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Melt Enrichment of Shallow Depleted
Mantle: a Detailed Petrological, Trace
Element and Isotopic Study of Mantle-
Derived Xenoliths and Megacrysts from
the Cameroon Line

Major element, trace element and Sr-Nd-Pb isotopic composi-

tions ofultramafic xenoliths and megacrysts from the continental

Cameroon line provide evidence for metasomatism of the upper-

most lithospheric mantle by enriched melts during the Mesozoic

The megacrysts probably crystallized within the lower con-

tinental crust from melts similar to the host magmas. All the

xenoliths originated as depleted residues after the extraction of

basaltic melts, but some indicate evidence of interaction with

enriched partial melts before entrainment. The U—Pb isotopic

data on garnet are consistent with cooling through > 900°C at

>300 Ma. The Sm—Nd isotope systematics in constituent

phases appear to have been in equilibrium on a xenolith scale at

the time of entrainment, indicating derivation from mantle that

remained at temperatures > 600°C until eruption. Spinel Iher-

zolites that show simple light rare earth element (LREE)

depletions are characterized by isotopic compositions that are

comparable with, but slightly more depleted than Atlantic N-

MORB, suggesting that the unmetasomatized sub-continental

lithosphere of the Cameroon line may be isotopically similar to

that of sub-oceanic lithosphere. The Nd-depleted mantle model

ages of these xenoliths are consistent with late Proterozoic

depletion, similar in age to much of the overlying continental

crust. In contrast, samples that have LREE-enriched clinopyr-

oxenes (La/Yb —4-7—9-4) contain trace amounts of amphibole,

are enriched in U and have more radiogenic Pb and Sr. These

xenoliths yield U-Pb and Sm—Nd model ages consistent with

Mesozoic enrichment, in agreement with the age of enrichment

of the source regions of the basalts, as deduced from Pb isotopic

compositions. Clinopyroxenes record three orders of magnitude

enrichment in U and LREE accompanied by progressive K

depletion associated with the growth of trace amphibole, with K/

U ratios that range from 12 000 to 1. The ratios of the trace

elements thought to have similar bulk D in mantle melting, Ce/

Pb, Ba/Rb and Nd/Sr ratios, display regional variations rela-

ted to the time integrated history of enrichments indicated by Nd

isotopic compositions. Mass balance calculations suggest that

the melts responsible for the most recent enrichment of the

lithosphere had higher La/Yb and U/Pb than Cameroon line

host magmas, and were probably the product of small degrees of

partial melting associated with the earliest stages of the breakup

of Pangea.

KEY WORDS: Cameroon line; mantle xenoliths; megacrysts; REE;

isotopic composition; trace element.

INTRODUCTION
For many years the role of the sub-continental litho-
sphere in the genesis of intraplate magmas has been
hotly debated (e.g. Brooks et al., 1976; Allegre et al.,

1981; Allegre, 1982; Fitton & Dunlop, 1985; Dupuy
etal., 1988; Halliday et al., 1988, 1990; Hawkesworth
et al., 1988; Altherr et al., 1990; Paslick et al., 1995).
It is unclear to what extent the isotopic and trace
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element compositions of continental basaltic magmas
are acquired by reaction with the lithosphere during
upward percolation of asthenosphere-derived melts,
as opposed to direct melting of the lithosphere
(McKenzie, 1985; Navon & Stolper, 1987). Fur-
thermore, sub-continental lithosphere has been pro-
posed by some as a possible source for ocean island
basalts, following delamination and asthenospheric
entrainmcnt (McKenzie & O'Nions, 1983, 1995).
Therefore, determining the composition and devel-
opment of this poorly characterized reservoir is a
critical task.

There are two general approaches to character-
izing the isotopic compositions of the lithospheric
mantle. The first is to compare basaltic magmas
erupted in young oceanic and older continental set-
tings and to ascribe the differences to the effects of
the sub-continental lithosphere or crustal con-
tamination (Allegre et al., 1981; Fitton & Dunlop,
1985). The Cameroon line may be the best location
on Earth for such an experiment, as it uniquely
comprises a genetically related intraplate volcanic
chain that extends for 1600 km from ocean islands in
the Gulf of Guinea to volcanic centers in the Pre-
cambrian cratons of Africa (Fitton & Dunlop, 1985;
Halliday et al., 1988, 1990; Lee et al., 1994).
However, unless there is a marked difference in trace
element and/or isotopic compositions, the role and
composition of the lithosphere cannot be readily
ascertained (Paslick et al., 1995).

The second and more direct method is to use the
ultramafic xenoliths entrained in kimberlites and
alkali basalts during ascent and generally considered
to be fragments of the sub-continental lithosphere
(e.g. Menzies et al., 1987). The isotopic and incom-
patible trace element compositions of ultramafic
xenoliths thought to be derived from the sub-con-
tinental lithosphere are known to be extremely het-
erogeneous. Although the major and trace element
chemistry of many ultramafic xenoliths is consistent
with their being residues of partial melt extraction
(Frey & Prinz, 1978), some ultramafic xenoliths are
enriched in incompatible trace elements with or
without changes in major element chemistry (Frey &
Green, 1974; Dawson, 1982; Galer & O'Nions,
1989). Such trace element enrichment is commonly
attributed to interaction with partial melts similar to
the host magmas (Kramers et al., 1983; Navon &
Stolper, 1987), and/or CO2-H2O-rich partial melts
that were trapped in the lithospheric mantle
(Menzies & Wass, 1983; Andersen et al., 1984;
Menzies et al., 1985; O'Reilly & Griffin, 1988; Song
& Frey, 1989). Trace element enrichment processes
are also considered as probable precursors to the
genesis of alkaline magmas (Frey & Roden, 1987;

Wilkinson & Le Maitre, 1987). In this paper we
present the first isotopic, trace element and major
element study of xenoliths from the Cameroon line,
and provide evidence of enrichments of the depleted
upper mantle that took place at about the same time
as those inferred to have occurred in the source
regions of the erupted lavas, permitting well-con-
strained inferences on the relationship between asth-
enosphere and lithosphere in this region.

The Cameroon line consists of at least 17 plutonic
complexes (~65-30 Ma), all in the continental
sector, and 12 major volcanic centers (~42 Ma to
the present), extending into the Gulf of Guinea (Fig.
1; Fitton & Dunlop, 1985; Fitton, 1987; Deruelle et

al., 1991; Lee, 1994; Lee et al., 1994). The only cur-
rently active volcano is Mt Cameroon (Fitton et al.,

1983), located at the boundary between the oceanic
and the continental sectors of the volcanic chain.
Basic lavas, ranging in composition from basanite to
hy-norm basalt, are present in all the volcanic centers
except for Etinde, which is composed entirely of
nephelinite. The chemical compositions of basaltic
lavas are similar between the oceanic and con-
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Fig. 1. Geological map showing the major Cenozoic volcanic
centers of the Cameroon line and the Gulf of Guinea. The bound-
ary between the continental and oceanic crust (thin broken line)
and the oceanic traniform faults are taken from Emery & Uchupi
(1984) and Sibuet & Masde (1978), respectively. C201D a from
Mt Cameroon; C235A and C235D are from Lake Baronbi Mbo;
C241 u from 5 km north of Tombel, C271D and C271I are from
Lake Enep; C273QU from 5 km north-wat of Lake Enep; P3, P6,
P12 and P13 are from Ngaounderc Plateau; N12, N12-Cpx, -Gt, -

Fs and N30-Cpx are from Biu Plateau.
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tincntal sectors (Fitton & Dunlop, 1985). Trachyte,
trachyphonolite, rhyolitc and rare phonolite are the
evolved rocks in the continental sector, whereas
phonolite and rare trachyte dominate the evolved
rocks in the oceanic sector.

The origin of the Cameroon line has been a
subject of continuing controversy (Freeth, 1979;
Morgan, 1983; Van Houten, 1983; Fitton & Dunlop,
1985; Moreau et al., 1987). Halliday et al. (1988,
1990) showed that there is a Pb isotope anomaly at
the continent-ocean boundary, and suggested that it
resulted from melting of a fossil plume that was
emplaced in the Mesozoic. Lee et al. (1994) found
that in the oceanic sector of the volcanic chain the Sr
and Pb isotopic compositions vary systematically in
both space and time, and attributed this to an
enriched sub-lithospheric 'hot zone' periodically fed
and melted by a deep mantle plume.

PETROGRAPHY
Ultramafic xenoliths analyzed in this study were
collected around the major continental volcanic
centers of the Cameroon line (Fig. 1). Samples
C235A and C235D are from near Mt Cameroon at
the continent-ocean boundary. Samples C271D,
C271I and C273Q, are from the vicinity of Bam-
bouto and Oku. Samples P3, P6, PI2 and PI3 are
from the Ngaoundere Plateau, the eastern extremity
of the Cameroon line. Sample N12 is from the Biu
Plateau, the northern end of the volcanic chain. In
addition, six megacrysts from Mt Cameroon, Man-
engouba and Biu Plateau have been analyzed. The
ultramafic xenoliths are predominantly Group I
(Frey & Green, 1974; Frey & Prinz, 1978), or Type
I (Menzies, 1983) spinel lherzolites, containing pale
green Cr-diopside and brown Cr-spinel. Harzburgite
and spinel-garnet websterite are rare. Sample P6 is a
spinel-garnet-pargasite websterite that contains Fe-
Ti-rich clinopyroxenes, characteristic of Type II
xenoliths (Menzies, 1983). The petrography of each
sample is as follows.

C235A and C235D. Spinel lherzolites (Lake
Baronbi Mbo, near Mt Cameroon)

Both samples are very fresh with sharp grain bound-
aries, protogranular textures (Mercier & Nicolas,
1975) and no reaction rims. Porphyroblastic olivine
and orthopyroxene range from 1 to 5 mm in dia-
meter. Strained pale green clinopyroxenes seldom
exceed 2 mm in size. Brown spinels are usually < 1
mm, though some range up to 4 mm. Clinopyroxene
commonly contains exsolution lamellae of orthopyr-
oxene. Fluid inclusions are found in all mineral

phases except spinel, and often form planes, some-
times parallel to grain boundaries, but show no cor-
relation with the orientation of exsolution lamellae.
This is consistent with later interactions with fluid-
rich (or volatile) reagents. Estimated (visually)
modal mineral compositions are 60% olivine, 25%
orthopyroxene, 10% clinopyroxene and ^ 5 %
spinel.

G271D. Spinel lherzolite (Lake Enep,
near Oku)

This protogranular sample has similar texture and
sharp grain boundaries to C235A and C235D,
although reddish brown hematite or iddingsite is
found replacing some of the olivine. The modal
assemblage contains 55% olivine, 30% orthopyr-
oxene, 10-12% clinopyroxene and < 5 % spinel. This
sample contains trace amounts (^100 fun) of par-
gasitic amphibole (Leake, 1978). Fluid inclusions are
common and are often associated with grain bound-
aries.

C271I. Spinel lherzolite (Lake Enep,
near Oku)

As with C271D, some of the olivines of this proto-
granular xenolith are partially replaced by reddish
brown hematite or iddingsite. However, compared
with C271D, this sample has more orthopyroxene
(35%), clinopyroxene (15%), less olivine (45%) and
no amphibole. Strained clinopyroxene shows evi-
dence of partial fusion at the grain boundaries.

C273Q. Spinel lherzolite (5 km north-west
of Lake Enep, near Oku)

This sample has roughly the same modal composi-
tions and texture as C271I with 45% olivine, 35%
orthopyroxene, 15% clinopyroxene and 5% spinel.
Some of the clinopyroxenes have reaction rims along
the grain boundaries. Brown spinel usually retains
sharp contacts with other grains, but reaction rims
can be found around small (<0 -5 mm) and irregular
spinels. These may be, however, late secondary pro-
ducts. Olivine shows evidence of secondary
alteration to reddish brown hematite or iddingsite.

N12. Harzburgite (Biu Plateau)

This sample is the only harzburgite analyzed. The
sample is coarse grained with porphyroblastic olivine
and orthopyroxene ranging up to 8 mm. Olivine
(~55-60%) and orthopyroxene (40-45%) account
for >95% of the total modal composition. Clino-
pyroxene makes up < 5 % , and is generally smaller
in size (<1 mm), probably formed as an exsolution
product. No reaction rims are found.
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P3. Spinel lherzolite (Ngaoundere Plateau)
Porphyroblastic olivine measures up to 5 mm but the
majority of olivine and orthopyroxene grains are 1-2
mm in diameter. Clinopyroxene and spinel are much
smaller, usually < 1 mm, yet some primary spinels
measure up to 2 mm. Spinel displays reaction rims
where in contact with pyroxene. The modal mineral
assemblage is estimated at 60% olivine, 25% ortho-
pyroxene, 8% clinopyroxene and 7% spinel. Trace
amounts of pargasite amphiboles, <50 /xm, are
found in this sample. Some olivines show signs of
alteration.

P6. Spinel-garnet-pargasite websterite
(Ngaoundere Plateau)

This is the only sample in which amphibole appears
as a major mineral phase, and is also the only Type
II xenolith found in this study. Pale gray clinopyr-
oxene, in contrast to the green Cr-clinopyroxene of
Type I xenoliths, accounts for 65—70% of the total
modal composition (up to 4 mm in diameter). Brown
pargasite amphiboles (^20%) appear both as a dis-
crete phase and intergrown with clinopyroxene. Pale
gray—green orthopyroxene is rare ( ^5%) . Gray
spinel ( ^5%) is surrounded by pink garnet (5%);
both range from 0-5 to 2 mm in diameter. Some
garnet is in direct contact with clinopyroxene and
amphibole. The texture of this sample is transitional
between protogranular and equigranular.

P12. Spinel-garnet websterite (Ngaoundere
Plateau)

This sample has coarse-grained elongate clinopyr-
oxene up to 12 mm in size, fine-grained interstitial
orthopyroxene, and scattered spinel ( ^ 2 mm in size)
surrounded by fine garnet. There are minor amounts
of olivine present. Several veins of secondary car-
bonate cut across clinopyroxenes. Large clinopyr-
oxenes show exsolved blebs of pale pinkish garnet
and orthopyroxene. Garnet also forms as coronas
around green spinel with thin pale brown reaction
rims at the contacts, and as strings along the pyr-
oxene—pyroxene grain boundaries. Similar textures
have been found in xenoliths from eastern Australia
(Irving, 1974; Pearson et al., 1991) and Salt Lake
Crater, Hawaii (Green, 1966; Beeson & Jackson,
1970). Irving (1974) suggested that these textures
reflect exsolution of garnet and orthopyroxene from
clinopyroxene, and reaction of clinopyroxene and
spinel to yield garnet. None of the mineral phases are
optically or chemically zoned. The estimated modal
composition is 65% clinopyroxene, 15% orthopyr-
oxene, 10% garnet and 10% spinel.

P13. Spinel lherzolite (Ngaoundere Plateau)
This sample contains 65% olivine, 25% orthopyr-
oxene, 10% clinopyroxene and 5% spinel. Olivine
and orthopyroxene range between 1 and 2 mm in
size, whereas clinopyroxene and spinel are usually
< 1 mm in diameter. The sample is reasonably fresh,
and no reaction rims are present, with the exception
of some secondary alteration replacing olivine. The
texture of this sample is transitional between proto-
granular and equigranular.

ANALYTICAL METHODS
Each mineral was analyzed at the University of
Michigan using a Cameca Camebax electron
microprobe in wavelength-dispersive mode with the
ZAF reduction method. The acceleration voltage
was 15 kV with a beam current of 10 nA and peak
counting times of 30 s for each element. A minimum
of three measurements were performed for each
grain. The results listed in Table 1 are averages of
two to four grains. The site occupancy for all the
minerals was calculated according to a fixed number
of cations: four for pyroxenes, three for spinels and
eight for garnets, except for olivine which was nor-
malized to four oxygens. The Fe2C>3 contents of pyr-
oxenes, spinels and garnets were estimated to yield
stoichiometric values of oxygen.

No bulk xenolith chemical analysis was performed
owing to variable degrees of alteration of most
xenoliths. All mineral separates were purified under
a binocular microscope (*50), and each grain was
hand-picked to insure that no surface alteration nor
mineral or fluid inclusion was present. As most of the
xenoliths were friable, the initial disaggregation was
done by hand. Mineral separates were then treated
in an ultrasonic bath in 2 5 N distilled HC1 for 10-15
min to remove surface weathering. Two additional
steps of picking under the microscope were subse-
quently performed. All the mineral separates were
picked in either methanol or ethanol, which
enhances the optical contrast between the minerals
and alteration or inclusions.

All the mineral separates were leached before
being dissolved. The leaching procedure was
adapted from Zindler & Jagoutz (1988). The
minerals were treated twice with 8 ml of hot
(~90°C) 2-5 N distilled HC1 for 20 min, then agi-
tated in an ultrasonic bath for 5 min. The mineral
separates were then washed with 8 ml of cold 5%
distilled HF for 10 min, and then again agitated in
an ultrasonic bath for 5 min. The minerals were then
rinsed several times with cold 2 5 N distilled HC1 to
remove any residual acid left from previous washing
steps. All the acids were collected as leachates. The
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Table la: Representative electron microprobe analyses ofolivine

Sample:

SiO2

AljO3

Cr2O3

FeO

MnO

NiO

MgO

CaO

Total

Si

Al

Cr

Fe

Mn

Ni

Mg

Ca

Fo

C235A

40-55

003

—

9-91

0-16

038

48-74

0 11

9988

0-997

0001

0000

0-204

0003

0007

1-787

0003

89-8

C235D

40-66

002

—

10-26

0-14

0-37

48-54

0-O5

100-04

0-999

0001

0000

0-211

0003

0007

1-778

0<X)1

89-4

C271D

40-69

003

—

861

0-12

0-44

49-56

004

99-49

0-998

0-001

0000

0-177

0003

0009

1-812

0001

91-1

C271I

40-68

0-08

0-02

9-73

0-16

0-35

48-88

0-16

100-06

0-998

0002

0000

0-199

0003

0007

1-787

0004

900

C273Q

40-43

0-03

0-01

9-73

0-14

0-38

4907

0-08

99-87

0-994

0-O01

0-000

0-200

0003

0008

1-798

0002

90-0

N12

40-79

006

—

8-85

0-13

0-39

49-45

0-19

99-86

0998

0002

0000

0-181

0003

0008

1-804

0005

90-9

P3

40-74

001

002

10-02

0-15

0-37

48-74

005

100-10

1000

0000

0000

0-206

0003

0007

1-783

0001

89-7

P13

40-66

O-OO

0-01

10-33

0-16

0-40

48-40

005

10001

1000

0000

0000

0-213

0-OO3

0-008

1-775

0001

89-3

mineral separates were rinsed with pure H2O several
times before dissolution.

The minerals were treated sequentially with HF,
30% HNO3 and 6 N HC1. After the mineral sepa-
rates were dissolved completely in 6 N HC1, the
solution was split, using SJ15% for isotope dilution,
and the remaining solution for isotope composition
determination. The aliquots for isotope dilution were
spiked with K and three other mixed spikes:
235u_208pb; 87Rb_84Sr an£j a B a _ R E E m i x c d s p i k C j

containing Ba and 10 rare earth elements (REE):
138La, 14?Ce, I50Nd, 1+9Sm, 153Eu, 157Gd, 164Dy,
168Er, l71Yb and 176Lu. Chemical separation proce-
dures of U, Pb, Rb and Sr were the same as those of
Lee et al. (1994). The separation of Ba and REE was
achieved using a 3 ml column containing polytetra-
fluoroethene (PTFE) coated with di(2-ethylhexyl)
orthophosphoric acid (H-DEHP), collecting sequen-
tially for Ba, La, Ce, Nd, Sm + Eu + Gd + Dy (col-
lecting in a single aliquot) and Er + Yb + Lu. All the
isotopic measurements were made on two VG Sector
thermal ionization mass spectrometers equipped with
6 and 7 Faraday collectors, respectively. The analy-
tical procedures for each element and the replication
of standards are the same as those of Lee et al.

(1994).

RESULTS

Mineral chemistry
The Fo content, from 89 to 91% (Table la), and the
abundances of minor elements (Ni, Mn, Ca) of the
olivine are similar to those reported by Simkin &
Smith (1970), Frey & Prinz (1978), Stosch (1981)
and Galer & O'Nions (1989), typical of Type I
ultramafic xenoliths.

Orthopyroxene has generally higher (or equal)
m£-number [100 Mg/(Mg + EFe)] than the Fo
content of coexisting olivine in each sample (Table
lb). Compared with the samples that contain Cr-
diopsides, the orthopyroxene of P6 has higher TiO2,
AI2O3 and ZFe, and lower Cr2C>3 and MgO, typical
of Type II xenolith (Menzies, 1983). Orthopyroxene
from the websterite PI2 also has high AI2O3 and EFe
and low Cr2O3 and MgO relative to that in spinel
lherzolites. However, the very low TiO2 and the
presence of Cr-diopside would favor this sample
being classified as a Type I xenolith. The enstatite in
the harzburgite has a much higher Wo content (3-7
wt %) than that of all the other xenoliths, possibly
indicating a higher equilibration temperature.

In general, clinopyroxene has higher mg-number
than either the coexisting orthopyroxene or olivine
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Table lb: Representative electron microprobe analyses oforthopyroxene

Sample:

SiO2

TiO2

AljO3

Cr203

Fe2O3

FeO

MnO

MgO

CaO

Na20

Total

SI

A l *

Al*

Tl

Cr

Fe3+

Fe2+

Mn

Mg

Ca

Na

En

F«

Wo

mg-no.

C235A

54-76

0-12

4-01

0-30

108

5-25

0-12

3309

0-63

009

99-45

1-900

0-100

0-O64

0003

0009

0029

0-152

0003

1-711

0023

0006

89-3

9-5

1-2

90-4

C235D

54-29

0 11

3-99

0-26

231

4-61

0 15

33-26

0 47

008

99-53

1-885

0-115

0-048

0003

0007

0060

0-134

0004

1-721

0017

0006

89-1

100

0-9

899

C271D

55-76

004

3-46

0-49

0-46

5-21

0-12

33-76

0-62

008

99-98

1-920

0080

0060

0001

0013

0012

0-150

0003

1-733

0023

0005

90-4

8-4

1-2

91-5

C271I

5428

0-12

4-38

0-33

1-81

4-63

0-13

32-91

0 69

0-15

99-43

1 884

0116

0-063

0003

0-009

0047

0 135

0004

1-703

0026

0010

89-1

9-5

1-4

903

C273Q

54-12

0-11

4-18

0-33

2-56

3-94

0-16

33 31

0-63

0-12

99-46

1-878

0-122

0-049

0-003

0009

0067

0-114

0005

1 722

0-023

0008

89-4

9 4

1-2

905

N12

55 30

0-06

3-02

1-10

0-47

5-16

0-14

32-56

1 92

0-08

99-81

1 919

0-081

0 042

0 001

0030

0012

0-150

0004

1-684

0071

0 006

878

8-5

37

91 2

P3

54-95

009

423

0-39

031

638

0 16

32 69

061

004

99 85

1-904

0097

0077

0003

0-011

0008

0-185

0005

1-688

0023

0003

88-7

10-1

1-2

897

P6

54-11

0-24

4-75

006

029

8 90

0-18

30-65

0-73

0-10

99 91

1-894

0106

0090

0006

0002

0008

0-260

0006

1 594

0027

0 007

84-4

14-2

1-4

85-6

P12

5409

005

4-77

009

1-38

6-82

0-14

31-75

0-63

008

99-80

1 884

0-116

0080

0 001

0003

0036

0-199

0004

1-648

0023

0006

86 5

12-3

1-2

87-5

P13

5565

0 11

3-45

0-27

0 11

6-62

0-16

3306

0-51

0-06

100-00

1-924

0076

0064

0 003

0007

0003

0-191

0-005

1-704

0019

0004

88-9

10 1

1 0

89-8

(Table lc). As with orthopyroxene, the clinopyr-
oxene of P6 has higher AI2O3, TiC>2 and Fe, and
lower Cr2O3 and MgO contents, in contrast to the
Cr-diopsides of the spinel lherzolitcs and the harz-
burgite (Table lc). The two sets of microprobe ana-
lyses of clinopyroxenes for P12, in contact with spinel
and garnet (1) and in contact with orthopyroxene
and garnet (2), display negligible difference in com-
position (Table lc).

The compositions of spinels are distinctively dif-
ferent between the lherzolites and two websterites.
The lherzolites have high Cr/(Cr + Al + Fe3+) and
low Al/(Cr + AJ + Fe3+) relative to the websterites
(Table Id), which is consistent with the character-
istic differences between Group I and Group II
ultramafic xenoliths (Frey & Prinz, 1978). However,
spinel from the websterite PI 2 has m^-number indis-
tinguishable from those of the lherzolites.

The chemical compositions of garnets are similar
for the two websterites (Table le). They both have
mg-numbers that are higher (~ 79) than coexisting
spinel but lower than clinopyroxene. Garnet in
sample PI2 has a very similar chemical composition
to that of the garnet websterites from Delegate,
Australia (Irving, 1974), but has significantly higher
MgO and lower EFe than those found in the eastern
Australia Craton (Pearson et al., 1991).

The compositions of the amphiboles (pargasite)
are shown in Table If. In general, amphibole in P6
has higher TiO2 and lower MgO relative to C271D
and P3, consistent with the observations in other
major mineral phases. The K2O content is low in
amphiboles from both C271D and P3.

Element partitioning between major mineral
phases provides a reasonable test of whether the
minerals in a xenolith have achieved chemical equi-
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Table lc: Representative electron microprobe analyses for clinopyroxene

Sample:

SiO2

TiO2

AljOa

Cr2O3

FeaO,

FeO

MnO

MgO

CaO

Na2O

Total

Si

Al1*

AI"

Ti

Cr

Fe'+

Fe2+

Mn

Mg

Ca

Na

En

Fs

Wo

tTtQ-WO.

C236A

51-79

0 58

6-16

0-62

2 2 0

082

007

1494

21-24

1-66

10008

1 872

0-128

0-136

0016

0018

0060

0025

0002

0 806

0823

0-117

4 7 0

5 0

4 8 0

90-5

C235D

52-11

0 63

7-17

0-72

1-24

1-55

005

13-89

20-82

2-12

100-30

1-878

0-122

0-182

0 017

0-021

0034

0047

0002

0-746

0-804

0-148

45-7

5 0

49-3

90-2

C271D

52-59

023

5-46

118

248

008

008

1508

21-30

1-89

100-37

1 893

0-107

0-125

0-007

0034

0-067

0003

0003

0-810

0-822

0-132

47-6

4-1

48-3

920

C271I

52 17

0-54

6 58

0-73

1-42

1-79

0-07

15 50

19-86

1 71

100-37

1-876

0-124

0154

0 015

0021

0039

0-054

0002

0831

0-765

0-119

49-2

55

45-3

89-9

C273Q

52-31

0-56

6-42

0-76

1-25

1-60

0-O5

14-98

20-67

1-77

100-37

1 883

0-117

0 155

0-015

0O22

0^)34

0048

0002

0-804

0-797

0 124

47-8

4-8

47-4

90-7

P3

51-85

0-36

5-66

072

0-56

246

008

15-31

21-79

099

99-78

1-886

0-114

0 128

0010

0021

0015

0075

0003

0-830

0849

0070

46-9

5-1

480

90-2

P6

50-75

1-28

7-72

009

0-79

3-21

0-10

14-10

2011

1-65

99-80

1-846

0-154

0 177

0035

0003

0022

0-098

0 003

0-764

0-783

0-116

458

7 2

470

86-4

P12(1)

52-25

0-29

6-46

0-20

0-68

2 60

006

14-83

20-92

1-48

99-77

1-894

0-106

0-170

0008

0006

0018

0079

0002

0-801

0-813

0104

468

5-7

47-6

89-2

P12(2)

52-44

0-27

6-64

0-21

004

3-30

008

14-80

20-73

1-43

99-94

1 898

0 102

0 181

0007

0006

0001

0-100

0003

0798

0-804

0-100

46-9

5-9

47-2

88-8

P13

51-82

064

6-99

0-75

1-35

1-49

0-10

14-15

20-71

1-98

9998

1 874

0-126

0-172

0017

0022

0037

0045

0003

0-763

0803

0-139

46-3

5 0

487

903

P12(1), clinopyroxene in contact with garnet and spinel; P12(2), clinopyroxene in contact with garnet and orthopyroxene.

librium (Galer & O'Nions, 1989). This information
is critical for the interpretation of thermobarometric
calculations and isotopic compositions of clinopyr-
oxene. The variations in A12O3 between pyroxenes
and spinels for the Cameroon line xenoliths are
shown in Fig. 2a, and indicate that the partition-
ing of Al follows the relationship of [Al]lp ̂ >
[Al]cpx>[Al]opx. The m^-number of pyroxenes
decreases as the AI2O3 of spinel increases. However,
there is no clear relationship between Na2O in pyr-
oxenes and AI2O3 in spinel, particularly if the two
samples (C271D and P3) that may be affected by the
presence of amphibole are ignored (Fig. 2a). The
partitioning of Fe—Mg between olivine and pyr-
oxenes (Fig. 2b) follows the relationship of [mg-

number]cpx > [m£-number]opx > [F0]01. The parti-
tioning of Cr between pyroxenes and spinel is shown

to be [Cr] l p>[Cr] c p x>[Cr] o p x (Fig. 2c). From Fig.
2, the partitioning of Al, mg-number and Cr among
the major mineral phases behave as predicted from
crystal field theory (Burns, 1969, 1970), implying
that these xenoliths may have reached chemical
equilibrium. Galer & O'Nions (1989) suggested that
Cr2O3 content of pyroxenes saturated at roughly 1-2
wt% for clinopyroxene and 0-6 wt % for ortho-
pyroxene, based on the compositions of ultramafic
xenoliths from San Carlos. However, Cr-Al may
substitute for Mg-Si in pyroxene. This substitution is
buffered for orthopyroxene in spinel lherzolites
by Cr-spinel and olivine: MgCrA-

1O4 + MgMgSi2O6 = MgCrSiAlO6 + Mg2SiO4. Simi-
larly, Cr in clinopyroxene is buffered by spinel
and olivine via the equilibrium of
MgCr2O4 + CaAlSiAlO6 = MgCrAlO4 + CaCrSiAlO6.
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Table Id: Representative electron microprobe analyses of spinel

Sample:

SiO2

TiO2

A I 2 0 ,

Cr2O3

Fo2O3

FeO

MnO

MgO

Total

Si .

Ti

Al

Cr

Fe3+

Fe2+

Mn

Mg

Yu

Yc

Yf.

mg-no.

C235A

004

0-10

58-17

8-57

2-41

8 2 8

007

21-34

98 98

0001

0002

1-772

0-175

0047

0-179

0002

0822

88 9

8 8

2-3

82-1

C235D

005

0-10

59-21

7-76

202

900

008

21-05

99-27

0001

0002

1-796

0158

0039

0-194

0002

0-808

90-1

7-9

1-9

80-6

C271D

003

007

49-79

18-79

1-53

9-39

008

19 85

99-53

0001

0001

1-568

0-397

0031

0-210

0002

0-791

786

19-9

1-5

790

C271I

0-O9

0-14

58-10

9-47

1 -71

8-26

006

21-51

99-34

0-002

0-003

1-764

0-193

0-033

0-178

0001

0-826

886

9-7

1-7

823

C273Q

005

0-13

57-77

986

1-65

8-47

007

21-29

99-29

0001

0003

1-759

0-201

0032

0-183

0001

0-820

88-3

10-1

1-6

81-8

P3

003

006

53-65

12-45

3-19

9-85

009

19-84

99-16

0001

0001

1-672

0-260

0063

0-218

0002

0-782

83-8

130

3-2

78-2

P6

005

0-19

63-51

1 -18

2-33

11-19

0-13

19-91

98-49

0001

0004

1-921

0024

0045

0-240

0003

0762

96-6

1-2

2-3

760

PI 2

003

004

63-62

236

1-60

1006

009

20-57

98-37

0001

0001

1-918

0048

0031

0-216

0002

0-784

960

2-4

1-6

78-5

P13

0-02

0-05

58-81

8-38

1-64

9-37

0-09

20-65

99-01

0-O01

0-O01

1-794

0-171

0-032

0-203

0002

0-797

89-8

8 6

1-6

79-7

Therefore, the concept of Cr 'saturation' in clin-
opyroxenes is inappropriate. It is controlled by an
exchange reaction of Cr/Al with spinel, which is a
function of temperature, the mole fraction of Cr/Al
in spinel and, to a lesser extent, pressure.

The variations in major element compositions in
these xenoliths can be most simply explained with a
partial melting model (Frey & Prinz, 1978). The
extraction of basaltic melt preferentially decreases
A12O3 and Na2O contents while increasing the mg-

number and Cr2O3 (Fig. 2) in the residues. Such a
melt extraction process might, in principle, be linked
to the growth of the local continental lithosphere, or
later events such as the formation of the Cameroon
line magmas.

Equilibration temperatures and pressures

The equilibration temperatures and pressures for the
Cameroon line xenoliths have been estimated (Table
2) using various thermobarometers to avoid
probable systematic errors through using a single
thermometer or barometer. The thermometers

chosen in this study include Fe—Mg partitioning
between pyroxenes (Wells, 1977; Brey & Kohler,
1990) and between garnet and clinopyroxene (Ellis
& Green, 1979; Krogh, 1988), and Ca, Al, Cr and
Na partitioning in phases of pyroxenes and spinel
(Hervig & Smith, 1980; Brey & Kohler, 1990; Witt-
Eickschen & Seek, 1991). The absence of pressure-
sensitive assemblages in spinel lherzolite renders
pressure estimates suspect relative to those of garnet
lherzolite. A thermobarometer involving partitioning
of Ca between olivine and clinopyroxene is available
for spinel lherzolite (Kohler & Brey, 1990). Unfor-
tunately, the very low CaO content in olivine, com-
parable with the detection limit of the electron
microprobe, limits its application to natural samples.
Three sets of calculations are performed for the
garnet websterites (Table 2) based on the same but
independently calibrated Al-barometer (Harley,
1984; Nickel & Green, 1985; Brey & Kohler, 1990).

For spinel lherzolites, the estimated equilibrium
temperatures fall within the range of 800-1000°C
(Table 2), similar to spinel lherzolites reported
throughout the world (e.g. O'Reilly & Griffin, 1985;
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Table le: Representative electron

microprobe analyses of garnet

Table If: Representative electron

microprobe analyses ofamphibole

Sample:

SiO2

TiO2

AI2O3

Cr 2O 3

Fe2O,

FeO

MnO

MgO

CaO

Total

Si

Al1*

Al*1

Tl

Cr

Fe3+

Fe2*

Mn

Mg

Ca

mg-no.

P6 P12(2)

41-55

005

23-82

0 15

0-79

8 90

0-33

18-99

5-19

99-77

2-969

0031

1-975

0002

0009

0042

0-532

0020

2022

0-397

79-2

41-50

004

23-83

0-14

062

900

0-32

18-88

5-21

99-54

2-971

0029

1-983

0002

0-008

0-034

0-539

0-020

2 016

0-400

78-9

41-65

0-06

23-84

0-16

0-81

8-90

0-34

1907

5-17

10000

2-969

0031

1 973

0 003

0^)09

0 043

0530

0 020

2026

0-395

79-3

P12(1), garnet in contact with spinel and clinopyroxene; P12(2),
garnet in contact with clinopyroxene and orthopyroxene.

Neumann, 1991; Nasir, 1992; Zipfel & Worner,
1992; Princivalle et al., 1994). Pressure estimates for
most of the spinel lherzolites using the Ca-barometer
are either negative or very low, suggesting that this
barometer cannot be applied to natural samples uti-
lizing electron microprobe data. Alternatively, these
spinel lherzolites may have reequilibrated at shallow
crustal levels; this can be tested by comparing the
isotopic compositions of the xenoliths and the host
lavas (and/or local crustal samples).

The crustal thickness around the Cameroon line is
estimated to be ~30 km (Stuart et al., 1985;
Dorbath et al., 1986; Poudjom Djomani et al., 1992),
corresponding to a pressure of ~ 8 kbar for an
average crustal density of 2"7 (g/cm ). Therefore,
assuming an average continental geotherm, spinel
lherzolites of the Cameroon line were probably
sampled by the host alkali basalts at the top of the
mantle lithosphere.

The two spinel-garnet websterites have similar
temperatures regardless of which thermometer is

Sample:

SI02

TiO2

AI2O3

Cr2O3

FejO,

FeO

MnO

MgO

CaO

Na2O

K20

F

Cl

H2O

-F, CI=O

Total

TsHas

Si

Al1*

Ml. Z X sites

Al*1

Ti

Cr

Fe3+

Fe2+

Mn

Mg

M4ttts

Ca

Na

Atite

Na

K

O

F

Cl

OH

C271D P3 P6

42-73

1-24

1501

1-54

378

000

005

17-52

10-55

3 86

001

006

005

1 82

-004

98-18

607

1-93

0-58

0-13

0 17

0-40

000

001

3-71

1 61

0-39

0-67

001

2200

003

001

1-72

42-23

0-97

1504

109

4-79

000

006

17-50

11-34

301

0-64

003

006

1-87

-003

98-60

601

1-99

0-54

0-10

0-12

0-51

000

001

3-72

1-73

027

0-56

0-12

2200

001

002

1-77

41-57

4-14

15-28

0-18

4-79

1-64

008

16-62

10 22

3-61

0-16

007

002

206

-004

99-40

5-93

207

050

0-44

0O2

0-51

0-20

0-01

332

1-56

0-44

0-56

0^)3

2200

0-03

0^)1

1 96
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Sample:

SiO2

TiO2

AljO,

Fe2O3

MnO

MgO

CaO

Na2O

K2O

PjOB

Total

Nb

Zi

Y

Th

Zn

Cu

Nl

Cr

Ce

La

V

Sc

Table lg: XRF'analyses of selected

megacrysts

N12Fs

60-43

005

24-30

026

001

007

5-82

7-35

0-95

003

99-27

0-1

17-7

0

0

6-5

0

2 5

0

236

6

0

0

N12Cpx

5001

0-59

8-95

7-97

0-16

16-18

15-56

0-94

—

001

100-37

1-4

17-1

8-1

1-4

364

24-3

395

757

9-8

1-2

254

39-9

N12Gt

40-57

0-41

2287

13-50

0-34

16-79

5-64

—

—

0 02

100-14

1-6

47-5

69-4

4

31-9

68

160

193

9-2

0

137

202

Total Fe as Fe2O3. The concentrations of Rb, Sr, Sm, Nd, U and Pb

are shown in Table 3.

pressure assuming a + 70°C uncertainty in tem-
perature results in 1—2 kbar of uncertainty
depending on the barometer chosen. It seems clear
that these ultramafic xenoliths last equilibrated in
the shallow sub-continental lithospheric mantle.

Leaching experiments

Acid leaching of ultramafic xenoliths before dis-
solution is designed to remove weathered or super-
ficially metasomatized grain surfaces, so that the
residues may be better representatives of the litho-
spheric mantle. Different leaching procedures have
been described (Zindler et al., 1983; Machado et al.,

1986; Reisberg & Zindler, 1987; Hamelin & Allegre,
1988); the leaching procedure used in this study was
adapted from Zindler & Jagoutz (1988). The per-
centage of various elements removed by leaching is
shown in Fig. 3. As expected, alkalis (Rb and K) are
the most mobile elements, and up to 70% is parti-
tioned into the leachate. In contrast, U, Sr and REE
are immobile: < 5 % of each element was leached.
Roughly 3-20% of the total Ba and Pb went into the
leachates. The amount of Pb in the leachates may
have been slightly overestimated in some instance
because of the very low concentration, for which the
blank becomes significant. The leaching process does
not appear to fractionate the relative concentrations
of REE and U. It has been suggested that alkali
elements probably reside on grain boundaries in
glass or altered phases of mantle xenoliths (Kuo &
Essene, 1986; Schiano & Clocchiatti, 1994), con-
sistent with the large quantity of alkalis in the
leachates.

chosen. However, temperatures estimated using the
thermometer of Ellis & Green (1979) are consistently
higher than those obtained using other thermometers
(Green & Adam, 1991; Adam et al., 1992). If,
however, one discards the temperatures of Ellis &
Green (1979) and Witt-Eickschen & Seek (1991), all
the estimates fall within the range of 990 ± 70°C
(within the upper temperature range recorded by
the lherzolites). The estimated pressures vary from
14 to 16 kbar, which corresponds to a depth of 50—60
km. This range of pressure and temperature is
similar to those reported using older thermo-
barometers for spinel-garnet pyroxenites from
Delegate, Australia (Irving, 1974), and Salt Lake
Crater, Hawaii (Green, 1966). However, the esti-
mated temperature and pressure for the spinel-
garnet-pargasite websterite, P6, are higher than
those experimentally calibrated using natural spinel—
garnet-amphibole websterite from Gnotuk Maars,
Australia (Adam et al., 1992). The estimated error in

Rare earth element compositions

The REE concentrations of various mineral sepa-
rates determined by isotope dilution are presented in
Table 3. In the absence of amphibole or phlogopite,
and with the possible exception of high field strength
elements (HFSE), clinopyroxene usually contains the
dominant inventory of incompatible trace elements
in spinel lherzolites. As a result, its REE contents
can be used as a good approximation to the bulk
xenolith compositions. The chondrite-normalized
REE patterns in clinopyroxenes vary from light REE
(LREE) depleted to LREE enriched (Fig. 4). Four
samples show depletion of LREE with little frac-
tionation of heavy REE (HREE) (Fig. 4a), con-
sistent with small degrees of melt extraction at
depths shallower than that corresponding to where
garnet is stable. Similar overall REE concentrations
and LREE depletion have been documented in other
spinel lherzolites (Stosch et al., 1986; Zindler &
Jagoutz, 1988; Roden etal., 1988; Roden & Shimizu,

424

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/p
e
tro

lo
g
y
/a

rtic
le

/3
7
/2

/4
1
5
/1

4
8
5
2
0
3
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



LEE et d. XENOLITHS FROM THE CAMEROON LINE
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9,
u

D D
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(c)

cnin
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I I I I | I I I I | I I I 1 | I I I I

P3

a

PP
5 10 15 20

Cr2O3 Spinel

SO 55 60

A12O3 Spinel

65

Fig. 2. Plots of AljOj in spinels VJ A12O3) my-number [= Mg/(Mg+total Fc)] and Na2O in pyroxenes (a), Fo contents in olivines vs mg-
numbcr and Na2O in pyroxenes (b) and Cr2O3 in spinels vs Cr2O3 and A12O3 in pyroxenes (c).

1993), as well as some abyssal peridotites (Johnson et

al., 1990). This implies that part of the continental
lithospheric mantle of the Cameroon line is chemi-
cally similar to sub-oceanic mantle.

Clinopyroxenes from two amphibole-bearing
spinel lherzolites, C271D and P3, show enrichments
of LREE (Fig. 4b), but have similar flat HREE
patterns to those for LREE-depleted samples (Fig.
4a). LREE-enriched partial melts or fluids perco-
lating through the lithospheric mantle are capable of

Rb U Ce Sr Sm Gd Er Lu
Ba K Pb Nd Eu Dy Yb

Fig. 3. Percentage of trace element removed by the leaching
experiment.

generating the observed LREE enrichments in
C271D and P3 (Navon & Stolper, 1987). Some dif-
ferences in mineral chemistry are also observed in
C271D and P3, i.e. anomalously low Na2O in clin-
opyroxene, and low AI2O3 and m£-number and high
Cr2O3 in spinel (Fig. 3).

Four samples from the continental interior of the
Cameroon line (Fig. 1), N12, P6, P12 and PI 3, are
characterized by depletion in both LREE and
HREE (Fig. 4c). Despite their different mineral
assemblages, clinopyroxenes from PI2 and PI3 have
identical REE patterns and the lowest overall REE
concentrations. Given that PI 2 is garnetiferous, the
similarity of clinopyroxenes in these two xenoliths
seems to suggest that the equilibration occurred on a
scale larger than that represented by the xenolith.
This in turn implies that Nd isotopic compositions of
mantle xenoliths cannot be age-corrected beyond the
time of eruption with confidence, as the Sm/Nd ratio
may not be representative of the same volume as the
Nd isotopic composition (see Lee et al., 1993). This is
a problem for small coarse-grained garnetiferous
xenoliths and could explain why Sm/Nd ratio and
Nd isotopic compositions are not correlated in many
such samples (Snyder et al., 1993). As a consequence,
Sm-Nd model ages are not considered for clinopyr-
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Table 2: Estimated temperatures (°C) and pressures (kbar)

Sample:

f (W)

7"(BK)2px

T(BK) Ca-opx

HBK) Na-px

r(HS)

r(WS) Cr-AI-opx

r(ws> opx-«p

7"(EG)

7"(K)

P(BK) Ca-ol

P(H)

P{NG)

P{BK) gt-opx

C235A

870

840

920

970

960

900

850

—

—

< 0

—

—

—

C235D

820

800

860

910

910

840

850

—

—

0-8

—

—

—

C271D

830

780

920

890

9O0

950

710

—

—

< 0

—

—

—

C271I

1000

1040

950

1100

1060

900

890

—

—

< 0

—

—

—

C273Q N12

920 —

940 —

920 1210

1030 —

1000 —

870 —

870 —

— —

— —

< 0 —

— —

— —

— —

P3

920

910

920

930

920

960

880

—

—

16

—

—

—

P6

940

960

950

1010

990

850

—

1110

1060

166

14-9

13-8

P12

940

970

920

1010

990

860

—

1100

1050

16-7

14-9

16-6

P13

840

830

880

830

850

870

800

—

—

5

—

—

—

The thermometers and barometers chosen are: 7"(W), Wells (1977); 7"(BK), Brey& K8hler (1990); 7"(HS), Hervig 8t Smith (1980); 7"(WS),
Wrtt-Eickschen & Seek (1991); 7(EG), Ellis & Green (1979); 7XK), Krogh (1988);/'(KB), KOhler & Brey (1990); ^(H), Harley (1984);
P(NG), Nickel & Green (1985).

oxenes with HREE depletion in subsequent discus-
sions.

The depletion of LREE in P6 and N12 is not as
significant as in PI2 and PI3. Figure 4d illustrates
the REE patterns of coexisting minerals from P6. As
expected, clinopyroxene and amphibole dominate
the LREE to medium REE (MREE), whereas
garnet contains the bulk of the HREE. The
amphibole of P6 has an REE pattern parallel to that
of the clinopyroxene, but with slightly higher overall
concentrations. The amphibole is clearly in chemical
equilibrium with the clinopyroxene, endorsing the
view, based on the major element compositions, that
the metasomatism in these xenoliths occurred before
entrainment and the last equilibration of the mineral
phases. Although garnet was not found in PI 3 and
N12, the HREE depletion suggests that both equili-
brated in a larger system that contained garnet.

The REE compositions of orthopyroxene from
C271I and PI 2 are shown in Fig. 4e. Both ortho-
pyroxenes demonstrate HREE enrichment, and the
difference between clinopyroxene and orthopyroxene
REE contents is more than two orders of magnitude.
No REE analysis has been performed on olivine or
spinel, which should contain insignificant amounts of
REE (Hanson, 1980; Kramers Hal., 1983; McKay,
1989; McKenzie & O'Nions, 1991; Kennedy et al.,

1993).

Other incompatible trace elements

The concentrations of U, Pb, Rb, Sr, Ba and K in
the mineral separates were also determined by
isotope dilution (Table 3). All the plots shown in
Fig. 5 are normalized to the trace element composi-
tions of primitive mantle (Sun & McDonough,
1989). The four samples that show LREE-depleted
patterns exhibit depletion of the most incompatible
elements, e.g. Rb and Ba, and gradual enrichment of
less incompatible elements such as Sr, Nd and Sm
(Fig. 5a). In all four samples U is much less depleted
than K, and the variations in both U and K exceed
the variations for other elements despite their very
similar incompatibility in the mid-ocean ridge basalt
(MORB) source (Jochum et al., 1986). This com-
bined enrichment of U and depletion of K is even
more obvious in the two LREE-enriched samples,
C271D and P3 (Fig. 5b). In general, Rb, Ba and K
are consistently depleted, whereas U can be either
depleted or enriched, correlated with the behavior of
the LREE. The Pb abundance of C271D also shows
clear enrichment, but Pb is depleted in P3. The four
samples that show both LREE and HREE depletions
are plotted in Fig. 5c. They also show depletions in
Rb, Ba and Pb (only in N12 and P6) relative to
other elements. However, again these elements are
not as variable as K and U. The trace elements Ba,
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Table 3: Trace element concentrations

Sample:

Xenollths

C235A

C235D

C271D

C271I

C273Q

N12

P3

P6

P12

P13

Mln.

cpx

cpx

cpx

cpx

opx

cpx

cpx

opx

cpx

cpx

amp

gt

cpx

opx

cpx

Rb'

2-84

1-27

3-15

3-39

1-82

2-47

9-69

—

12-1

7-12

4300

6-76

4-63

1-45

2-42

Sr

69-1

59-9

33-37

63-17

0249

56-1

140-9

—

148-1

103-9

425-1

139

36-14

1-33

36-72

IT

11-4

13-3

777

3-69

0-99

50-9

12-8

—

231

60-1

41-2

5-82

1-43

—

1-52

Pb

0-107

0-132

0-408

0-144

—

0 182

00895

—

0-254

00993

0-452

00264

00612

00023

00680

K

3-64

2-19

0-967

27-6

0-39

12-7

165

—

2-77

2-67

610

36-8

5-37

1-38

4-82

Ba

0-168

00896

0-203

0 26

—

0-204

0-387

—

0-53

0-422

71-7

0-403

0-402

0039

0-862

U

108

0-771

6-96

0-594

0-00457

0-599

206

—

14-8

4-67

5-65

0-O341

0495

000174

0-481

Ce

4-29

303

7-29

301

—

2-51

701

—

27-5

15-4

180

0-218

1-72

000867

1-74

Nd

4088

3286

2-392

3-612

00300

3085

5074

0-158

8-354

13-99

16-33

0-7686

1-769

00105

1-775

Sm

1-661

1-379

1-144

1-574

00218

1-303

1-390

0 0699

1-517

4002

4-717

1039

0-6998

0-00775

0-7015

Eu

0-684

0579

0-482

0662

0 0130

0-544

0-499

—

0-565

1-36

1-67

0-672

0-287

000425

0-285

Gd

267

2-28

1 99

2-63

0-105

2-12

1-55

—

1-99

4-34

5-82

4 0 4

1-11

00226

1-14

Dy

3-35

2-99

2-59

3-41

0-145

2-69

1 0 6

—

2-488

3-3

402

10-9

0-995

00437

0-987

Er

2-18

1-93

1-71

2-24

0-171

1-73

0-464

—

1-62

1-23

1-58

11-4

0-379

00348

0-432

Yb

1-92

1-74

1 48

1-95

0-265

1-48

0-342

—

1 57

0-634

0-893

130

0-23

00412

0-34

Lu

0-299

0-257

0-23

0-288

00489

0-205

00545

—

0-244

00657

0-108

1-80

—

0-0063

00298

Megaaytti

C201D

C241

N12

N12

N12

N30

cpx

ft

gt

f i

cpx

cpx

5-31

878

196

2880

12-4

4-51

64-16

1964

1-67

3945

37-63

143-2

2-9

18-7

4-44

0045

0-498

1-35

00369

6-65

573

44-6

8176

2 6 0

35-3

0-225

242

17

528

0-32

0-386

1-82

8-36

—

—

0-936

5-44

7-10

10-4

0-566

1-12

3 3 4

21-9

6-887

2-403

1-280

2-830

3-546

25-39

1-988

0-219

1-188

0-283

1-234

8-526

0-659

0-728

0-710

0-961

0-469

2-95

2-14

0-208

3-87

0-192

1-67

8-98

1-62

0035

3-66

00398

1-53

4-55

0-706

0050

8-92

00234

0798

0778

0-471

0 0213

9-905

0-0136

0-692

0-211

00729

0020

1-59

00019

00564

00130

Cpx, clinopyroxene; opx, orthopyroxene; amp, amphibole; gt, garnet; fs, feldspar. The concentrations shown are in p.p.m., except for those with *, which are in p.p.b. All measurements

performed by isotope dilution.
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Fig. 4. Chondrite normalized rare earth element compositions of clinopyroxene (a, b and c), coexisting amphibolc and garnet (d), ortho-
pyroxene (e), and megacryiti (f). The normalizing valuei are taken from Majuda el al. (1973).

Rb and Pb are relatively uniform, varying by less
than one order of magnitude, in contrast to U and
K, which vary by over two orders of magnitude.
Again, the most U-rich sample (P6) is the most K
depleted. The harzburgite, N12, has the highest K
and moderate U contents, distinct from the patterns
of clinopyroxene from spinel lherzolites, in which the
clinopyroxenes are enriched in U but depleted in K
(Fig. 5a and b).

The clinopyroxene in the websterite P6 shows the
same extreme K/U fractionation found in P3 and
C271D (Fig. 5c), and all three samples contain
amphibole, which provides clear evidence that
LREE and U enrichment is coupled with the growth
of amphibole, resulting in the depletion of K in the
coexisting clinopyroxene (Fig. 5d). The amphibole is
enriched in Rb, Ba, K, Pb and Sr relative to co-
existing clinopyroxene. However, the U and REE

contents of clinopyroxene and amphibole are very
similar. Trace amounts of amphibole are found in
both C271D and P3, but these were difficult to
separate for analysis owing to the small grain size. If
the partitioning of K and U between amphibole and
clinopyroxene in P6 (Table 4) is applied to C271D
and P3, the approximate bulk rock trace element
compositions for these two samples can be calculated
(Table 5). This estimate does not consider contribu-
tions from olivine or spinel, owing to their very low
incompatible trace element concentrations. Com-
pared with the unmetasomatized samples (C235D
and C271I), C271D and P3 have significantly higher
bulk rock Rb, Ba, U, La, Ce and Pb concentrations
(Table 5). The K depletions in the clinopyroxenes of
C271D and P3 are compensated by the presence of
trace amounts of amphibole, which yield bulk rock
compositions indistinguishable from C271I. The
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Fig. 5. Primitive mantle normalized trace element compositions of clinopyroxene (a, b and c), coexisting amphibole and garnet (d),
orthopyroxene (e), and reconstructed bulk xenolith (C235D, C271D, C271I and P3) composition (f) The normalizing values are

taken from Sun & McDonough (1989).

presence of amphibole and the U and LREE
enrichment in C271D and P3 are clearly equilibrium
features caused by metasomatism some considerable
time before entrainment.

Although the K./U ratios in the clinopyroxenes
vary through four orders of magnitude from 1 to
> 10000, the Ba/Rb ratios of all clinopyroxenes are
relatively consistent (Fig. 6), with the exception of
PI3. However, the Ba/Rb ratios are significantly
higher than those found in MORB and ocean island
basalt (OIB) (Hofmann & White, 1983; Fig. 6). The
Ba/Rb ratios of the clinopyroxenes tend to decrease
slightly with increasing Rb concentration (Fig. 6),
suggesting that varying degrees of depletion have
had only a small effect on the Ba/Rb ratios and that
Ba is slightly less incompatible than Rb. The K/U
ratios of clinopyroxenes, excluding C271D, P3 and
P6 that contain amphibole, range from 166 to

12 000. This range includes all OIBs, and reaches to
N-type MORB (Sun & McDonough, 1989). The K/
U is one of the most variable incompatible trace
element ratios in OIB, probably reflecting the role of
amphibole as a fractionating phase at very small
degrees of partial melting (Halliday et al., 1995).

The large K depletion relative to the primitive
mantle in the clinopyroxenes of the LREE-depleted
spinel lherzolites also records a significant trace
element fractionation process. Although clinopyr-
oxenes of P3 and C271D are relatively depleted in K
compared with all other clinopyroxenes, calculated
whole rocks are not depleted in K, owing to high K
contents in amphibole (Table 5). A possible expla-
nation of K depletion in other xenoliths is that they
were also hydrated, followed by the preferential
removal of amphibole either by a later melting event
or upon decompression during emplacement. The
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Table 4: Apparent mineral-^mineral

partition coefficients

Table 5: Reconstructed whole-rock trace

element compositions

Element

Rb

Ba

U

K

Pb

Sr

La

Ce

Nd

Sm

Eu

Gd

Dy

Er

Yb

Lu

C271I P12 P6 P6

Opx-Cpx Opx-Cpx Amp-Cpx Gt-Cpx

0-537

0-282

00162

000394

0000769

000831

00139

00196

00399

00425

00763

0-136

0-170

0-314

0-0975

0-259

0-O4O3

00369

000351

000503

000595

0 0111

0 0148

00204

00439

00918

0-179

599

170

0-826

220

4-53

4-09

1 -21

1-16

117

118

1 23

1-34

1-22

1-29

1-41

1-64

0-961

0-956

0-121

13-3

0-274

0-134

000732

00141

00549

0-260

0-494

0932

3-29

9-32

20-6

27-4

large variations in K contents of clinopyroxene from
spinel lherzolites can be explained if there is forma-
tion and removal of amphibole as a consequence of
enrichment and depletion by small degree partial
melts. The D values calculated in Table 4 indicate
that K removal via amphibole melt would also
deplete the xenolith in Rb relative to Ba and explain
the non-MORB-like Ba/Rb. Such a model is sup-
ported by the decrease in Ba/Rb with increasing Rb
shown in Fig. 6.

Hofmann et al. (1986) showed that the Ce/Pb ratio
in MORB and OIB is fairly uniform (25 ±5) and
represents the present-day upper-mantle Ce/Pb
ratio. The range of Ce/Pb ratios of clinopyroxenes
varies from 13-5 to 154, much larger than the sug-
gested range for the upper mantle. However, Hal-
liday et al. (1995) showed that Ce/Pb tends to be
higher (extending up to 90) in OIB from regions of
older oceanic lithosphere. This is paralleled by the
Cameroon line xenoliths. That is, the Ce/Pb ratios
are higher in the continental interior, where the
lithosphere is probably older. Those xenoliths from
the continental margin are in closer agreement with
average OIB and MORB (Ce/Pb = 23 ± 10). If only
LREE-depleted clinopyroxenes are chosen, the range
of Ce/Pb is further restricted. OIB display a positive
correlation between Ce/Pb and U/Pb (Halliday et

al., 1995), and no correlation between Ce/Pb and
Ce/U. The xenolith clinopyroxenes, however,

Element

Rb

Ba

U

K

La

Ce

Pb

Sr

Nd

Sm

C235D C271I C271D P3

00003

0 011

0-0023

0-23

0077

0-31

0026

605

0-34

0-14

00011

0-16

00009

4-3

0089

0-61

0042

957

0-55

0-24

0010

0-20

0-16

1-2

0-88

0-93

0-11

4-72

0-31

0-15

0^)39

0-61

0-036

3-3

1-3

2-4

0-051

14-9

0-74

0-14

The trace element concentrations of olrvine and spinel are ignored.
The concentrations of orthopyroxene and amphibole are
calculated according to the mineral-mineral partition coefficients
listed in Table 5. The amounts of amphibole in C271 D and P3 are
set to be 0-5 wt%. All elements are expressed as p.p.m.

display no clear relationship between Ce/Pb and U/
Pb, nor between Ce/U and Ce/Pb (Fig. 6).

Ratios of other trace elements that should have
similar mineral-melt bulk D values also display a
very simple relationship with geography. That is,
clinopyroxene from the continental margin xeno-
liths, where the lithosphere is probably younger,
have lower and more uniform Ba/Rb and Sr/Nd
ratios than clinopyroxene from the interior. The Ba/
Rb ratios are particularly significant because they
are very uniform in the five samples from the con-
tinental margin (71 ±9) , despite the large degrees of
variability in degrees of trace element enrichment
superimposed on depletion (U = 3-7-777 p.p.b.), and
the greater teachability of Rb relative to Ba (Fig. 3).

Mineral—mineral partition coefficients

Mineral—mineral partition coefficients for various
incompatible trace elements for coexisting minerals
that are in 'chemical equilibrium' were calculated
from our concentration data (Table 4). The range of
orthopyroxene-clinopyroxene partition coefficients
from this study fall within the range of those
reported by Stosch (1982) and Zindler & Jagoutz
(1988), significantly lower than the older values
reported by Philpotts et al. (1972), Stueber & Ikra-
muddin (1974), Dasch & Green (1975), Hanson
(1977), Basu & Murthy (1977), Ottonello et al.

(1978) and Ottonello (1980). Zindler & Jagoutz
(1988) attributed the differences to inclusions or
impurities in the mineral separates of earlier workers
owing to the poorer lighting employed then com-
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Fig. 6. Plot! of trace element concentrations and ratios of dinopyroxenes. CC—continental cruit.

pared with more recent mineral picking. Both
samples C271I and PI 2 yield similar orthopyroxene-
clinopyroxene partition coefficients for REE and Rb,
but different values for K and Sr. This variability in
partition coefficients is independent of the absolute
concentrations of these elements in the clinopyr-
oxenes. The orthopyroxene-clinopyroxene partition
coefficients for REE display gradual increases with
increasing atomic number, despite the difference in
REE patterns of dinopyroxenes between these two
samples. Petrographically, the amphibole of P6
seems to be in chemical equilibrium with coexisting
clinopyroxene. All the amphibole—clinopyroxene
partition coefficients exceed unity except for U,
which is close to unity. These results are similar to
those of O'Reilly et al. (1991). The amphibole-clin-
opyroxene partition coefficients for REE are very
constant at ~ l - 2 , but, as expected, the partition
coefficients of garnet-clinopyroxene indicate that K
and HREE (Dy to Lu) tend to concentrate in
garnet, whereas U, Pb, Sr and LREE are excluded
less by clinopyroxene.

Isotopic compositions

The 6Nd of clinopyroxene from the xenoliths, mega-
crysts (Table 6) and the basaltic lavas from the
Cameroon line are plotted in Fig. 7, where the lavas
are divided into oceanic sector, continent—ocean
boundary (c.o.b.) and the continental sector (Hal-
liday et al., 1990). Megacrysts have the same range
of EN,J as the basaltic lavas from the oceanic and the
continental sectors, except sample C201D, which has
an £Nd similar to the c.o.b. lavas with slightly lower
eNd. C201D was collected from Mt Cameroon, which
is part of the c.o.b. and thus explains its eNd- The
similarity in epjj between the megacrysts and the
Cameroon line lavas strongly suggests a genetic
relationship between the Cameroon line magmas
and the megacrysts, but not necessarily the host
magmas in which they were entrained. A cogenetic
relationship between megacrysts and their host
magmas has been advocated by some others
(Kramers et al., 1983; Irving & Frey, 1984; Menzies
et al., 1985; Erlank et al., 1987), but criticized by
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Table 6: Isotopic and trace element ratios

Sample:

Xtno/Hh*

C235A

C235D

C271D

C271I

C273Q

N12

P3

P6

P12

P13

Megtcrysts

C201 D1

C241

N12

N12

N12

N30

Rock

type

sp Iherz

sp Iherz

sp Iherz

sp Iherz

sp Iherz

sp Iherz

harz

harz

sp Iherz

sp-gt web

sp-gt web

sp-gt web

sp-gt web

sp-gt web

sp Iherz

megst

megst

megst

megst

megst

megst

Mineral

cpx

cpx

cpx

cpx

opx

cpx

cpx

opx

cpx

cpx

amp

gt

cpx

opx

cpx

cpx

fs

gt

fs

cpx

cpx

"Sr/^Sr

12ir errors

0-70236918

0-702560117

0-703074110

0-701749110

0-7023014

0-702650111

0-70415618

—

0-702919110

0-702761 111

0-702974114

—

0 702293115

0-7024614

0-702217111

0-703355113

0-703117113

0-709848126

0-703024117

0-7033414

0-703108111

143Nd/l44Nd

12<r errors

0-51328715

0-513260112

0-51326717

0-513511110

0-51348114

0-51321018

0-51261616

0-512567112

0-51301917

0-51291017

0-512961 112

0-612975135

0-513234111

—

0-51324219

0-51279218

0-51293417

0 512870110

0-51291518

0-51290317

0-51296618

>Nd

+13

+12

+12

+17

+16

+11

-0-4

-1-4

+7-4

+5-3

+6-6

+6-6

+12

—

+12

+30

+5-8

+4 5

+5-4

+5-2

+6-4

' "Pb /^P t

17-73

17-90

19-78

17-78

—

1819

21-00

—

20-13

18-91

18-92

19-38

18-13

18-93

18-04

20-21

—

17-81

19 83

20-46

—

, ""Pb/204?!

15-45

15-49

16-65

15-21

—

16-63

15-57

—

15-67

15-54

15-54

15-75

16-51

15 71

15-50

15-74

—

15-55

15-68

15-79

—

b '"Pb/204?

38-75

37-62

39-38

36-73

—

38-03

40-68

—

39-99

38-67

38-64

38-79

37-58

38-40

37-53

39-89

—

37-64

39-78

40-52

—

b "Rb/^Sr

0000118

0000061

0000272

0000154

0-O21

0-000126

0000198

—

0000235

0000196

0-0291

000140

0000368

000310

000019

0000244

000129

0-338

00021

0000945

0-000091

147Srn/144Nd

0-2572

0-2656

0-3027

0-2758

0-456

0-2673

0-1734

0-267

0-1098

0-1729

0-1747

0-8175

0-2392

0-446

0-2389

0-1827

005496

0-5874

00633

0-2104

0-2031

^ U / ^ P b

6-69

6-27

125

1-57

—

17-6

9-67

—

60-4

32-2

5-84

14-3

1-46

—

1-39

4-24

—

2-34

—

809

—

(Ma)

480

320

200

880

170

190

c—,

o
d
JO
25

r

c
T

C
r1

oO

o

5
M

s
a

(O

2
p

96
61

Megst, megacryst; sp Iherz, spinel Iherzolite; harz, harzburgite; sp-gt web, spinel-garnet websterite; cpx, clinopyroxene; opx, orthopyroxene; g t garnet amp, amphibole; fs, feldspar.

"The isotopic compositions of C201 D were taken from Halliday et al. (1990).

All isotopic compositions and parent/daughter ratios are blank corrected. The uncertainties of 87Rb/MSr, 147Srn/144Nd and 238U/2O4Pb are estimated to be 1%, 0-5% and 2%,

respectively.
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s

8
2

••a
a
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I I I I I I I

Cameroon line
ocean island

basalts

Cameroon line
co.b.

IS

10

Cameroon line
continental basalts

Megacrysts

• Toward continental interior Xenoliths

• Toward oceanic sector (dinopyroxene only)

Fig. 7. Histogram of £Nd for the clinopyroxena from xenolithi,

megacrysta and baiic lavai from the oceanic, continent-ocean

boundary (co.b.) and continental sector of the Cameroon line

(HaUiday tt al., 1988, 1990; Lee, 1994; Lee tt id., 1994).

others (Shimizu & Richardson, 1987). In contrast,
the xenoliths display larger variations in eNcj from -1
to +17 (Table 6). Xenoliths from the continental
interior are systematically lower in e^d (Fig- 7).

The isotopic compositions of Sr and Nd for clin-
opyroxenes are plotted in Fig. 8, along with various
ocean island basalts (OIB) for reference. The xeno-
liths cover a large range of isotopic compositions
from depleted to near Bulk Earth. The spinel lher-
zolites with LREE depletions are characterized by
depleted isotopic compositions, and are comparable
with or more depleted than the Atlantic N-MORB.
The two samples that contain trace amphibole and
U and LREE enrichments (C271D and P3) have Sr
isotopic compositions comparable with the

0.5136

0.5132 -

- 0.5128

0.5124

C2711B

I

:

1

C23JA

A-
12/v

0 7 3 0 ^
E
I

1

. . . . . .

C235D

?^»CI71D

^ M0RB\

. . 1 . . .

_

-

• NU

. 1 . . . .

0.702 0.703 0.704 0.705

Fig. 8. Plot of "Sr /^Sr vs 145Nd/l44Nd of the clinopyroxenes in

this itudy. Also included are Atlantic N-MORB (Newiom */ al.,

1986), Cape Verdes (CV; Davies tt al., 1989), St. Helena [SH;

White & Hofinann (1982)], Ascension, (AS) Azorei (AZ) and

Madeira (MD) [all from Halliday tt al. (1992)], Cameroon line

OIBa (CAM) and co.b. (Halliday tt al., 1988, 1990; Lee, 1994;

Leettal., 1994).

Cameroon line lavas. The Nd isotopic compositions
of these two samples, however, are correlated with
their Sm/Nd ratios. Sample P3 has relatively lower
Sm/Nd (Fig. 4), and plots close to the Cameroon line
lavas. In contrast, C271D has a higher Sm/Nd and
exhibits an Nd isotopic composition comparable with
that of Atlantic N-MORB. The amphibole web-
sterite (P6) plots close to the field of the Cameroon
line lavas. The harzburgite (N12) exhibits slightly
enriched Sr and Nd isotopic compositions close to
Bulk Earth, differing from the rest of the Cameroon
line xenoliths and the host lavas. The three samples
with the least radiogenic Nd, N12, P3 and P6, all
have distinctly higher Ce/Pb (78-155, compared
with 14-40 for the rest of the xenoliths). This sup-
ports the view that the trace element compositions
reflect the age of the lithospheric mantle, and pro-
vides clear evidence that increases in Ce/Pb are
related to a long-term history of source LREE
enrichment (Halliday et al., 1995). It should be
noted that this is consistent with enrichment of the
continental lithosphere by OIB-like melts (Brooks et

al., 1976; Paslick et al., 1995). There is no evidence
for enrichment from subduction-related components
with low Ce/Pb (Miller et al., 1994).

As with the Sr and Nd data, Pb isotopic composi-
tions of the clinopyroxenes cover a large range (Fig.
9). The LREE-depleted lherzolites and the two
samples with concave-downward REE patterns, PI2
and PI3, have the most unradiogenic Pb isotopic
compositions, plotting to the left or within the field
of the Atlantic N-MORB (Fig. 9). The two LREE-
enriched lherzolites, C271D and P3 (with high
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238U/204Pb, n, values of 125 and 60, respectively),
plot close to the field of the Cameroon line lavas.
Given the measured n values, both amphibole-
bearing lherzolites have 'relatively' unradiogenic
207Pb/2b4pb r a t i o S ) c o n s i s tcnt with a 'relatively'

recent U/Pb enrichment in the sources (Halliday et

al., 1990, 1992, 1995). Amphibole-bearing websterite
P6 has Pb isotopic compositions intermediate
between those of LREE-depleted and LREE-
enriched lherzolites, lying close to the field of the
Cameroon line lavas. Harzburgite N12 records the
highest 206Pb/2(HPb (21-0) and 208Pb/204Pb (40-4)
ratios in this study. However, this is distinct from
HIMU and any other typical mantle component if
one considers 207Pb/2O4Pb, 87Sr/86Sr and
143Nd/144Nd.

Although the differences in isotopic compositions
(particularly Pb) are substantial among different
volcanic centers, there is no systematic relationship

0.705

between geography and isotopic compositions for the
xenoliths. The variations in 87Sr/8 Sr for xenoliths
within individual volcanic centers are minor, e.g.
0-70222-O-70229 for Ngaoundere plateau and
0-70237-0-70256 for Mt Cameroon, implying loca-
lized homogeneity of the lithosphere.

Clinopyroxene data are also plotted on conven-
tional Sm-Nd and U-Pb isochron diagrams (Fig.
10). The U3Nd/1+4Nd of clinopyroxenes are posi-
tively correlated with 147Srn/I44Nd corresponding to
an age of 460 Ma. Xenoliths from this study have
lower Sm/Nd ratios than abyssal peridotites
(Johnson et al., 1990), consistent with the xenoliths
representing a potential MORB source for the local
mantle, rather than residues of recent MORB
extraction. The majority of the clinopyroxenes have
\i values < 10, yet the clinopyroxenes for those
xenoliths containing amphibole have fi values up to
125 (C271D). Consequently, two samples from
within the same volcanic center have very different fi

values, 1-6 and 125. Halliday et al. (1990) suggested
that a U/Pb fractionation and enrichment occurred
in the Cameroon line upper mantle at —125 Ma.
High /i (>10) xenoliths yield Pb isotopic composi-
tions consistent with such Mesozoic enrichments of
the source (Fig. 10). Such enrichments find no par-
allel in the volcanism of the Cameroon line (Fitton,

0 20 40 60 80 100 120 140

238U/204Pb

~a
0.5134-

0.5131 -

0.5128-

0.5125

• P6 x

, - ' ' »N12

, , - ' ' • O271I

p , 2 / C273Q-''

0.15 0J5

Fig. 9. PloU of ^ P b / ^ P b vi ^ P b / ^ P b , ^ P b / ^ P b and "Sr/86

for the dinopyroxenei. Reference fieJdi are from the source! listed Fig. 10. Conventional Sm—Nd and U-Pb isochron diagrams for
in Fig. 8. the clinopyroxenes.
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1987), which was probably triggered by a deep
mantle plume that produced melts that interacted
with this previously enriched mantle (Lee et al.,

1994). However, the timing and long-term isotopic
effects of such Mesozoic enrichment appear to be
similar in the xenoliths and the source regions of the
Cameroon line magmas.

The Nd model ages (relative to depleted mantle,
DM) for the clinopyroxenes with Sm/Nd that differ
from depleted mantle or Bulk Earth, vary from late
Proterozoic to Mesozoic (880-170 Ma; Table 4). For
rocks having low ENd relative to depleted mantle, a
late decrease in Sm/Nd (addition of LREE-enriched
partial melts) tends to lower their model ages. Simi-
larly, for rocks that have high £Nd relative to
depleted mantle, a late increase in Sm/Nd
(extraction of partial melts) will also lower their
model ages. Therefore, it is significant that the three
samples with high U/Pb and Sm/Nd ^ Bulk Earth or
depleted mantle all yield young (DM model ages
(Table 4), even though only P3 is LREE enriched
with £N j<DM. This is consistent with U/Pb fractio-
nation-enrichment in the Mesozoic, concomitant
with both extraction (C273Q) and addition (P3) of
partial melts in the lithospheric mantle. The mantle
represented by C271D must have experienced both
processes, and the enrichment probably took place
shortly after the extraction of partial melts (Fig. 4)

Inter-mineral isotopic equilibrium

Orthopyroxenes from both C271I and PI2 and the
amphibole of P6 all have higher 87Sr/86Sr than that
of coexisting clinopyroxene (Fig. 11). Even though
all three mineral pairs demonstrate positive correla-
tions between 87Rb/86Sr and 87Sr/86Sr, there are
concerns about interpreting the variations in

Sr/ Sr as reflecting radiogenic ingrowth. It is no
surprise that orthopyroxene is more susceptible to
contamination in the mantle, by fluids or melt, than
clinopyroxene because of its lower Sr concentrations.
In addition, the inter-mineral Sr/ Sr variations
are no larger than inter-xenolith 87Sr/86Sr variations
of clinopyroxenes from the same outcrop, e.g. C235A
vs C235D and C271I vs C271D. The clinopyroxenes
are unlikely to be contaminated to any significant
extent, given the unradiogenic Sr, the very low Rb/
Sr and the uniform but non-basaltic Ba/Rb.

Convincing evidence of isotopic equilibration is
found in the Nd. The clinopyroxene and orthopyr-
oxene of C271I have similar Nd isotopic composi-
tions that are within analytical uncertainty, whereas
their u 7Sm/ l 4 4Nd ratios show significant differences
(Fig. 11). Similarly, the clinopyroxene, amphibole
and garnet of P6 also show isotopic equilibration in

Nd but display significant variations in 147Sm/144Nd
by up to a factor of four (Fig. 11). The lack of inter-
mineral difference in 1+3Nd/ l44Nd suggests that the
Nd isotopic compositions in C271I and P6 have been
reset recently, or that the xenoliths recently cooled
below the blocking temperature for Nd in garnet
(600-650°C; Mezger et al., 1992). In contrast, the
two pyroxenes of N12 show minor differences in
1+3Nd/llt4Nd. This could be attributed to small blank
contributions ( < 0 1 % ) to the orthopyroxene. Alter-
natively, it is possible that the two pyroxenes of N12
were not in isotopic equilibrium given that the
orthopyroxene is porphyroblastic in contrast to
smaller ( < 1 mm) and interstitial clinopyroxene. The
clinopyroxene and amphibole from P6 have similar
206Pb/ ^ P b despite a huge difference in /i suggesting
recent equilibration, whereas garnet has more
radiogenic 206Pb/204Pb and intermediate fi (Table
6). The amphibole-clinopyroxene equilibrium
implies recent equilibration of Pb between these
phases. The radiogenic Pb in the garnet of P6 might
reflect the very high closure temperature of Pb in
this phase (Mezger et al., 1992; Burton et al., 1995).
This being the case, the 'age' calculated is ~340
Ma, and defines the time of garnet growth or the last
time that this portion of the lithosphere cooled
through ^900°C (Burton et al., 1995). These data

0.7030

u 0.7025

0.7020 -

0.7015^-

0.5138

cpx \i!&^*

Cpx

AmjT

• C271I
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Fig. 11. Ploti of inter-mineral isotopic variation! in Rb—Sr and
Sm-Nd uotopc jyjterru.
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combined with the Sm-Nd equilibration imply that
the upper portion of the sub-continental lithosphere
has remained at ^600°C for several hundred million
years.

Origin of megacrysts

Six megacrysts, three of clinopyroxene, two feldspar
and one garnet, have been analyzed in this study
[one from Mt Cameroon (C201D), one from Bam-
bouto (C241) and four from Biu Plateau (N12 and
N30); Fig. 1]. All three clinopyroxenes display
depletions in both LREE and HREE with concave-
downward patterns (Fig. 4f). The more significant
depletion of HREE vs LREE in each sample
probably reflects the presence of garnet during crys-
tallization. The REE patterns of the feldspar (fs) and
the garnet are typical of fractional crystallization
products, LREE enriched with positive Eu
anomalies for the feldspar and HREE enriched for
the garnet. Three megacrysts of N12 are from the
same lava flow. Despite the presence of a positive Eu
anomaly in the feldspar, neither clinopyroxene nor
garnet shows a deficit in Eu, which indicates they are
genetically unrelated or the feldspar grew after the
other phases. All the megacrysts included in this
study have similar Nd isotopic compositions to the
Cameroon line lavas, in favor of the megacrysts
having precipitated from magmas genetically linked
with the Cameroon line lavas (Fig. 9).

Although the Nd isotopic composition of the
garnet megacryst is no different from that of the
Cameroon line lavas, its Sr and Pb isotopic compo-
sitions are comparable with lower-crustal xenoliths
of the Cameroon line (Fig. 12; Halliday et al., 1988).
This is explicable if the megacrysts grew by frac-
tional crystallization from earlier underplated
Cameroon line lavas while assimilating the lower
continental crust. Although the Sr and Pb in the
garnet were affected by continental contributions,
the Nd retained the signature of the Cameroon line
lavas, indicating that Nd is less susceptible to con-
tamination. Consequently, these data provide little
meaningful age information, as the isotopic varia-
tions do not reflect in situ radioactive decay. Crustal
assimilation is also documented in some basaltic
lavas from Bambouto and Oku areas and in the
majority of the evolved rocks from the Cameroon
line (Lee, 1994).

DISCUSSION AND

CONCLUSIONS
Although the variations in major element chemistry
of the Cameroon line xenoliths can be ascribed
simply to partial melt extraction, the incompatible
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K53 Cameroon ocean bland basalt

C 2 0 1 D

N12-FS

I I I | I I I | I I I | I I I | I I I | I I I

N12-Cpx

I N12-GC

10 12

Fig . 12. Plots of e N d vs "'Sr/^Sr and 206Pb/ !K>4Pb of the mega-

crysts, Cameroon line ocean island basalts, c.o.b. and continental

basalts, and Atlantic N - M O R B .

trace element and isotopic compositions of these
samples imply multi-stage depletions and metaso-
matic enrichments. It has been previously noted that
fertile peridotites, high in AI2O3 and CaO, essential
components of basalt, are generally LREE depleted
whereas infertile peridotites are often LREE
enriched, i.e. the degree of LREE depletion increases
with AI2O3 in the xenolith (Frey & Green, 1974;
Frey, 1984; Stosch et al., 1986; Kempton, 1987;
O'Reilly & Griffin, 1988; Zindler & Jagoutz, 1988;
Galer & O'Nions, 1989). This is the opposite of that
predicted by a conventional partial melting model.
The observed differences between major and trace
elements are usually attributed to either: (1) mixing
between a partial melting residue that dominates the
major element chemistry and a second component
that controls the bulk of the incompatible trace
elements (Frey & Green, 1974; Frey & Prinz, 1978;
Song & Frey, 1989); or (2) partial melting and
metasomatism occurring concurrently in magma
conduits (Galer & O'Nions, 1989). Although it is not
required, the first scenario favors a lithospheric
mantle that is partly stratified, with fertile perido-
tites at the base and infertile peridotites and harz-
burgites on top. The idea of stratified mantle finds
supports from ocean ridge melting models
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(McKenzie, 1985) and studies of xenolith suites
world-wide (Irving, 1980; Griffin et al., 1984;
Kempton et al., 1984; Menzies et al., 1985; O'Reilly
& Griffin, 1985; Kempton, 1987; Nielson & Nollcr,
1987). The second model explains the coupling of
metasomatic enrichment and infertile lherzolites by
interactions between the depleted lherzolites and
locally derived magmas (Galer & O'Nions, 1989).
Thus, host magmas and the metasomatized xenoliths
should have roughly the same isotopic compositions
if the second model is correct.

The relationship between La/Nd in clinopyroxene,
an indication of LREE depletion, and A12O3 con-
tents in spinel is illustrated in Fig. 13. The samples
from the Cameroon line show an overall negative
correlation, with the majority of the anhydrous
lherzolites plotting to the lower right. This trend is
defined mainly by C271D and P3; the remaining
samples display a positive correlation not normally
found in xenoliths (Frey & Green, 1974; Frey &
Prinz, 1978; Song & Frey, 1989), but typical of
many peridotite massifs (e.g. Pearson et al., 1993).
This positive correlation between major and trace
element chemistry in the ultramafic xenoliths is con-
sistent with that predicted with a basaltic melt
extraction model: the more fertile the lherzolite the
less depleted the LREE. This implies that the meta-
somatism of C271D, P3 and P6 is distinct from the
main depletion of the anhydrous peridotites in this
study, and these anhydrous peridotites probably
record the lithospheric mantle compositions asso-
ciated with the most recent crust-forming events
(Late Proterozoic).

Amphibole can be stable throughout the stability
field of spinel lherzolite at T < 1050°C (Jenkins,
1983; Olafsson & Eggler, 1983), and is frequently
associated with LREE enrichment in metasomatized
ultramafic xenoliths (Menzies & Murthy, 1980;

>1

Q.
O

0

C271D
'0.4

P3

45 50 55 60 65

AI2O3 Spinel

Fig. 13. Plot of A12O3 in spinel v» La/Nd ratios for the clinopyrox-
enc, which indicate! the depletion of light rare earth element!.

Stosch etal., 1980; Menzies, 1983; Neal, 1988; Stolz
& Davies, 1988). Metasomatism provides LREE to
the peridotites along with volatiles to form
amphibole. Pargasitic amphibole appears as a trace
mineral phase in the two LREE-enriched lherzolites,
C271D and P3, and as a major mineral phase in P6,
which lack LREE enrichment.

The amphiboles in C271D and P3 are associated
with Mesozoic enrichments, similar to those that are
recorded in the source regions of later Cameroon line
magmatism. Both C271D and P3 have Sr and Pb
isotopic compositions similar to those of the
Cameroon line lavas (Fig. 9), whereas unmetasoma-
tized lherzolites, e.g. C271I and PI3, have sig-
nificantly more depleted isotopic compositions. The
Nd isotopic compositions of the metasomatized
xenoliths, however, are more radiogenic than the
host lavas. Furthermore, a mass balance calculation
suggests that compared with the depleted xenoliths
(e.g. C235) the metasomatic component must have
had an La/Nd ratio between 2-8 and 32 . This cal-
culated component is significantly more LREE
enriched than any of the Cameroon line lavas, which
have La/Nd ratios in the range of 0-7-1-7 (Fitton,
1987).

The Nd model ages of LREE depleted spinel
lherzolites (C235A, C235D and C271I) range from
Paleozoic to late Proterozoic (Table 4). These model
ages probably reflect events of crustal formation. In
contrast, the U-Pb data (Fig. 10) seem to indicate
some U enrichments occurred in the Mesozoic, and
all three U-enriched lherzolites (P3, C271D and
C273OJ yield similar Mesozoic Nd model ages
(Table 4). Such enrichment events are supported by
the Pb isotope data for the Cameroon line basaltic
lavas (Halliday et al., 1990), and are consistent with
formation during a major thermal event associated
with the opening of the Atlantic Ocean in the
Mesozoic. The inter-mineral Nd isotopic equilibrium
observed in P6 (Fig. 11) also indicates that the
metasomatism happened sufficiently long ago that
the minerals subsequently reached chemical and iso-
topic equilibrium. These constraints demonstrate
that the depletion and enrichment observed in the
Cameroon line xenoliths cannot have occurred con-
currently (Figs 8 and 10), and argue against the
model of simultaneous melt extraction and con-
tamination (Galer & O'Nions, 1989). None the less,
the Nd model ages suggest that U/Pb enrichment
was accompanied by either Sm/Nd depletion or
enrichment such that on a local scale the model of
Galer & O'Nions (1989) may be upheld. These
xenoliths may represent fragments of sub-continental
lithosphere that formed at about the same time as
the last major crust-forming event, the Pan-African,
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and were subsequently enriched by small melt frac-
tions percolating through the upper mantle at the
time of early break-up of Pangea. The passage of
small melt fractions also produced the concomitant
trace element enrichment in the sources of the
Cameroon line basaltic lavas (Halliday et al., 1990).
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