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Hotspots, Basalts, and the 
Evolution of the Mantle 

Don L. Anderson 

Hotspots, or plumes, have not yet 
been fitted satisfactorily into either the 
tectonic or the geochemical framework 
for the evolution of the mantle. A hot- 
spot is a relatively stationary and long- 
lived thermal anomaly in the mantle and 
provides a variety of trace element en- 
riched magmas to oceanic islands and 
continental interiors. From the point of 
view of mantle processes and the chemi- 
cal evolution of the mantle, the alkali 
volcanism associated with hotspots is a 
very important process even if the abun- 
dance of such rocks is small as compared 
to the volume of abyssal tholeiites (1). 
The processes of creation and subduc- 

tion of oceanic crust and lithosphere 
clearly account for most of the mass 
transport into and out of the upper man- 
tle, and the study of mid-ocean ridge 
basalts (MORB) has placed important 
constraints on the part of the mantle that 
is providing these magmas. Trace ele- 
ment and isotopic considerations show, 
however, that the source region for 
MORB cannot be representative of the 
average composition of the mantle, nor 
can it have existed as a separate entity 
with its present characteristics for the 
full age of the earth. 

The composition, location, and vol- 
ume of this source region, which I desig- 
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nate as MORBS, are still uncertain. It 
appears to be very large, homogeneous, 
global in extent, and the result of an ear- 
lier differentiation or fractionation pro- 
cess that depleted it, relative to other 
source regions, of most of the incompati- 
ble elements, that is, those trace ele- 
ments that are strongly concentrated into 
partial melts. On the other hand, it is 
clearly not lacking in a basaltic com- 
ponent. The continental crust is com- 
plementary to MORB in both trace ele- 
ments and isotopic ratios (2, 3). Forma- 
tion of the continents has presumably 
been at least partially responsible for the 
depletion of the so-called oceanic 
mantle. If the continental crust is the on- 
ly enriched reservoir, then mass balance 
calculations indicate that only about 30 
percent of the mantle has been pro- 
cessed, the rest remaining undifferentiat- 
ed and primoridal (3, 4). 

A large primitive reservoir would be 
difficult to reconcile with other evidence 
regarding the early thermal evolution of 
planetary interiors. There is, however, 
evidence for an additional enriched res- 
ervoir in the mantle. Magmas from conti- 
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nental interiors, rift zones, oceanic is- 
lands, anomalous ridge segments and is- 
land arcs, mantle xenoliths from kimber- 
lites and alkali basalts, and kimberlites 
themselves all indicate the presence of a 
mantle reservoir with trace element con- 
centrations that are also complementary 
to trace element concentrations in 
MORB. This reservoir apparently is also 
global and can provide magmas to a vari- 
ety of tectonic environments including 
all types of plate boundaries as well as 
plate interiors. These magmas, of which 
alkali basalts are one example, are not 
nearly as voluminous as MORB, but 
they indicate the presence of an enriched 
region or layer that may be substantially 
larger than the continental crust. I shall 
designate this as the hotspot or plume 
reservoir, or simply PLUME (3, and as- 
sume that it is the source of alkali ba- 
salts, nephelinites, melilitites, basanites, 
kimberlites, and continental tholeiites, 
which it provides by varying degrees of 
partial melting (6, 7). One of the diagnos- 
tic signatures of these basalts is the pat- 
tern of rare earth elements, which im- 
plies a source enriched by about a factor 
of 10 in the light rare earth elements and 
3 in the heavy rare earth elements, rela- 
tive to chondrites (6-8). 

PLUME basalts also have high RbiSr, 
RblK, BdK,  NdISm, B a d ,  BdSr, Nbi 
Zr, 87Sris6Sr, and 144Nd143Nd ratios and 
high concentrations of H20, C02,  Ti, K, 
Rb, Sr, Ba, La, Nd, Th, and U relative to 
MORBS. These characteristics are 
shared by continental and ocean island 
basalts and are also evident, albeit di- 
luted, in backarc basins, island arcs, 
and transitional or anomalous ridge tho- 
leiites. Other characteristics that may be 
common, although they have been stud- 
ied in only a few hotspot locations, are 
high abundances of C1, F, Br, and pri- 
mordial helium (9). The process that led 
to the enrichment of PLUME will have 
depleted other, presumably deeper, re- 
gions of the mantle. The absolute and 
relative sizes of these enriched and de- 
pleted reservoirs bear directly on the 
problems of the evolution of the mantle 
and, in particular, on the question of 
whether there is a large primitive reser- 
voir in the mantle. 

Basalt Source Regions 

The continental crust is extremely en- 
riched in the incompatible trace and mi- 
nor elements. Continental tholeiites, 
basanites, nephelenites, alkali basalts, 
kimberlites, and basalts from oceanic is- 
lands are also enriched. The complement 
to the depleted MORBS may therefore 
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be much more voluminous than just the 
continental crust. The trace element and 
isotopic affinities of these rocks, regard- 
less of their tectonic setting, suggest that 
they are all derived from a similar source 
region. This reservoir, PLUME, has 
been referred to as continental mantle, 
the enriched source region, or primitive 

riched magmas that are characteristic of 
the PLUME or hotspot source. Kimber- 
lites come from depths as great as 220 
kilometers, consistent with an origin 
near the bottom of the LVZ. The xeno- 
liths in kimberlites and alkali basalts rep- 
resent mantle fragments from various 
shallower depths and also generally ex- 

Summary. The trace element concentration patterns of continental and ocean 
island basalts and of mid-ocean ridge basalts are complementary. The relative sizes 
of the source regions for these fundamentally different basalt types can be estimated 
from the trace element enrichment-depletion patterns. Their combined volume 
occupies most of the mantle above the 670 kilometer discontinuity. The source 
regions separated as a result of early mantle differentiation and crystal fractionation 
from the resulting melt. The mid-ocean ridge basalts source evolved from an eclogite 
cumulate that lost its late-stage enriched fluids at various times to the shallower 
mantle and continental crust. The mid-ocean ridge basalts source is rich in garnet and 
clinopyroxene, whereas the continental and ocean island basalt source is a garnet 
peridotite that has experienced secondary enrichment. These relationships are 
consistent with the evolution of a terrestrial magma ocean. 

mantle. Its location is uncertain, but it 
appears to be a global layer. Proposals 
for its location include the uppermost (6, 
10) and lowermost (I I )  mantle. In trace 
element ratios such as BdNd, NdSm, 
BdSr, BdK,  and RbIK there is a pro- 
gressive increase from ocean island and 
island arc basalts, basalts from anoma- 
lous ridge segments, continental tho- 
leiites, alkali basalts, to kimberlites. 
MORB have much lower ratios than 
PLUME basalts, and tholeiites from 
backarc basins have generally slightly 
higher ratios than MORB. Trace ele- 
ment concentrations vary systematically 
through the compositional spectrum oli- 
vine melilitite, olivine nephelinite, basa- 
nite, alkali basalt, and olivine tholeiite 
and can be explained in terms of varying 
degrees of partial melting ranging from 4 
to 25 percent from a common source re- 
gion that is enriched in the strongly in- 
compatible elements (Ba, Sr, Th, U, and 
light rare earth elements) by ten times 
the chondritic value and in the moderate- 
ly incompatible elements (Ti, Zr, Hf, Y, 
and heavy rare earth elements) by a 
factor of about 3 (6-8). 

MORB are derived from a very dif- 
ferent source, which is depleted in the 
large-ion lithophile (LIL) elements. The 
complementary nature of the two source 
regions is possibly due to the migration 
from the MORBS of a melt or fluid with 
incompatible element concentrations 
similar to those of kimberlite. This fluid 
depletes the MORBS and enriches the 
complementary mantle reservoir. The 
upper mantle, low-velocity zone (LVZ) 
is a likely repository of these volatile and 
trace element-enriched fluids and there- 
fore a possible source region for the en- 

hibit enrichment of the type inferred for 
PLUME. There is now a wealth of evi- 
dence for upper mantle metasomatism 
(12-14) and enrichment events at various 
times. The source of the enriching fluid 
has not been much discussed. 

The complementary nature of conti- 
nental and oceanic tholeiites is illus- 
trated in the bottom part of Fig. 1. Alkali 
basalts, nephelinites, melilitites, and 
basanites have similar but more enriched 
patterns than continental tholeiite, con- 
sistent with their derivation from the 
same source region by smaller degrees of 
partial melting. Continental and abyssal 
tholeiites exhibit reflection symmetry 
about a line (horizontal line in Fig. 1) 
corresponding to a six- to sevenfold en- 
richment over average mantle concentra- 
tions. 

Continental and ocean island basalts 
are relatively depleted in those elements 
that are retained by garnet and clinopy- 
roxene. The reverse is the case for abys- 
sal tholeiites. Since garnet and clinopy- 
roxene are reduced or eliminated during 
the large amounts of partial melting usu- 
ally inferred for the formation of tho- 
leiites (6), the inverse garnet-clinopyrox- 
ene pattern of PLUME basalts must be 
related to a prior history that included 
eclogite fractionation or invasion of 
PLUME by a fluid, such as kimberlite, 
that was in equilibrium with a garnet- 
clinopyroxene assemblage. 

The origin of island arc basalts is still 
controversial, but they have PLUME af- 
finities in such trace element ratios as 
RblK, RbISr, B d K ,  BdSr, and BaiNd. 
These ratios are closer to those of ocean 
island basalts, alkali basalts, and conti- 
nental flood basalts than to those of 



MORB. Backarc basin basalts are inter- 
mediate to MORB and hotspot magmas; 
this result suggests a mixture from a 
deeper MORB source and an overlying 
enriched source region. Ocean island 
tholeiites also appear to be mixtures both 
in trace element and isotopic ratios (2). 
The fact that both MORB and basalts 
with continental or PLUME affinities are 
available at ridge environments, island 
arcs, oceanic islands, and well-devel- 
oped continental rifts suggests a compo- 
sitionally stratified mantle. The order of 
appearance of these basalt types is con- 
sistent with enrichment of the shallower 
layer in the incompatible trace elements. 
In a stratified mantle the deeper layer 
should be denser and therefore more 
garnet-rich. The ratio of concentrations 
in MORB to those in continental tholei- 
ites indicates that MORBS, although de- 
pleted in most of the incompatible trace 
elements, has selectively retained those 
that are most comfortable in the garnet 
and clinopyroxene lattices. This suggests 
that MORBS is an eclogite or garnet- 
pyroxenite cumulate. It may be an oli- 
vine or picritic eclogite. 

The Composition and Volumes of the 

Two Source Regions 

The concentrations of some key in- 
compatible trace elements in various 
magma types, normalized to average 
mantle concentrations, are shown in Fig. 
1. Relative to the average mantle, conti- 
nental tholeiites, alkali basalts, kimber- 
lites, and the continental crust are most 
enriched in K, Rb, Ba, La, and U. These 
are the elements that are most strongly 
rejected by the major mantle minerals, 
olivine, orthopyroxene, clinopyroxene, 
and garnet; that is, they have the lowest 
minerallmelt partition coefficients. The 
other incompatible trace elements in Fig. 
1 are also strongly rejected by olivine 
and orthopyroxene, having partition co- 
efficients of less than 0.03 for these min- 
erals (6). On the other hand, garnet and 
clinopyroxene have partition coefficients 
greater than about 0.1 for Y, Nd, Sm, Sr, 
and Yb. These are the least-enriched ele- 
ments in the magmas with continental 
and ocean island affinities and the most 
enriched in MORB. It appears that gar- 
net and clinopyroxene are abundant min- 
erals in MORBS, and that the fluid that 
enriched PLUME was formerly in equi- 
librium with a reservoir rich in garnet- 
clinopyroxene. 

The high concentration of Y and Yb in 
MORB (Fig. 1) relative to other elements 
and relative to concentrations in basalts 
from PLUME, the enriched source re- 
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Fig. 1. Normalized trace element concentra- 
tions in the continental crust (dots), continen- 
tal basalts (kimberlite, alkali basalt, and conti- 
nental tholeiite), and mid-ocean ridge basalts 
(MORB) (2, 6, 8, 41). All concentrations are 
normalized to the terrestrial values of Gana- 
pathy and Anders (19), recalculated to mantle 
equivalents. The lower curves for continental 
tholeiites and MORB are normalized to 
mantle concentrations after removal of the 
continental crust, as are the curves for alkali 
basalts and kimberlites. The complementary 
nature of MORB and the other magma types 
is evident. The continental crust is not the on- 
ly "enriched" reservoir. 

gion, is particularly significant. These 
elements have mineraumelt partition co- 
efficients greater than unity for garnet. 
Mass balance calculations suggest that 
most of the terrestrial inventory of Y and 
Yb may be in MORBS. This can only be 
accomplished if garnet is a dominant 
phase and if most or all of the mantle has 
experienced differentiation. Partial melt- 
ing of primitive mantle concentrates Y 
and Yb into the melt; crystallization of 
this melt at moderate pressure would 
concentrate these elements into an eclo- 
gite cumulate. 

The relative volumes of the two source 
regions can be inferred from Fig. 1 if it is 
assumed that they, plus the continental 
crust, give an undifferentiated terrestrial 
pattern for the very incompatible ele- 
ments. Using 0.56 percent for the mass 
of continental crust relative to the mantle 
(3), I compute that the mass of MORB 
must exceed the tholeiitic fraction of 
PLUME by a factor of 12 to 15. Conti- 
nental tholeiites represent about 20 per- 
cent melting of a peridotitic source re- 
gion (6), and MORB must be mixed with 
at least 15 percent olivine to recover the 
composition of its parent magma (15, 
16). The residual crystals in both cases 
are assumed to be depleted because of 
their very low partition coefficients (6, 
8). MORBS is, therefore, at least 2.8 to 
3.5 times the mass of PLUME, and the 
enrichment of the combined source re- 
gions, relative to the primitive mantle, is 
about 3.3 to 3.8. Note that MORB are 
depleted only in a relative sense. Com- 

pared to average mantle abundances, 
MORB are enriched. This suggests that 
MORBS plus PLUME are complementa- 
ry to the remainder of the mantle from 
which they presumably have been re- 
moved by partial melting. The enrich- 
ment factor implies whole-mantle dif- 
ferentiation and a residual mantle about 
2.5 times the size of the combined reser- 
voirs. I show later that this is equivalent 
to thc volume of the lower mantle. 

If we assume that the very in- 
compatible elements have been entirely 
fractionated into the two source regions, 
it is possible to estimate their total mass. 
For example, if La is depleted in the 
lower mantle, the combined source re- 
gions represent 26 to 30 percent of the 
mantle. This corresponds to a thickness 
of 560 to 640 km in the upper mantle, or a 
region extending upward from the 670- 
km discontinuity to a depth of 27 to 110 
km. If we take the transition region, 220 
to 670 km, to be the depleted source re- 
gion (17), then PLUME is 130 to 160 km 
thick, about the average thickness of the 
LVZ. 

A similar calculation for the other 
strongly incompatible elements (K, Rb, 
Ba, U) gives a range of 21 to 38 percent 
for MORBS plus PLUME. These are up- 
per bounds since it has been assumed 
that the whole mantle has been pro- 
cessed and depleted. This, however, is a 
good approximation if olivine and ortho- 
pyroxene are the main residual phases. It 
is significant that the above estimates of 
the relative and absolute sizes of the 
principal mantle reservoirs correspond 
to the main subdivisions of the upper 
mantle, the LVZ and the transition re- 
gion. The 670-km depth corresponds to a 
major seismic discontinuity and the max- 
imum depth of earthquakes. The seismic 
data imply a change in chemistry near 
this depth (17, 17a). 

Other elements can be used to esti- 
mate the sizes of the individual reser- 
voirs. The partition coefficients of Yb 
and Y are such that they strongly prefer 
the garnet structure (18). Both are en- 
riched in MORB relative to PLUME, 
suggesting a higher portion of garnet in 
the former. If the entire mantle com- 
plement of Y and Yb reside in MORBS, 
then this would represent 14 to 17 per- 
cent of the mantle or an upper mantle 
equivalent thickness of 300 to 364 km. 
Scandium is partitioned into garnet and 
clinopyroxene by a factor of 8 relative to 
olivine and orthopyroxene. If we use this 
ratio of enrichment for MORBS relative 
to the rest of the mantle, MORBS would 
constitute 26 percent of the mantle. 

The elements with the highest relative 
concentrations in PLUME are K, Rb, 
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Ba, La, and U. These are the elements 
with the lowest partition coefficients for 
the major mantle minerals and those that 
are most likely to be concentrated into 
PLUME by melts or metasomatic fluids. 
The PLUME abundances of these ele- 
ments can account for the entire mantle 
inventory $PLUME is 9 to 19 percent of 
the mantle. 

Using the above estimates of the rela- 
tive sizes of the two source regions and 
the values of Ganapathy and Anders (1 9)  
for terrestrial abundances, we can now 
estimate the total abundances of the 
trace elements in the various reservoirs. 
The continental crust contains more than 
26 percent of the mantle plus crust inven- 
tory of K,  Rb, and Ba and less than 8 
percent of Sr, Y, Zr, Nb, Sm, Yb, and 
Hf. The "depleted" MORBS contains 
more than 50 percent of the earth's in- 
ventory of Y, Zr, Nd, Sm, Yb, Hf, and 
Th and more than 20 percent of Nb, La, 
and U. PLUME, although generating 
highly enriched magmas, contains only 
about 10 to 20 percent of the earth's K, 
Rb, Sr, Nd, Sm, Yb, Th, and U. It is the 
primary repository for Ba and La and 
has small total abundances of Y, Zr, Nb, 
and Hf (less than 7 percent). The crust 
and the two upper mantle reservoirs ac- 
count for about 75 percent of the terres- 
trial heat flow. Therefore, only 25 per- 
cent of the earth's heat flow comes from 
the lower mantle, the core, or by cooling 
from higher temperatures. About 40 per- 
cent is due to MORBS. The continental 
crust and PLUME each contribute about 
18 percent. The lower mantle may be 
essentially devoid of K,  Th, and U. 

This distribution of heat sources af- 
fects the style of convection in the two 
reservoirs. If PLUME is the shallower 
reservoir, it is heated primarily from be- 
low and will therefore be characterized 
by narrow ascending plumes. By con- 
trast, MORBS is heated primarily from 
within and will be characterized by 
broader ascending regions and narrow 
descending jets or "slabs." If MORBS 
was underlain by a substantial volume of 
undepleted or primitive mantle, one 
would expect MORB to be erupted in 
narrow plumes because of the strong 
heating from below. 

Mineralogy of the Two Source Regions 

If the two source regions are related, 
one can determine an apparent partition 
coefficient by forming the ratio of the 
concentrations in MORB to those in con- 
tinental tholeiites or continental flood 
basalts. This ratio is shown in Fig. 2 
along with minerallmelt partition coeffi- 

K Rb Sr Y Ba La Nd Sin Yb U 

Fig. 2. CrystaVliquid partition coefficients for 
garnet, clinopyroxene, orthopyroxene, and 
olivine (6) .  The heavy line is the ratio of con- 
centrations in primitive MORB (42) to that in 
continental tholeiites (2, 6). This indicates 
that MORB result from the melting of a 
source region rich in garnet and clinopyrox- 
ene and that the continental tholeiite or conti- 
nental flood basalt (CFB) source region has 
experiened eclogite extraction. The points are 
for a model (21) in which the proto-MORB 
source region is an eclogite orthocumulate 
from the initial melt fraction of primitive 
mantle differentiation. The continental and 
ocean island basalt, or PLUME, source re- 
gion is a shallow cumulate enriched by a late- 
stage melt from the proto-MORB cumulate 
layer. C p x ,  clinopyroxene; O p x ,  orthopyrox- 
ene. 

cients for garnet, clinopyroxene, ortho- 
pyroxene, and olivine. Tholeiites are 
used in this comparison since they pre- 
sumably are products of large degrees of 
partial melting. They will therefore have 
the trace element pattern of their source 
and a relatively uniform enrichment. The 
ratio of the concentrations in the two 
reservoirs can be explained if MORBS is 
composed mainly of garnet and clinopy- 
roxene and PLUME has been enriched 
with fluids that were in equilibrium with 
this layer and therefore depleted in such 
elements as Zr, Nb, Y, Yb, Hf, and the 
heavy rare earth elements. 

MORB are enriched with respect to 
continental tholeiites in Y and Zr and on- 
ly slightly depleted in Hf and Yb. Both 
MORB and continental tholeiites repre- 
sent rather large degrees of partial melt- 
ing of their respective source regions. A 
garnet peridotite would be expected to 
lose most of its garnet and clinopyroxene 
under these circumstances. The above 
results indicate that primary garnet must 
be a minor mineral in PLUME but a ma- 
jor component of MORBS. MORB are 
depleted in the most incompatible ele- 
ments, such as K, Rb, Ba, and U but not 
as much as would be expected if the 
source region of these basalts were com- 
posed entirely of residual crystals. This 
suggests that MORBS evolved from a 
melt, presumably the result of an early 
differentiation event, and consists of a 
mixture of melt with excess garnet which 
has settled into it during crystallization; 
that is, it is an orthocumulate. The upper 
part of the mantle would consist of light- 

er, cumulate and residual, crystals and 
late-stage fluids which impart an inverse 
garnet signature to this region. 

This sequence of events, based on 
trace elements, is precisely what O'Hara 
et al. (16) proposed o n  the basis of pet- 
rological and major element consid- 
erations. They concluded that the parent 
magma for ocean island tholeiites had 
experienced a history of eclogite extrac- 
tion. The remaining magma evolved to 
ocean island tholeiite by olivine fraction- 
ation. On the basis of major element (1 7) 
and trace element chemistry, I suggest 
that the eclogite cumulates constitute 
MORBS. The parent magma from which 
both MORBS and PLUME evolved by 
crystal fractionation would be picritic, 
the result of extensive partial melting of 
a primitive garnet peridotite mantle. 
Similar considerations have led to the 
concept of a magma ocean on the moon 
(20). Because of the higher pressures in 
the earth's mantle, a deep eclogite cumu- 
late is the analog of the floating plagio- 
clase cumulate that forms the lunar high- 
land crust. 

In order to determine if this ex- 
planation holds up quantitatively for the 
trace elements, let us investigate the fob 
lowing model. The primitive mantle is 
split into two reservoirs by 15 percent 
partial melting and melt extraction to the 
surface. The melt fraction reservoir is 
enriched by about a factor of 6 in the in- 
compatible elements but, because of the 
low partition coefficients, has nearly 
primitive RblSr and S d N d  ratios. Crys- 
tallization of the melt yields an eclogite 
cumulate layer that is modeled as a 
50: 50 mix of garnet and melt, propor- 
tions appropriate for an orthocumulate. 
Part of the final 5 percent melt fraction, a 
melt that is in equilibrium with eclogite, 
is removed to deplete the cumulate layer 
and enrich the overlying mantle. The 
mixing ratios were adjusted so that the 
former can yield MORB by 15 percent 
olivine fractionation and the latter can 
yield continental flood basalts by 20 per- 
cent partial melting (21). Detailed mass 
balance calculations to be presented 
elsewhere show that MORBS may con- 
tain up to 50 percent olivine. It may 
therefore be a picritic eclogite. 

Results of this model are shown as 
dots in Fig. 2. They are consistent with 
the idea that MORB are the result of 
extensive melting of a source region 
which represents high-pressure cumu- 
lates from the melt fraction of the pri- 
mary differentiation, that is, eclogite or 
garnet pyroxenite. 

Prior to providing depleted MORB, 
this region lost its late stage fluids or, 
alternatively, crystallized completely 

3 JULY 1981 



- 10  - 
E n r i c h e d  

\'t 
r e s e r v o i r s  

\ \  . 
i  I I I 1 I '., i e  

and then lost its early melt fraction on a 
subsequent reheating cycle. The upward 
migration of this fluid enriched PLUME. 
Thus, two stages of differentiation and 
fractionation are required in order to 
concentrate the LIL elements in the two 
upper mantle reservoirs. Isotopically, 
MORBS evolves as nearly primitive 
mantle until it transfers its incompatible 
elements to PLUME. It subsequently 
evolves as a depleted reservoir. Basalts 
from PLUME will have time-integrated 
depleted, enriched, or "primitive" isoto- 
pic ratios, depending on when the en- 
richment occurred and the extent to 
which they have been mixed with 
MORB. Since the MORB reservoir con- 
tains many convection cells, it does not 
necessarily deplete at the same time at 
all locations. If kimberlites are the de- 
pleting fluid, they will appear to have 
come from a relatively unfractionated or 
"primitive" reservoir. 

Locations of the Two Source Regions 

A variety of evidence suggests that 
PLUME is shallow. Anomalously low 
seismic velocities can be traced to a 
depth of about 250 km under Yellow- 
stone, but deeper velocities appear to be 
normal (22). The variable and small 
amounts of partial melting required to 
generate melilitites, nephelenites, basa- 
nites, and alkali basalts (6) from a com- 
mon source region are consistent with 
diapirs rising from various shallow 
depths. Tholeiites are the result of larger 
degrees of melting, consistent with adia- 
batic ascent from deeper levels. The 
xenoliths entrained in kimberlites and al- 
kali basalts are rich in volatiles and trace 
elements, and these are samples from the 
upper 200 km of the mantle (12). Intui- 
tively, we expect that volatiles will mi- 
grate upward and be trapped by the cold 
upper mantle. Magmas enriched in vola- 

Fig. 3.  Present  EN^ - 
esr values (43) for an 
eclogite cumulate (sol- 
id line) that has been 
depleted at various 
times by removal of a 
melt fraction (35). 
This melt fraction en- 
riches the complemen- 
taiy reservoir (dashed 
line) (13, 14, 30, 31, 
34). Observed mag- 
mas may be from var- 
iously aged reservoirs 
or may represent mix- 
tures of depleted and 
enriched magmas. 

tile and LIL elements occur not only un- 
der continents but also at island arcs 
where the downgoing slab perturbs the 
upper mantle. Basalts of the PLUME 
type occur in continental rifts. These 
rifts evolve to oceanic ridges, with isolat- 
ed oceanic island hotspots, when the rift- 
ing has led to the formation of an ocean 
basin. 

There are also some suggestive geo- 
metric constraints. The volume of the 
LVZ is adequate to provide the PLUME 
basalts but not the voluminous MORB 
(10). The preferred mode of convection 
in a region with a high-temperature gra- 
dient and a rapidly varying viscosity 
takes the form of hexagonal cells with 
upwelling centers (23). This seems to be 
consistent with hotspot patterns (24) and 
the small areal extent of hotspots. In 
more homogeneous regions of the 
mantle, where the temperature gradient 
is smaller and the viscosity more uni- 
form, linear rolls are a possible mode of 
heat transport. Linear ridge systems and 
the uniformity of oceanic tholeiites 
therefore suggest a deeper source, one 
that is below the large vertical and lateral 
variations that occur in the upper 200 
km. The sink of oceanic lithosphere, 
judging from the depth distribution of 
earthquakes, appears to be between 200 
and 670 km. The distinctive isotopic and 
trace element signature of MORBS can 
be maintained if it is also between these 
depths. Upper mantle temperatures are 
closest to the melting point between 
depths of about 150 and 250 km, and this 
is therefore the depth range where it is 
most likely for diapirs to originate. 

It is difficult to estimate the depth at 
which partial melting first occurs. Seis- 
mic data from several hotspots give low 
velocities down to at least 150 km (22, 
25). Eruption temperatures of 1300°C 
and large degrees of partial melting re- 
quire initiation of melting below 150 to 
200 km (26). There is some evidence for 

crystal fractionation in melts as deep as 
280 km (27). Mantle fragments brought 
up by alkali basalts and kimberlites do 
not, in general, have the trace elernent 
pattern required for MORBS. Therefore, 
PLUME magmas may originate from 
shallow depths but MORBS must be 
deeper than 200 km. In a gravitationally 
stratified mantle, one would expect the 
deeper layer to be denser and therefore 
rich in garnet. The inability of young 
buoyant lithosphere to subduct below 
about 220 km suggests a density increase 
at this depth, and this may be the bound- 
ary between the two source regions (17). 
If we take all the evidence into account, 
it appears that PLUME may be coinci- 
dent with the LVZ and that diapirs rising 
from the top of the transition region 
supply the magmas that evolve to 
MORB. 

A Terrestrial Magma Ocean 

The complementary LIL element pat- 
terns of the major terrestrial magma 
types are reminiscent of lunar data that 
have led to the widely accepted concept 
of crystal fractionation and cumulate for- 
mation in a magma ocean or vast lava 
lakes (20). The various source regions 
are attributed to cumulate and residual 
fluid layers that resulted from the crys- 
tallization of a magma ocean - 300 km 
thick; this magma ocean, in turn, was de- 
rived from very early melting of at least 
half the moon. If a body as small as the 
moon experienced such extensive dif- 
ferentiation and fractionation, then the 
earth should have as well. The amount of 
partial melting required, -15 to 25 per- 
cent, to explain the enrichment of the 
upper mantle reservoirs on the earth, is, 
in fact, relatively modest. Although the 
energy of accretion of the earth is much 
greater than that of the moon, the greater 
size of the earth results in high Rayleigh 
number convection and rapid increase of 
the melting curve with depth. This plus 
the latent heat buffer and the high melt- 
ing temperature of olivine may prevent 
more extensive melting on a global scale. 
A 15 percent melt implies a magma 
ocean - 400 km deep. The pressures in 
the earth are greater than on the moon. 
Early eclogite fractionation at depth 
therefore preempts the extensive plagio- 
clase fractionation that resulted in the 
early lunar anorthositic crust. 

Crystallization of a magma ocean will 
proceed from the base because of the 
relative slopes of the adiabat and the 
liquidus. The near liquidus phases at 
depths greater than 60 km are garnet and 
clinopyroxene (16, 28), and they will 
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form an eclogite or garnet pyroxenite 
cumulate layer. Although there is a seis- 
mic discontinuity in the mantle near 400 
km, eclogite is denser than residual perid- 
otite to depths of 670 km (17). These 
cumulates will therefore sink to this 
depth, displacing residual mantle up- 
ward. The shallower part of the mantle 
will therefore consist of olivine and py- 
roxene cumulates and residual fluid from 
the magma ocean and displaced residual 
lower mantle. The top of the eclogite lay- 
er  could be as shallow as 220 km (1 7) or 
as deep as 370 km on the basis of the 
considerations presented in this article. 
The mantle discontinuity near 400 km, 
which is usually attributed to the olivine- 
spinel phase change could therefore ei- 
ther be a chemical discontinuity or could 
represent the completion of the phase 
change from garnet pyroxenite (eclogite) 
to garnetite (garnet solid-solution) (29). 

tite layer. A 5 percent melt fraction is 
transferred from the deeper to the shal- 
lower layer at various times (35). The Nd 

these reservoirs, but similar conclusions 
result from the study of solid fragments 
from the mantle (16, 17). O'Hara et al. 

and Sr isotopic ratios for the two reser- 
voirs are shown in Fig. 3. The central 
horizontal scale gives the ages of the de- 

(16) pointed out that the restricted num- 
ber of phases found in bimineralic eclo- 
gites from kimberlites indicate that they 

vletion and enrichment events. The theo- are either crystal accumulates or crystal- 
line residue developed in contact with a 
liquid. This is exactly the situation in- 

retical  EN^ - E S ~  correlation lines agree 
with the data and indicate that MORBS 
was depleted at times between 1.5 and 
2.5 billion years ago. A redistribution of 
LIL elements makes it possible to satisfy 
the mantle isotopic data even if the pri- 

ferred from the trace element patterns 
for the source region of abyssal tho- 
leiites. Eclogite and garnet peridotite 
xenoliths from kimberlites may repre- 
sent samples from MORBS and 
PLUME, respectively. They give satis- 
factory average mantle compositions for 

mary differentiation occurred early in the 
history of the earth. The inferred enrich- 
ment ages can be brought into corre- 
spondence with the depletion ages if 
enrichment has been progressive with a 
time constant of about 2 billion years. 
The RbiSr and NdiSm ratios of the resid- 

the major oxides when combined in the 
proportions indicated by the trace ele- 
ments (17). 

Although whole mantle convection, in 
ual fluids in a crystallizing eclogite cu- 
mulate will, in fact, increase with time. 
Thus, the trace element, petrological, 

the conventional sense, is precluded in a 
chemically stratified mantle, transfer of 
material into and out of the various up- 

and thermal constraints on the evolution 
of the mantle and the various reservoirs 
are not contradicted by the isotopic data. 

per mantle reservoirs is possible because 
of the large volume change associated 
with partial melting and phase changes, 

Isotopic Ratios of the Two 

Source Regions 
The type of model investigated here is 
similar to earlier ideas of mantle metaso- 
matism and trace element redistribution 
(13, 14). Because of the isotopic data, 
enrichment is often assumed to be a 
recent precursor to eruption. Enriched 
magmas exhibiting time-integrated de- 

for example, basalt-eclogite. The ocean- 
The 'study of Sr and Nd isotopes 

places important time constraints on the 
ic part of the plate tectonic cycle may be 
summarized as follows. Partial melting in 
the eclogite layer allows diapirs to rise to evolution of mantle reservoirs (30-32). 

The continental crust and the depleted 
reservoir have mead ages of 1.5 billion 

the base of the oceanic lithosphere. Ex- 
tensive melting occurs during adiabatic 
ascent. This is possible because of the years (3). Kimberlites and continental 

flood basalts, although enriched in LIL 
elements, have been attributed to aerim- 
itive reservoir (2, 3 ,  30, 33). This inter- 

pletions may also represent mixtures of 
enriched and depleted magmas. 

proximity, in temperature, of the liqui- 
dus and the solidus in eclogite. Peridotite 
diapirs can melt only partially because of 
their high liquidi. The resulting melt frac- pretation is not required by the data, as I 

show below. Some mantle samples have 
been derived from ancient enriched res- 

Implications for Mantle Evolution tionates in near surface magma cham- 
bers to form tholeiitic melts that are light 
enough to rise to the surface. The py- 
roxenite residue forms the lower oceanic 

ervoirs (14). Other samples come from 
reservoirs that apparently have been en- 
riched only recently (14, 34). 

Isotopic studies indicate that the two 
major mantle reservoirs have been iso- 
lated for more than 1 or 2 billion years (2, 
3). The evidence presented here from 
trace elements, and from major element 
and seismic considerations (1 7), suggests 
that the mantle is chemically stratified 
and that the various regions of the 
mantle are complementary products of 
terrestrial differentiation. The present 
emphasis has been on magmas from 

lithosphere. As the lithosphere cools and 
thickens, the lower part transforms to 
garnet pyroxenite or eclogite, which is 

Consider a primitive mantle that par- 
tially melts and separates into two reser- 
voirs, as before, by upward removal of 
the melt. The lower mantle consists of 

denser than the underlying mantle. The 
oceanic lithosphere becomes gravitation- 
ally unstable, and it returns to its source 
region which lies between depths of 
about 220 km or deeper and 670 km. Par- 
tial melting in the shallow enriched pe- 

residual crystals and is therefore deplet- 
ed in the incompatible elements. The 
melt fractionates into a deeper garnet- 
rich cumulate layer and a shallow perido- 

Fig. 4. A model for the evolution of the mantle. Primitive mantle (part 
I )  is partially molten either during accretion or by subsequent whole- 
mantle convection, which brings the entire mantle across the solidus 
at  shallow depths. The large-ion lithophile (LIL) elements are concen- 
trated in the melt. The deep magma ocean (part 2) fractionates into a 
thin, plagioclase-rich surface layer and deeper peridotitic and garnet- 
rich cumulate layers (part 3). Late-stage melts in the eclogite cumulate 
are removed @art 4) to form the continental crust (c.c.), enrich the 
peridotite layer, and deplete the MORB source region (MORBS), the 
source region of oceanic crust (ox.)  and lower oceanic lithosphere. 
Partial melting of PLUME (part 5 )  generates continental flood basalts 
(CFB), ocean island basalts (OIB), and other enriched magmas, 
leaving a depleted residue (harzburgite) that remains in the upper 
mantle. Erupted magmas may be mixtures of magmas from MORBS 
and PLUME. 
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~ d o t i t e  layer generates continental and 
ocean island basalts and a harzburgite 
residue, both of which are lighter than 
their source region. These PLUME 
products remain in the crust and upper 
mantle. Some volatiles are returned to 
PLUME by subducted sediments and 
hydrothermally altered oceanic crust. 
The high temperature gradient in the 
thermal boundary layer at the PLUME- 
MORBS interface brings temperatures 
there close to the melting point (17). A 
perturbation in the elevation of the 
boundary, caused, for example, by con- 
vection in MORBS, may trigger partial 
melting and diapiric ascent. A thermal 
perturbation, discussed below, is anoth- 
er possible trigger. When mature oceanic 
lithosphere passes over a hotspot, it is 
quite likely that the lower pyroxenite 
Dart will contribute xenoliths to the al- 
kalic magmas and, by remelting, contrib- 
ute to the trace element and isotopic 
signatures of ocean island basalts. The 
evolution of the mantle is shown sche- 
matically in Fig. 4. 

It has generally been assumed that ba- 
salts of all kinds represent partial melts 
of peridotites. Mantle compositions 
based on this premise have much lower 
abundances of SiO,, A1,03, and CaO 
than models based on cosmochemical 
considerations. The evidence used to 
construct the petrological models is ob- 
tained from the upper 200 km of the 
mantle, and the models are therefore 
strictly valid only for the uppermost 
mantle. A thick eclogite layer serves to 
increase the abundances of the above 
components and can serve to reconcile 
the cosmochemical and petrological in- 
terpretations. The possibility of an eclo- 
gite layer in the upper mantle was also 
discussed by Press (36). 

The idea that eclogite may be the 
source for oceanic basalts is an old one 
(37) but has not been in favor in recent 
years. The main objection is that limited 
partial melting of eclogite does not gen- 
erate a tholeiite. Extensive or complete 
melting is required, and this has been 
thought to be unlikely. 

However, eclogite has an extremely 
small melting interval (about 60°C) com- 
pared to peridotite (28, 38). Since diapirs 
cannot rise out of an eclogite layer into a 
less dense peridotite layer until they are 
already extensively molten, it requires 
only a small additional temperature rise, 
relative to the liquidus, to complete the 
melting. This can be accomplished in a 
rising diapir (39). If the source region is 
an olivine eclogite, a picritic parent mag- 
ma can be formed by smaller degrees of 
partial melting. It is still unknown why 
melting begins in the first place. One 

possibility is insulation by the thick con- 
tinental lithosphere. 

Hotspots and ridges in the Atlantic 
and Indian oceans were beneath conti- 
nental lithosphere before 200 million 
years ago. A large number of hotspots 
are presently under the relatively sta- 
tionary continent of Africa. This sug- 
gests that continental insulation, which 
prevents mantle heat from being effi- 
ciently removed to the surface, may be 
the cause of the partial melting that ulti- 
mately results in ridge and hotspot vol- 
canism. The thick, 150 km, continental 
lithosphere (17) prevents diapiric uprise, 
and extensive melting may be possible 
until the continent rifts and rapid spread- 
ing and heat removal can take place. It is 
not so obvious that this explanation 
holds for the ridges and hotspots in the 
Pacific. The thick crust under the ocean- 
ic plateaus in the central Pacific or a 
thick oceanic lithosphere, due to a peri- 
od of slow spreading, could also serve to 
insulate the mantle, raise temperatures, 
and cause extensive in situ melting prior 
to diapiric ascent. Parts of the Pacific rim 
continents such as Alaska, Mexico, Cen- 
tra! America, and southeastern Asia may 
also have been located in the central Pa- 
cific prior to 200 million years ago. Once 
initiated, the rise of upper mantle diapirs 
should be rapid (40), possibly rapid 
enough to avoid crystal fractionation en 
route (39). 

Small-scale convection dominates in 
trre type of chemically stratified mantle 
discussed here. Hotspots will be rela- 
tively stationary since they are locked 
into position by the underlying convec- 
tion cell. 

Conclusions 

Garnet and possibly clinopyroxene 
control the complementary trace ele- 
ment patterns of MORB and PLUME 
magmas. I suggest that MORBS was 
formed from an eclogite cumulate layer 
resulting from crystallization of the picri- 
tic melt fraction of the original dif- 
ferentiation of the earth. The PLUME 
source is enriched in those elements that 
would be concentrated in a melt that was 
removed from a garnet-rich region. This 
fluid, the result of an early partial melt or 
a late-stage fluid from crystallizing eclo- 
gite in MORBS, infiltrated the shallow- 
mantle PLUME source at various times 
over the past 2 billion years. This gives 
PLUME basalts an inverse garnet signa- 
ture of trace elements relative to MORB. 
Taken together, MORBS and PLUME 
make up about 25 to 30 percent of the 
mantle. This requires that most, if not 

all, of the mantle has been processed to 
obtain the observed enrichment. There is 
no need to invoke a large primitive reser- 
voir in the mantle or deep, lower mantle 
PLUME sources. On the contrary, 
PLUME appears to be shallow and may 
be coincident with the LVZ. The upper 
mantle transition region, 220 to 670 km, 
represents about 21 percent of the man- 
tle, and the LVZ is about one-third as 
large. This is about the ratio of the sizes 
of the two upper mantle reservoirs that is 
required to satisfy the trace element 
data. The MORB source is probably an 
eclogite cumulate, possibly picritic eclo- 
gite, whereas the PLUME source is 
probably garnet peridotite. Crystalliza- 
tion of a magma ocean would give this 
kind of upper mantle stratigraphy. The 
Nd and Sr isotopic data indicate that the 
depletion of that part of MORBS being 
sampled today occurred over the interval 
from 1.5 to 2.5 billion years ago. The 
fluid that participated in the depletion- 
enrichment events, and in the formation 
of the continental crust, appears to be a 
partial melt or late-stage residual fluid 
from an eclogite cumulate layer. Kim- 
berlite magmas have the trace element 
characteristics required of this fluid. The 
lower mantle is residual peridotite, and, 
although it may be convecting, it no 
longer communicates with the shallower 
reservoirs. The 670-km discontinuity ap- 
pears to be both a phase change and a 
chemical discontinuity (17a). This is con- 
sistent with the present model. 
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Application of Space 
Technology to Geodynamics 

Edward A.  Flinn 

Despite the rapid progress achieved 
within the last decade, there are many 
important questions in geodynamics that 
we cannot yet answer. For example, 
How are the plates moving at the present 
time? Is the movement smooth or jerky? 
How do the local movements caused bv 
earthquakes at active plate boundaries 
contribute to the gross movement of the 
plates? How do the plates deform 'in 
response to the driving forces? How is 
-- 
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strain distributed near active plate mar- 
gins, and how does the strain change 
with time? What relationship, if any, is 
there between variations in polar motion 
and other geodynamical phenomena 
such as great earthquakes? What is the 
rheology of the lithosphere and the as- 
thenosphere? Are large-scale vertical 
movements taking place at the present 
time? 

What these questions have in common 
is that progress in finding their answers 
depends, at least to some extent, on 
measuring the relative position and 
movement of points on the earth's sur- 
face, over distances ranging from a few 

H. S.  Yoder, Jr., Generation ofBasaltic Magma 
(National Academy of Sciences, Washington, 
D.C., 1976). 
D. L.  Anderson, Geology 9, 7 (1981). 
H. R. Shaw, J .  Petrol. 10, 510 (1969). 
S. R. Taylor, in The Earth: Its Origin, Structure, 
and Ev8olution, M. W .  McElkinny, Ed. (Aca- 
demic Press, New York, 1979), pp. 353-376; J. 
A. Philpotts, C. C. Schnetzler, H. H .  Thomas, 
Geochim. Cosmochim. Acta 36, 1131 (1972); H. 
W. Fesq, E.  J .  Kable, J .  J .  Gurney, Phys. 
Chem. Eorth 9. 687 (1975); E. 5.  Kable, H. W. 
Fesq, J .  J. Gurney, ibid., p. 709. 
R. W. Kay and N. J .  Hubbard, Earth Planet Sci. 
Lett. 38, 95 (1978). 
The quantities  EX^ and E S ~  are the 143Nd/144Nd 
and *'SrIssSr ratios expressed as  the fractional 
deviation (in parts per lo4) from those in a primi- 
tive, undifferentiated reference reservoir (2). 
Thus,  EN^ = 0 implies a primoridal mantle with 
the following qualifications. Small degrees of 
partial melting fractionate RbISr and S d N d  in 
both the melt and the residual crystals, and they 
subsequently evolve as enriched and depleted 
reservoirs, respectively. For large degrees of 
partial melting, 3 15 percent, the melt has near- 
ly primitive ratios of RblSr and SmINd. Even 
large amounts of olivine and orthopyroxene 
fractionation from such a melt do not afect  
these ratios very much. Garnet and clinopyrox- 
ene orthocumulates, that is, nearly equal pro- 
portions of crystals and melt, also give nearly 
unfractionated ratios. These results follow from 
the small minerallmelt partition coefficients and 
the complementary concentrations in garnet and 
its intercumulus fluid. 
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kilometers to many thousands of kilome- 
ters. An accuracy of at least 2 to 3 
centimeters is required because of our 
desire to measure average plate move- 
ments (a few centimeters per year) with- 
in a reasonable time and because of the 
necessity to detect episodic changes in 
motion. 

There are several reasons why classi- 
cal ground-based geodetic surveying 
methods-leveling and trilateration-are 
impractical for making frequent mea- 
surements of station position over dis- 
tances greater than about 100 km (these 
methods, of course, cannot be used at all 
over the oceans). The major reason is 
that ground surveys must be made in a 
sequence of line-of-sight measurements 
between points up to a few tens of kilo- 
meters apart, and the resulting accumula- 
tion of random (and possibly systematic) 
errors soon brings the uncertainty in 
position above the required level of a few 
centimeters. The best trilateration mea- 
surement is good to about three parts in 
lo7, an error that exceeds 3 cm beyond 
about 100 km; the best leveling measure- 
ment accumulates random error at the 
rate of about 1 millimeter multiplied by 
the square root of the length of traverse 
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