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The Cameroon line is a unique within-plate volcanic province which straddles a continental margin. It consists of a

chain of Tertiary to Recent, generally alkaline volcanoes stretching from the Atlantic island of Pagalu to the interior of
the African continent. It provides, therefore, an ideal area in which to compare the sub-oceanic and sub-continental
mantle sources for alkali basalt.

Basaltic rocks in the oceanic and continental sectors are geochemically and isotopically indistinguishable which

suggests that they have identical mantle sources. This conclusion rules out substantial lithosphere involvement in the

generation of alkali basalts and therefore weakens the case for mantle metasomatism as a necessary precursor to alkaline
magmatism. The convecting upper mantle is a much more likely source as it will be well-stirred and unlikely to show

any ocean-continent differences. The long history of Cameroon line magmatism (65 Ma) and lack of evidence for

migration of volcanism with time makes a deeper mantle source unlikely.

Mid-ocean ridge basalts (MORB) also originate within the convecting upper mantle and so must share a common

source with the Cameroon line alkali basalts (and, by implication, ocean island and continental rift basalts). A grossly

homogeneous mantle with a bulk composition depleted in large-ion lithophile elements (LILE). but containing streaks
of old, LILE-enriched material, provides a plausible common source. Large degree, near-surface melting of such a

source would produce MORB. Smaller degree melts produced at deeper levels would percolate upwards along grain

boundaries and become enriched in LILE by leaching LILE-rich grain boundary films. The mixing of these liquids with
melts from the LILE-rich streaks will produce magmas with the geochemical and isotopic features of ocean island
basalts.

I. Introduction

Alkalibasalts are strongly enriched in large-ion
lithophileelements (LILE) in comparison to other
basalt types. The contrast is particularly striking
betweenalkali basalts and mid-ocean ridge basalts
(MORB).MORB are generally believed to have
evolvedfrom relatively large degree (10-20%) par-
tial meltsof spinel-lherzolite[1] and so provide
information on the relative abundances of trace
elementsin their mantle source. Alkali basalts, in

. Presentaddress: B.R.G.M., Isotope Geology Unit,
SGN/MGA B.P. 6009, 45060 Orleans, France.
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contrast, are unlikely to represent large degree
partial melts and so the nature of their source is
much less clear.

Alkali basalts also differ from MORB in having
more radiogenic Sr and Pb and less radiogenic Nd
isotope ratios. These isotopic differences have led
to the suggestion [2,3] that ocean island tholeiites
and alkali basalts are produced by the mixing of
melts derived from plumes of undepleted lower
mantle with melts from a depleted upper mantle.
Other explanations have involved the recycling of
lithospheric materials (e.g. [4,5]). Paradoxically the
isotope ratios in alkali basalts generally indicate a
mantle source which has been depleted in LILE
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with respect to the bulk earth for long periods
even though the rocks themselves are strongly
enriched in these elements.

Explanations for the LILE enrichment seen in
alkali basalts fall into two categories. Either the
basalts are produced by very small degrees of
partial melting or the source was enriched before
melting. To produce alkali basalts from a mantle
source with chondri tic LILE abundances would
require very small degrees of partial melting «

1%). Such small amounts of melt will be difficult
to extract and so zone-refining has been proposed
[6] as a means of concentrating incompatible ele-
ments into a melt.

Many authors (e.g. [7-9]) have proposed that
high concentrations of LILE are best explained by
processes of mantle enrichment (metasomatism)
shortly before partial melting. Source enrichment
models receive support from metasomatised man-
tle xenoliths contained in kimberlites and alkali
basalts [10,11]. These xenoliths are generally be-
lieved to originate within the lithosphere so a
lithosphere mantle source is implicit in such mod-
els. Old, sub-continental lithosphere will have had
a long tectonic, metamorphic and magmatic his-
tory and so the diversity of the xenoliths found in
continental alkali basalts and kimberlites is not
surprising. Young, oceanic lithosphere mantle,
however, is thought to represent the refractory
residue left after the formation of the ocean crust
and is unlikely to be enriched to the same extent
as continental lithosphere mantle. This is reflected
in the scarcity of metasomatised mantle xenoliths
in oceanic alkali basalts.

It should be possible to test these metasomatic
enrichment models by comparing oceanic and con-
tinental within-plate alkali basalts. If the models
are valid then there should be systematic chemical
and isotopic differences between the two popula-
tions of alkali basalt. If, on the other hand, such
differences do not exist then a source within the
asthenosphere is implied. The asthenosphere is
well stirred by convection and must be the same
beneath oceans and continents.

The Cameroon line in West Africa (Fig. 1)
provides a unique area in which to look for dif-
ferences between oceanic and continental within-
plate alkali basalts. It is composed of a line of

Tertiary to Recent alkaline volcanoes stretching
for 1600 km from the Atlantic island of Pagalu.
across the continental shelf and into the centre of
Africa. Half the line lies in the ocean and half on
the continent.

The purpose of this paper is to report the
resultsof a comparativegeochemicalstudy of basic
volcanic rocks from the oceanic and continental
sectors of the Cameroon line. In addition to the
geochemical work, a K-Ar dating programme was
carried out in order to look for systematic migra-
tions of volcanism with time. The rock samples
were mostly collected by the first author and OJ
Hughes in the course of several field seasons in
West Africa. The only major parts of the line not
visited were the islands of Bioko and Pagalu. Sam.
pies from these islands were collected by lOA
Piper and A. Richardson as part of a paleomagnetic
study [12]. An additional sample of basalt from
Pagalu was provided by the British Museum (Nat-
ural History).

2. Analytical techniques

Major- and trace-element analyses were carried
out in Edinburgh by X-ray fluorescence techniques
using a Philips PW1450/20 automatic X-ray spec.
trometer. Major elements were determined on glass
discs prepared by fusing the powdered sample
with Johnson Matthey Spectroflux@105. The sam.
pIe preparation technique is essentially that de.
scribed by Norrish and Hutton [13]. Trace ele.
ments were determined on pressed-powder sam.
pies.

Raw counts for both major and trace elements
were ratioed to a monitor to correct for machine

drift. Count ratios were corrected for mass absorp.
tion effects using the coefficients of Theissen and
Vollach [14]. Major-element count ratios were
corrected by an iterative procedure and correc-
tions for trace elements were made using coeffi.
cients calculated from the major-element analyses.
In addition, trace element count ratios were
corrected for interelement interferences usinga
range of synthetic glass standards. Both major.
and trace-element determinations were calibrated

against a range of international standards using

TABLE 1

Mean and standard deviation c

Oxide

Si02

AI20J

FC20,
MgO
('aO

Na20

K20
Ti02
MnO

P20,

Mean:!: 0

(wt.%)

43.80 :!:0.09

14.06 :!:0.05

12.46 :!:0.03

8.31 :!:0.03

10.62 :!:0.03

3.61 :!:0.04
1.412:!: 0.005

3.165:!: 0.006

0.215 :!:0.007

1.030:!: 0.003
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TABLE 1

Oxide

Meanand standard deviation of five analyses of basalt ST72

SiOI
AIIO)
FeIO)
MgO
(aO

:-Ia20
KIO
Ti02
MnO

PPs

Mean:t (J

(wt.%)

43.80 :t 0.09

14.06 :t 0.05
12.46 :t 0.03

8.31 :t 0.03

10.62 :t 0.03

3.61 :to.04

1.412:t 0.005

3.165 :t 0.006

0.215 :t 0.007

1.030:t 0.003

Trace
element

Ni
Cr
V
Sc
Cu
Zn
Sr
Rb
Zr
Nb
Ba
Th
La
Ce
Nd
y

Mean:t (J

(ppm)

J70.9:t0.3

380.5:t 2.9

236.6:t 3.5

18.2:t 0.3

48.4:t 0.4

113. 9 :t 1.1

1129.7:t 4.0

46.7 :to.5
366.0:t 1.0
92.2:t 0.5

718.4:t 5.6
16.6:t 1.2
78.9:t 0.8

156.7:t 1.6
66.2:t 0.6
33.2:t 0.4
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Fig.1. Map of part of West Africa showing the outcrop of the
Cameroonline volcanic rocks (black) and the Cretaceous sedi-

mentaryrocks of the Benue trough (stippled).
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the values recommended by Abbey [15].
To assess the reproducibility of the analyses,

five separate aliquots of a basalt from Silo Tome
(ST72) were analysed for major and trace ele-
ments. The sample was chosen because its
composition is close to the mean of all the
Cameroon line basic rocks. The mean and stan-
dard deviation of the five analyses of this sample
are given in Table 1.

K-Ar ages and Sr-isotope ratios were de-
termined at S.U.R.R.C, East Kilbride [16]. The
techniques used have already been described
elsewhere [17].

3. The age of the Cameroon line

The Cameroon line is a linear chain of volcanoes
so it was tempting to speculate that it may repre-

Continental sector
Biu

Mandara

Ngaoundere

Oku

Bambouto

Manengouba

Mt. Cameroan

Etinde

Oceanic sector
Biaka

Principe

Pagalu

10 30 4020
Ma

Fig. 2. Summary of available K-Ar age data for the Cameroon
line volcanic rocks. Filled boxes indicate data from this paper.
Open boxes represent data from the literature: Biu [18];
Mandara [19]: Ngaoundere. Oku. Bambouto and Manengouba
[20); Mt. Cameroon and Bioko [211: Principe [17.21]; Sao Tome

[21.22]; Pagalu [12.23]. Asterisks indicate the presence of mor-
phologically recenl cinder cones.
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TABLE 2 sent a hot-spot trail. In on
New K-Ar data for Cameroon line volcanic rocks ity. and also to allow age CI

Sample Rock type K(wl.%) 4oAr*/4oArT 4oAr* Age to the Sr-isotope data. 33

(10-6 cm3g- J) (Ma:!:lo) samples were dated by the

Biu Plateau these determinations (from

N2 basalt 1.062 0.194 0.215 5.20 :!:0.33 been published [17]; the n
0.196 0.119 5.35 :!:0.32 in Table 2.

N38 basani te 1.185 0.119 0.039 0.84 :!:0.09 All available K-Ar dat;
Mandara volcanic rocks are summan
C145 trachyte 4.425 0.182 5.906 34.00 :!:2.27

in Fig. 2 are arranged in g0.178 6.365 36.62 :!:2.51
C146 basanite 0.834 0.307 1.062 32.46 :!: 1.33

0.323 1.111 33.95 :1:1.33 TABLE 3

C147 basalt 1.305 0.732 1.574 30.75 :!:0.69
Average compositions of Cameroc

0.709 1.538 30.06 :!:0.69
Oku Continental
C85 rhyolite 3.745 0.952 3.290 22.13 :!:0.44 sector

0.950 3.320 22.33 :!:0.45 (n =134)
C91 hawaii te 1.660 0.680 1.109 17.21 :!:0.40 mean 0

0.750 1.145 17.71 :!:0.39
C95 rhyolite 4.350 0.841 3.987 23.32 :!:0.49 f',fajor elemellls (wI. %)

0.799 3.906 23.05 :!:0.50 Si02 45.71 2.48

Bambouto AI 20., 14.18 1.64

CIOO rhyolite 3.436 0.937 2.501 18.71 :!:0.38 Fe20.3. 12.40 1.25

0.881 2.458 18.31 :!:0.38 Mgo. 8.18 2.48

Cl07 trachyte 3.905 0.217 3.356 22.00 :1:1.24 Cao. 9.84 1.45

0.183 3.582 23.44 :!: 1.58 Na20. 3.36 0.72

Cl08 basalt 1.693 0.802 0.940 14.33 :!:0.31 K20. 1.47 0.42

0.520 0.916 13.84 :!:0.38 Ti0.2 2.98 0.55

CIII trachyte 4.185 0.695 2.671 16.40 :!:0.38 Mno. 0.18 0.03

0.554 2.494 15.26 :!:0.40 P20. 0.73 0.27

Manengouba Total 99.03
C52 basanite 2.125 0.119 0.033 0.40 :!:0.04
C55 basalt 1.250 0.190 0.045 0.94 :!:0.06 Trace elemellls (ppm)

C57 trachybasalt 1.680 0.029 0.031 0.48 + 0.29
Ni 141 89-
Cr 237 1740.029 0.044 0.71 :!:0.42

Dome northwest of Manengouba
V 264 77

C54 trachyte 4.520 0.955 1.966 11.15 :!:0.22
Sc 21.8 6.3

0.935 2.203 12.49 :!:0.25
Cu 46 18

Etinde Zn 107 12

C36 nephelinite 5.13 0.07 0.01512 0.082:1:0.3 Sr 919 272

0.07 0.01260 0.065 :1:0.1
Rb 39.0 16.2

Suo Tome Zr 302 91

ST43 trachyte 3.820 0.207 0.200 1.35 :!:0.08 Nt> 72 23

0.227 0.191 1.29 :!:0.07 Ba 583 185

ST44 basani te 1.315 0.397 0.134 2.66 :!:0.09
Th 4.6 3.0

0.304 0.121 2.39 :!:0.10
La 58 20

ST 57 trachyte 3.750 0.387 1.939 13.25 :!:0.45
Ca 111 41

0.350 1.885 12.88 :1:0.47
Nd 49 16

ST60 basalt 0.785 0.111 0.016 0.51 :!:0.06
y 29.2 4.6

ST 84 trachyte 4.670 0.802 1.393 7.64 :!:0.16 (7Sr/6Sr)0 0.70324 20c
0.822 1.379 7.56 :!:0.16 (n = 66)

ST90 phonolite 4.803 0.536 0.617 3.30 :!:0.09
0.584 0.601 3.22 :!:0.08 .. Total Fe as Fe20.3.

ST96 hawaiite 2.310 0.640 0.576 6.37 :!:0.15 h Includes Sro. 0.33. Bao. 0.14. So.
0.420 0.580 6.42 :!:0.20 ' x 10 5

he = 0.581 X10- JOy-I; hfJ= 4.962 X10- JOy-l; 4oAr*= radiogenic 4oAr; 40ArT = total 4oAr.
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In addition to extrusive rocks, the continental
sector of the Cameroon line also includes intrusive
ring complexes composed of granite and syenite
with less abundant gabbro and occasional rem-
nants of rhyolite and trachyte. These stretch from
Mt. Koupe in the south (30 km southwest of
Manengouba) to Golda Zuelva in the north (60
km northeast of the Mandara Mts.). The ages of
these complexes, determined by K-Ar and Rb-Sr
methods [25-27], range from 30 to 66 Ma and so
overlap with those of the extrusive centres. As with
the extrusive centres, there is no clear progression
of ages along the line.

It must be concluded, therefore, that the
Cameroon line has been intermittently active along
its whole length at least since the Oligocene and in
the continental sector since the Palaeocene. The
submarine basements of the oceanic islands may
well be contemporaneous with the continental ring
complexes [22]. The Cameroon line is clearly not a
hot-spot trail but is more likely an incipient rift
associated with the Cretaceous Benue trough
[28,29].

4. Geochemistry of basic volcanic rocks from the
Cameroon line

423 rock samples, collected from all parts of the
Cameroon line, were analysed for major and trace
elements. These rocks range in composition from
alkali basalt, basanite and nephelinite to rhyolite
and phonolite. The present paper will be concerned
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Fig. 4. Comparison of mean trace element concentrations in
oceanic and continental Cameroon line basic volcanic rocks.

Data from the Etinde nephelinites have been excluded.

with the 293 basic rocks (here defined as those
with MgO > 4%); the more evolved rocks will form
the subject of a later paper. 87Sr/86Sr ratios were
measured on 111 of the basic rocks used in this

study. These were supplemented by 8 additional I
87Sr/86Sr determinations on rocks from Manen.
gouba carried out by c.A. Hirst at S.U.R.R.C.

Mean compositions of the basic rocks are givenI
in Table 3. The nephelinites from Etinde are sol
unlike everything else from the Cameroon line thall
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Fe203) normalised to 0.3 for all normative calculations.
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theyare not included in the means but will be
consideredseparately. Copies of the individual
analysesused in this study may be obtained from
the first au thor.

The normative composition of the basic rocks
(excludingthe Etinde samples) is illustrated in Fig.
3. Rocksfrom both the continental and the oce-
anicsectorof the Cameroon line show the same
range from strongly nepheline-normative to
quartz-normativeand, in terms of their major ele-
mentcomposition,are indistinguishablefrom one
another(see Table 3). The same is true for trace
elements.Mean compositions of oceanic and con-
tinentalbasic rocks (again excluding the Etinde
samples)are compared in Figs. 4 and 5. In Fig. 5,
the incompatibleelement concentrations are nor-
malisedto chondrite abundances [30] and com-
paredwith Sun's [30] average ocean island alkali
basalt.The oceanic and continental sector basic
rocksand the average ocean island alkali basalt all
showremarkablysimilarpatterns.

The compositional similarity between oceanic
and continental alkali basalts in the Cameroon
lineis also reflected in their isotope ratios. This
will beillustratedhere using only Sr isotopes al-
thoughthe fewNd and Pb isotopedata available
[31]showthesamepattern.All the Sr-isotopedata
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obtained in this study are plotted as histograms in
Fig. 6. In this plot, the Etinde data have been
included with the continental sector data. The
bulk of the data from both sectors fall in the range
0.7030 to 0.7035. The few high values in rocks
from the continental sector are almost certainly
the result of small amounts of crustal contamina-
tion. The sample with 87Sr/8bSr > 0.7040 (C74
from Bambouto) contains partly digested granulite
xenoliths and has been excluded from the mean
compositions given in Table 3.

The oceanic and continental basic rocks are

indistinguishable even in the fine detail of their
Sr-isotope variation. Several authors [32-34] have
noted that 87Sr/8bSr in volcanic rocks from the
Hawaiian chain varies inversely with degree of
silica-undersaturation. Strongly alkaline basalts
erupted after a period of quiescence often have
lower 87Sr/8bSr than do the underlying tholeiitic
rocks. A similar relationship is seen in the volcanic
rocks of Principe [17]. Fig. 7 shows a crude corre-
lation between 87Sr/8bSr and degree of silica
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saturation in the basic rocks from the oceanic
sector of the Cameroon line. A similar correlation
in the continental sector rocks could result from
crustal contamination and so, to exclude this pos-
sibility, the Biu Plateau lavas have been taken as
representative. These frequently contain peridotite
xenoliths (even in hypersthene-normative lavas)
and so cannot have suffered significant amounts
of crustal contamination. The clear correlation
shown by these samples emphasises the striking
similarity between oceanic and continental alkali
basalts in the Cameroon line. This confirms the
conclusion reached by Allegre et aI. [35] that oce-
anic and continental alkali basalts have isotopi-
cally similar sources.

The data set used in this study has also been
divided on a normative basis (Table 3) and the
results plotted in Fig. 8. From this diagram it is
apparent that the nepheline-normative rocks are
more enriched in incompatible elements than are
those with hypersthene in the norm. The Etinde
nephelinites are more enriched still although these
rocks are generally more evolved than the alkali
basalts as can be seen from their lower concentra-

tions of MgO, Ni and Cr (Table 3). The relativeh
lowconcentrationsof P and Ti in the Etinderoeb
(Fig. 8) is consistent with fractionation of apatilt
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perovskiteand Ti-magnetite, all of which are pres-
entasphenocrysts.

Onceallowance has been made for the distort-

ingeffectof fractionation on the Etinde samples it
is clearthat the three patterns in Fig. 8 are very
similarand could easily be accounted for by varia-
ble degreesof melting of a single mantle source.

Thesmallspreadof K concentrations is consistent
with the buffering of this element by a K-rich
phasein the mantle. Since Rb and Ba are not
bunchedtogetherin the same way as K, this phase
cannotbe phlogopite but is more likely to be a
K-richamphibole.

It must be concluded that variable degrees of
meltingof a common mantle source can account
for the geochemicalfeatures of all the Cameroon
linebasicmagmas.The same source must be pres-
entbeneathboth the oceanic and continental sec-
tors.

5. Natureof the mantle source
I
I

I
My
!ks
Ite,

Sincethe sub-oceanic and sub-continental man-

tle sourcesfor the Cameroon line basic magmas
are identical, significant involvement of litho-
spheremantle can be ruled out. The lithosphere
mantlebeneaththe oceanic sector is less than 120

Maold and almost certainly depleted in LILE. In
contrastthe sub-continental lithosphere mantle has
hada long and complex history and may well be
enrichedin LILE. Furthermore it is possible to
accountfor the whole compositional range of the
basicrocks,from hypersthene-normative to very
undersaturated,by variable melting of a common
mantlesource.

The Cameroon line has been almost continu-

ouslyactive for the past 65Ma and shows no
consistentmigration of volcanism with time. It is
notverylikely, therefore, that the magma source is
adeepmantle plume originating below the 670-km
discontinuity.If it is, it would require a remarka-
blecoincidencefor lower mantle convective mo-

tion to have kept pace exactly, in velocity and
direction,with the movement of the African plate
overthe past 65 Ma. Clearly, the mantle source
mustbe coupled to the lithosphere. The only
plausiblesource for the Cameroon line magmas,
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therefore, is the convecting upper mantle.
This poses a problem since the convecting up-

per mantle must also be the source of MORB.
Convection will ensure that the upper mantle is
well stirred and therefore homogeneous on the
scale of individual convection cells. Homogeneity
on a scale of 1000 km or more is implied by the
geochemical similarity between alkali basalts
erupted in the oceanic and continental sectors of
the Cameroonline. On the other hand, small-scale
heterogeneity may persist for long periods in a
convecting mantle [36]. In the next section we will
explore the possibility of deriving both MORB
and alkali basalt from a grossly homogeneous
mantle with small-scale heterogeneity. The need to
generate both from a common mantle source fol-
lows inevitably from the conclusion that the
Cameroon line magmas originate within the con-
vecting upper mantle.

6. Derivation of alkali basalt from the MORB
source

6.1. Incompatible-element modelling

For the purposesof modelling the generationof
the Cameroonline magmasfrom a MORB source
we have taken a mean composition of the most
basic basalts (MgO > 10%) as a close approxima-
tion to the primary melt. The justification for this
is shown in Fig. 9 which shows chondrite-normal-
ised incompatible-element abundance patterns for
average Cameroon line rocks with various MgO
contents. As expected, the overall level of abun-
dance falls with increasing MgO content but the
pattern remains the same. Adding a few percent of
olivine to the least fractionated composition would
reduce the abundances further but would not dis-
turb the relative concentrations. This would not
significantly affect the outcome of attempts to
model the incompatible-element abundance pat-
terns.

The model parameters used are given in Table 4
and illustrated in Fig. 10. The compositionof the
MORB source was calculated by assuming that
Sun's [30]average N-type MORB was generated
by 15% equilibrium partial melting of the mantle,
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Fig. 9. Normalised abundance patterns for average Cameroon line basic volcanic rocks of various MgO content.

leaving a residue composed of 70% olivine. 23%
orthopyroxene and 7% clinopyroxene. Partition
coefficients (D) were taken from Frey et al. [7]

(their set 1 coefficients were used for rare earth
elements) although the choice of coefficients is not
critical at large degrees of partial melting. Th was

TABLE 4

Bulk distribution coefficients ( D) required to produce the most basic Cameroon line magmas from a MORB source at various degrees
of melting ( F)

a From Sun [30J.

h Calculated by assuming that MORB is produced by 15% melting leaving a residue of 70% olivine, 23% orthopyroxene and 7%
clinopyroxene.
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MORBa MORB Cameroon D D D

(ppm) source h line (F=O) (F = 0.002) (F = 0.003)
(ppm) ( > 10% MgO)

(ppm)

Rb 1.0 0.15 31.7 0.0047 0.0027 0.0017
Ba 12 1.8 531 0.0034 0.0014 0.0004
K 1060 159 9444 0.017 0.015 0.014
Nb 3.1 0.48 62.7 0.0077 0.0057 0.0047
La 3.0 0.47 51.9 0.0091 0.0071 0.0061
Ce 9.0 1.4 101.8 0.014 0.012 0.011
Sr 124 19.4 830 0.023 0.021 0.020
Nd 7.7 1.2 43.6 0.026 0.024 0.023
P 600 95 3234 0.029 0.027 0.026
Zr 85 13.5 263 0.051 0.04:1 0.048
Ti 9300 1632 18,600 0.088 0.086 0.085
Y 29 5.1 27.7 0.184 0.183 0.182
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Fig. 10.Comparison of incompatible element concentrations in
the most basic Cameroon line lavas. MORB [301 and a calcu-
lated MORB source.

omitted from the calculations because it could not

be determined with very high precision in the

Cameroon line samples.

At the very low degrees of melting required to

generatealkali basalt from a MORB source. the
valuesof D used in calculations become critical. It
is possible to generate a very wide range of com-
positions simply by varying the bulk D values over
a factor of 2 or so. Since most partition coeffi-
cients are not known to better than an order of

magnitude it would be pointless trying to model
our alkali basalt composition using published D
values. Instead we have assumed a low-degree par-
tial melting model and calculated the required
bulk D values using the equation:

CL/Co= 1/( D + F- DF)

whereCLand Co are concentrations in the partial
melt and sourcerespectively,D is the bulk parti-
tion coefficient and F the degree of melting. The
resulting D values, calculated for a range of F, are
givenin Table 4. Values of F> 0.0034 (= 0.34%
melting)would result in negative values of D for

/
0.0001

Rb Ba K Nb La Ce Sr Nd P Zr Ti Y

Fig. 11. Calculated bulk distribution coefficients (D) required
to generate the most basic Cameroon line magmas from a
MORB source for a range of degrees of partial melting (F).
The range of published D values (summarised in [7] and [37])
for mantle phases is shown for comparison.

Ba. The permitted range of D values is quite
consistent with the range of measured values [7,37]
for likely mantle phases (Fig. 11). A striking fea-
ture of this diagram is the relatively high values of
D for K which implies the presence of a K-rich
phase in the mantle. It was noted above that the
presence of a K-rich (but not Rb- and Ba-rich)
mantle phase is implied by the data in Fig. 8.

The D values shown in Fig. 11 are clearly
appropriate for a garnet-lherzolite mantle source
containing a small amount of a K-rich phase such
as a potassic amphibole. The least fractionated
Cameroon line magmas could, therefore, be gen-
erated by small degree « 0.34%) partial melting
of such a source provided that the melts can be
extracted. Larger degree melting of the same source
could produce liquids of MORB composition. De-
gree of melting cannot, of course, account for the
isotopic differences between MORB and alkali
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basalts. These will be considered later.
Watson [38] has shown, from surface-energy

considerations and experiment, that a body of
magma in equilibrium with its surroundings will
tend to infiltrate the dry grain boundaries of its
host at a relatively rapid rate of 1-2 mm per day.
Similar rates of melt migration along grain
boundaries have been predicted by Turcotte and
Ahern [39] on the basis of buoyancy. McKenzie
[40] has derived a set of equations describing the
behaviour of partially melted rock. He concludes
that melt migration will be sufficiently rapid to
restrict the amount of melt present in the mantle
to less than 3% even for large degrees of melting.
Magma is therefore more likely to move towards
the surface along mantle grain boundaries than in
large conduits, provided the mantle is at or close
to its solidus temperature. Since the melt moves
rapidly in comparison with diffusion rates it will
only be able to equilibrate with the outer parts of
the mantle phases in contact with it. Elements
concentrated at mantle grain boundaries will be
selectively incorporated into the melt.

It has long been known that uranium is con-
centrated at grain boundaries in mantle xenoliths
[41]. More recently it has become apparent that
Rb and Sr [42] and light rare earth elements
(LREE) [43] are likewise concentrated. Fluid in-
clusions in mantle xenoliths are also strongly en-
riched in alkali elements [44] and LREE [45]rela-
tive to their host silicates. It is concluded that a
major part of the LILE content of mantle xeno-
liths is present as grain surface films and fluid
inclusions. These xenoliths are derived from the
relatively cool lithosphere mantle but it seems
likely that similarly enriched grain boundary films
will be present in the deeper convecting mantle.
Magmas rising to the surface along grain
boundaries will effectively leach these films and
therefore become strongly LILE-enriched.

Consider a magma produced by say 10% partial
melting of a depleted mantle source and allowed
to percolate through 100 times the volume of
mantle from which it was originally derived. If
such a magma leaches half the LILE content out
of the mantle through which it passes it will as-
sume the trace element characteristics of a liquid
derived by 0.2% equilibrium partial melting. Its

major elements will be buffered by equilibration
with the surfaces of the silicate mantle phases so
that it will still arrive at the surface as a basaltic
liquid. There is therefore no theoretical barrier to
producing the very large degrees of LILE enrich-
ment seen in alkali basalts and even nephelinites
and melilitites from a depleted mantle source. In
this respect the model is analogous to zone-refin-
ing [6] and wall-rock reaction [46]. The difference
is that these processes require complete equilibra-
tion with the mantle through melting and recrys-
tallisation rather than surface equilibration.

6.2. Isotopic consideratio1lS

To be viable, this model must also account for
the small but consistent isotopic differences be-
tween MORB and LILE-enriched (e.g. ocean is-
land and continental rift) basalts. Compared with
MORB, these basalts have higher H7Sr/H6Sr,
206Pb/204Pb and lower 143Nd/144Nd. These dif-
ferences require that the respective sources have
remained separate for 1-2 Ga [47,48]. At the
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temperaturesexpected in the source regions, it is
unlikelythat grain boundary films would remain
isotopicallydistinct from the bulk mantle for such
longperiods [49]. We must, therefore, appeal to
larger-scaleheterogeneity to account for the iso-
topicdifferences.

In the course of within-plate magmatic episodes
(e.g.the growth of an ocean island) by no means
all of the magma generated in the mantle will
reachthe surface. A proportion of it will remain in
theasthenosphere after the cessation of volcanic
activity.Within-plate volcanism is unlikely to be a
recentphenomenon but has probably been occur-
ring,at least at the present rate, throughout most
of the earth's history. The convecting mantle
should,therefore, contain numerous patches en-
richedin basaltic components (including LILE).
Convection will transform these patches into
streaks[36] which may remain large enough to
escape rehomogenisation by diffusion. These
LILE-enriched streaks will have higher Rb/Sr,
U/Pb and Nd/Sm ratios than the bulk mantle
andwill, therefore, evolve over geological time to
higher 87Sr/86Sr and 206Pb/204Pb and lower
14JNd/44Nd ratios.

In this model, the 1-2 Ga age for the separa-
tion of mantle reservoirs [47,48] represents the
averageage of the streaks. The isotopic evolution
of the streaks is illustrated in Fig. 12. In this
diagram,small-degree partial melts are generated
froma MORB source 1 and 2 Ga ago and allowed
to age to the present day. The D values used are
those calculated for the generation of the
Cameroonline magmas by 0.2% partial melting
(Table4). DSmhas been estimated from DNd and
thepartition coefficient data compiled by Frey et
al. [7]. It is clear from Fig. 12 that the "mantle
array" defined by oceanic basalts could be ex-
plainedas a family of mixing lines between the
MORBsource (= bulk mantle) and melts from
enrichedstreaks. The enrichment in basaltic com-

ponents will mean that these streaks will have
lowersolidus temperatures than the surrounding
mantleand will therefore contribute a greater pro-
portionof melt during a low-degree partial melting
event.

The factors most important in determining the
characterof the magma arriving at the surface are
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depth and degree of initial melting, and rate of
magma ascent. Extensive, near-surface melting of
depleted mantle at mid-ocean ridges will produce
tholeiitic magma (MORB) whose isotope and
trace-element ratios are very close to those in the
bulk mantle. More restricted melting of the same
mantle at depth will produce tholeiitic to alkaline
magma which will percolate and leach the overly-
ing mantle and result in magmils of ocean island
basalt (OIB) composition in oceanic or continental
environments. Magma types transitional between
MORB and OIB can be produced where a site of
deep melting (hot spot) is located beneath a
mid-ocean ridge as in Iceland [2]. The complete
restriction of MORB to ridges is easily explained
by this model since ridges are the only places on
earth where depleted, mobile mantle is melted at
sufficiently shallow depths to prevent significant
leaching of the overlying mantle. The continental
analogue of MORB is flood tholeiite which may
also be produced by extensive shallow melting. In
this case, though, the source is probably old litho-
sphere mantle which may have undergone a long
history of enrichment. This source enrichment is
reflected in the isotope geochemistry of continen-
tal flood tholeiites [50].

The rate at which magma percolates upwards
will affect this isotopic composition. Rapid ascent
will preserve the" age" of the enriched streaks and
may account for the 1.5-Ga "isochron" [47] ob-
tained from ocean island tholeiites. On the other
hand slow ascent will result in partial isotopic
equilibration with the bulk mantle and may pro-
duce "mantle isochrons" with lower ages. In ex-
treme cases, where a magma batch is for some
reason halted in its ascent for a few million years,
isotopic equilibration may be almost complete and
produce alkali basalts with isotope ratios close to
those in MORB. This may account for the low
87Sr/86Sr measured in highly undersaturated lavas
erupted on some ocean islands following a period
of quiescence. Examples of this are found on Oahu
[33], Maui [34] and Principe [17]. Chen and Frey
[34] have explained the Maui data by mixing
small-degree melts derived from a depleted
(MORB) mantle source with larger-degree melts
from an undepleted mantle. This explanation is
compatible with the model presented here.
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Alkali basalts are likely to be produced by
smaller degree and/or deeper initial melting than
are tholeiites [7]. Since both degree of melting and
the volume of mantle through which a magma can
percolate will affect LILE enrichment, it follows
that LILE enrichment should correlate with degree
of undersaturation. Such a correlation is shown by
the Cameroon line data (Fig. 8). Magmas pro-
duced by small degrees of initial melting will tend
to rise to the surface more slowly, and therefore
approach isotopic equilibration with the mantle
more closely, than will those produced by larger
degree initial melting. We would therefore expect
that the more undersaturated magmas will tend to
have lower ~7Sr/ ~6Sr ratios than will less under-
saturated or saturated types. This explains the
crude correlation between Sr-isotope ratios and
degree of silica saturation shown by the Cameroon
line (Fig. 7) and Hawaiian data.

Support for our model is provided by Sr-iso-
tope data from MORB. Batiza [51] has recently
demonstrated that the diversity in ~7Sr/~6Sr ratios
of MORB samples varies inversely with the
spreading rate and hence the rate of magma pro-
duction. He interprets this observation to imply a
"plum pudding" mantle which is homogenised
more efficiently at high rates of magma produc-
tion. The greatest diversity in ~7Sr/~6Sr is shown
by basalts from ocean islands where magma pro-
duction rates are low in comparison with mid-
ocean ridges. The model is also consistent with
Gill's [52] observation that the isotope geochem-
istry of lavas from Fiji require the presence of
both MORB and om sources in the mantle above
the subduction zone.

7. Conclusions

(1) K-Ar dating of volcanic rocks from the
Cameroon line show no consistent migration of
volcanism with time and so the line is not a
hot-spot trail. The longevity of activity (65 Ma)
rules out a deep mantle source for the magma.

(2) Basalts erupted in the oceanic and continen-
tal sectors of the line are chemically and isotopi-
cally indistinguishable. The magmas must, there-
fore, have originated in the convecting upper man-

tie and cannot have interacted to any significant
extent with the lithosphere mantle.

(3) Since the convecting upper mantle is also
the source for MORB, a grossly homogeneous
upper mantle with small-scale heterogeneity is im-
plied.

(4) Partition coefficients (D) needed to derive
the Cameroon line alkali basalts from a MORB
source are consistent with published values for
mantle phases. The small-degree « 0.34%) melt-

ing implied can be achieved by a leaching process
in which MORB-like percolating along grain
boundaries incorporates LILE-enriched grain
boundary films.

(5) Isotopic differences between MORB and
alkali basalts (and ocean island tholeiites) can be
explained by the incorporation of melts from old,
LILE-enriched streaks in the mantle. These streaks
are the remnants of ancient enriched magmas left
behind in the convecting upper mantle.
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Appendix 1- Location of samples used for K-Ar
dating

All distances are measured in a straight line.

N2 near base of lava plateau; roadside exposure 24 km
south of Biu
northern limit of Biu Plateau on road to Damaturu

Omtemale (plug) north of Mogode

r--

References

C146
C147
C85
C91
C95
C100
CI07
CI08
Clll

side of track mid-way betv
hillside to south of Kila

Sabga Pass, 16 km ENE 01
roadside 6 km SW of Kurr

roadside at Mbingo, 28 krr
Ashong, 28 km SW of Ban
by track to Santa coffee fa

roadside quarry, 3 km NE

2.5 km SW of peak (Lekwi
Bambouto

Njinjo, 11 km NNE of Ma

roadside by railway crossin
Nkongsamba
in stream 1 km SE of Man
roadside ca. 4 km N of BaJ

loose block in river at Batc

northeast slope of Silo Jose
quarry at Palmar

northeast peak of Ilheu da!

coastal exposure near AgU3

south side of Mizambu (pit
northeast side of Maria Fel

dyke on coast southwest 01
of Silo Tome

C52
C55

C57
C54
C36
ST43
ST44
ST57
ST60
ST84
ST90
ST96

1 J.-G. Schilling, Rare-earth vari

ments" of the Reykjanes Ridg,
Ridge, 29°S. and East Pacific ~

on the composition of the unde

Geophys. Res. 80, 1459-1473, 1

2 J.-G. Schilling, leeland mantle p
along Reykjanes Ridge, Nature

3 c.J. Allegre, Chemical geodyn
109-132, 1982.

4 A.W. Hofmann and W.M. W

ancien t oceanic crust, Earth Pia
1982.

5 D. McKenzie and R.K. O'Nic

ocean island basalts, Nature 301

6 P.G. Harris, Zone refining and tl
Geochim. Cosmochim. Acta 12,

7 F.A. Frey, D.H. Green and S.D.

basalt petrogenesis: a study of
melilitites from south-eastern A

cal and experimental petrolo!
463-513, 1978.

8 M.A. Menzies and V.R. Murth:
chemistry of hydrous mantle nc

basalts: implications for I,

metasomatically veined mantle,
323-334, 1980.

9 D.K. Bailey, Mantle metasoma'

change within the Earth, Nature
N38
C145



cant

also
eous
Im-

~nve
)RB

for
nelt-
)cess
;ram
;ram

and
n be
old,

:eaks
s left

ilities
;rants
earch
uring
Itship

d Mr
:mical
. Mc-
th the
Miss

lished
plying

K-Ar

24 km

ItUru

CI46
CI47
C85
C91
C95
ClOD
CI07
CI08
C111

side of track mid-way bctwecn Jiri and Kila
hillside to south of Kila

Sabga Pass. 16 km ENE of Bamenda
roadside 6 km SW of Kumbo

roadside at Mbingo. 28 km NNE of Bamenda

Ashong. 28 km SW of Bamenda

by track to Santa coffee factory. 2 km E of Santa

roadside quarry. 3 km NE of Dschang

2.5 km SW of peak (Lekwue Leloe) on south slopes of
Bambouto

Njinjo. II km NNE of Manengouba summit
roadside by railway crossing at Ndoungue. 6 km SW of

Nkongsamba

in stream I km SE of Manengouba village

roadside ca. 4 km N of Bangem
loose block in river at Batoke

northeast slope of Sao Jose. Monte Cafe plantation
quarry at Palmar

northeast peak of Ilheu das Cabras

coastal exposure near Agua Ize

south side of Mizambu (plug)
northeast side of Maria Fernandez (plug)

dyke on coast southwest of Ribeira Peixe. south coast
of Sao Tome

C52
C55

C57
C54
C36
ST43
ST44
ST57
ST60
ST84
ST90
ST96

References

I J.-G. Schilling, Rare-earth variations across "normal seg-
ments" of the Reykjanes Ridge. 600_53°N. Mid-Atlantic
Ridge,29°S. and East Pacific Rise. 2° -19°S, and evidence
on the composition of the underlying low-velocity layer. J.
Geophys.Res. 80. 1459-1473. 1975.

2 J.-G.Schilling, Iceland mantle plume: geochemical evidence
alongReykjanes Ridge, Nature 242. 565-571. 1973.

3 C.J. Allegre, Chemical geodynamics. Tectonophysics 81.
109-132. 1982.

4 AW. Hofmann and W.M. White, Mantle plumes from
ancient oceanic crust, Earth Planet. Sci. Lett. 57.421-436.
1982.

5 D. McKenzie and R.K. O'Nions. Mantle reservoirs and

ocean island basalts, Nature 301. 229-231. 1983.

6 P.G. Harris, Zone refining and the origin of potassic basalts,
Geochim. Cosmochim. Acta 12, 195-208. 1957.

7 F.A. Frey. D.H. Green and S.D. Roy, Integrated models of

basalt petrogenesis: a study of quartz tholeiites to olivine

melilitites from south-eastern Australia utilising geochemi-

cal and experimental petrological data. J. Petrol. 19.
463-513. 1978.

8 M.A. Menzies and V.R. Murthy, Nd and Sr isotope geo-

chemistry of hydrous mantle nodules and their host alkali
basalts: implications for local heterogeneities in

metasomatically veined mantle, Earth Planet. Sci. Lett. 46,
323-334, 1980.

9 D.K. Bailey, Mantle metasomatism-continuing chemical
changewithin the Earth. Nature 296. 525-530, 1982.

37

10 B. Harte. Mantle peridotites and processes-the kimberlite
sample, in: Continental Basalts and Mantle Xenoliths, c.J.
Hawkesworth and MJ. Norry, eds., pp. 46-91, Shiva, 1983.

II M.A. Menzies, Mantle ultramafic xenoliths in alkaline mag-
mas: evidence for mantle heterogeneity modified by mag-
matic activity, in: Continental Basalts and Mantle Xeno-
liths, CJ. Hawkesworth and M.J. Norry, eds., pp. 92-110,
Shiva, 1983. .

12 J.D.A. Piper and A. Richardson, The palaeomagnetism of
the Gulf of Guinea volcanic province, West Africa, Geo-
phys. J. R. Astron. Soc. 29, 147-171, 1972.

13 K. Norrish and J.T. Hutton, An accurate X-ray spectro-
graphic method for the analysis of a wide range of geologi-
cal samples, Geochim. Cosmochim. Acta 33, 431-453,1969.

14 R. Theissen and D. Vollach, Tables of X-ray Mass Absorp-
tion Coefficients. Verlag Stahleisen M.B.H., Dusseldorf,
1967.

IS S. Abbey, Studies in "standard samples" of silicate rocks
and minerals, Geol. Surv. Can. Pap. 83-15, 1983.

16 H.M. Dunlop. Strontium isotope geochemistry and potas-
sium-argon studies on volcanic rocks from the Cameroon
line, West Africa, unpublished Ph.D. Thesis, University of
Edinburgh, 1983.

17 H.M. Dunlop and J.G. Fitton, A K-Ar and Sr-isotopic
study of the volcanic island of Principe, West Africa-evi-
dence for mantle heterogeneity beneath the Gulf of Guinea,
Contrib. Mineral. Petrol. 71, 125-131, 1979.

18 N.K. Grant, D.C. Rex and S.J. Freeth, Potassium-argon
ages and strontium isotope ratio measurements from
volcanic rocks in northeastern Nigeria, Contrib. Mineral.
Petrol. 35, 277-292, 1972.

19 P.M. Vincent and R.L. Armstrong, Le volcanisme du plateau
Kapsiki (Nord Cameroun) et les formations sedimentaires
sous-jacentes (abstract), 7th Colloq. African Geology,
Florence, 1973.

20 J. Gouhier, J. Nougier and D. Nougier, Contribution a
l'etude volcanologique du Cameroun (" Ligne du Came-
roun" -Adamaoua), Ann. Fac. Sci. Cameroun 17, 3-48,
1974.

21 J.D. Hedberg, A geological analysis of the Cameroun trend,
unpublished Ph.D. Thesis, University of Princeton, Prince-
ton, NJ., 1968.

22 H.R. Grunau, P. Lehner. M.R. Cleintuar, P. Allenbach and
G. Bakker, New radiometric ages and seismic data from
Fuerteventura (Canary Islands), Maio (Cape Verde Islands)
and Sao Tome (Gulf of Guinea), in: Progress in Geody-
namics, G.J. Borradaile et aI., eds., pp. 90-118, North-Hoi-
land, Amsterdam, 1975.

23 G. Cornen and R.C. Maury, Petrology of the volcanic
island of Annobon, Gulf of Guinea, Mar. Geol. 36, 253-267,
1980.

24 J.G. Fitton, C.RJ. Kilburn, M.F. Thirlwall and D.J. Hughes,
1982 eruption of Mt. Cameroon, West Africa, Nature 306,
327-332, 1983.

25 J.-M. Cantagrel, C. Jamond and M. Lasserre, Le magma-
tism alkalin de la ligne du Cameroun au Tertiaire inferieur:
donnees geochronoIogiques K-Ar, C.R. Somm. Soc. Geol.
Fr. 6. 300-303, 1978.



38

26 M. Lasserre, Mise au point sur les granito'ides dits" ultimes"

du Cameroun: gisement, petrographie et geochronologie,
Bull. B.R.G.M. 2e Ser. Sect. IV, 143-159. 1978.

27 H. Jacquemin, S.M.F. Sheppard and P. Vidal, Isotopic
geochemistry (0. Sr, Pb) of the Golda Zuelva and Mboutou

anorogenic complexes, North Cameroun: mantle origin with
evidence for crustal contamination, Earth Planet. Sci. Lett.

61.97-111,1982.

28 J.G. Fitton, The Benue trough and Cameroon line-a

migrating rift system in West Africa. Earth Planet. Sci. Lett.
51,132-138,1980.

29 J.G. Fitton, Active versus passive continental rifting: evi-

dence from the West African rift system. Tectonophysics
94,473-481, 1983.

30 S.-S. Sun, Lead isotopic study of young volcanic rocks from

mid-ocean ridges, ocean islands and island arcs. Philos.
Trans. R. Soc. London, Ser. A 297, 409-445, 1980.

31 AN. Halliday, A.P. Dickin and J.G. Fitton. ANd. Sr and

Pb isotopic study of the Cameroon line volcanics and a

comparison of the chemical structure of sub-continental
and sub-oceanic mantle, in preparation.

32 M,A. Lanphere and G.B. Dalrymple, Age and strontium

isotopic composition of the Honolulu volcanic series, Oahu,
Hawaii, Am. J. Sci. 280A, 736-751, 1980.

33 P. Stille, D.M. Unruh and M. Tatsumoto, Pb, Sr, Nd and

Hf isotopic evidence of multiple sources for Oahu, Hawaii
basalts, Nature 304, 25-29, 1983.

34 CoY. Chen and F.A Frey, Origin of Hawaiian tholeiite and
alkalic basalt. Nature 302, 785- 789, 1983.

35 CJ. Allegre, B. Dupre. B. Lambret and P. Richard, The
sub-continental versus sub-oceanic debate, I. Lead-

neodymium-strontium isotopes in primary alkali basalts
from a shield area: Ahaggar volcanic suite, Earth Planet.
Sci. Lett. 52, 85-92, 1981.

36 P. Olsen, D.A Yuen and D. Balsiger, Mixing of passive

heterogeneities by mantle convection, J. Geophys. Res. 89,
425-436, 1984.

37 P. Henderson, Inorganic Geochemistry, Pergamon. Oxford,
1982.

38 E,B. Watson, Melt infiltration and magma evolution, Geol-

ogy 10, 236-240, 1982.

39 D.L. Turcotte and J.L. Ahern. A porous now model for

magma migration in the asthenosphere. J. Geophys. Res.
83, 767-772. 1978.

40 D. McKenzie, The generation and compaction of partially
molten rock, J. Petrol. 25, 713-765, 1984.

41 J.D. Kleeman, D.H. Green and J.F. Lovering, Uranium
distribution in ultramafic inclusions from Victoria basalts.

Earth Planet. Sci. Lett. 5. 449-458, 1969.

42 A.R. Basu and V.R. Murthy. Ancient lithospheric lherzolite
xenoliths in alkali basalt from Baja California, Earth Planet.

Sci. Lett. 34, 246-253. 1977.

43 H.-G. Stosch and H.A. Seck, Geochemistry and mineralogy

of two spinel peridotite suites from Dreiser Weiher, West

Germany, Geochim. Cosmochim. Acta 44, 457-470. 1980.
44 A Zindler and E. Jagoutz, Isotope and trace element sys-

tematics in mantle-derived peridotite nodules from San
Carlos, EOS 61. 374. 1980.

45 H.-G. Stosch, Rare earth element partitioning between
minerals from anhydrous spinel peridotite xenoliths, Geo-
chim. Cosmochim. Acta 46, 793-811. 1982.

46 D.H. Green and A.E. Ringwood. The genesis of basalt

magmas, Contrib. Mineral. Petrol. 15, 103-190, 1967.
47 C Brooks. S.R. Hart, A.W. Hofmann and D.E. James.

Rb-Sr mantle isochrons from oceanic regions, Earth Planet.
Sci. Lett. 32. 51-61,1976.

48 M. Tatsumoto, Isotopic composition of lead in oceanic

basalts and its implication to mantle evolution. Earth Planet.
Sci. Lett. 38, 63-87. 1978.

49 A.W. Hofmann and S.R. Hart, An assessment of local and

regional isotopic equilibrium in the mantle, Earth Planet.
Sci. Lett. 38. 44-62. 1978.

50 M.A. Menzies. W.P. Leeman and CJ. Hawkesworth, Iso-

tope geochemistry of Cenozoic volcanic rocks reveals man-

tle heterogeneity below western U.S.A., Nature 303.
205-209. 1983.

51 R. Batiza, Inverse relationship between Sr isotope diversity

and rate of oceanic volcanism has implications for mantle

heterogeneity, Nature 309. 440-441. 1984.
52 J.B. Gill, Sr-Pb-Nd isotopic evidence that both MORB and

OIB sources contribute to oceanic island arc magmas in

Fiji. Earth Planet. Sci. Let!. 68. 443-458. 1984.

Earth and Planetary Science Leu
Elsevier Science Publishers B.v..

[2]

Origin of conte
case stud

J.J. Mahoney1,*

Concurrently erupted. 1
banks of the Narmada Rj

nows and intrusives, whicl
rocks from both areas for

end members. There is an ;

and tholeiitic primary mag
on the array, near the mid

lower group of tholeiites al

source. The negative (JUv
continental crust or enrich,

elements other than K. RI

conjunction with the isotol
in portions of the mantle s

1. Introduction

The question of the re]
mantle sources of alkalic an
basalts, particularly in inst1
occur together, has spawne(
conjecture, and controvers
basis of isotopic evidence d
or very different mixing ~
cally distinct mantle endm
posed, both in oceanic an
[1-4]. In continental regiol1
lem of contamination by

Now at: Department of Geology
of Minnesota, Minneapolis, MI

0012-82IX/85/$03.30 <j)1985


