that Befang lherzolitesr Builhol et al. (2009).
and harzburgite consist of an olivine-orthopyroxene frame-
work, which records the high temperature deformation.
Clinopyroxene is contemporaneous with this framework ifPhase equilibria and geothermometric constraints
harzburgite and part of the Iherzolites, whereas in other Iher
zolites it was added later. This also applies to spinel, whichextural study shows that the olivine-orthopyroxene
is interstitial and has often amoeboidal shape, showing thtamework of the Befang Iherzolites and harzburgite has
the mineral was mobile when the texture of the host rock wasmilar fabric in all the rocks and records high-temper
formed. Spinel of this appearance can have various originature deformation. This deformation is the oldest event
e.g., Mercier and Nicolas (1975) interpreted similar texturesecorded in the xenoliths. Subsequently, the Befang mantle
(described by them as “vermicular exsolutions” and “hollywas a ected by percolation of melt, which deposited inter
leaf”) as resulting from metamorphic recrystallization.stitial spinel. The clinopyroxene, which does not t the
In Befang, the amoeboidal spinel shape is well preservaalivine-orthopyroxene fabric in a part of xenoliths, sup-
and its grains do not show internal deformation (Blg. posedly also originated at the melt percolation stage. Now
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Fig. 9 Misorientation maps of olivine (a—d), clinopyroxene (e—h), mean grain orientation, while red colour indicates a deviation of 10°
and spinel (i—k) from harzburgite and lherzolites. The rainbow bapr more from the mean grain orientation. Grains boundaries are black
represents the misorientation scale. Blue indicates a value close to tioe 10°, purple for 5° and red for 2°

we discuss how these constraints on mineral relationships Spinel is stable at several tens of °C above the solidus
can be joined with phase equilibria diagrams. during melting/crystallization of lherzolitic compositions
To discuss phase relationships relevant to the Befangnder P—T conditions enabling spinel facies assemblages
peridotites, we use the thermodynamically calculated dige be formed (Jennings and Holland 2015). Clinopyroxene
gram of Jennings and Hollan@((15, showing phase rela is stable to temperatures up~60 °C higher than those
tionships in peridotite KLB-1. This rock, which is fertile of spinel stability.
in terms of major element composition, compares well to Since no hydrous phases occur in the Befang perido-
the Befang lherzolites. Owing to the chemical complexitytites, we assume that the melt occurring in the Befang
of the modelled system, the phase diagram presented mantle section studied here contained insu cient conrcen
Jennings and Holland (2015) is a reasonable analogue toations of volatiles to saturate in hydrous minerals and
natural rocks. This is supported by experimental studiethe phase diagram relevant for dry conditions can be used.
relevant to spinel-facies mantle peridotite, which showr his sets the minimal temperatures of spinel and clinopy
similar phase relations and phase compositions in P—fbxene crystallization at ca. 1200-1375 °C, corresponding
regions located above solidus (e.g., Falloon and Gredp the solidus in a pressure interval of 1-2 GPa (Fig.
1987; Robinson et al998).
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Jennings and Holland 2015; for a review of experimentally This indicates that the protolith of the Iherzolites was sub-
determined peridotite solidi, see Sara an etl17). jected to reactive melt percolation (i.e., melt metasomatism)
The temperatures of spinel and clinopyroxene crystalwhich led to replacement of LREE-enriched clinopyroxene
lization indicated by phase relationships are signi cantiyby LREE-depleted one. During melt percolation, the alu-
higher those yielded by two-pyroxene major and trace eleninous spinel crystallized or replaced its less aluminous
ment geothermometers (Brey and Kéhler 1990; Liang et ahredecessor, and pyroxenes became saturated in Al at the
2013). Most of the Befang rocks record equilibration at temlevel de ned by spinel composition. This explains why the
peratures of 950-1000 °C (Tallg Harzburgite BFA24 content of Al is similar in the clinopyroxene from Iherzolites
and lherzolite BFA23 show even lower equilibration tem-and (at a di erent level) in the orthopyroxene (F8y. Ther
peratures, between 930 and 940 °C (Tdblé\t these tem- mometry shows that Al was redistributed between ortho- and
peratures, the spinel-facies mineral assemblages are stabli@opyroxene during cooling, but Iherzolites remained satu-
in the narrow pressure interval of 1.0-1.4 GPa (Jennings anated with Al at the level de ned by spinel of Cr# 0.09-0.11
Holland 2015), corresponding to depths of 35-47 km. WegTablel).
suggest that this is the depth range from which the xenoliths The exceptions are harzburgite BFA24 and lherzolite
were entrained into the erupting lavas. BFA36, which contain spinel and clinopyroxene of slightly
lower Al content (Tablé, Fig.6). These two rocks probably
Chemical evolution of the Befang mantle section document less advanced stages of the metasomatic process.
The deformation recorded by olivine, orthopyroxene and
Geothermometry shows that major and trace element coolinopyroxene is coeval in the harzburgite (olivine [100]
tents in pyroxenes from the Befang xenoliths were reset duaxes are sub-parallel to orthopyroxene [001] and clinopy
ing cooling. In the studied lherzolites, only LREE concentraroxene [001] axes), as in the lherzolites containing LREE-
tions are varying in clinopyroxene among various samplesnriched clinopyroxene.
(Fig. 7). The models of Sun and Liang (2014) show, how The LREE redistribution process is frozen in Iherzolite
ever, that changes in LREE contents in clinopyroxene a®BFA29 belonging to the LREE-enriched group (Fiy.
small to negligible (see Fi@.in Sun and Liang 2014) during The olivine in this rock has the lowest forsterite content
cooling of spinel facies Iherzolites. Therefore, LREE varia{ca. 88.7%; Fig5) among all samples in this study. This
tion in Befang clinopyroxenes supposedly was formed beforis coupled with low Mg# of ortho- and clinopyroxene, but
cooling-related reequilibration. there are no signi cant di erences to other Iherzolites in
Clinopyroxene REE characteristics and CPO de ne twderms of mineral major element composition (F6g.Rep-
kinds of Iherzolites. The rst one contains LREE-depletedresentative samples of the LREE-enriched group (lherzolites
clinopyroxene (group | in Fig), the CPO of which is inde- BFA23 and BFA33) contain clinopyroxene the [001] axes
pendent of the olivine-orthopyroxene host fabric (cliropy of which are concordant to orthopyroxene [001] and olivine
roxene [001] axes discordant to orthopyroxene [001] anfl00] axes (Fig8). This means that they preserved the CPO
olivine [100] axes, Fig8). This clinopyroxene supposedly of their protolith. The Iherzolite BFA29 CPO, however, is
crystallized (or recrystallized) during the melt percolatiorslightly more complex. It contains both clinopyroxene, the
event. [001] axes of which are parallel to olivine [001] axes, and
The second kind of Iherzolites (group Il in Fi).con-  clinopyroxene the [001] axes of which are discordant relative
tains LREE-enriched clinopyroxene, the CPO of whichto fabric de ned by olivine-orthopyroxene (Fig). The REE
is consistent with the olivine-orthopyroxene host fabrigatterns of the BFA29 clinopyroxene are similar in HREE
(clinopyroxene [001] axes are sub-parallel to olivine [100fand MREE, but show three di erent “spoon-shaped” LREE
and orthopyroxene [001] axes, suggesting coeval deforméevels occurring in di erent clinopyroxene grains (Fi).
tion. The CPO of this clinopyroxene represents the defolhe listed data on Iherzolite BFA-29 show that: (1) metaso-
mation recorded by the peridotite before melt percolatiormatism changed the major element composition of miner
The LREE-enriched lherzolites contain undeformed spinadls (low Mg#, Al-rich composition of pyroxenes); (2) the
which suggests that it was added by melt. The volume &®@EE changes were slower than those of major elements;
this melt was too small to change the CPO of silicate framg3) at the initial stage, the orientation of clinopyroxene is
work. The exception is relatively large grain of spinel insimilar to that of olivine-orthopyroxene framework, despite
Iherzolite BFA33 (Fig9) which exhibits deformation, but the changed major element composition. This suggests that
has the composition similar to those of undeformed spin¢his mineral replaces an older phase preserving its lattice
grains. This suggests that spinel preserves its primary CR®ientation; (4) at a more advanced stage of metasomatism,
even if its composition is resetted during melt percolationthe orientation of clinopyroxene becomes independent of
and/or cooling. olivine-orthopyroxene host.
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The REE patterns of orthopyroxene are approximatel 1000
parallel to that of DMM orthopyroxene, but are shifted to ® BFA28 calculated melt Lake Elum lava
. - . A BFA13 calculated melt * OVG2
lower REE contents (Fid.). The shift is not correlated with o N-MORB ©OVG4
Tree (see Electronic Supplementary Material 8), which 100. ggylgg
shows that it is not due to subsolidus cooling. The shil © 0VGY
< OVG10

increases towards the LREEs part of the patterns, which st

gests that it is caused by the same event which redistribut

LREEs in clinopyroxene. 101
The Ti anomaly occurring in clinopyroxene is paired

with that in orthopyroxene. The well-marked Zr—Hf posi-

tive anomaly in orthopyroxene does not have a comple T

mentary negative counterpart in clinopyroxene (Hig. La Ce Pr NdSmEuGdTh DyHo ErTmYb Lu

Since thermometric calculations show that the minerals are

chemically equilibrated, we suggest that this is an e ect oFig. 10 Primitive mantle normalized (McDonough and Sun 1995)

concentrations. Titanium concentrations in pyroxenes arfeEE patterns of hypothetical melts in equilibrium with clinopyrox-

P : ne from lherzolite BFA28 and websterite BFA13 compared with
of similar order of magthde’ whereas those of Zr and HE-MORB (Arevalo Jr and McDonough 2010) and Oku volcanic

are lower in orthopyroxene by one order of magnitude relggcys (Asaah et al. 2015, lavas OVG 2, 4, 5, 6, 9,10 and 11 from Lake
tive to clinopyroxene. Therefore, the Zr and Hf anomalieglum)

in orthopyroxene may be too small to have a visible e ect
on clinopyroxene.

The former presence of melt explains well the very homoN-MORB and (2) the melt volume was smaller and formed
geneous major element mineral composition in the Befanig the presence of a small amount of garnet. Both observa-
Iherzolites (olivine Fo content in all analyzed samples vartions can be explained considering that decompression melt
ies between 88.6 and 90.4, orthopyroxene Al from 0.15 tmng during asthenospheric upwelling was limited due to the
0.19, clinopyroxene Al 0.24 to 0.29, see Fifs6). The presence of a lithospheric lid (85-90 km at present; Goussi
composition of spinel is aluminous and nearly constant (Cridgalamo et al. 2018), whereas N-MORB forms by melting
0.09-0.11; except harzburgite BFA24, Cr# 0.19, and lheto ~ 1.2 GPa (Hirschmann and Stolper 1996). At 85-90 km
zolite BFA36, Cr# 0.15; Tabl&), and is typical for fertile depth (2.6—2.8 GPa) and for the inferred supersolidus tem-
assemblages (e.g., Workman and 24ax5). perature (minimum 1200-1275 °C, as discussed above),

The major element analyses of minerals from peridotitedepleted MORB mantle would contain a small amount of
xenoliths occurring in the nearby Nyos Lake (Liu et al. 2017garnet (Ziberna et al. 2013), although the signature may also
2020; Pintér et al. 2015; Temdjim 2012) are more variablee produced by small amounts of pyroxenite in the source
than those from Befang (Electronic Supplementary MaterigHirschmann and Stolper 1996) or by disequilibrium coupled
4). On the other hand, the REE and trace element patternswath slow di usion of trace elements (Oliveira et al. 2020).
clino- and orthopyroxene (Lee et al. 1996; Liu et al. 2017, Similar calculations for websterite BFA13 show that it
2020; Pintér et al. 2015, Temdjim 2012) do not di er frommay have originated by pyroxene precipitation from alkaline

¢ OVG11

those presented by us (Fif). melts identical with those which occur in the nearby Lake
Elum in the Oku volcano (FidL0). Therefore, websterite
The nature of percolating melt documents a synvolcanic stage of SCLM evolution. We

speculate that websterites occur as veins which mark the
To calculate REE characteristics of the percolating meltalkaline lava pathways in the Befang lithospheric mantle.
we used the most LREE-depleted clinopyroxene (lherzolite
BFA28) and partition coe cients of Yao et al. (2012) at Reactive melt percolation
1300 °C. We chose this rock because its clinopyroxene is
most LREE-depleted and thus, according to our interpret@®ur interpretation of chemical and textural data on Befang
tions, originated from melt which is the least a ected bymantle section shows that lherzolites originated by per
changes due to reactive melt percolation. The calculatezblation of MORB-like melt in a harzburgitic protolith.
melt pattern is similar to N-MORB (Fid.0) in that it is This means that signi cant clinopyroxene must have been
LREE-depleted, but the concentrations are higher and tfalded, which requires e cient melt migration. After this
MREE-HREE show a weak negative slope (Hi@; nega- metasomatic process, the Befang mantle section cooled and
tive slope occurs in all melts calculated from clinopyroxenequilibrated in subsolidus temperatures (930-1000 °C). The
of group I, not shown here). These characteristics suggestystal-preferred orientations were not a ected by cooling,
that (1) the melt had a depleted mantle source similar fout no textures related to melt percolation were preserved.
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Nevertheless, our interpretation is supported by experimemebsterite veins in the SCLM during alkaline volcanism in
tal studies showing that silicate melt has low enough wettinthe OVG.

angles to wet of peridotite minerals and, as a consequence,Melt percolation resulted in lherzolites which have
can easily migrate in peridotite interstices (e.g., Cmiral et athemical characteristics corresponding to Depleted MORB
1998; Schafer and Foley 2002). The example of IherzolitMantle (sensu Workman and Hart 2005). However, rather
BFA29 (see section “Chemical evolution of the Befanghan representing mantle that experienced a small degree of
mantle”) shows that at the beginning of the process nedepletion, these lherzolites originated by refertilization by a
clinopyroxene preserves the crystallographic orientation alepleted basaltic melt, similar to MORB. Thus, the Befang
its olivine-orthopyroxene framework, indicating epitaxial mantle section belongs to the group of mantle domains
growth. All clinopyroxene of this type is LREE enriched. refertilised by DMM-derived melts, de ned as “type 3" by
The more advanced stages produced LREE depleted clinBuziewicz et al. (2020).

pyroxene the crystallographic orientation of which is inde-

pendent of the harzburgitic framework. Reactive melt perCOSuppIeme_ntary Informatioﬁl’he onI_ine version contains supplemen-
lation increases locally the melt fraction due to dissolutioﬁary material available at https://doi.org/10.1007/s00410-021-01796-3.

of host rock minerals, which enhances inter-grain migratiorll '
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