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Mantle-derived xenoliths from the Cameroon Line and northern Tanzania display 
differences in their platinum-group element (PGE) abundance patterns. The Cameroon 
Line lherzolites have uniform PGE patterns indicating a homogeneous upper mantle 
over several hundreds of kilometers, with approximately chondritic PGE ratios. The 
PGE patterns of the Tanzanian peridotites are similar to the PGE systematics of 
ultramafic rocks from ophiolites. The differences can be explained if the northern 
Tanzanian lithasphere developed in a fluid-rich suprasubduction zone environment, 
whereas the dameroon Line lithosphere only experienced melt extraction from an- 
hydrous peridotites. 

Earth's upper mantle is characterized by 
overabundances of the PGEs relative to 
the concentrations that would be expected 
if the core formed in metal-silicate equi- 
librium at near-surface conditions (1, 2) .  
This excess, and the nearly chondritic rel- 
ative PGE abundances that are observed 
in many peridotites 11, 2 ) ,  have been ex- 
plained by models of heterogeneous accre- 
tion that propose that a "late veneer" of 
chondritic material was added to Earth 
after segregation of the core (3). This 
interpretation has been questioned on the 
basis of the results of ex~er iments  that 
indicate that the abundances of moderate- 
ly siderophile elements (for example, P, 
Fe, Ni, Co,  Mo, and W )  and Re in Earth's 
upper mantle are consistent with metal- 
silicate equilibration (that is, core segre- - 
oation) at high temDerature and Dressure " " 
(4). Furthermore, a number of recent stud- 
ies have r e~o r t ed  nonchondritic PGE 
abundance ratios in abyssal peridotites and 
ultramafic rocks from orogenic lherzolite 
massifs (5-8). T o  further address the ques- 
tion of whether Earth's mantle is charac- 
terized by chondritic relative PGE abun- 
dances, we analyzed the concentrations of 
Ru, Pd, Ir, and Pt in 16 upper mantle- 
derived xenoliths from four localities in 
the Cameroon Line and two localities in 
northern Tanzania using isoto~e-dilution, 
Carius Tube digestion, and multiple-col- 
lector inductively coupled mass spectrom- 
etry (9) .  

Seven well-characterized 11 O), basalt- 
hosted ultramafic xenoliths from ;he Cam- 
eroon Line were analyzed (Table 1 and Fig. 
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1, A through D). Five of the six lherzolites 
(except P3) are fertile, with -2 to 3.5% 
CaO (Table 1) and 10 to 15% clinopyrox- 
ene. Handpicked clinopyroxene separates of 
these samples display light rare earth ele- 
ment (LREE) depletions (chondrite-nor- 
malized [La/SmIN = 0.29 to 0.43) that are 
characteristic of melt residues (10). The 
isotopic compositions and Nd-depleted 
mantle model ages of the lherzolites suggest 
that formation of the Cameroon line litho- 
sphere occurred in the late Proterozoic, af- 
ter the extraction of basaltic melts from an 
upper mantle similar to the present-day At- 
lantic mid-ocean ridge basalt (MORB) 
source (10). This interpretation is consis- 
tent with the results of geochemical and 
geochronological studies on northern Cam- 

markedly enriched in LREE -([~a/sm]:, = 

6.1 in clinopyroxene) and U, attesting to 
the metasomatic enrichmeilt Drocesses that 
affected the Cameroon Line mantle litho- 
sphere in the blesozoic (10). 

All the spinel lherzolites display nearly flat 
PGE patterns at -0.002 to 0.01 X CI-chon- 
drite (Fig. 1, A through D). The observed 
variation of absolute PGE abundances, despite 
similar PGE patterns, is attributed to the 
"nugget effect," which is the inhomogeneous 
distribution of PGE-carrier phases, probably 
mainly sulfide minerals, within mantle rocks. 
P3 displays PGE patterns similar to those of 
unmetasomatized xenoliths, demonstrating 
that its PGE inventov was only marginally 
altered by the metasomatic processes that 
were associated with the enrichment of in- 
compatible lithophile trace elements. This 
and the notable freshness of the other Cam- 
eroon Line xenoliths analyzed in this study 
(10) argue against the possibility that the 
nearly flat chondrite-normalized PGE pat- 
terns are of late secondary origin (for example, 
caused by the addition of a primitive sulfide 
phase) rather than a primary feature of these 
samples. The harzburgite sample (N 12, Table 
1 and Fig. ID) is characterized by approxi- 
mately chondritic relative abundances of Ir, 
Ru, and Pt and a depletion of Pd relative to 
the other PGEs. The latter feature is probably 
related to the origin of this sample as an 
ultramafic residue of melt depletion (10). 

All the spinel Iherzolites, except sample 

Table 1. Analyiical results for the Cameroon Line and northern Tanzanian xenoliths. Sample location 
abbreviations: Cam., near Mount Cameroon; Oku, near Oku; Nga., Ngaoundere Plateau; Biu, Biu 
Plateau; Las., Lashaine; Olm., Olmani. Lithology abbreviations: sp., spinel; herz., Iherzolite; harz., 
harzburgite; gt., garnet; chr., chromite. 

Sample Location Lithology CaO Cr* I r Ru Pt Pd 
(weight %) ( P P ~ )  ( P P ~ )  ( P P ~ )  ( P P ~ )  ( P P ~ )  

Cameroon Line 
C235A Cam. sp. Iherz, 3.32 2982 0.88 1.56 
C235D Cam. sp, Iherz. 3.38 2729 3.29 5.34 
C2711 Oku sp. herz 2.07 2484 3.19 6.24 
C273Q Oku sp. Iherz. 3.18 2283 1 . I 5  1.90 
P3 Nga. sp. herz. 3.41 2484 3.93 6.50 
P I  3 Nga. sp. Iherz. 3.00 2443 2.33 4.20 
Sp, lherzolite 3.06 2568 2.46 4.29 

average 
N12 Biu harz. 0.44 1874 2.85 4.1 1 

Northern Tanzania 
BD-730 Las. gt, herz. 0.72 2033 2.86 3.71 
BD-771 Las. chr. Iherz. 0.41 1468 0.98 5.67 
OMX-3 Olm. harz. 0.18 1530 4.05 6.26 
OMX-5 Olm. dunite 0.25 1205 1.15 3.19 
OMX-8 Om. harz. 0.29 1640 1.64 2.22 
OMX-I 0 Olm. harz. 0.51 2120 0.99 1.06 
OMX-12 Olm. dun~te 0.14 990 1.23 1 . I 3  
OMX-14 Olm. dunite 0.41 1715 0.20 0.66 
OMX-16 Om. dunite 0.28 747 0.028 0.49 
CI chondrites (32) 455 710 

*CaO and Cr abundances determined by x-ray fluorescence at the Unversity of Ednburgh. 
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C235A (Fig. lA), are characterized by an 
enrichment of Ru relative to Ir and a small 
depletion of Pt and Pd relative to Ir and Ru 
(Fig. 1, A through C). These similarities are 
reflected in the calculated average spinel 
lheaolite PGE abundance data (Table 1 
and Figs. 1D and 2) that show an enrich- 
ment of Ru relative to Ir of -lo%, whereas 
Pt and Pd, with similar CI-normalized 
abundance levels, are depleted by -10 to 
15% relative to Ir. The average PGE ratios 
of the Cameroon Line lheaolite xenoliths 
have relative standard deviations of be- 
tween 7% (RuJIr) and 20 to 25% (Pd/Ir and 
Pt/Ir). These values are similar to, or larger 
than, the reproducibility of PGE ratios for 
individual samples (9). The data are of par- 
ticular significance because the samples 
were collected at four different localities 
along a -600-km-long stretch of the Cam- 
eroon Line (1 0). Our results therefore sug- 
gest that the PGE signature of the litho- 
spheric mantle in the Cameroon Line is 
homogeneous at the 10 to 25% level, with 

approximately chondritic relative abun- 
dances, on the scale of several hundreds of 
kilometers. 

The possible genetic link between the 
Cameroon Line lithospheric mantle and the 
present-day Atlantic MORB source (10) war- 
rants a more detailed com~arison between the 
PGE systematics of the Cameroon Line xeno- 
liths, published data for fertile lhenolites from 
orogenic peridotite massifs that are thought to 
represent former subcontinental mantle, and 
the different chondrite meteorite classes (Fig. 
2). The Pt/Ir ratio of the Cameroon Line 
lhenolite average is identical, within error, to 
the Pt/Ir ratios of chondrites and the Pyrenean 
peridotite average. In comparison to the me- 
teorite results, the Cameroon Line xenoliths 
and the orogenic lhenolites are characterized 
by, on the average, higher Ru/Ir ratios. The 
differences are, however, smaller than the es- 
timated uncertainties of the averages, except 
for H-type ordinary chondrites, which lie just 
outside of the Cameroon L i e  error bars by 
-2%. Positive Ru anoma1ies of a similar mag- 

Fig. 1. CI-chondrite Cameroon Line 
normalized PGE abun- 
dances of Cameroon 
Line xenoliths (A through 
D); Northern Tanzanian 0.001 
xenoliths (E through G); 
and, for comparison, Near Mt. Cameroon - Chr. Iherzoliie 
chromitites and dunites 0.0001 ----. ~ t .  lhemoliie 
from ophioliie complex- 
es (H). (A through C) 
Spinel lherzoliies from 
three localities along an 
-600-km stretch of the 0.001 
Cameroon Line are char- 
acterized by nearly flat : 
PGE patterns. (D) Harz- 0.oool Olmanl harzburgites 

burglte from the Biu Pla- 2 
teau (dotted line). The 2 
average PGE pattern for O.O1 Olmani dunites 

Cameroon Line spinel E 
lherzoliie xenoliths (solid o.ool 
line) displays nearly CI- U NgaoundM Plateau 
chrondritc relative con- 
centrations. The gray 0.0001 
shading indicates the 
unceltainty of this aver- 
age (-7% for Ir and Ru 
and 20 to 25% for Pt and 
Pd), as calculated from 0.001 _..._ ....... the relative standard de- - Lhemoliie average -.. 
viation of individual re- .---. Biu harzbvrgite 
sults. For this calculation 0.0001 
Ru, Pt, and Pd abun- 
dances were normalized Ir Ru Pt Pd Ir Ru Pt Pd 
to Ir, and Ir concentra- 
tions to Ru, to account for the dierent absolute PGE abundance levels in the samples. (E through G) 
Lherzolii from Lashaine and Olmani harzburgites and dunites are characterized by strongly fraction- 
ated PGE pattems. They are remarkably similar to the PGE pattems of chromiti and dunites from 
ophiolite complexes shown in (H). In (H), dunites (from Bay of Islands; Twin Sisters, western United 
States) are shown with dashed lines; chromitites (from New Caledonia; Vourinos, Greece; Outokumpu, 
Finland; Bati Kef, Turkey; Troodos, Cyprus; and Samail, Oman) with solid lines. The ophiolite data 
represent average PGE abundance5 for each location, calculated from published data (19). Most of the 
ophiolites shown in (H) are believed to have formed in suprasubduction-zone environments. 

nitude have also been identified in mantle 
peridotites from a number of other locations 
(7, 8). The largest variations between the 
sample groups are visible in the P a r  data. 
The Pdhr ratios of carbonaceous and ordinarv 
chondrites are identical to the Cameroo; 
Line lhenolite average, whereas EH-type en- 
statite chondrites and alpine peridotites have 
significantly higher ratios, in spite of the large 
errors involved in the comparison. 

In summary, it is evident that the PGE 
systematics of the Cameroon Line mantle 
lithosphere are remarkably similar to carbona- 
ceous and H- and L-type ordinary chondrites 
but unlike enstatite chondrites. Many orogen- 

Fig. 2 CI-chondrit+normalized (indicated by 
subscript N) PGE ratio plots of Pt/lr and R d l r  
versus Pd/lr for the Cameroon Line spinel Iherzo- 
lites (individual data, small dots; average, large 
dots with error bars), CM- and CV-type carbona- 
ceous chondrites [open diamonds (2911, H- and 
L-type ordinary chondrites [open triangles (2911, 
and EH enstatite chondrites [open squares (2911. 
The PGE ratios of CO chondrites are within 54% 
of CV values. Also shown are data for fertile Iher- 
zoliies from orogenic peridotiie massifs in the 
Pyrenees Individual data, small solid diamonds; 
average (marked PA), large solid diamonds with 
error bars (5)] and the Ronda-Beni Bousera mas- 
sifs [small solid triangles (611. Some of the samples 
in these data sets, particularly for Ronda-Beni 
Bousera, fall outside of the range of values plot- 
ted. The gray shading represents the uncertainty 
of the CI data [+5% (3011. All other meteorite data 
were assigned an error of 2 lo%, based on the 
variability of R d l r  ratios in EH chondrites (31). Er- 
ror bars for the Cameroon Line and Pyrenean Iher- 
zoliie averages represent the relative standard de- 
viation of PGE ratios for the respective data sets (7 
to 24%). 
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ic Iherzolites, on the other hand, appear to be 
characterized bv less "orimitive" PGE ratios. 
The data furthkrmore 'support previous indi- 
cations of a terrestrial upper mantle that is not 
characterized by homogeneous PGE ratios 
throughout but rather by a variety of reser- 
voirs with different PGE systematics (5, 8).  It 
is presently unclear, however, whether these 
differences are related to original variations in 
the com~osition of the late veneer, caused bv 
the addition of differentiated core material to 
the mantle (5. 8 ) -  or are the result of recent , . 
geological processes associated with the for- 
mation and stabilization of the lithosoheric 
mantle. 

The second set of samules, from northern 
Tanzania, consists of nine ultramafic xeno- 
liths: two lherzolites from Lashaine volcano 
(Table 1 and Fig. 1E) that were described 
previously (12) and seven xenoliths from the 
Olmani Cinder Cone (Table 1 and Fig. 1, F 
and G).  The sample with the highest PGE 
abundances, OMX-3 (Fig. IF), displays a 
nearly flat PGE pattern. All other northern 
Tanzanian xenoliths are characterized bv low 
concentrations of Pt and Pd, ranging fro; less 
than 0.0001 to 0.002 X CI-chondrite. 

The  Tanzanian peridotites have a wide 
range of Ru/Ir ratios, but with the exception 
of t\vo samples (OMX-3 and OMX-16), the 
nodules display negatively sloping PGE pat- 
terns and low ratios of Pd/Ir (range 0.05 to 
0.87) and Pt/Ru (range 0.06 to 0.40). The  
studies of Rudnick and co-workers (13, 14) 
demonstrated that Olmani xenoliths were 
pervasively overprinted by carbonatite 
metasomatism associated with Tertiary to 
Recent rift volcanisnl. The similar PGE 
svstematics of Ol~nani  and Lashaine nod- 
ules suggest that these late metaso~natic 
reactions had no effect on the PGE oatterns 
of the Olmani samples. 

Even though refractory and enstatite- 
rich cratonic peridotites (such as the 
Kapvaal and Lashaine garnet Iherzolites) 
have been interpreted as residues following 
the extraction of komatiitic melts in the 
Archean (15), petrological studies have 
demonstrated that such an origin is unlikely 
for the northern Tanzanian xenoliths (1 3 ) .  
A n  alternative petrogenesis, involving mul- 
tiple episodes of melt extraction in a sub- 
duction zone setting combined with re-en- 

u 

rich~nent of the refractory residue by silicic 
melts derived from the subducting slab, has 
been proposed (13, 16). The location of the 
Olmani and Lashaine volcanoes within the 
Usagaran Province, an -1.9-billion-year- 
old mobile belt, - 150 km to the east of the 
Archean Tanzanian Craton would appear 
to support such an interpretation (13, 15). 
Similarly, the Pb and Nd isotopic systemat- 
ics of Lashaine xenoliths record a major 
chemical fractionation event at -2.0 bil- 
l ~ o n  years ago (17), characterized by melt 

depletion and concurrent metasomatic en- 
richment processes involving the addition 
of a recycled component, ultimately derived 
from the continental crust, to the litho- 
spheric mantle (13, 17, 18). 

The PGE patterns of the Lashaine and 
Olmani xenoliths with lo\$? Pd/Ir and Pt/Ru 
ratios are similar to the PGE patterns of po- 
diform chromitites and chromite-rich dunites 
from the mantle sections of ophiolite com- 
plexes (19) (Fig. 1H). These rocks display 
ratios of Pd/Ir (0.03 to 0.23) and Pt/Ru (0.01 
to 0.24) that are similar to the ratios measured 
for the northern Tanzanian xenoliths. All the 
principal ophiolite complexes are considered 
to have formed in fluid-rich suorasubduction 
zone settings (20, 21), and \ve suggest that the 
processes causing extremely fractionated PGE 
patterns may be related to such a fluid-rich 
tectonic environment. The independent evi- 
dence for the formation (or processing) of the 
northern Tanzanian mantle lithosphere in a 
subduction zone setting and the similarity of 
the PGE patterns of the xenoliths to mantle 
rocks from ophiolites appear to confirm this 
conclusion. There are two possible mecha- 
nisms by which the fluid-rich environment of 
a suprasubduction zone could cause the frac- 
tionated PGE oatterns observed in refractorv 
mantle rocks from ophiolites and the north- 
ern Tanzanian xenoliths. First, higher degrees 
of melt depletion are-possible as compared 
with those from anhydrous melting; second, 
the fractionation may be caused by fluid- 
phase transport of the more mobile PGEs Pt 
and Pd. 

It has been suggested that PGE patterns 
of mantle rocks can be fractionated during 
oartial meltine or crvstal fractionation be- 
kame of the cknpatibility of Ir and Ru in 
suinels, whereas Pt and Pd are inferred to be 
incompatible (22). This explanation, how- 
ever, is inconsistent with a number of oet- 
rological and geochemical studies (23). Fur- 
thermore, the northern Tanzanian xeno- 
liths show no correlation between Cr  con- 
tents and PGE concentrations (Table 1).  
demonstrating that PGE abundances and 
vatterns of the rocks are not controlled bv 
partitioning into chromite during melt de- 
oletion. Presentlv available PGE concentra- 
;ion data for ult;arefractory inantle perido- 
tites appear to rule out fractionation of PGE 
ratios in residual mantle rocks from origi- 
nally chondritic relative abundances to ra- 
tios of 0.1 X CI-chondrite and less, solely as 
the result of melt depletion in a dry envi- 
ronment. Abyssal harzburgites and ultra- 
refractory alpine peridotites considered to 
be residues of anhydrous melting are gener- 
ally characterized by PGE patterns that are 
less fractionated than those of the northern 
Tanzanian xenoliths, at similar levels of 
major element depletion (24). The  pres- 
ence of water in the mantle above subduc- 

tion zones permits greater degrees of partial 
melting as compared with those under an- 
hydrous conditions (20, 25). Because melt 
depletion is generally associated with the 
loss of Pt and Pd relative to Ir and Ru, this 
provides one possible explznation for the 
highly fractionated PGE patterns of residual 
suprasubduction zone rocks. 

The mobilization of the PGEs by magmat- 
ic fluids presents an additional mechanism for 
fractionation. Several studies have identified 
volatile- and C1-rich fluid inclusions in chro- 
mitites from ophiolite complexes (26), and 
the mobilitv of the PGEs in such fluids has 
been confiimed by theoretical and experi- 
mental studies (27). This conclusion is sup- 
ported by geochemical investigations of natu- 
ral systems that demonstrate mobility of the 
PGEs in fluid-rich environments (28). Fur- 
thermore, most of these studies suggest a 
greater transport efficiency for Pt and Pd rel- 
ative to Ir, Ru, and 0s .  Selective mobilization 
of Pt and Pd by fluids released from subduct- 
ing slabs could thus account for the low Pd/Ir 
and Pt/Ru ratios observed in inantle rocks 
from suprasubduction zones. 

It appears that the variable but generally 
fractionated PGE patterns of the Tanzanian 
xenoliths are most likely the result of a 
complex petrogenetic history in a suprasub- 
duction zone environment. The fluid-ohase 
transport processes and multiple episodes of 
melt depletion that dominate petrogenesis 
in such a tectonic regime provide suitable 
mechanisms for the fractionation of PGE 
ratios and can account for the unusual PGE 
svstematics of the refractory Tanzanian 
nodules. 
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Transitions Between Blocked and Zonal Flows in 
a Rotating Annulus with Topography 

Eric R. Weeks, Yudong Tian, J. S. Urbach,* Kayo Ide, 
Harry L Swinney,t Michael Ghil 

The mid-latitude atmosphere is dominated by westerly, nearly zonal flow. Occasionally, 
this flow is deflected poleward by blocking anticyclones that persist for 10 days or longer. 
Experiments in a rotating annulus used radial pumping to generate a zonal jet under the 
action of the Coriolis force. In the presence of two symmetric ridges at the bottom of the 
annulus, the resulting flows were nearly zonal at high forcing or blocked at low forcing. 
Intermittent switching between blocked and zonal patterns occurs because of the jet's 
interaction with the topography. These results shed further light on previous atmospheric 
observations and numerical simulations. 

O n short time scales (1 to 10 days), weather 
evolution is largely driven by three-dimen­
sional, baroclinic instabilities of the prevail­
ing westerlies (I) that convert the potential 
energy in the atmosphere's pole-to-equator 
temperature difference into the kinetic en­
ergy of storms (2). One to three times each 
Northern Hemisphere winter—and occa­
sionally during other seasons—large high-
pressure anticyclones form and persist for at 
least 10 days and sometimes longer than a 
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month (3-5). These anticyclones block the 
nearly zonal flow and deflect it poleward 
(Fig. IB). The prediction of blocking events 
has become central to improving extended-
range weather prediction (6, 7). 

Low-frequency atmospheric variability on 
the time scale of 10 to 100 days, such as 
persistent blocking anomalies, is predomi­
nantly barotropic, that is, nearly two-dimen­
sional (5,8, 9). Analytic and numerical mod­
els have shown that blocked and zonal flow 
patterns can arise through the interaction of 
large-scale eastward zonal flow with idealized 
Northern Hemisphere topography (7, 8, 10-
12), and recent numerical simulations using a 
general circulation model (13) support these 
results. Zonal and blocked flows appear as two 
stable equilibria (8, 10, 11) or two separate 
chaotic flow regimes (12, 14-16) in simple 
and intermediate models. 
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