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Not So Hot “Hot Spots™ in the Oceanic Mantle

ENRICcO BONATTI

Excess volcanism and crustal swelling associated with hot spots are generally attribut-
ed to thermal plumes upwelling from the mantle. This concept has been tested in the
portion of the Mid-Atlantic Ridge between 34° and 45° (Azores hot spot). Peridotite
and basalt data indicate that the upper mantle in the hot spot has undergone a high
degree of melting relative to the mantle elsewhere in the North Atlantic. However,
application of various geothermometers suggests that the temperature of equilibration
of peridotites in the mantle was lower, or at least not higher, in the hot spot than
elsewhere. The presence of H,O-rich metasomatized mantle domains, inferred from
peridotite and basalt data, would lower the melting temperature of the hot spot mantle
and thereby reconcile its high degree of melting with the lack of a mantle temperature
anomaly. Thus, some so-called hot spots might be melting anomalies unrelated to
abnormally high mantle temperature or thermal plumes.

HE CONCEPT OF HOT SPOTS HAS

played an important role in the the-

ory of plate tectonics (1-3). Oceanic
hot spots are areas of thicker than normal
crust and excess volcanism and are common-
ly marked by islands. They are generally
attributed to anomalously high tempera-
tures of upwelling mantle plumes, which
result in overabundant production of melt
and in crustal swelling (7—4). In this report I
discuss data from one such inferred hot spot,
the Azores hot spot complex (AHS), located
between 34° and 45°N in the Mid-Atlantic
Ridge (MAR). These data imply that this
so-called hot spot may not be caused by
anomalously high upper-mantle tempera-
tures, but rather by a mantle with a compo-
sition different from that underlying normal
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segments of the Mid-Atlantic Ridge.

The geochemical nature of the oceanic
upper mantle has been inferred from studies
of the melts extracted from it (oceanic ba-
salts) or of the solid residue left behind in
the mantle after melt extraction (oceanic
peridotites). The reconstructed primary
mineralogy of oceanic peridotites [olivine +
orthopyroxene (opx) % clinopyroxene (cpx)
+ spinel] suggests that they equilibrated in
the spinel peridotite facies [pressure >8 to 9
kbar at 1000° to 1300°C (5)]. I compare the
chemistry of these mantle-equilibrated relic
phases in samples of peridotite bodies em-
placed in young (<35 million years old)
North Atlantic crust (Fig. 1) and represent-
ing the uppermost sub-Atlantic mantle [see
(6-8) for methods and raw data].

Regional, long-wavelength (~1000 km)
variations of peridotite modal and mineral
composition (Fig. 2), detected along the

MAR (6, 9), must reflect fundamental re-
gional differences in upper mantle composi-
tion, thermal structure, or both (10). The
chemistry of the primary minerals, namely
their content of Mg, Cr, and other refrac-
tory elements versus that of Al, Fe, and
other incompatible elements (10-12), sug-
gest that greater amounts of melt [up to
>20% melting relative to a pyrolite-like
source (6)] have been extracted from the
mantle rocks in the AHS region than else-
where in the MAR, where the degree of
melting can be as low as 8% (6). These
regional variations along the MAR are asso-
ciated with variations of geophysical param-
eters (Fig. 2) such as zero-age sea-floor
depth (13) and geoid residual anomaly (14),
and basalt properties such as Na,O content
(15) and La/Sm ratio (16). Basalt Na,O
content has been related to the degree of
partial melting undergone by the source
material in the mantle (15). It is inversely
correlated with the 100Cr/(Cr + Al) ratio
of spinels in peridotite. Along with other
mineral chemistry relations (6), it provides
independent support for high degree of
melting of the AHS mantle.

This high degree of melting could reflect
higher upper-mantle temperatures in the
AHS than elsewhere along the MAR, con-
sistent with the notion that the anomalous
region is a hot spot (15, 16). If temperature
differences in the upper mantle were the sole
cause of the different degrees of melting,
estimated differences in mantle temperature
between mid-ocean ridge segments with
highest and lowest extent of melting should
be ~250° to ~300°C at equivalent depths in
the melting region (15). If we consider only
the North Atlantic part of the ridge, these
differences are reduced somewhat. The tem-
perature differences would be smaller at
shallower depth in the mantle where final
subsolidus equilibration of the peridotite
occurs, but should still exceed 100°C.

In order to test the assumption that man-
tle temperature is the cause of differences in
the degree of melting along the MAR, I
have calculated peridotite equilibration tem-
peratures using the Wells’ (17) and Linds-
ley’s (18, 19) geothermometers. Both are
based on the temperature dependence of
reactions between coexisting opx and cpx
(20, 21). Among the various proposed
peridotite geothermometers, these appear to
be the most reliable, particularly for perido-
tites equilibrated in the spinel lherzolite
stability field (22). However, because of the
limitations of these and other peridotite
geothermometers, I regard the estimated
temperatures (Fig. 2) as expressing relative
trends rather than absolute values (23). The
calculated temperatures are generally con-
sistent within each geotectonic area (24-26).
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Fig. 1. Areas where perido-
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tite samples were recovered.
The spinel 100Cr/(Cr + Al)
ratio of the peridotites is
indicated. Numbers repre-
sent averages of different
samples within the same
site, and in the case of frac-
ture zones, of different sites
in a fracture zone, as dis-
cussed in (6). Peridotites
with significant content of
plagioclase have not been in-
"M3ge cluded. Data are mostly
from (6), but also (60) and
(61). Data from St. Peter-
Paul Island peridotites
(black triangle) are from
(56). Area enclosed by
dashed line indicates sche-
matically the Azores hot

0o spot region.

The geothermometry estimates for the
peridotites from the AHS, although limited
in number by the absence of primary cpx in
many of the highly refractory samples, in-
clude samples from three areas: Oceanogra-
pher fracture zone, 43°N fracture zone, and
DSDP Site 556. Average estimated tem-
peratures of equilibration of peridotites
from the AHS appear to be lower, or at least
not higher, than those of peridotites from
elsewhere along the MAR (Fig. 2). The
calculated temperatures may actually reflect
cooling rates of the upwelling mantle bodies
@27.

Experimental work has shown that ALO;
isopleths in opx and the partitioning of Al
between opx and spinel in spinel peridotite
are controlled primarily by bulk composi-
tion and temperature; the partitioning is
relatively independent of pressure (22, 28,
29). Thus, peridotites that equilibrated at
high temperature should have high ALOs
opx/spinel ratios. However, relatively low
values were observed in samples from the
AHS region (Fig. 2). These data comple-
ment the geothermometry calculations and
suggest again that the AHS rocks did not
equilibrate at higher temperature than other
MAR peridotites.

Although the estimated temperatures
probably do not represent mantle tempera-
tures during melting but subsolidus re-
equilibration temperatures, we would ex-
pect them to be higher in a hot spot than in
a non-hot spot region. An upper-mantle
column above a stable hot spot should be
hotter than a column away from a hot spot
at equivalent depths. Mantle upwelling and
thus cooling rate should be faster in a hot
spot than elsewhere and should result in a
higher equilibration temperature. These re-
sults imply that the high degree of melting
of the AHS mantle may not be caused by a
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higher mantle temperature than elsewhere
along the MAR (27).

The absence of a temperature anomaly
could be reconciled with a high degree of
melting if the mantle of the AHS was en-
riched in H,O and CO,. The presence of
H>0 and CO, (either as free phases or in
minerals such as amphiboles, phlogopite,
and carbonates) lowers the solidus tempera-
ture of peridotite (30-35). This effect is not
trivial: even traces of CO, or H,O, or both,
can lower the melting temperatures by hun-
dreds of degrees (32). Partial melting would
thus be enhanced even in a normal mid-
ocean ridge thermal regime.

The notion that the upper mantle in the
AHS is enriched in H,O and other volatiles
is supported independently by basalt and
peridotite data. Mid-ocean ridge basalts

Fig. 2. Geochemical and geophysical data plotted
versus latitude along the northern MAR, from
Iceland to the equator. Shown (from the bottom)
are: (i) Zero-age crustal depth below sea level,
from (13). Major fracture zones are indicated by
letters: R, Romanche; P, St. Paul; D, Doldrums;
V, Vema; F, 15°20'; K, Kane; A, Atlantis; H,
Hayes; O, Oceanographer; G, Gibbs. (ii) Residu-
al geoid height anomaly, from (14). (iii) Spinel
100Cr/(Cr + Al) ratios and the ratio of Al,O; in
orthopyroxene to that in spinel of peridotites.
Symbols represent average values for each area;
bars range of values for each area. Source of data
is in Fig. 1. Circled P indicates peridotites from
St. Peter-Paul Island (56). (iv) Temperatures of
equilibration of peridotites estimated according
to Wells (17) and Lindsley (18, 19). Triangles
indicate average values and bars the range; circles
indicate anomalous high temperatures related to
low-Ca, high-Fe cpx. (v) Basalt La/Sm ratio,
normalized to chondritic values, from (16); and
Na content, normalized to 8% MgO, from (15).
The scale for basalt Na content is reversed. (vi)
*He/*He ratio (relative to atmospheric ratio) in
MAR basalts and in St. Peter-Paul Island perido-
tite, from (44) and (58). Shadowed band indicates
*He/*He ratio of normal MORB.

(MORB) from the AHS region contain two
to three times as much H,O as normal
MORB; are enriched in volatiles such as Cl,
Br, and F; and tend to have lower SiO,
content, which is consistent with melting
from an H,O-enriched source (36). This
evidence has led Schilling et al. (36) to
suggest that the AHS behaves also as a “wet
spot” and is the locus of metasomatism.
The high La/Sm ratio and general enrich-
ment in light rare-earth elements (LREE) of
the AHS basalts (Fig. 2) cannot be ex-
plained by increased degrees of melting but
requires the addition of an incompatible
element-enriched component in the source
(16, 37). The abundance of incompatible
large-ion lithophile elements (LILE) K, Rb,
Cs, Sr, and REE have been estimated in the
mantle parental material of normal MAR
basalts and in that of AHS basalts for a
range of mantle primary modal composi-
tions and of degrees of partial melting (37).
This calculation shows that the AHS mantle
is strongly enriched in LILE relative to
normal MAR mantle (Fig. 3) and that the
enrichment is greatest for elements with
largest ionic radii (37). These results can be
interpreted by considering data obtained
from the Zabargad peridotite complex in the
Red Sea, a mantle body from a pre-oceanic
rift and consisting of undepleted spinel lher-
zolite veined by metasomatic LILE-enriched
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amphibole peridotite (38). The LILE distri-
bution of the Zabargad spinel lherzolite
plots close to the estimated sub-Atlantic
normal parental mantle (Fig. 3A). This re-
sult agrees with mineral chemistry and Nd-
Sr isotopic data suggesting that the Zabar-
gad spinel lherzolites could be a potential
source of MORB (38, 39). The LILE pat-
tern for the Zabargad metasomatic amphi-
bole peridotite plots instead *close to the
estimated parental mantle for the AHS area
(Fig. 3B). That the equivalent of normal
oceanic mantle and of hot spot mantle can
be found side-by-side as meter-scale hetero-
geneities in the Zabargad peridotite body
supports the notion that a variably veined
mantle (40) can also occur beneath the At-
lantic, such that the so-called hot spot man-
tle contains a high proportion of metaso-
matic component, and the normal ridge
mantle a low proportion.

Thus, a variety of data supports the hy-
pothesis that the upper mantle in the AHS
area is enriched in H,O. Wet mantle that
upwells adiabatically would cross the wet
solidus at a higher pressure than a similar
but dry mantle body (Fig. 4). Partial melt-
ing during further ascent would lead to
cooling because of expenditure of latent heat
of fusion (41-43). Because a dry peridotite
starts melting at lower pressure, its pressure-
temperature (P-T) trajectory during upwell-
ing is displaced toward higher temperature
relative to that of the wet peridotite, and
should reach final equilibration at a higher
temperature. The relatively low equilibra-
tion temperatures estimated for the AHS
area could thus reflect a subsolidus trajec-
tory at lower temperature because of the
H,0- and CO,-enrichment relative to the
normal MAR mantle.

When and where was this metasomatized
mantle created? Basalt *He/*He ratios are
lower in the AHS region than in normal
MORB (44). This contrasts with most other
hot spots such as Hawaii and Iceland, which
show *He/*He ratios higher than those in
MORB (44-46). The low *He/*He ratio of
the AHS area implies that the mantle has
cither lost *He (relative to normal MORB
mantle) by degassing, or has had an addition
of U and Th (44). One possibility is the
incorporation in the mantle of old, subduct-
ed, partially degassed oceanic crust (44, 47).
However, He degassing could result from a
metasomatic event (44, 48), which is consist-
ent with the observed enrichment of LILE
in the AHS mantle (Fig. 3).

Preferred sites of degassing of the Earth
and of mantle metasomatism are continental
rifts (48-51) such as the East African—Red
Sea rifts where thinning and breaking of the
continental lithosphere allows release of
mantle volatiles that elsewhere are trapped
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Fig. 3. Estimated chondrite-normalized LIL element content in parental mantle for normal MAR
basalts and for AHS basalt, from (37), compared with LIL content of Zabargad spinel lherzolites (A)
and of Zabargad metasomatized amphibole (amph.) peridotites (B), from (38, 39). The LIL element
distribution of average St. Peter-Paul Island amphibole peridotite, from (56), is also shown.

beneath a thick lithospheric lid. The metaso-
matized mantle domains inferred for the
AHS area might be remnants of proto-
Atlantic rift mantle that were left behind
during the opening of the North Atlantic.
The possibility of having relicts of subconti-
nental mantle beneath the axial region of the
Atlantic has been suggested before (52) and
has been proposed recently in order to ac-
count for Sr-Nd-Pb isotope systematics of
some hot spot oceanic islands (53) and of
basalts from the Oceanographer fracture
zone (54), well within the AHS area. Basalts
from some Atlantic hot spot islands show Sr-
Nd-Pb isotope systematics similar to those of
East African rift volcanic rocks, for which a
metasomatized, H,O and CO,-enriched man-
tle source has been advocated (57).

Direct samples of the inferred metasoma-
tized H,O-rich mantle domains of the AHS
were not obtained, probably because the
peridotites from the AHS are highly refrac-
tory and the metasomatic components, in-
cluding mantle-equilibrated amphibole and
phlogopite, were extracted during partial
melting. However, an example of strongly
metasomatized mantle similar to the in-
ferred source of the AHS anomaly has been
preserved in the Atlantic islets of St. Peter-
Paul (SPP), located near the equator.

The mantle exposed at SPP is a mylonitic
spinel  peridotite  containing  variable
amounts of amphibole and is associated
with hornblendite (55, 56). In terms of
mineral, trace element, and isotopic chemis-
try, their undepleted composition, and low
estimated temperatures of equilibration
(Fig. 2), the SPP peridotites are different
from MAR peridotites but similar to those

P mantle \

Fig. 4. Qualitative and schematic diagram illus-
trating partial melting and P-T paths of upwelling
“dry” and-“wet” peridotitic upper mantle bodies.

at Zabargad (57). Thus, the SPP mantle
body may have been spared going through
fast upwelling in a hot thermal regime,
which would have resulted in higher tem-
peratures of equilibration and in significant
partial melting, as is generally seen in MAR
peridotites. The LILE distribution of the
SPP peridotites (56), just as that of the
Zabargad metasomatized amphibole perido-
tites (38), falls within the range of the
estimated mantle source of the AHS basalts
(Fig. 3). Moreover, the *He/*He ratio of
SPP rocks is lower than that of normal
MORB (58) and similar to that of rocks
from the AHS area (Fig. 2). In terms of Sr-
Nd-Pb isotope systematics, the mantle rocks
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at SPP are compatible with the inferred
source of ocean island (hot spot) basalt (56)
and of East African rift basalt (51). Thus, on
the one hand SPP fits the requisites of the
mantle source for the AHS basalts. On the
other hand, its similarity with the inferred
mantle at Zabargad and in the East African
rift suggests that SPP might be a fragment
of pre-oceanic rift mantle left: behind from
the opening of the proto-Atlantic rift (57).
The probable age of the metasomatic event
that affected SPP [155 million years ago
(56)] lies within the age of the continental
rifting that preceeded the opening of the
equatorial Atlantic.

The AHS region has positive zero age
crustal depth and residual geoid anomalies
(Fig. 2). If we assume that there are no
temperature differences between the AHS
mantle and normal MAR mantle, the AHS
axial topographic high must be due to the
increased thickness of the crust and of the
residual mantle column, in that refractory
harzburgite is less dense than fertile lherzo-
lite (59). An additional factor is introduced
in these estimates, however, if metasoma-
tized peridotite is abundant in the AHS
mantle, because low-density phases would
then be abundant. If the metasomatized
mantle domains of the AHS region are
similar to Zabargad amphibole peridotite
with about 20% modal amphibole (38), and
with, in addition, phlogopite and carbon-
ates, their density could be lowered close to
~3.2 g/cm? relative to that of unmetasoma-
tized (3.3 g/cm®) spinel lherzolite. The
thickness of the metasomatized mantle col-
umn would determine the extent of the
positive topographic anomaly. The geoid
high could then be largely due to topogra-
phy.

In summary, I suggest that the presence
of metasomatized, H,O- and CO,-rich do-
mains in the 34° to 45°N mantle, rather than
anomalously high mantle temperatures, can
account for the main features of the AHS
area, such as (i) the high melting anomaly;
(ii) the enriched nature of the basalt; and
(iii) the positive zero age depth, crustal
thickness, and geoid anomalies. Thus, the
suggestion of an Azores hot and wet spot
(34) is modified into the idea of a wet but
not particularly hot spot. One implication is
that estimates of mantle temperature be-
neath mid-ocean ridges based on degree of
melting and volume of released melt must
take into account the areal heterogeneity of
upper-mantle composition (particularly in
terms of H,O and other volatiles) and,
consequently, of melting temperature. Oth-
er implications are that not all hot spots are
necessarily loci of unusually high mantle
temperature, and that mantle metasomatism
related to recent or ancient degassing events
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may play the major role in the enhanced
melting and crustal swelling associated with
some of them.
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Hematite Nanospheres of Possible Colloidal Origin
from a Precambrian Banded Iron Formation

Jung Ho AHN* AND PETER R. BUSECK

Exceptionally small spheres (nanospheres) of hematite (diameters between 120 and
200 nanometers) occur in the Marra Mamba Iron Formation of the Hamersley Basin,
Australia. The nanospheres are clustered into small aggregates and may have formed
by structural ordering and dehydration of colloidal iron hydroxide particles. Individ-
ual spheres consist of numerous thin, curved hematite platelets surrounding a central
void that is approximately half the diamter of the sphere; this texture suggests that
they formed by a volume reduction of the original colloidal particles by ~12.5%. The
occurrence of hematite nanospheres supports the hypothesis that some of the iron was
deposited colloidally during the development of banded iron formations, approximate-

ly 2.5 billion years ago.

THB ORIGIN OF PRECAMBRIAN IRON
formations, the world’s oldest and
largest iron deposits, has been a
source of continuing interest and occasional
controversy for many decades (1-6). They
occur as layered rocks on all continents and
provide the bulk of mined iron. Potentially,
they indicate the character and history of the
early Earth’s oceans, atmosphere, and bio-
sphere (5-9); they have been used to infer
the evolution of Earth’s atmosphere in Pre-
cambrian time. The methods of concentrat-
ing, transporting, and then depositing the
vast quantities of iron in these extensive
sedimentary units provide serious geological
and geochemical problems.

Colloidal transport and deposition has
been proposed as one means of moving the
extraordinary amounts of iron to the basins
where the iron ultimately was deposited (10,
11), but direct observatdonal evidence has
been both sparse and equivocal. Spherical
structures 5 to 40 pm in diameter are com-
mon in iron formations, but there is dispute
over whether they indicate purely chemical
colloidal processes (12-15), organic activity
(16), or recrystallization (17). In this paper
we describe tiny hematite spheres that have
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diameters only 1/40 to 1/200 of known
spherical features in iron formations. We
propose these spheres as strong indicators of
colloidal proceses during deposition of the
iron formatons.

We studied two samples that were select-
ed to be representative of regions of drill
core separated vertically by ~2 m. The core
(D.D.H. No. 270, located 38 km west of
Wittenoom, Australia) is from the Marra
Mamba Iron Formation, which is of the
Lake Superior type (17a). This formation
was deposited about 2.5 billion years ago, at
the approximate boundary between the Ar-
chean and Proterozoic ages and is the lower-
most member of the Hamersley Group of
Western Australia (18). In addition to the
hematite, the samples contain quartz, mag-
netite, stilpnomelane, ankerite, minnesotaite
or talc, and fibrous riebeckite (crocidolite).
Specimens were examined at 400 and 120 kV
with JEOL JEM-4000EX and Philips 400T
transmission electron microscopes (19).

In all the grains that we observed, the
hematite occurs in tiny clusters between
quartz grains. Most hematite aggregates are
smaller than 2 pm in diameter, and they
have relatively sharp boundaries with the
quartz (Fig. 1). Electron-diffraction patterns
show rings as a result of the polycrystalline
character of the aggregates (Fig. 2 and Table
1). These aggregates consist of spheres that
have diameters between 120 and 200 nm
(Fig. 3); we call them “nanospheres.” The

Fig. 1. Low-nﬁgniﬁcation TEM image showing a
hematite cluster (Hmt) in quartz (Qtz).

hematite nanosphere clusters are widespread
in the specimens we studied. Only circular
shapes were observed in our transmission
electron microscopy (TEM) images, indicat-
ing that the hematite has a spherical rather
than cylindrical form.

The TEM images of the nanospheres
show marked contrast between the outer
shells and central areas (Fig. 3). These cores
show light contrast and produce neither
electron-diffraction  patterns nor lattice
fringes in TEM observations; only the outer
shells consist of hematite. These shells con-
sist of thin, subparallel, platy crystals, each
approximately 3 to 5 nm thick (Fig. 4).
Completely circular single crystals were not
observed; instead, many curved crystals are
joined to form spherical structures.

The appearance of the hematite nanos-
pheres is similar to that of Fe-Si-Al-oxyhy-
droxides that crystallized from gel spheres
(20). The presence of central voids suggests
that the nanospheres also formed by void
nucleation (21) from colloidal gels rather
than by nucleation crystallization or spino-
dal decomposition. The central voids appar-
ently formed during shrinkage caused by
both ordering and dehydration.

Fine-grained hematite in weakly meta-

Fig. 2. Electron-diffraction pattern of hematite
showing ring features. The ten innermost reflec-
tion rings are numbered; their interplanar spac-
ings and indices are given in Table 1.
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