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Abstract Clinopyroxene is a major host for lithophile
elements in the mantle lithosphere, and therefore it is
critical whether we are to understand the constraints that
this mineral puts on mantle evolution and melt generation.
This study presents a detailed in situ trace element and Sr
isotope study of clinopyroxene, amphibole and melt from
two spinel lherzolites from the Middle Atlas Mountains,
Morocco. The results show that there is limited, but dis-
cernable, Sr isotopic variation between clinopyroxene
crystals within these xenoliths [*'Sr/*°Sr ranging from
0.703416 (£11 2SE) to 0.703681 (12 2SE)]. Trace ele-
ment patterns show similar interelement fractionation with
LREE enrichment, but there is a considerable range in
terms of elemental concentration (e.g. over 100 ppm in Sr
concentrations). Observed modal clinopyroxene is far more
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abundant than that predicted from estimates of melt
depletion. This along with isotope and trace element vari-
ability found in these xenoliths supports a multistage
metasomatic process in which clinopyroxene and amphi-
bole are recent secondary additions to the lithospheric
mantle. Elemental systematics indicate that the metaso-
matic mineral assemblage has most recently equilibrated
with a carbonatitic melt prior to inclusion in the host basalt.
The clinopyroxene from this study is typical of global off-
craton clinopyroxene in terms of Sr isotope composition,
suggesting that the majority of clinopyroxene in off-craton
settings may have a recent metasomatic origin. These
findings indicate that caution is required when using peri-
dotite xenoliths to estimate the degree of elemental
enrichment in the subcontinental lithosphere.

Keywords Metasomatism - Clinopyroxene - Rb—Sr -
Middle Atlas - Mantle xenoliths

Introduction

Modal metasomatism, or the addition of new mineral
phases by a melt or fluid, has long been the accepted origin
for the more exotic phases, such as amphibole and apatite,
found in mantle peridotite xenoliths from both on- and off-
craton settings (Menzies and Hawkesworth 1987). The
more modally abundant mantle minerals olivine, orthopy-
roxene, clinopyroxene and spinel or garnet were thought to
be generally of primary origin, remaining after the initial
melt extraction that occurred during lithosphere formation.
Clinopyroxene is an important mineral phase in the litho-
spheric mantle as it is the major host for incompatible
elements, such as Sr and REE and therefore exerts a
dominant control on the long-term distribution of lithophile
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isotopes such as Hf, Sr and Nd. The timing of clinopy-
roxene addition has significant implications for how long
the SCLM has been a relatively fertile source in terms of its
geochemical composition. Recent studies have suggested
that the majority of clinopyroxene found in mantle xeno-
liths from on-craton settings may have a metasomatic ori-
gin (Gregoire et al. 2003; Pearson et al. 2003; Pearson and
Nowell 2002; Simon et al. 2003, 2007; van Achterbergh
et al. 2001). The addition of clinopyroxene and other
metasomatic phases has generally been linked to kimberlite
or proto-kimberlite activity and is therefore considered to
predominantly affect on-craton lithospheric mantle.
Therefore, the evidence for metasomatic origin of clino-
pyroxene is profuse in on-craton lithospheric mantle.

Clinopyroxene is also found, often in abundance, in a
wide range of mantle xenoliths from off-craton continental
settings. The majority of this clinopyroxene is enriched in
light REE (rare earth elements), which is inconsistent with
melt depletion. To characterise and understand the origin
of clinopyroxene in off-craton peridotitic lithosphere, we
have selected two spinel peridotite xenoliths from the
Middle Atlas Mountains in Morocco, which are thought to
be relatively representative of off-craton lithospheric
mantle. It is samples such as these that are often used to
estimate the composition of primitive upper mantle (PUM),
and therefore understanding the effects of refertilisation on
these samples is critical to better understanding PUM
estimates. The issue of metasomatism and its relation to
clinopyroxene in off-craton settings has been investigated
by many authors from a trace element perspective (e.g.,
Menzies 1987; McDonough 1990; Witt-Eickschen and
Harte 1994). This study extends this approach to in situ
variations in Sr isotopes, coupled with major and trace
elements. The desire to approach this problem from an
isotopic perspective is driven by models of intraplate vol-
canism that invoke regions that have been ‘enriched’ by
input from the subcontinental lithospheric mantle (SCLM,;
McKenzie and O’Nions 1983).

There are a range of possible methods that can be used
to investigate in situ trace element and Sr isotope variations
in low Rb phases such as clinopyroxene. The method
chosen here, which allows the analysis of trace element
concentrations and Sr isotope ratios for the same spot, is
microdrilling followed by high-precision TIMS (for Sr
isotope ratios) and ICP-MS (for trace element concentra-
tions) analysis. This method has a number of benefits over
LA-MC-ICP-MS, which is often applied to this type of
analysis. The first is that sample preparation and analysis
via TIMS minimises isobaric interferences and provides a
larger Sr ion signal, allowing smaller differences in Sr
isotope composition to be resolved than via LA-ICP-MS
(Davidson et al. 2001). This allows samples containing as
little as 1 ng of Sr to be analysed without compromising
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precision and accuracy. The analyses of amphibole and
melt that we present would not be possible using LA-MC-
ICP-MS due to these phases having higher Rb/Sr ratios. It
is also possible, using aliquotting techniques, to measure
trace element concentrations, as well as isotope ratios, for
the same drilled sample. If LA-MC-ICP-MS were used,
then these different analyses would almost certainly have
to be carried out on two adjacent spots. This study there-
fore presents the first microdrilling study of clinopyroxene
from mantle xenoliths. The data generated are used to infer
a metasomatic origin for the clinopyroxene in the studied
samples. A metasomatic origin is suggested to be common
for clinopyroxene in worldwide off-craton peridotite
xenoliths and supports the view that SCLM is not neces-
sarily a potential long-term source for incompatible ele-
ment enriched magmas.

Samples
Geological background

A suite of peridotite xenoliths were collected from a single
maar in the Azrou Volcanic Field, Middle Atlas Moun-
tains, Morocco. They were erupted approximately 2 Ma in
a basaltic host that forms part of the intraplate volcanism in
the Middle Atlas Mountains (Duggen et al. 2003; Wittig
et al. 2008). The Middle Atlas Mountains represent a
failed, inverted rift system that, since 45 Ma, has been
affected by the Africa-Europe collision (Duggen et al.
2003). As a result of this collision it has been suggested
that there has been delamination of the subcontinental
lithospheric mantle (SCLM) beneath the Atlas Mountains
as indicated by the high heat flow, gravity and geoid
anomalies (Missenard et al. 2006; Teixell et al. 2005;
Urchulutegui et al. 2006). The western part of this mountain
chain is thought to have significantly thinner lithosphere
(60-80 km) than typical NW African lithosphere (130-
160 km; Duggen et al. 2009; Missenard et al. 2006; Teixell
et al. 2005; Urchulutegui et al. 2006).

Petrography

The peridotite xenoliths collected from the Middle Atlas,
Morocco, are coarse-grained, equi-granular spinel lherzo-
lites and harzburgites (Wittig 2006; Wittig et al. 2010a, b).
Two spinel lherzolites, 3U and 3V, were chosen for this
study as they contained relatively abundant (7 and 14%,
respectively; Wittig et al. 2010a), large (2-5 mm), fresh
clinopyroxene which is ideal for microdrilling. The major
minerals in these samples are olivine (Mg# 89;
Mg# = (Mg/(Fe + Mg))*100), orthopyroxene, clinopy-
roxene and spinel; although the xenoliths also contain
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minor amounts of amphibole. The peridotites show a high
degree of textural equilibration with no apparent fabric or
alignment among the minerals. The mineral phases are
subhedral, with rounded edges on some of the clinopy-
roxene crystals, and although there are cracks within some
crystals, there is only limited evidence of secondary
alteration (probably containing a product of hydrous
alterations such as serpentine or chlorite) along some of the
larger cracks.

Both of the xenoliths selected for this study contain
quenched melt in 1-5 mm ‘pockets’ as well as narrow
veins along some grain boundaries. The melt pockets
appear to represent preferential incongruent melting of
amphibole, as indicated by rounded and resorbed residual
amphibole within the centre of a melt pocket. In some
cases, spinel is observed in the centre of the melt pockets.
Some melting of clinopyroxene is also evident from res-
orbtion of grain edges, but there is no textural evidence of
orthopyroxene and olivine contributing to the melt. A small
number of primary clinopyroxene crystals, especially those
close to melt pockets, have discrete ‘spongy’ rims that are
packed with melt inclusions. The high density of these
melts inclusions together with the previously mentioned
resorbtion of clinopyroxene suggests that the rim textures
represent the effects of partial melting. A second genera-
tion of clinopyroxene and spinel microlites has also crys-
tallised from the melt pockets. This late clinopyroxene was
too small to be sampled during this study and will not be
discussed further. The petrographic evidence indicates that
melting is occurring in situ in response to decompression,
as there is no evidence of any new minerals, such as
feldspar crystallising, that would be expected if the host
basalt had invaded at crustal pressures.

Method

The clinopyroxene, olivine and orthopyroxene were all
analysed for major and minor elements by wavelength
dispersive spectroscopy using a Cameca SX100 Elec-
tronprobe microanalyser at the Department of Earth Sci-
ences, University of Cambridge, UK. A beam voltage of
15 kV and a current of 10 nA for the major elements and
100 nA for the minor elements with a beam size of 1 pm
were applied. The amphibole was analysed for major and
minor elements by wavelength dispersion using a JEOL
733 SuperProbe microprobe at the analytical facility of the
School of Geography, Environment and Earth Sciences at
Victoria University of Wellington, New Zealand, with a
spot beam of ~1 pum at 15 kV and 20 nA.

For trace element and Sr isotope determinations, the
clinopyroxene crystals were sampled using two methods:
in situ microdrilling and, for comparison, individual

fragments of clinopyroxene bounded by fracture planes
were picked from a crushed hand sample. In sample 3V,
nine clinopyroxene fragments ranging from 70 to 28 pg
were handpicked from a clean clinopyroxene fraction.
These samples were rinsed in 18 mQ MilliQ water (MQ) in
a sonic bath for 10 min repeatedly, changing the MQ each
time, until the MQ was devoid of particles. The clinopy-
roxene chips were then leached in 6M UpA HCI at in a
warm ultrasonic bath for 30 min before a final MQ rinse.

The in situ microdrilling was carried out on 100-pum-
thick sections of the bulk xenolith following the procedure
outlined in Charlier et al. (2006), using a New Wave
MicroMill at the Northern Centre for Elemental and Isotopic
Tracing (NCIET), Durham University, UK. The resulting
drilled holes are conical with a diameter of approximately
50 pm and a drilling dept ranging between 60 and 70 pm.
Over 20 clinopyroxene crystals were sampled from one
thick section of 3V (Fig. 1) and 9 crystals from a thick
section of 3U. Only the cores of the crystals were drilled,
avoiding any potential contamination along cracks or grain
boundaries. The drilled powder was collected in MQ, dried
down and weighed to allow accurate determination of trace
element concentrations. The drilled weights varied from 5
to 218 pg. Repeated weighing of the same mass, in the
range used here, gave a reproducibility of less than 0.1 pg
(n = 60).
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Fig. 1 A scanned image of the 100-pm-thick section of xenolith 3V
used in the drilling campaign. The coloured crystals represent
clinopyroxene crystals that were drilled and the shading represents
the Sr concentration with the lowest values in purple and the highest
in red. The absolute values are labelled adjacent to the clinopyroxene
crystals. Extensive melt pockets are shown as dark brown. There are
adjacent crystals with a difference in Sr concentration exceeding
100 ppm. The distance between the cores of these crystals is, in some
case, less than 0.5 cm
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Both the drilled powders and picked fragments were
processed using micro-Sr dissolution (150 ul  29M
HF + 50 pl of 16M HNOj; followed by 200 pl 12M HCI
followed 200 pul 16M HNOj;, drying down between each
step) and purification chemistry (Charlier et al. 2006) A
10% aliquot, by mass, was taken for trace element analysis,
and the remaining 90% was processed through micro-Sr
columns using cleaned Sr-spec resin (Charlier et al. 2006).
Romil triple distilled “UpA” grade acids were used
throughout.

Sr isotope ratios were measured using a ThermoScien-
tific Triton TIMS at NCIET, Durham University, UK. The
samples were loaded onto Re filaments using a TaFs acti-
vator. The analysis consisted of 180 ratios with an inte-
gration time of 4 s per ratio. Over the period of this study,
the ®’Sr/*Sr reproducibility of 3 ng loads of the NBS987
standard (n = 25, yielding beam sizes that are typical of
the smaller samples sizes analysed here) yielded an
87Sr/%°Sr of 0.710237 (+16 2sd). Sample values were
normalised to a standard value of *’Sr/*°Sr 0.710240
(Thirlwall 1991). All samples were corrected for blank
contribution. The mass of Sr analysed varied from 6 to
30 ng in the drilled samples and up to 100 ng in the picked
chips. The average total procedural Sr blank was 11 pg
(£14 2sd, n = 8), which is considerably less than 1% of
the analysed Sr. The blank correction, therefore, was less
than the internal run uncertainties.

The trace element aliquot was diluted using 480 pl of
UpA 0.05M HNOj; and analysed for 21 trace elements
using a ThermoElectron Element II ICPMS at Durham
University, UK, calibrated relative to internationally
recognised standards (W2, AGV-1, BHVO-1). Details of
this procedure including the drift and reproducibility can be
found in Malarkey (2010). A sample of W2 diluted to an
appropriate signal size and run with the samples gives a
reproducibility of less than 10% (Malarkey 2010). The
parameters used were similar to those used in Font et al.
(2007). Accuracy and repeatability of the trace element
concentrations using the aliquotting technique are 10% or
better and are given in Harlou et al. (2009).

Results

Clinopyroxene and amphibole major element
composition

The clinopyroxene from the peridotites is diopside with a
Mg# of 89 and a Cr# (Cr# = (Cr/(Cr + Al))*100) of 9 in
3U and 8 in 3V. These compositions are typical of rela-
tively young continental lithospheric mantle (Pearson et al.
2003). There is remarkably little variation in major element
composition among the clinopyroxene crystals in either
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sample. Despite the textural difference between cores and
rims of clinopyroxene, there is no consistent major element
zoning or discrete compositional differences.

Amphibole is present as inclusions in both 3V and 3U
and as a relict crystal in a melt pocket in 3U. The amphi-
bole data are taken from Wittig et al. (2006). The inclusion
in 3V has an average Mg# of 86.7, whereas in 3U it is 88.4.
The relict amphibole in 3U, on the other hand, has a Mg#
of 86.7. There is some zoning observed in the amphibole
inclusion in 3U with the rims showing lower Cr and Al
contents and higher Ti.

Trace element and Sr isotope results

The major, trace element and Sr isotope data are presented
in the Supplementary Dataset.

Clinopyroxene

In situ analysis allows the detailed studies of intergrain and
intragrain variation to be examined for trace elements as
well as Sr isotopes for the same spot. In both samples, a
considerable range in trace element concentrations is
observed among individual crystals, including adjacent
grains. Sr concentrations range from 134 to over 300 ppm
in 3V (Fig. 1) and from 218 to over 300 ppm in 3U.
However, despite this large intergrain variation, the within-
grain variation was much less, and trace element concen-
trations from the same crystal are within 10% of each
other. There is also a range in Rb concentrations from less
than 0.01 to 0.7 ppm. This is comparable to ranges found in
bulk clinopyroxene separates from other off-craton suites
(Downes 1987). The large range in clinopyroxene trace
element concentrations does not correlate with any textural
or spatial parameters such as crystal size, location or
proximity to other phases (including melt). However, it
should be noted that it is not possible to fully constrain the
three-dimensional setting of the grains using a single two-
dimensional thin section. Similar trace element variation
among clinopyroxene crystals in individual peridotite
xenoliths has been observed using LA-ICP-MS (e.g. Ionov
et al. 2002a; Schmidberger et al. 2003).

REE patterns for the Middle Atlas clinopyroxene (Fig. 2)
from the two xenoliths are very similar with (Ce/Yb)y ratios
(all ratios are normalised to PM; McDonough and Sun
1995) ranging from 5 to 10.4 for 3V (n = 33) and from 6.1
to 11.4 for 3U (n = 7). The larger range for 3V can be
attributed to a larger sample set. There are differences in
(La/Ce)y ratios between the two xenoliths, which has been
reported before (Wittig et al. 2008, 2010a). In 3V, the
average (La/Ce)y ratio is 0.7 compared with 1.2 in 3U
(Fig. 2b). The variation in trace element concentrations
between the picked fragments and the drilled clinopyroxene
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Fig. 2 a Primitive mantle normalised (McDonough and Sun 1995)
trace elements patterns for the drilled and picked clinopyroxene
samples from xenoliths 3U (paler shading) and 3V (darker shading).
b Chondrite normalised (McDonough and Sun 1995) REE patterns for
the clinopyroxene from 3U (paler shading) and 3V (darker shading).
¢ Primitive mantle normalised (McDonough and Sun 1995) trace

crystals is similar; although due to the larger sample size,
the range in the picked sample is smaller.

Complete multielement patterns are, like the REE pat-
terns, relatively similar (Fig. 2a). However, there are dis-
tinct differences in the most incompatible end of the
spectrum, especially for Th and U concentrations that are
distinctly higher in the clinopyroxene from 3U (average Th
concentration in 3V is 0.56 ppm compared with 4.2 ppm in
3U). Rb concentrations are also higher in 3U which results
in higher Rb/Sr ratios for 3U compared with 3V.

The clinopyroxene from the Atlas xenoliths shows a
range in ¥’Rb/*®Sr from <0.001 to 0.018, which is typical
of mantle diopside (e.g. Pearson et al. 2003). Downes et al.
(1987), for example, observed a range in 87Rb/3°Sr for bulk
clinopyroxene separates from peridotite xenoliths of the
Massif-Central region of <0.001 to 0.047. The range in
87Rb/*°Sr observed in the clinopyroxene from the Atlas
samples does not show any correlation with other trace
element concentrations or ratios or textural occurrence.

The Atlas peridotite clinopyroxene analysed here show
much more limited initial Sr isotope (¥7Sr/°Sr;) variation
(Fig. 3) than clinopyroxene from oceanic and cratonic
lithospheric mantle xenoliths reported in LA-MC-ICP-MS

element patterns for the one amphibole crystal from 3U (black) and
melt drilled from both 3U (black, open squares) and 3V (grey
diamonds). d Chondrite normalised (McDonough and Sun 1995) REE
patterns for one amphibole crystal from 3U (black) and melt drilled
from the both 3U (black, open squares) and 3V (grey diamonds)

studies (Neumann et al. 2004; Schmidberger et al. 2003,
respectively). The 37Sr/®Sr; for the Atlas clinopyroxene,
both picked and drilled, ranges from 0.703416 (£11 2SE)
to 0.703681 (+12 2SE). This range is considerably less
than those observed from comparable microdrilling studies
of clinopyroxene from on-craton peridotites (Fig. 4;
Malarkey 2010; Malarkey et al. 2008). Previous LA-MC-
ICP-MS studies such as those carried out by Schmidberger
et al. (2003) observed a range in 87Slr/86Sri of 0.00079 from
0.70442 (£6 2SE) to 0.70521 (£10 2SE) in clinopyroxene
from a single mantle xenolith (sample NK 2-3) from the
on-craton Somerset Island kimberlite.

The drilled clinopyroxene shows similar ¥’Sr/*®Sr sys-
tematics to the picked chips although the picked crystals
show a smaller range in isotopic composition, possibly due
to fewer clinopyroxene crystals being sampled (9 picked
chips compared with 19 drilled clinopyroxene crystals). In
sample 3V, two clinopyroxene grains were drilled twice to
look for any heterogeneity within grains, but the results are
within uncertainty of each other. This is consistent with the
lack of major and trace element zoning in the clinopy-
roxene. There are no correlations between the limited Sr
isotope variability in the Atlas clinopyroxene and other
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Fig. 3 a An isochron plot of 8’Rb/*®Sr against 8’Sr/*Sr,, for the
drilled clinopyroxene (white diamonds), amphibole (black diamonds)
and melt (grey triangles) from 3U. The error bars represent 2SE,
where no error bars are seen; the symbol is larger than the
uncertainty. b An isochron plot of 8’Rb/*°Sr against 'Sr/**Sr,, for
the drilled clinopyroxene (white diamonds), picked clinopyroxene
(grey diamonds) and drilled melt (grey triangle). The error bars
represent 2SE. The insets illustrate reference isochrons plotted to
illustrate the range in %’Sr/*°Sr that can be generated through
radiogenic ingrowth

trace element concentrations or ratios, including (La/Ce)y
(which varies between the two xenoliths).

In order to assess how secondary alteration may affect
the Sr isotope value of a clinopyroxene crystal, this was
sampled by drilling along the cracks lined with alteration
(possibly serpentine or chlorite) and compared with a
crack-free region of the same crystal. The drilled cracks
were found to have a much more radiogenic ®’Sr/*°Sr;
value of 0.705644 (£19 2SE) compared to 0.703416 (11
2SE) for the fresh clinopyroxene. Therefore, the range in
87Sr/%°Sr; observed in the Atlas clinopyroxene could, in
principle, be explained by addition of about 4% ‘crack
alteration’ to the least radiogenic clinopyroxene crystal.
However, this is unlikely to be the explanation for the
following reasons. The leaching procedure applied to the
handpicked clinopyroxene efficiently removes such con-
tamination, and these samples yield Sr isotope systematics
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identical to the microdrilled clinopyroxene. In addition,
great care was taken to avoid such cracks and alteration
along the cracks is relatively uncommon.

The microsampled Atlas clinopyroxene can be com-
pared to analyses of bulk clinopyroxene separates from
peridotite xenoliths from similar off-craton intraplate set-
tings. Such mineral separates give an average value for the
whole xenolith, but given the lack of previous in situ
studies on these types of samples, these are the only data
that can be used for comparison. The Middle Atlas clino-
pyroxene have a similar average %’ Sr/*°Sr; value relative to
87Sr/%°Sr; values from other off-craton clinopyroxene
®7Sr/%Sr; 0.7035, see Fig 8 for references).

Amphibole and melt

A rounded amphibole crystal from the centre of a melt
pocket in xenolith 3U was drilled and analysed for trace
elements and Sr isotopes along with the surrounding melt.
A number of other melt pockets from xenoliths, 3V and
3U, were also analysed. In 3U the trace element patterns of
the melt and the amphibole essentially overlap (Fig. 2c).
The REE patterns in both the melt [(La/Yb)y = 10.8] and
the amphibole [(La/Yb)xy = 10.9] show are similar to those
of the clinopyroxene [(La/Yb)y mean = 9.5 for 3U,
Fig. 2d]. The most prominent deviation from the clinopy-
roxene pattern is a positive Nb anomaly in the trace ele-
ment patterns from both the melt and the amphibole. This
is reflected in the (U/Nb)y ratio which, for 3U, is 0.31 and
0.32 in the amphibole and melt, respectively, compared
with a mean of 91 for the clinopyroxene. The amphibole
and melt also have higher Rb and Ba concentrations than
the clinopyroxene, as expected from relative partition
coefficients (Ionov et al. 2002a).

The melt analysed from 3V, where there was no
amphibole remaining for comparison, shows a similar trace
element pattern to the amphibole and melt from 3U
(Fig. 2¢). There is evidence that there was amphibole
present in 3V before melting took place as the melt has a
positive Nb anomaly. The melt in 3V shows the same
characteristically lower (La/Ce)y ratios and lower Th and
U concentrations that are seen in the clinopyroxene in 3V
compared with 3U.

The amphibole crystal from 3U yielded an initial
87S1/%°Sr ratio of 0.703413 (£16 2SE). This value plots
towards the lower end of the range in Sr isotopes observed
in the clinopyroxene from 3U but is within error of four out
of the six clinopyroxene crystals analysed (Fig. 3a). The
amphibole 87Sr/%0Sr; value also overlaps with the value
obtained for the melt surrounding the amphibole crystal
(0.703431 £ 36 2SE). The three samples of melt analysed
from 3U are, as a group, slightly less radiogenic in terms of
87S1r/%°Sr; than the clinopyroxene but do overlap the least
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Fig. 4 The range in ¥'Sr/*°Sr (expressed as the difference between
the highest and lowest value; labelled as A%’Sr/%°Sr) observed in a
range of clinopyroxene databases. The global on- and off-craton
databases use bulk clinopyroxene mineral separate data, whereas the
clinopyroxene from Greenland, Lesotho, Kimberley and the Atlas
Mountains (this study) is from drilled clinopyroxene. The global
MORB database is from GERM. On- and off-craton data sourced
from Ionov et al. (2002a), Downes et al. (2003), Downes and Dupuy

radiogenic clinopyroxene. This is the same in the two melt
samples analysed from 3V. There was no corresponding
amphibole remaining in 3V, but a clinopyroxene within a
melt pocket gave an %'Sr/*®Sr; of 0.703544 (£20 2SE),
whereas the surrounding melt was significantly less
radiogenic (¥’Sr/*®Sr; = 0.703348 + 17 2SE). The melt
from both Atlas xenoliths shows a range in ®’Sr/*°Sr; from
0.703348 (£17 2SE) to 0.703431 (£36 2SE), significantly
less radiogenic than the majority of the clinopyroxene from
the two samples.

Discussion
Melting history
Melt depletion

In order to assess the origin of the clinopyroxene in the
Middle Atlas peridotites, it is important to first understand
the melting history of the SCLM. In cratonic settings, the
lithospheric mantle is thought to have experienced 30—40%
melt extraction (Boyd 1989; Pearson and Wittig 2008),
which is well above the 23% melting required to exhaust
clinopyroxene from the resitite (Walter 1998). However, in
off-craton settings the degree of melt extraction is much
more difficult to constrain because extents of melting
appear smaller, and the response of major elements may be
more subtle (Ionov and Hofmann 2007). Wittig et al.
(2010a, b) have studied the melting history of the suite of
peridotite xenoliths from the Middle Atlas, including the

30 40 50 60 70 80 90
A PSS (x10*)

(1987), Stosch and Lugmair (1986), Witt-Eickschen et al. (2003),
Menzies (1988), Porcelli et al. (1992), Roden et al. (1988), Deng and
Macdougall (1992), Cohen et al. (1984), Xu et al. (2008), Choi et al.
(2008), Tang and Chen (2008), Ionov et al. (2006), Pearson et al.
(1995), Schmidberger et al. (2001, 2002, 2003), Carlson et al. (2004),
Bedini et al. (2004), Macdougall and Haggerty (1999), Richardson
et al. (1985), Erlank et al. (1987), Simon et al. (2003, 2007)

two samples studied here. The whole rock FeO and MgO
contents, traditionally used to estimate the extent of melt
removal and depths of initial melting, plot approximately
along a 2-GPa melting residue trend with melt extraction
estimates ranging from 5 to 25%. However, other para-
meters show a more complicated picture. The whole rock
SiO, and Al,O; compositions project away from the
melting trend and towards amphibole and spinel-pyroxene,
indicating that there has been considerable modal meta-
somatic addition of these phases. This therefore brings into
question the validity of using whole rock major elements to
quantify melt removal (see Wittig et al. 2010a for an
extended discussion of this issue).

Trace elements, especially the REE, can also be used to
further constrain the melting history. The effect of such
partial melting on clinopyroxene in a peridotite host has
been modelled (Hellebrand et al. 2002) and compared with
the REE patterns from the Atlas samples. The trace ele-
ment composition of a clinopyroxene from a fertile spinel
lherzolite from the Vitim Basalt Field, Russia, (Ionov
2004) with a similar whole rock trace element composition
to primitive mantle was used as the starting composition.
Progressive fractional melting was modelled, starting at
3GPa (but within the spinel field), and the changing trace
element composition of the clinopyroxene was calculated
as the melt fraction increased (an example of a clinopy-
roxene remaining after 10% melt extraction is shown in
Fig. 5). The results show that, as expected, the LREE
become progressively depleted relative to the heavy REE
resulting in REE patterns that are more reminiscent of
clinopyroxene from Type 1A lherzolite xenoliths (Pearson
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Fig. 5 PRIMA normalised (McDonough and Sun 1995) modelling of
a clinopyroxene starting with sample 313-15 (Ionov et al. 2002a) and
extracting 10% melt (see text for details; Hellebrand et al. 2002).
a Metasomatic melt required to generate the Atlas clinopyroxene
from the residual clinopyroxene is modelling using clinopyroxene-
melt carbonatite partition coefficients (Adam and Green 2001; Blundy
and Dalton 2000; Klemme et al. 2002a). A range of carbonatite melts
are also shown (Bizimis et al. 2003) for comparison. b Metasomatic
melt required to generate the Atlas clinopyroxene from the residual
clinopyroxene is modelling using clinopyroxene-basalt partition
coefficients (Blundy and Dalton 2000; Hauri and Hart 1994). Typical
OIB is shown for comparison (McDonough and Sun 1995)

et al. 2003). This is in contrast to the REE patterns from the
Atlas clinopyroxene which show relative LREE/HREE
enrichment consistent with crystallisation from a metaso-
matic melt that postdates the melt depletion event that
formed the lithosphere (Frey and Green 1974; Ionov et al.
2002a).
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Fig. 6 Plot of clinopyroxene Al,O; (wWt%) against Yb concentration
(ppm) showing abyssal peridotite data that show a clear melting trend
(Hellebrand et al. 2002) against data from the Atlas clinopyroxene.
The clinopyroxene from the abyssal peridotites represents analyses
from individual samples, whereas the Atlas data are individual
clinopyroxene analyses from two samples. The upper array of Atlas
clinopyroxene are data from sample 3V and the lower array from
sample 3U

The HREE, which are less affected by metasomatism,
may provide some information about the degree of melt
extraction from the lithosphere. Canil (2004), for example,
used whole rock Yb to constrain melting history, arguing
that it is robust to most metasomatic melts, and it has been
shown to be useful in cratonic peridotites. Wittig et al.
(2010b) have shown that only one xenolith in the extended
Atlas suite records shallow melting up to about 20% using
Lu in clinopyroxene alone. This conclusion is supported by
the study of Raffone et al. (2009) who used a correlation
between decreasing Yb concentrations in clinopyroxene
with increasing olivine Mg number in a different suite of
peridotite xenoliths from the Middle Atlas to assess the
degree of melting. They concluded, using clinopyroxene
Yb concentrations, combined with modal clinopyroxene
contents, that the lithosphere experienced about 20%
melting. However, there are other factors to consider; the
decrease in modal clinopyroxene, for example, could be
attributed to melt-peridotite reactions and Yb, although
relatively robust to metasomatic affects, these cannot be
ruled out (Raffone et al. 2009). The Atlas samples pre-
sented here show elevated Yb concentrations, compared to
a depleted clinopyroxene, as seen from the trace element
modelling (Fig. 5). In order to examine this further, Yb
concentrations have been plotted against Al,Os in the
clinopyroxene and compared to clear melting trends
observed in abyssal peridotites (Fig. 6; Hellebrand et al.
2002). The two Atlas samples show horizontal arrays



Contrib Mineral Petrol (2011) 162:289-302

297

plotting away from the melting trend, although the low Yb
clinopyroxene crystals from the Atlas peridotites do over-
lap with the fertile end of the abyssal peridotite spectrum.
Clearly, these data are not a reliable tool to estimate melt
depletion. In summary, it is difficult to constrain the degree
of melt extraction for the Middle Atlas lithosphere as the
effects of metasomatism have overprinted the geochemical
proxies. Furthermore, it is unlikely that the currently
observed 14% clinopyroxene would be remaining after the
removal of up to 20% melt (Walter 1998), implying that
clinopyroxene and amphibole are metasomatic additions.

Recent remelting

The most recent event in the melting history of these
peridotites is expressed petrographically as melt pockets
containing quenched melt with secondary microlites of
clinopyroxene and spinel. These melt pockets could be
either the result of melt infiltration from the host basalt or
they could represent in situ decompressional melting
related to emplacement. The latter is favoured here as the
melt pockets do not contain any new minerals, such as
plagioclase, that might be indicative of an infiltrating melt.
This is further supported by the location of the melt
pockets that are centred on the most fusible minerals, such
as amphibole and clinopyroxene. The lack of plagioclase
also implies that the melting is occurring at depth in the
spinel facies. Only one amphibole crystal was observed (in
3U), found within a melt pocket. This crystal shows a
resorbtion texture, with rounded edges and a high con-
centration of melt inclusions around the rim. These tex-
tures were also observed in the clinopyroxene crystals
rimming the melt pockets. The petrography therefore
suggests that the melt pockets represent in situ melting of
the peridotite during emplacement, as seen in some other
off-craton peridotite xenoliths (Ionov et al. 1994; Yaxley
et al. 1997).

The melt analysed from both xenoliths shows a similar
trace element pattern to the amphibole, with a character-
istic positive Nb and Ba anomalies. Although the trace
element signatures in the melt patches are also similar to
the clinopyroxene, these positive Nb and Ba anomalies
suggest that the majority of the melt has a significant
amphibole component.

The Sr isotope data also support in situ melting where
the melt is dominated by rapid batch melting of the
amphibole. In 3U, both an amphibole crystal and the sur-
rounding glass were drilled, and the resulting ®’Sr/*®Sr;
values are within uncertainty of each other. In 3V, a
clinopyroxene and the adjacent melt were drilled, and the
Sr isotope ratios were significantly different at 0.703550
and 0.703358, respectively. This, with the trace element
evidence puts forward a strong case for the melt pockets

representing rapid, in situ melting of amphibole where this
mineral and the melt have not equilibrated.

Nature of the metasomatism in the Middle Atlas

The presence of 14% clinopyroxene in 3V is inconsistent
with a residual origin for the clinopyroxene, indicating that
the clinopyroxene, and probably the amphibole, has been
added by a metasomatic event. This is further supported by
the trace element patterns recorded in the clinopyroxene
from the Middle Atlas which are light REE enriched, rel-
ative to the heavy REE. This would indicate that either the
clinopyroxene has a metasomatic origin or at the very least
has been overprinted by a metasomatic melt. Trace element
patterns and ratios are tools that can be used to characterise
metasomatic melts although care must be taken as reactive
flow models have shown that trace element ratios can be
fractionated by this process (Ionov et al. 2002a). The
modelling of Ionov et al. (2002a), however, does not
fractionate Hf or Zr while generating a similar spectrum of
REE patterns as seen in the Atlas clinopyroxene. The
negative anomaly for these elements observed in the mul-
tielement plots is therefore indicative of clinopyroxene that
has crystallised from, or re-equilibrated with, a carbonate
melt (Blundy and Dalton 2000). The metasomatic melt that
would be required to generate the trace element patterns
observed in the Atlas clinopyroxene from a residual
clinopyroxene (depleted by 10% melt extraction as a con-
servative estimate) has been modelled (Fig. 5; Hellebrand
et al. 2002 used for melt depletion modelling). The pre-
dicted metasomatic melt needed to produce the trace ele-
ment systematics observed in the Atlas clinopyroxene was
generated using carbonatite-clinopyroxene partition coef-
ficients (Fig. 5a; Adam and Green 2001; Blundy and Dal-
ton 2000; Klemme et al. 2002b) and basalt-clinopyroxene
partition coefficients (Fig. 5b; Blundy and Dalton 2000;
Hauri and Hart 1994). The results of this modelling show
that the melt that generated the Atlas clinopyroxene had a
negative Zr-Hf anomaly which is observed in the carbon-
atite melts. Although the range of basaltic melts that would
be required depends on partition coefficients, the patterns
are jagged and do not reflect basaltic melts. The addition of
a carbonatite melt is therefore the most likely candidate for
the most recent metasomatic event as the predicted melts
approximately match a range of carbonatites (Bizimis et al.
2003). This is also supported by Wittig et al. (2010b) and
by the presence of carbonatite magmatism in the Middle
Atlas (Woolley 2002), indicating that these melts are
present in the lithospheric mantle. However, this is not an
exact match which could be attributed to a number of
factors. For example, pre-existing clinopyroxene may have
experienced and recorded metasomatism with various
reagents, and equilibration of this clinopyroxene with a
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carbonatite may result in slightly atypical trace element
systematics now observed. Similarly, it is likely that there
is some discrepancy between erupted carbonatites and the
carbonatite melt at depth (Foley et al. 2009).

Ionov et al. (2002a) numerically modelled porous
reactive flow of a metasomatic melt away from a vein in
order to explain trace element variations observed in a suite
of spinel xenoliths from Spitsbergen in response to the
changing mineralogy of the peridotite, which ultimately
results in fractionated light REE (Fig. 7). The trace ele-
ments in the Middle Atlas clinopyroxene are similar to
those observed in the Spitsbergen Type 2 clinopyroxene
that were modelled to be close to a melt vein (Fig. 7; Ionov
et al. 2002a). This would suggest that either the clinopy-
roxene precipitated in the Middle Atlas xenoliths was close
to a melt channel/source or that the metasomatism was
significantly advanced such that a wide zone had re-
equilibrated with the melt. However, there are differences
in the (La/Ce)y ratios between 3V (0.42-0.80) and 3U
(0.98-1.4), which may record some evidence of reactive
flow processes. In the Spitsbergen xenoliths, there is a
considerable range in (La/Ce)y from 0.92 to 3.59 as the
melt becomes progressively fractionated away from the
vein (Ionov et al. 2002a). These differences are larger for
the La/Ce than any other ratio of adjacent REE, and
therefore these variations are the last to be equilibrated by
continued metasomatism. This would therefore imply that
3U was maybe slightly further from the melt source and
experienced a marginally more fractionated melt than 3V.
This is consistent with the scenario proposed by Raffone
et al. (2009) that these xenoliths had sampled the rejuve-
nated lithosphere close to the dunitic channels that repre-
sent relict metasomatic melt channels.

MELT REACTION:
1melt + 0.180l = 0.91melt + 0.1620px + 0.108 cpx

Sr isotopes are not fractionated by processes such as
reactive flow although a mixing scenario with the meta-
somatic agent having a significantly different Sr isotope
ratio relative to the depleted host may be proposed in a
zone at the metasomatic front (Ionov et al. 2002b). How-
ever, in the Atlas samples the Sr isotopes show very limited
variation, and there is no observed correlation between
878r/%%Sr and trace elements, including Sr, which would
indicate a mixing relationship. This implies the carbonatite
melt has dominated the Sr isotope composition of the
clinopyroxene.

Timing of metasomatism
Time constraints from Sr isotopes

The timing of this initial melt depletion event has been
difficult to constrain using Re-Os isotopes due to the
extensive metasomatic overprinting (Wittig et al. 2008).
The lithophile budget in peridotites is dominated by any
metasomatic effects, and therefore it may be possible to
date metasomatic events using Rb—Sr or Sm—Nd isotope
systems (e.g. Erlank et al. 1987). There is a sufficient range
in Rb/Sr in the Moroccan clinopyroxene to generate iso-
topic variation well outside the analytical error (Fig. 3).
However, the Rb—Sr data from the Middle Atlas clinopy-
roxene does not show an isochronous relationship (Fig. 3),
and therefore it is not possible to accurately date the
clinopyroxene addition using the Rb-Sr isochron tech-
nique. It is possible to plot reference isochrons through the
clinopyroxene data, but this does not yield any information
(Fig. 3). The range in clinopyroxene 'Sr/*®Sr is therefore
not generated by radiogenic ingrowth but probably the

MELT REACTION:
1melt + 0.520l = 0.74melt + 0.4680px + 0.312 cpx
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Fig. 7 A schematic representation to illustrate Ionov’s (2002) model
for percolative fractional crystallisation where trace element concen-
tration in clinopyroxene varies with distance from the melt source.
The melt source is at the left of the diagram and as the melt moves
away from the melt vein clinopyroxene and opx precipitate from the
melt and the remaining melt evolves. This leads to the change in REE
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pattern observed on the left with the clinopyroxene crystallising
closest to the melt at the bottom of the diagram. The black patterns
are representative analyses from the Spitsbergen clinopyroxene
samples that match the model predictions for each stage. The grey
shaded area represents the clinopyroxene REE patterns analysed from
the Atlas xenoliths
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result of complex metasomatic interactions, and this holds
true for the majority of mantle clinopyroxene Rb/Sr
(lithophile) isotope data available from off-craton SCLM to
date (Pearson et al. 2003).

Time constraints from trace element distributions

It is possible to use other approaches to evaluate the timing
of metasomatism. The Atlas samples show a considerable
range in trace element concentrations between clinopy-
roxene crystals within the two xenoliths. In 3V, for
example, there are two touching clinopyroxene crystals that
differ in Sr content by about 80% (100 ppm difference).
These variations show that diffusive equilibration has not
been attained. The time over which diffusion would even
out such differences between adjacent clinopyroxene
crystals can be approximated using Fick’s Law (x = /Dt
where x is the diffusion distance, ¢ is the time, and D is the
diffusion coefficient) if the diffusion coefficients are
known. Diffusion models have shown that Sr should
equilibrate at the grain size scale in mantle peridotites over
periods of 1-100 Myr at lithospheric temperatures and
pressures (Sneeringer et al. 1984). This timescale is
strongly dependant on temperature and is further reduced
by the presence of melt along grain boundaries. If a dis-
tance (x) of 0.2 cm, as observed in the thin section, is taken
between the cores of the adjacent crystals (calculated at
1,000°C; Sneeringer et al. 1984), then the time for com-
plete equilibration for Sr would be approximately 2.5 Ma.
It is likely therefore that the variation of 100 ppm in Sr
concentrations, which represents significant disequilibrium,
would persist for more than 2 or 3 Myr before entrainment
into the basalt. This timescale is supported by Wittig et al.
(2010b) who argue, using Pb isotopes, that the most recent
metasomatism could not have occurred more than 20 Ma.

This constraint argues for a relatively recent metasomatic
event that coincides with the intraplate volcanism that has
sampled the continental mantle root although these clino-
pyroxenes and their host volcanic rocks have distinctly
different Pb isotopes (Wittig et al. 2010b).

Global implications

The Sr isotopic composition of the clinopyroxene from the
Middle Atlas xenoliths is typical of clinopyroxene from
similar off-craton settings (e.g. Baker et al. 1998; Bedini
and Bodinier 1999). A probability density function (PDF)
has been plotted for a global compilation of off-craton
clinopyroxene data (n = 205) from published mineral
separate data with the Atlas clinopyroxene marked for
comparison (Fig. 8). The ¥'Sr/*°Sr mode for off-craton
clinopyroxene is approximately 0.7035, which is similar to
the average for the Atlas samples, 0.70346 and also within
the range observed for present-day OIBs (McDonough and
Sun 1995). However, this plot shows that the range in
87Sr/%°Sr in most off-craton settings is limited and that
therefore the metasomatic origin concludes for the clino-
pyroxene from the Middle Atlas may be common to many
other off-craton peridotites. The narrow range and sharp
peak observed in the Sr distribution would be incompatible
with a range of ancient metasomatic melts and therefore
indicates that the majority of off-craton clinopyroxene has
been recently overprinted by the convecting mantle. This is
further confirmed by a PDF plot of off-craton clinopyrox-
ene 'Nd/'*Nd data, again form bulk clinopyroxene
separate data. The PDF plot has a mode at '**Nd/'**Nd of
0.5126 which is close to present-day bulk earth values
(***Nd/"**Nd = 0.51264; Rollinson 1993). If these clino-
pyroxene crystals were residual, with Sm/Nd ratios higher
than bulk earth, then the clinopyroxene would have

Fig. 8 PDF (probability density
function) plots of global off-
craton clinopyroxene 87Sr/86Sr
and "Nd/"*Nd data from
mineral separates. The range of
87Sr/%Sr for MORB and OIB
are shown as are the Atlas data
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considerably more radiogenic "**Nd/'**Nd ratios than bulk
earth. Alternatively, if the clinopyroxene had formed from
an ancient enriched metasomatic melt, with Sm/Nd ratios
lower than bulk earth, then the clinopyroxene would have
considerably less radiogenic '“*Nd/'**Nd. Therefore, the
coincidence of clinopyroxene Nd isotope ratios with pres-
ent-day bulk earth is inconsistent with long-term enrich-
ment or depletion in the lithosphere. However, it should be
stressed again that this may reflect a recent overprint, and it
is not possible to use Nd or Sr to ‘see though’ the most
recent metasomatic event.

The global database therefore suggests that clinopy-
roxene may be a recent addition to much of the non-cra-
tonic lithosphere. Clinopyroxene, in off-craton lithosphere,
is an important host for incompatible elements, and
therefore the modal abundance and timing of clinopyrox-
ene addition exercise a strong control on the relative fer-
tility of the lithosphere. The recent addition of
clinopyroxene to the lithosphere implies that the enriched
nature of lithospheric mantle, in both on- and off-craton
settings, may only be a recent phenomenon as suggested by
(Pearson and Nowell 2002). However, mantle xenoliths
have long been known to provide a biased view of the
mantle, and therefore this apparent enrichment may not
truly represent the bulk mantle (Menzies and Hawkesworth
1987). In peridotite massifs, where it is possible to sample
away from metasomatic veins, light REE depleted REE
patterns are more common, and these may be more rep-
resentative of the bulk depleted mantle. In this study, the
trace element systematics suggest that the Moroccan
xenoliths were located relatively close to melt veins during
metasomatic activity, and it likely therefore that it is the
vein system being sampled (Bodinier et al. 1988; Menzies
and Hawkesworth 1987). If this situation is common then it
is likely that the incompatible element abundances in most
lithospheric peridotites will consistently overestimate the
incompatible abundances in the continental lithospheric
mantle (Pearson and Nowell 2002).

The direct sampling of melt that has formed from low
degree melting of the amphibole in the Atlas lithosphere,
now present as melt pockets in the peridotite, did not
generate melts with a wide range of Sr isotopic ratios
despite predominantly melting an exotic phase such as
amphibole. This would therefore imply that in off-craton
settings, where the isotopic variation in the lithosphere is
more restricted than in on-craton settings, it is not possible
to generate lithospheric melts with very heterogeneous Sr
isotopic variation. It then follows that the isotopic diversity
observed in off-craton continental basalts—including many
flood basalts—cannot reflect a lithospheric mantle source
and must either be due to heterogeneity in the convecting
mantle or/and crustal contamination.
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Conclusions and implications

1. The modal amount of clinopyroxene coupled with the
trace element and major element concentrations in the
clinopyroxene from these samples are consistent with a
metasomatic, as opposed to a residual, origin.

2. The major element composition and mineral chemistry
of constituent clinopyroxene crystallised from a recent
carbonatitic metasomatic event.

3. The ¥’Sr/*®Sr values of clinopyroxene and amphibole
in the Middle Atlas peridotites are inconsistent with
long-term enrichment or depletion and may be
explained by recent crystallisation/re-equilibration
with a melt originating in the convecting mantle.

4. PDF plots of a global off-craton database show that the
majority of off-craton clinopyroxene has a Sr isotope
ratio of ~0.7035 consistent with the above process.

5. Spinel lherzolite xenoliths from off-craton settings,
often used in melting experiments, are therefore
unlikely to truly represent primary fertile mantle if
the majority of the clinopyroxene is metasomatic.

6. The incompatible trace element budget of the bulk
peridotite, in these spinel facies xenoliths, is domi-
nated by the clinopyroxene. Therefore, the recent
addition of clinopyroxene to the SCLM implies that
although the SCLM is relatively enriched, now this
may not always have been the case.
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