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Modal analyses of 273 different peridotites representing 43 dredge stations in the Atlantic, Caribbean, and Indian
Oceans define three separate melting trends. Peridotites dredged in the vicinity of “mantle plumes” or hot spots have
the most depleted compositions in terms of basaltic components, while peridotites dredged at locations removed from
such regions are systematically less depleted. The modal data correlate well with mineral compositions, with the
peridotites most depleted in pyroxene also having the most refractory mineral compositions. This demonstrates that
they are the probable residues of variable degrees of mantle melting. Further, there is a good correlation between the
modal compositions of the peridotites and the major element composition of spatially associated dredged basalts. This
demonstrates for the first time that the two must be directly related, as is frequently postulated. The high degree of
depletion of the peridotites in basaltic major element components in the vicinity of some documented mantle plumes
provides direct evidence for a thermal anomaly in such regions—justifying their frequent designation as “hot spots”.
The high incompatible element concentrations in these “plume” basalts, however, are contrary to what is expected for
such high degrees of melting, and thus require either selective contributions from locally more abundant enriched veins

and /or contamination by a volatile-rich metasomatic front from depth.

1. Introduction

Variously serpentinized and weathered peri-
dotites have been dredged, drilled or sampled by
submersible at numerous localities on the walls of
fracture zone valleys and also in the rift moun-
tains of slow-spreading mid-ocean ridges like the
Mid-Atlantic and Indian Ocean Ridge systems.
Many authors have noted the similarity of abyssal
peridotites to the alpine-type peridotites located at
the base of ophiolite complexes. Such peridotites
are believed to be the residues of mantle partial
melting which generated the overlying crustal sec-
tion (e.g. [1-3]). Accordingly, abyssal peridotites
are interpreted as residues of mantle melting, de-
pleted in basaltic components and emplaced to the
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top of the mantle, finally exposed on the sea floor
by faulting of the relatively thin oceanic crust.
Due to the usually high degree of alteration, as
well as to the practical difficulty of obtaining
materials from the sea floor, abyssal peridotites
have been little studied. Assuming a mantle origin,
however, their study offers a number of major
advantages. Emplaced immediately beneath the
crust, these peridotites have undergone the greatest
ascent and, therefore, the highest degree of decom-
pression melting of any rocks in the underlying
mantle section. Unlike mantle xenoliths, abyssal
peridotites dredged from different abyssal locali-
ties must share a common petrogenesis; thus it is
less critical to sort out their individual high-tem-
perature P-T histories. This is particularly im-
portant as different pressures and temperatures of
equilibration can strongly affect mineral composi-



tions. Finally, unlike abyssal basalts, they cannot
have been substantially modified by secondary
processes such as fractional crystallization, magma
mixing and crustal contamination.

Systematic geochemical variations in basalts
dredged from the ocean ridges correlate with dif-
ferences in crestal height and in proximity to
mantle hot spots such as Iceland or the Azores {4,
and references therein]. Most basalts from the
vicinity of presumed hot spots are enriched in
incompatible elements, such as K, Rb, Cs, Ba and
the light rare earth elements, and have high
¥Sr /%Sr and low *3Nd/'*Nd ratios, geochemi-
cal features commonly attributed to a mantle
source less depleted than the MORB source. In
contrast, away from these regions basalts have
systematically lower light rare earth and large-ion
lithophile element abundances and low 'Sr/®Sr
and high ¥ Nd/'*Nd ratios, features which may
be associated with a mantle source which has been
previously depleted by extraction of basaltic melts.
Morgan [5] proposed that the framework of fixed
mantle hot spots, invoked by Wilson [6] to explain
the origin of seamount chains and aseismic ridges,
is a manifestation of deep mantle plumes bringing
heat and relatively primordial mantle material up
to the asthenosphere. Morgan’s [5] mechanism has
in turn been used to explain the geochemical varia-
tion of ocean ridge basalts as due to mixing of
melts derived from incompatible-element-enriched
deep mantle material injected into the upper man-
tle in the vicinity of hot spots, with melts derived
from the depleted upper mantle believed to be the
source of “normal” ridge basatts (i.e. [4]). Such
models for the origin of ridge basalts require de-
compression melting accompanying upwelling of
the mantle in the upper 100 km beneath ridge
axes, and therefore also imply that there may be a
compositional variation in the uppermost abyssal
mantle complementary to that found in the ridge
basalts. To explore this possibility we have under-
taken a systematic study of the lateral mineralogi-
cal variability of abyssal peridotites along the world
ocean ridges relative to spatially associated abyssal
basalts, and have examined their proximity to
“mantle hot spots”. In addition, we consider pos-
sible differences in the melting paths for mantle
peridotites dredged from the Atlantic, Caribbean
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and American-Antarctic Ridges, from the Central
Indian Ridge, and from the Southwest Indian
Ridge.

2. Analytical techniques

Because typical abyssal peridotites contain close
to 70-80% alteration products, we use analysis of
relict primary minerals and petrographic modal
analysis rather than whole rock analyses to inter-
pret the petrogenesis of these rocks. Because alter-
ation products in abyssal peridotites form char-
acteristic pseudomorphs after the primary phases,
it is often possible to determine accurately the
primary modal phase proportions even when little
or no relict primary mineral remains. Roughly half
of our dredge hauls or dive stations with peri-
dotites contained material suitable for point count-
ing to obtain such a “primary mode” (Fig. 1). Due
to the coarse grain size (~ 0.25-1.0 cm) of the
rocks, it was necessary to use 7.5 by 5 cm thin
sections and to count an average of 2400 points at
1 mm spacing over an area of 24 cm’ to get a
reasonable estimate of the modal proportions
(mode) for each sample. In order to assure uni-
formity, all point counting was done by the first
author, with 604,000 points counted on 273 sam-
ples from 43 different dredge hauls in the Atlantic,
Indian and Caribbean Oceans.

We have mineral composition data for 64 dif-
ferent dredge hauls and dive sites, although this
does not include all the locations for which there
are modal data. Natural mineral standards, with
the exception of one synthetic diopside glass
(DJ35), were used for all microprobe analyses. To
ensure that the data are representative of the entire
sample, olivine and spinel grains from a disaggre-
gated sample were hand picked and mounted on
glass slides. From two to six of these grains from
each sample were analyzed and averaged for each
mineral. To eliminate the effects of low-tempera-
ture exsolution, pyroxene analyses were done using
glasses fused from hand-picked optically-clear sep-
arates of greater than 99% purity. Representative
spinel analyses can be found in Dick and Bullen
[8); the remaining analytical data and their de-
tailed interpretation will be published separately.
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ABYSSAL PERIDOTITE
LOCALITIES

Fig. 1. Map showing distribution of abyssal peridotites used in this study. Stars indicate localities for which there are both modal and
mineral data. Filled circles indicate localities for which we have modal data only while open circles indicate localities for which we

have only mineral data.

3. Modal analyses

An overall average composition for abyssal
peridotites, computed by summing the averages
for each locality, contains significant plagioclase:
74.8 + 53% (lo) olivine, 20.6 4+ 3.7% enstatite,
3.57 + 2.0% diopside, 0.51 + 0.20% spinel and 0.88
+ 2.27% plagioclase. This average is deceptive since
only about a third of the samples actually contain
plagioclase [7,8]. We believe that the plagioclase
crystallized late from trapped melt, based on work

on similar plagioclase-bearing alpine-type peri-
dotites [9,10] and from studies of abyssal peri-
dotites [7,8]. Clinopyroxene and plagioclase con-
tents of individual samples in the large suite of
unusually plagioclase-rich peridotites from the
Romanche Trench show a rough positive correla-
tion consistent with increasing amounts of trapped
melt. In addition Dick and Bullen [8] have found
that chromian spinels in abyssal plagioclase peri-
dotites contain more ferric iron, as well as higher
TiO, contents in both pyroxene and spinel, than in
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Fig. 2. A. Modal ternary diagram: clinopyroxene-olivine-ortho-
pyroxene with the composition of abyssal peridotites for 39
different dredge hauls plotted using the data in Table 1.
Analyses in Table 1 based only on a single peridotite sample
have been excluded. Composition fields for different rock types
cited in the text are shown for reference. B. Cartoon of the
synthetic system Mg,Si,04-CaMgSi,04-Mg,S5i0,. C. Ex-
panded view of the base of A showing the composition field for
abyssal peridotites.

plagioclase-free peridotites. These unique geo-
chemical features can be readily explained as due
to the crystallization of trapped melt in the peri-
dotites. In the overall average the high standard
deviation for plagioclase relative to the low mean
abundance clearly reflects a very non-Gaussian
distribution in the sample population; thus we
suggest that trapped melt is very irregularly dis-
tributed in the mantle at the end of melting. The
typical abyssal peridotite in our collections is actu-
ally a plagioclase-free spinel-harzburgite contain-
ing roughly 75% olivine, 21% enstatite, 3.5% di-
opside and 0.5% spinel.

There is substantial variability in modal propor-
tions at individual localities, with samples ranging
from diopside-poor harzburgites to diopside-rich
lherzolites present in the same dredge haul. This
local variability is probably equivalent to the out-
crop-scale heterogeneities observed in alpine-type
peridotites. Such heterogeneities may include local
variations in the proportion of mineral phases,
flow layering, or the development of patchy dunites
within the outcrop. Since the present study pri-
marily concerns the average composition of the
local mantle, we have computed an average
“mode” for each dredge haul or dive station by
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combining all points counted for each mineral on
each thin section used (Table 1). These primary
modes are plotted (vol. %) in Fig. 2A where it is
apparent that there is a systematic variation, with
a linear trend away from the enstatite-diopside
join toward Oly,Opx,s. Although the data are not
plotted here, there is also a weak negative correla-
tion between proportions of spinel and olivine
(Table 1).

The trend in Fig. 2A can be readily interpreted
using the phase relations in the synthetic system
Mg, Si0,-CaMgSi,0,-Mg,Si0. Fig. 2B is a sim-
plified cartoon of this system. For abyssal peri-
dotites, the modal diagram corresponds only to the
four-phase field (Ol-En-Di-Sp) in the cartoon, not
the entire synthetic ternary. This is because en-
statite in abyssal peridotites is generally saturated
with respect to diopside, precluding melting be-
yond the four-phase field into the three-phase
Ol-En-Sp field [7]. For any composition in the
four-phase field, the composition of the melt is
constrained to lie at the reaction point X until one
of the solid phases vanishes. The composition of
the residue, with progressive melting, will follow a
linear path (A4-B) directly away from the reaction
point towards a “unique” point B on the olivine-
enstatite join. In contrast, melting in the three-
phase OIl-En-Sp field would produce a path
asymptotically approaching the olivine corner of
the ternary (path B-Fo). The linear trend for natu-
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Fig. 3. Expanded view of the olivine corner of the 01-Opx-Cpx
modal ternary shown in Fig. 2 with points plotted by region as
indicated.



TABLE 1

Modal compositions of abyssal peridotites

Station Lat., long. Number of Points Olivine Enstatite Diopside Spinel Plagioclase Locality

No. samples counted (le)? (lo) (lo) (le) (1)

Carlsberg Ridge®

IN 18 12°35’N, 58°12°E 3 no data 752 - 18.8 - 4.30 - 0.27 0.97 - Owen F.Z.

IN 19 12°36'N, 58°08'E 6 no data 64.5 — 26.8 - 6.85 - 0.88 — 0.35 - Owen F.Z.
Central Indian Ridge

CIRCE 93 12°25’S, 65°56'E 5 10,575 81.0(5.9) 18.1 (5.4) 0.59 (0.95) 0.31 (0.26) 0- rift at 12°S, 66 °E
ANTP 134 8°42’S, 67°38'E 7 11,923 75.0 (6.7) 21.1 (7.0) 3.41 (1.40) 0.51 (0.28) 0~ Vema F.Z.

ANTP 135 8°55’S,67°37E 3 4088 78.4 (5.1) 20.5 (4.9) 0.71 (0.30) 0.37 (0.57) 0- Vema F.Z.

ANTP 125 13°35’S,66°26'E 4 6771 71.9 (8.2) 22.1 (6.6) 2.76 (1.28) 0.28 (0.19) 3.13(0.95) Argo F.Z.

ANTP 126 13°34’S, 66 °30'E 4 8632 72.3(1.9) 22.0(1.8) 5.10 (2.08) 0.68 (0.29) 0- Argo F.Z.

ANTP 84 17°34’S, 65°37'E 7 13,833 73.5(13.8) 22.5(9.5) 3.59(2.35) 0.23 (0.20) 0.23 (0.36) Marie Celeste F.Z.
ANTP 87 17°36’S,65°45'E 8 21,229 81.8 (8.2) 17.1(7.3) 0.73 (1.38) 0.31 (0.32) 0 - Marie Celeste F.Z.
ANTP 89 17°38’S, 65°49'E 16 36,045 78.7 (4.2) 18.6 (3.4) 2.21(1.5) 0.32 (0.17) 0.23 (0.36) Marie Celeste F.Z.
CIRCE 97 17°03’S, 66 °52'E 4 9099 72.8 (4.8) 21.3(4.3) 3.49 (2.31) 0.41 (0.26) 2.02(1.10) Marie Celeste F.Z.
Southwest Indian Ridge

AII107-39 54°27'S,01°37'E S 12,909 81.7 (3.9) 16.6 (3.7) 0.51 (0.26) 0.61 (0.18) 0.59 (0.67) Bouvet F.Z.
AII107-40 54°25’S,01°34'E 8 17,071 79.4 (2.3) 17.6 (1.8) 2.49 (0.91) 0.50 (0.36) 0 - Bouvet F.Z.
AIl107-35 54°43'S, 00 °48’E 1 2763 91.9 - 7.8 - tr. — 0.30 - 0 - Bouvet F.Z.
1011/76-56  54°05’S,06°17'E 6 12,070 71.501.9) 22.0(1.9) 5.51(1.95) 0.91 (0.43) 0.07 (0.17) Islas Orcadas F.Z.
1011/76-58 54°04’S,06°24’E 6 14,698 68.1 (4.5) 25024 5.93 (2.96) 0.71 (0.29) 0.25 (0.49) Islas Orcadas F.Z.
1011/76-59  54°03’S, 06 °30’E 6 11,554 73.4(3.8) 21.7 (4.2) 4.15 (1.30) 0.69 (0.27) 0.01 - Islas Orcadas F.Z.
1011/76-60  54°03’S,06°29’E 13 28,475 759 (5.1) 19.8 (3.5) 3.60 (2.08) 0.60 (0.25) 0.06 (0.13) Islas Orcadas F.Z.
AII107-59 54°01'S, 07°14'E 2 4386 78.3 (0.8) 17.7 (0.2) 3.44 (0.57) 0.46 (0.10) 0.21 (0.34) Rift at 54°S, 7'E
INMDS-8 41°60'S, 42°39'E 3 7555 84.0 (3.9) 14.4 (3.1) 0.97 (1.62) 0.61 (0.39) 0 - Discovery Il F.Z.
INMDS8-15 36°51'S, 52°07’E 8 19,886 71.6 (3.9) 234 (3.8) 4.25 (1.45) 0.49 (0.17) 0.31 (0.41) Gallieni F.Z.
INMDS-12 36°40°S, 52°25’E 5 11,105 71.3(5.2) 23.7(42) 4.51 (2.08) 0.56 (0.37) 0.04 (0.09) Gallieni F.Z.
ANTP-114 29°18’S, 60°37°E 3 6108 77.8 (3.9) 18.7 (4.3) 2.85(0.70) 0.61 (0.30) 0 - Melville F.Z.
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ANTP-115 17°36°S, 65°45’E 7 13,825 69.2 (4.4) 25.4(3.9) 4.80 (1.47) 0.60 (0.57) 0 - Melville F.Z.
ANTP-117 30°27’S, 60°48’E 7 15,688 67.0 (2.8) 26.4 (2.4) 5.90 (1.55) 0.53 (0.24) 0.21 (0.64) Melville F.Z.
All93-5-2 32°49'S, 56°53'E 2 4884 63.4 (9.8) 29.6 (10.3)  6.18 (0.91) 0.68 (0.39) 0.16 (0.08) Atlantis 11 F.Z.
All93-5-3 32°51'S, 56 °55’E 7 16,569 73.2(4.7) 20.6 (4.4) 3.55 (0.61) 0.22 (0.09) 2.58 (0.84) Atlantis I1 F.Z.
AIlI93-5-9 26°28’S, 67°27'E 4 10,161 69.7 (5.7) 21.6 (2.6) 8.10 (3.61) 0.60 (0.24) tr. — Rift at 26°S, 67°E
America- Antarctica Ridge

Vulc 5-34 57°47°S, 07°40'W 6 12,109 749 (3.0) 19.6 (1.8) 496 (2.27) 0.56 (0.20) 0 - NE Bullard F.Z.
Vulc 5-35 57°57'S,07°49'W 10 21,020 73.6 (4.3) 21.0 (3.3) 4.67 (2.17) 0.69 (0.28) 0.04 (0.32) NE Bullard F.Z.
Vulc 5-37 58°26’S,15°40'W 2 3804 78.3 (6.5) 15.6 (2.6) 5.21 (4.26) 0.18 (0.20) 0.66 (0.59) NW Bullard F.Z.
Vulc 5-41 59°05’S, 16°49'W 12 29,757 70.9 (3.9) 20.8 (2.8) 7.26 (2.53) 0.98 (0.72) 0.03 (0.04) Vulcan F.Z.
Mid - Atlantic Ridge

AI160-9 21°56'S, 11°48'W 7 16,640 71.2 (4.0) 247(39)  319(L79)  0.60 (0.32) 0.32(0.36)  22°SF.Z
AIl20-17 0°03'S,17°35'W 12 18,206 71.4 (7.6) 18.1 3.9) 3.89 (2.29) 0.41 (0.28) 6.29 (3.711) Romanche F.Z.
All96-1 23°48’N, 46°35'W 8 20,889 76.4 (3.5) 20.1 (3.9) 3.16 (1.42) 0.31 (0.15) 0.03 (0.08) Kane F.Z.
AII96-2 23°50’N, 46°34'W 4 14,445 749 (9.1) 20.3 (6.1) 4.08 (3.42) 0.42(0.28) 0.30 (0.24) Kane F.Z.
AII96-10 23°38’N, 44°29'W 2 5384 76.8 (5.2) 20.0(5.2) 2.79 (0.11) 0.32 (0.17) 0.02 (0.03) Kane F.Z.
All96-12 23°38'N, 43°54'W 7 19,622 77.8 (3.3) 199 (2.1) 1.76 (1.36) 0.45 (0.12) 0.07 (0.12) Kane F.Z.
All32-8 43°13'N, 28°56'W 10 22,134 80.1 (5.3) 19.5(5.2) 0.16 (0.19)  0.22 (0.20) tr. — 43°N F.Z.
AIl32-10 43°14'N, 29°10'W 1 1737 76.6 — 230 - 0.06 - 0.40 — 0 - 43°N F.Z.
Mid-Cayman Rift

0C23-13 18°10°N, 81°37'W 13 29,985 75.1(7.5) 20.1 (5.9) 3.91 (2.54) 0.74 (0.51) 0.15 (0.20) East Wall
0C23-14 18°13'N, 81°33'W 12 23,106 71.2 (8.6) 22.0(6.9) 4.64 (3.14) 0.68 (0.24) 1.54 (1.44) East Wall

Total 266 570,740

Grand Averages [42] 2204 74804531 2061+3.67 3.58+2.01 0.51+0.20 0.49+1.16

# Although the mode is computed by summing 31l the points counted for each mineral on all thin sections from a station, 1o is the standard deviation found for the
simple average of the individual modal analyses of each thin section at the station. Thus the quoted mode is the best estimate of the overall mineral proportions at a
station, while 1o is an estimate of the total variation of the mineral proportions among the samples from one station.

® Data for Carlsberg Ridge from Hamlyn and Bonatti [16].
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ral data in Figs. 2a and 2C is thus consistent with
variable degrees of melting of roughly similar
source rocks in the four-phase field, with the peri-
dotite most depleted in basalt components lying at
the olivine-rich end of the trend.

The modal data when plotted by region in Fig.
3 define distinct trends, projecting to separate
“unique” points on the Ol-Opx, join near
Ol;,0px,4, Olg;,0px;;, and Ol Opx,,. We note
that none of these trends projects across the Cpx-Ol
join, and therefore, unlike the synthetic systems at
10 kbar after which the cartoon in Fig. 3B is
modeled (e.g. [18]), clinopyroxene could not have
melted incongruently to Opx + melt in the mantle
beneath mid-ocean ridges. Although the position
of the invariant point X in Fig. 3B is commonly
thought of as “fixed” in composition space, this is
only true for the three-component synthetic system
MgO-Ca0O-SiO,. Each additional component in-
troduces another degree of freedom, and for the
ten major elements required to describe the natu-
ral peridotite-basalt system represented by the
modal ternary, the position of the invariant point
may vary considerably with the initial composition
of the mantle. The separate trends (or melting
paths) in Fig. 3, therefore, imply that the initial
composition of the mantle, and the position of the
four-phase invariant point: Ol-Opx-Cpx-Sp +
melt, were different for each of these geographic
areas.

Additional data from a greater number of local-
ities, however, are needed to substantiate the ex-
istence, extent, and variability of the different
trends in Fig. 3. The grouping of American-
Antarctic Ridge and Mid-Atlantic Ridge peri-
dotites is based simply on the colinearity of the
Vulcan and Bullard Fracture Zone peridotites with
those from the Kane, Romanche and 43°N Frac-
ture Zones which is consistent with a similar major
element source. The point for the western Bullard
Fracture Zone lying off the trend is disregarded as
unreliable since it is based on only two samples.
The Cayman Trough samples do not define a
trend and could lie along any of the other trends.
They are shown with the points for the Mid-
Atlantic Ridge simply because of the geographic
proximity of the two regions. The point for 22°S is
based on 16,640 counts on seven samples and

appears to be reliable. This is the only point for
the entire Mid-Atlantic Ridge south of the equator
and it lies well off the northern and equatorial
Atlantic trend, possibly indicating that the initial
mantle composition for this southern region more
closely resembled that for the Southwest Indian
Ridge.

Examination of the data along the individual
trends reveals that, while there may be large dif-
ferences in the average composition of peridotites
dredged at different stations on the same fracture
zone, these averages all generally lie along the
same trend. This colinearity suggests substantial
variations in the amount of melt removed or
trapped locally in the upper mantle over a hori-
zontal scale of 1 to 10 km.

Finally, peridotites from (1) the vicinity of so-
called “mantle plumes” postulated on the basis of
basalt chemistry, apparently anomalous ridge crest
elevation, or anomalies in the residual geoid, and
(2) peridotites from other regions with basalts
from an isotopically less depleted source distinct
from “normal” mid-ocean ridge basalt, plot at the
depleted olivine rich end of the individual trends
in Fig. 3. “Plume” localities include: (1) the Bouvet
Fracture Zone, which cuts the Southwest Indian
Ridge where it overlies the Bouvet hot spot south-
west of South Africa, (2) the Discovery II Fracture
Zone, which cuts the Southwest Indian Ridge
where it shoals in the vicinity of a well-recognized
residual geoid anomaly [11] between the formerly
contiguous Del Cano Rise and Madagascar Ridge
[12], and (3) the fracture zone near 43°N on the
Mid-Atlantic Ridge, which lies close to the Azores
hot spot positioned at 39°N. Conversely, peri-
dotites dredged from the American-Antarctic
Ridge (Fig. 3A), where there is little geophysical
evidence for any “hot spot” or “mantle plume”
and isotopically enriched basalts with “plume”
characteristics are rare compared to MORB (Le
Roex, personal communication), plot near the
least-depleted, pyroxene-rich end of the trends. So
do peridotites dredged from the Melville and
Atlantis IT Fracture Zones (Fig. 3C) which are
located well away from the Del Caho Rise—-Mada-
gascar Ridge Sector in a region where the South-
west Indian Ridge is not markedly shallow. Peri-
dotites from four different stations at the Kane



Fracture Zone near 22°N, dredged with “normal”
mid-ocean ridge basalt [13], are all enriched in
pyroxene compared to the peridotites dredged 1800
km to the north at 43°N near the Azores.

Peridotites collected from the eastern wall of
the Islas Orcadas Fracture Zone contain a little
over 4% diopside and are substantially richer in
pyroxene than the Bouvet Fracture Zone peri-
dotites, although both localities are roughly
equidistant from the Bouvet Island Hot Spot. Le
Roex et al. [18] have reported the absence of any
geochemical gradient along the Southwest Indian
Ridge centered on Bouvet Island; instead, “nor-
mal”, “plume” and transitional MORB varieties
have been dredged in varying amounts for some
800 km along the Southwost Indian Ridge. Basalts
recovered from the Islas Orcadas Fracturé Zone
valley are predominantly “plume” or “transi-
tional” varieties, while those from the adjacent
ridge segments, where we have also dredged di-
opside-rich peridotites, are primarily “normal”
MORB [18]. There is, however, an additional frac-
ture zone, the Moshesh, lying between the Bouvet
Island hot spot and the Islas Orcadas Fracture
Zone which might account for a much reduced
“plume” influence in the vicinity of the latter.

We have modal analyses of peridotites from
four different areas on the Central Indian Ridge
between 8°S and 17°S, in the region now between
the formerly-joined elevations of Chagos Plateau
and Saya de Malha/Nazareth Bank [14]. These
plot toward the pyroxene-depleted, Ol-rich end of
the trend defined by Carlsberg and Central Indian
Ridge peridotites. Sr isotopic ratios of basalts from
this portion of the Central Indian Ridge [15] are
slightly high (0.7029-0.7030) and those of associ-
ated plutonic rocks somewhat higher; suggesting a
mantle source somewhat less depleted than usual
for MORB. Crestal depth of the ridge, however, is
essentially normal and apparently there is no re-
sidual geoid anomaly or other evidence for a hot
spot anywhere along the Central Indian Ridge.
The majority of peridotites from the Owen Frac-
ture Zone [16] at the northwest end of Carlsberg
Ridge near 10°N plot at the undepleted end of
the trend. The Carlsberg Ridge displays normal
mid-ocean ridge depths; 8’Sr /#¢Sr ratios from three
basalts from 2°N, 4°N and 10°N on the Carls-
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berg Ridge reported by Dupré and Allégre [17] are
relatively low (0.7026-0.7028) compared to values
from the Central Indian Ridge, and are character-
istic of the depleted mantle source of ridge basalts
away from postulated mantle “hot spots” and
“plumes”. Although there is no geochemical evi-
dence for a hot spot or mantle plume in the region,
there is a residual geoid high associated with the
Carlsberg Ridge between the equator and 12° N,

If one knew the initial compositions of the
mantle parents and the composition of the liquids
formed, one could calculate, by using the lever
rule, the degree of melting of the abyssal mantle
represented by each of the localities lying on the
different trends in Fig. 3. Although we do not have
this information, making some assumptions about
the melt composition allows us to compute a rough
estimate of how much additional melting would be
required to go from the least to the most depleted
locality along the individual trends.

If the position of the liquidus curve for melting
of the abyssal mantle is similar to the dry Ol:En
cotectic curve of Kushiro [19] for the synthetic
system MgO-CaO-SiO, at 20 kbar, then to go from
the average Melville Fracture Zone peridotite
(mean of 3 points in Fig. 3C) to the average
Bouvet Fracture Zone peridotite on the Southwest
Indian Ridge trend (mean of 2 points in Fig. 3C)
requires an additional 17% melting, while to go
from the average Vulcan Fracture Zone peridotite
to the average 43°N Mid-Atlantic Ridge peri-
dotite on the Atlantic trend (Fig. 3A) would take
an additional 11% melting. Using the composition
of plagioclase-free olivine websterite bands in Kane
and Islas’Orcadas Fracture Zone peridotites (Ta-
ble 2) (which are possible products of melting) to
define the position of the liquidus curve in the
modal diagram, it takes an additional 23% melting
to go from the Melville to the Bouvet peridotites,
and an additional 12% melting to go from the
Vulcan to the 43° N peridotites.

Although estimates may vary considerably with
choice of initial liquid, the essential point is that
the total variation in degree of melting suggested
by the range of observed peridotite modal mineral-
ogy is large. The variation we find, from around 11
to 23% additional melting to go from the least-
depleted to the most-depleted abyssal peridotites,
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TABLE 2

Modal analyses of olivine websterites

Locality Olivine Enstatite Diopside Spinel Counts
Kane Fracture Zone
All96-1-3 20.8 43.1 343 1.88 2344
Islas Orcadas Fracture Zone
1011 /76-60-52 28.8 53.2 17.3 0.71 2267
is consistent with the range of estimates from 10 to
30% total melting to form abyssal basalts com- o2 J5
monly postulated in the literature. ’ o o
2 10 g4 =7
ol o o ug R= 669 o
. ==l e
. . == * Mg /{Mg+Fe)i j
4. Correlation between mineral and modal com- & g/(Mg:+Fe)in Ensiafite
positions 90+
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It is important to demonstrate that abyssal peri- 5 Nd e
. . . . .0 10
dotites are not simply early residues of fractional al 8 4 .6
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crystallization in the crust. One way to do this is to 3L _ _ ¢
. . . wt % Al,O4 in Enstatite 15 5=
look for a correlation between mineral composi- s L ¢ aiete
tions and modal proportions in the peridotites. A 6 ;
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compositions and proportions. In contrast, whereas s ¢ e
there are systematic changes in the composition of Lr i
minerals in equilibrium with the melt during pro- 0 ' ' ’ g —— y '

gressive fractional crystallization, the crystal path
is discontinuous with phases abruptly appearing,
disappearing and reappearing on the liquidus.
Further, the proportion of phases in a sample of
the cumulate residue is highly dependent on rela-
tive mineral densities, settling velocities, and the
complex fluid mechanics of the magma chamber,
so the cumulate mineral phase proportions may
not represent assemblages crystallizing at any one
time. Thus, a correlation between mineral propor-
tions and composition is neither expected nor gen-
erally found in cumulate rocks.

To look for a correlation between mineral modes
and composition, we have plotted average Mg/
(Mg + Fe) ratios of enstatites, average alumina
contents of enstatites, and average Cr/(Cr + Al)
ratios of spinels against the average modal propor-
tion of olivine for each of the sixteen localities for

70 72 74 76 78 80 82
Modal Olivine (vol %)

Fig. 4. Binary variation diagrams for abyssal peridotites with
mineral compositions plotted against modal olivine averaged by
locality. Dashed line is the least-squares fit showing the linear
dependence of mineral composition on modal composition for
the entire data set. R = Pearson correlation coefficient. Solid
line gives the best fit line for data points (solid symbols)
representing more than 3 mineral analyses and 10,000 points
counted for the combined modal analysis. Open symbols are
for points representing less than 10,000 point counts and less
than 4 mineral analyses. Circles are points for the Southwest
Indian Ridge: I = Bouvet F.Z., 2=1Islas Orcadas F.Z., 3=
Atlantis F.Z., 4 = Melville F.Z., 5 = Rift Valley at 26 °S, 67 °E.
Squares are for the Central Indian Ridge: 6 = Marie Celeste
F.Z., 7= Argo F.Z,, 8 = Rift Valley at 12°S, 68°E, 9 = Vema
F.Z. Triangles are for the American-Antarctic Ridge: /0=
Bullard F.Z., /] =Vulcan F.Z. Diamonds are for the Mid-
Atlantic Ridge: 12=22°S F.Z.,, 13 = Romanche, F.Z., /4=
Kane F.Z, 15=43°N F.Z. The inverted triangle is for the
west wall of the Mid-Cayman Rift (16).



which there are sufficient data (Fig. 4). Studies of
natural peridotites and melting experiments have
shown that these composition parameters are sen-
sitive to variations in degree of melting [20,21].
This reflects the relatively incompatible behavior
of alumina and iron, and compatible behavior of
chrome in spinel and magnesium in pyroxene. For
this purpose only mineral data from plagioclase-
free abyssal peridotites are used, as the plagio-
clase-bearing specimens may be hybrid rocks con-
taining variable amounts of trapped melt. While a
small percentage of trapped melt will have a
negligible effect on phase proportions in a peri-
dotite, the effect on alumina, titanium and ferric
iron contents of the residual minerals is potentially
substantial. As can be seen from Fig. 4, there is a
strong correlation for each of the mineral composi-
tion parameters chosen with the proportion of
olivine. As expected, with increasing olivine the
spinel Cr/(Cr + Al) and enstatite Mg/(Mg + Fe)
increase and the alumina content of enstatite de-
creases. Thus, most of the variation in mineral
chemistry between abyssal peridotite localities can
be explained by a model of variable degrees of
partial melting of the oceanic mantle.

Some of the scatter in Fig. 4 probably arises
from sampling problems; to test for this we recom-
puted regression lines for the data set, eliminating
points representing modes of less than 10,000
points or fewer than four separate analyses of a
given mineral. This resulted in regression lines
similar to those for the whole data set, but with
substantially higher Pearson correlation coeffi-
cients (Fig. 4). Some of the scatter in these plots,
however, is real; a perfect correlation should exist
only if the mantle parent for each locality had the
same initial composition. Given the different re-
gional modal compositions trends in Fig. 3, this is
unlikely to be the case.

5. Mineral and modal composition variations at
individual abyssal localities

Hamlyn and Bonatti [16] have reported the
absence of any correlation between mineral com-
position and mineral modal abundance in a peri-
dotite suite from the Owen Fracture Zone. This is
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also the case for most of the abyssal peridotite
suites we have studied as well. Despite the fact
that the average modal analyses for different
dredge hauls from the same locality do define a
modal trend in Fig. 3 consistent with varying
degrees of melting, there is no correlation with
average mineral composition (Fig. 5). As can be
seen in Fig. 5, whereas there is often a large
variation in average modal proportions between
dredge hauls from the same locality, there is gener-
ally only a small variation in average mineral
composition.

Theoretically, both mineral proportions and
mineral compositions in the residue of melting in a
closed system are strictly controlled by the degree
of melting. Although the composition of each
mineral within the system will be uniform if equi-
librium is maintained and all phases are in contact
with the melt, the proportion of mineral phases
need not be uniform across the system. In a peri-
dotite, for example, all the pyroxene may be in one
area, the olivine in another—although the total
proportions of the phases will be fixed within the
region melted for a given degree of melting and
starting composition. Thus, locally the proportion
of the mineral phases may vary considerably and a
coherent relationship between mineral composi-
tions and mineral proportions may be found only
if the modal composition is measured over an area
large enough to represent the total modal composi-
tion of the system. Accordingly, for a limited
sample, mineral composition is a much better indi-
cator of the regional degree of melting and deple-
tion than mineral mode.
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Fig. 5. Binary variation diagram for Cr/(Cr+ Al) in spinel
plotted against modal olivine content. Similar to Fig. 4, except
that data are averaged and plotted for each dredge haul rather
than by locality. Points for different dredge hauls from the
same locality are connected by tie lines. Symbols and numbers
are as in Fig. 4.
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If more melt is removed from one area than
from another (or trapped at the end of melting),
without varying the degree of melting, then the
resulting modal variations may still define a coher-
ent melting trend because the proportion of miner-
als going into the melt is fixed by the four-phase
invariant point. Good examples of such trends are
defined by the four Kane Fracture Zone dredge
hauls (Fig. 3A), the four hauls from the Marie
Celeste Fracture Zone (Fig. 3B) and the four hauls
from the Islas Orcadas Fracture Zone (Fig. 3C). In
each of these cases it would appear that melt either
did not form and segregate uniformly or was not
uniformly trapped at the end of melting across the
locality, resulting in the observed modal hetero-
geneity. Thus the linear trends in Fig. 3 for indi-
vidual localities can be interpreted, in part, as
simple addition-subtraction lines for varying pro-
portions of trapped melt and residue at the end of
melting.

Thus we interpret the absence of a correlation
between mineral modes and chemistry at individ-
ual abyssal peridotite localities as indicating a
simple one-stage melting history, with variabie de-
grees of melt removal at the end of melting. This
does not, of course, rule out progressive or dy-
namic melting during ascent. In contrast Dick [20]
has found good correlations between mineral
modes and chemistry across 30 km of a single
alpine-type peridotite together with evidence for at
least two separate, unrelated, melting events.

6. Correlation between peridotite modal composi-
tions and the normative composition of associ-
ated basalts

We believe that we have adequately dem-
onstrated that abyssal peridotites are residues of
variable degrees of mantle melting. However, if it
can be demonstrated that these variations are re-
lated to compositional variations in basalts dredged
from the same regions, this would further
strengthen the interpretation that the peridotites
are the residues of ridge basalt generation. An
alternate explanation for the linear modal trends
in Fig. 3, and for the correlations between mineral
modes and major element compositions in Fig. 4,

is that the degree to which melt is removed from
the mantle, rather than the degree of melting, is
varying. Such an explanation, however, cannot
explain the observed variations in the peridotites if
these correlate with variations in the composition
of the spatially associated basalts. This is because
melt composition may vary with the degree of
melting but not with the amount tapped off at the
end of melting,.

There is a sampling problem when attempting
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Fig. 6. A. Normative plagioclase-olivine-pyroxene ternary
showing the composition of basalt glasses from the FAMOUS
region of the Mid-Atlantic Ridge from Bryan and Moore [22].
Norms are calculated with all iron as FeO. B. Best fit line for
the data in Fig. 6A and best-fit lines for natural basalt glasses
from the Mid-Cayman Rift and the Kane Fracture Zone region
from Bryan and Dick [24]. Compositions of two basalt glasses
published by Shibata et al. [38] for 43°N are shown for
reference. Number besides locality name gives the modal di-
opside content of spatially associated dredged peridotites (data
from Table 1). Dashed line is that of constant 10% normative
olivine. C. Phase relations in the system albite-anorthite-di-
opside-forsterite determined for starting materials with differ-
ent Ab/(Ab+ An) ratios from Biggar and Humphries [25).
Note that this system contains five components (CaO, MgO,
Al,0,, Si0,, Na,O) and is therefore only an approximate
analog for the 10 + component natural systems in Figs. 6A and
B.



to compare dredged basalts and peridotites. The
basalts occasionally recovered with peridotites in a
single haul commonly are badly altered. Generally
one has to rely on material from other hauls often
located on the axis of the nearby ridge but still
some tens of kilometers away from the peridotite
locality. Since the dredged basalts may have been
erupted over a fairly wide temporal and spatial
range, it is unlikely that any have actually been
derived from the particular peridotites studied. In
one sense, this is an advantage in that any correla-
tion is essentially “regional”, demonstrating that
the small sub-sample acquired by dredging may be
representative of a large area, with peridotites
dredged from a fracture zone or rift mountain
related to the basalts erupted on the nearby ridge.

Geochemists generally have looked for evidence
for mantle source variations in the trace element
or isotopic compositions of basalts. This is in large
part because the major element composition of
basaltic melts can be substantially modified after
separation from the mantle source due to processes
such as wall rock assimilation, magma mixing and
fractional crystallization. In order to relate the
major element compositions of basalts and spa-
tially associated peridotites, therefore, we use the
position of the liquid line of descent in the norma-
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tive olivine-plagioclase-pyroxene ternary defined
by the compositions of natural basalt glasses
dredged from a region (see Fig. 6). Fig. 6A is a
ternary plot of glasses dredged from an extensive
area (~ 700 km?) around the FAMOUS region of
the Mid-Atlantic Ridge. Despite the fact that the
glasses represent a wide spatial and temporal range
[22], they all plot close to a single line which
defines the crystallization path for basalts from the
region and mimics the olivine-plagioclase cotectic
boundary in the synthetic system anorthite-di-
opside-forsterite [23]. Regression lines computed
for the FAMOUS glasses and for glasses from
some other regions (Fig. 6B) show obvious dif-
ferences [24]. Schilling et al. [4] also have shown
that in the North Atlantic in general basalts and
basalt glasses from individual areas follow unique
trends and collectively define a family of cotectic
trends. The close fit of pillow basalt glasses from a
given region to a single line must mean either that
the primary melts separating from the mantle over
a considerable spatial and temporal range are
highly uniform with respect to major element com-
position, or that different melts are derived in
relatively constant proportions from the mantle
and are well mixed prior to eruption.

Fig. 6C portrays a summary of recent experi-

TABLE 3
Major element compositions and critical major element ratios of representative basalt suites at about 10% ternary normative olivine
[23]
Cayman Kane FAMOUS Cayman/FAMOUS
Major elements (wt.%)
Si0, 51.65 50.57 49.82
TiO, 2.27 1.69 0.84 2.7
Al,O, 15.09 15.57 16.23
FeO 10.46 10.29 9.07
MgO 5.68 7.27 9.19
CaO 9.37 11.02 12.22
Na,O 4.06 3.00 2.06
K,0 0.27 0.14 0.09 3.0
P,0, 0.26 0.18 0.10 2.7
Na,0/Ca0 0.43 0.27 0.17
Norm Ab/An 0.608 0.470 0.334
Olivine 9.90 9.70 10.07
Plagioclase 60.88 56.66 53.67
Pyroxene 29.72 33.64 36.26
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mental work in the system An-Ab-Di-Fo where
phase relations were mapped in the OI-Plg-Px
ternary using a range of albite /anorthite ratios in
the starting materials [25]. As the initial Ab/An
ratio increases, the plagioclase-olivine cotectic
shifts to the left across the ternary diagram. Con-
sistent with this, the Na/Ca ratio of representative
FAMOUS, Kane, and Cayman basalts for roughly
constant normative olivine contents, increases sys-
tematically from 0.17 to 0.43 with increasing con-
centrations of other incompatible elements, includ-
ing K,0, P,O,, and TiO, (Table 3). The initial
Fe/Mg ratio of the parent melt might also be a
factor in fixing the position of the regional basalt
liquidus trend. The effect is not likely to be as
significant as the Na/Ca ratio, however, since the
Fe /Mg ratios of abyssal peridotites, and therefore
the Fe /Mg ratios of the derived primary magmas,
show little variation [7).

In order to test whether the shift of the basalt
liquidus trends might be related to regional varia-
tions in the composition of the underlying mantle,
each of the trends in Fig. 6B has been annotated
with the proportion of modal diopside in spatially
associated dredged peridotites. The proportion of
residual diopside in the peridotites increases sys-
tematically, indicating that the residual mantle
becomes less depleted in diopside as the natural
basalt liquidus trends shift to the left in the ternary
diagram. This correlation is consistent with changes
in the mineralogy of the peridotites during melt-
ing. Sodium, held largely in the pyroxene as jadeite
component, is related to the large-ion lithophile
elements, and generally behaves incompatibly dur-
ing melting, while calcium is a major stoichiomet-
ric component of pyroxene, which must decrease
in the residue and go into the melt only as residual
pyroxene decreases. Thus, while the concentration
of sodium in the melt decreases steadily with in-
creasing melting, calcium must remain nearly con-
stant. The Na/Ca ratio of the melt (and hence
Ab/An), then, should systematically decrease as
more pyroxene melts, and, as one finds in Fig. 6B,
the corresponding ridge basalt liquidus trend
should shift to the right in the Ol-Plg-Px ternary
towards pyroxene as diopside decreases in associ-
ated residual mantle peridotites. Another way of
looking at this effect is to realize that plagioclase

component exists in the peridotites largely in the
jadeite and Tschermak molecules in pyroxene. As
jadeite molecule is largely removed from the py-
roxene at the early stages of melting and Tscher-
maks is preferentially removed throughout melt-
ing, the residue is effectively depleted in potential
plagioclase component relative to diopside compo-
nent and as fusion proceeds the plagioclase/py-
roxene and Na/Ca ratios of the melt must de-
crease.

Although we have used normative phase pro-
portions calculated from glass chemical analyses to
define these liquidus trends, the reality of these
differences in phase proportions is confirmed by
petrography and modal analyses of selected basalts.
Schilling et al. [4] and Schilling and Thompson
[26] have shown that modal phenocryst pyroxene
is characteristic of basalts associated with “hot
spots”, as especially demonstrated near the
Galapagos, the FAMOUS area, and Iceland. Bryan
[27] subdivided modal phenocryst data according
to association of the basalt with “normal” incom-
patible-element-depleted ridge segments (Group I)
or with incompatible-element-enriched ridge seg-
ments (Group II). He showed that in the Group I
basalts modal phenocryst pyroxene only appears
among the highly phyric basalts, generally associ-
ated with highly fractionated glasses. In the Group
I basalts, from “hot spot” regions, phenocryst
pyroxene appears at low degrees of crystallization
and in association with relatively unfractionated
glasses. Thus, the differences in phase saturation
implied by the normative data are confirmed by
the natural modal phase assemblages appearing as
phenocrysts in the basalts.

To test our model on a larger scale, we have
plotted the plagioclase/(plagioclase + pyroxene)
ratios where the basalt liquidus trends cross 10%
normative olivine (dashed line in Fig. 6B) against
the amount of modal diopside in spatially associ-
ated peridotites for 13 localities for which we have
sufficient data (Fig. 7). There is a strong correla-
tion, with only one locality (the ridge crest at
12°8) falling significantly below the general trend.
The Bouvet Fracture Zone is anomalous in that
three separate liquidus trends are defined by basalt
glasses dredged to the east and west of the fracture
zone (Dick, unpublished data). Assuming that the
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Fig. 7. Modal diopside content of abyssal peridotites plotted
against the plagioclase/(plagioclase + pyroxene) ratio of spa-
tially associated abyssal basalt glasses at a constant normative
olivine content of 10% (intersection of natural basalt liquidus
trend and dashed line in Figure 5). Glass data sources: FA-
MOUS-Bryan and Moore [22]; Kane F.Z.—Bryan et al. [13];
43° N—Shibata et al. [38]; Cayman Rift—Thompson et al.
[39]. All other data are from unpublished work by Dick on
South Atlantic basalts in the Woods Hole Oceanographic In-
stitution collection and Indian Ocean basalts from Scripps
Institution of Oceanography dredge collections.

different Spiess Ridge cotectic trends are due to
sequential melting of the underlying mantle, it is
important to note that the liquidus trend repre-
senting the highest degree of melting according to
our model does fit the overall correlation in Fig. 7.
It is apparent, then, that the position of the basalt
liquidus trends in the normative Ol-Plg-Px ternary
directly reflects the degree of melting of the im-
mediately underlying source region.

7. Hot spots, the geoid, and mantle peridotites

A principal feature believed related to “mantle
plumes” is an upward deflection of topography
and the earth’s geoid. The vanations in the geoid
are often of sufficiently large wave length (> 500
to 1000 km) that it is unlikely that they could be
maintained by elastic stresses in the lithosphere
(e.g. [28]). Theoretically they could most easily be
maintained dynamically by upward motions in the
mantle and the associated thermal anomaly; they
have been interpreted and modelled as such by a
number of authors (e.g. [29,30]). Locally, we find a
good correlation between geoid height and the
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Fig. 8. Geoid anomaly map of the North Atlantic contoured at
1-m intervals from Parsons et al. (in preparation) with the
Cr/(Cr+Al) ratio of spinel in dredged abyssal peridotites
plotted on it. Additional data sources: DSDP Site 395 —Sinton
[40]; Vema F.Z.—Hamlyn and Bonatti [16]; 45 ° N— Aumento
and Loubat [41).

composition of dredged peridotites. In Fig. 8 we
take the average Cr/(Cr + Al) ratio of spinel in
dredged peridotites as an index of the degree of
melting and plot this compositional parameter on
an anomaly map of the geoid between 50° N and
15°S in the Atlantic from M. Roufosse {11]. Spinel
Cr/(Cr+ Al) is used as there is substantial addi-
tional data for spinel in North Atlantic peridotites
available in the literature and as this parameter is
particularly sensitive to variations in degree of
melting [8]. The most prominent feature of the
geoid topography in this region is the large posi-
tive anomaly near 40 ° N associated with the Azores
triple junction. As shown here, the Cr/(Cr + Al)
ratio of spinel in peridotites dredged along the
Mid-Atlantic Ridge increases systematically with
the geoid height, increasing from a minimum of
0.301 to the south at the Vema Fracture Zone
where the geoid anomaly is close to 0, to a maxi-
mum of 0.559 at the Kurchatov Fracture Zone
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Fig. 9. Cr/(Cr+ Al) of spinel in dredged peridotites from this
study versus the height of the residual geoid in meters from
Parsons et al. (in preparation).

near the apex of the Azores anomaly, dropping
again to 0.445 further north.

A number of features other than putative man-
tle plumes associated with hot spots, however,
contribute to geoid topography; overall a plot of
all our data against geoid height around the world
produces only a rough correlation. Thus to ex-
amine the possible relationship between hot spots
and the composition of dredged peridotites, it is
better to use the residual geoid after the topo-
graphic contribution due to the ocean ridges is
removed. Hence in Fig. 9 we plot the average
Cr/(Cr + Al) ratio of spinel at a locality against
the height of the residual geoid as calculated for
the world by Parsons et al. (in preparation). This
gives a good correlation, suggesting that a large
proportion of the petrologic variation in abyssal
peridotites may be accounted for by the same
factors giving rise to “mantle hot spots”.

Removing the effect of the ridges shifts the
central North Atlantic geoid high to the east,
directly over the Azores Islands (B. Parsons, per-
sonal communication and [30]). This is significant
as the mantle peridotites dredged in the vicinity of
the ridge axis to the west show the effect of the
Azores hot spot. This implies significant sub-litho-
spheric transport of heat and material westward
from the Azores region, against the mantle flow
lines associated with plate spreading in the region.
Schilling and Thompson [26] report similar ob-
servations and conclusions based on the isotopic
and trace element composition of ridge basalts
dredged to the west of Ascension, St. Helena,
Tristan da Cunha and Gough Islands in the South
Atlantic.

8. Summary and conclusions

The data presented here for abyssal peridotites
from six mid-ocean ridges show correlations be-
tween modal mineralogy and mineral composition
consistent with interpretation of the regional dif-
ferences between these rocks as being due to varia-
ble degrees of mantle melting, Overall the total
variation appears to be large, with approximately
15% additional melting required to go from the
least- to the most-depleted mantle peridotite. We
find further correlations between the composition
of abyssal peridotites, the position of liquidus
trends for spatially associated basalts, and the
proximity of these rocks to presumed ‘“mantle
plumes”. This provides the first direct evidence for
the commonly inferred direct genetic relationship
between abyssal basalts and the immediately un-
derlying residual mantle, with the highest degree
of melting leaving the most-depleted mantle in the
vicinity of mantle hot spots.

The simplest interpretation of the composi-
tional variation of abyssal peridotites along ocean
ridges is that the degree of melting of the shallow
mantle in the region of so calied “mantle plumes”
is close to a factor of two or three greater than in
areas where a mantle plume influence is absent.
This requires a large thermal anomaly in the man-
tle in these areas, justifying their designation as
“hot spots”, with far more heat available for melt-
ing, as predicted by the mantle plume hypothesis
of Morgan [5] and inferred by geophysical model-
ling of the geoid in these regions. This is the first
direct evidence for such a thermal anomaly other
than the geoid anomaly itself *. In addition, the
high degree of depletion in basaltic components of

+ We would like to note here that Dr. Peter Michael, working
at Lamont-Doherty with Dr. Enrico Bonatti, has also identi-
fied the zone of anomalously depleted abyssal upper mantle
in the North Atlantic previously identified by Dick and
Fisher [7], and has interpreted this anomaly as associated
with the Azores mantle plume. This latter conclusion was
reported simultaneously during papers given at the AGU
meeting in Spring 1983 [31,32]. The two studies appear to
substantiate each other, as in large part the samples studied
were from different localities. In addition, Langmuir and
Hanson [33] identified a zone of anomalously major-ele-
ment-depleted mantle in the same region of the North
Atlantic on the basis of basalt compositions.



residual abyssal peridotites near hot spots would
appear to rule out small degrees of melting as a
petrologic mechanism for generating *“plume”
ridge basalts where they are the predominant
magma type.

Because high degrees of melting would be ex-
pected to result in lower concentrations of incom-
patible elements in liquids derived from a given
source, the “enriched” trace element and isotopic
chemistry of the basalts dredged in “hot spot”
regions seems to require very substantial dif-
ferences in source between hot spots and normal
ridge segments. The linear regional trends seen in
Figs. 2 and 3, on the other hand, seem to imply a
common mantle parent in terms of major elements
for large regions encompassing areas of both P-
and N-type ridge basalts, with principal dif-
ferences arising due to the varying degrees of
melting,

Schilling et al. [4] have shown that North
Atlantic MORB tend to lie along discrete cotectics,
as noted by Bryan and Dick [24]. Some basalt
groups adjacent to Iceland are displaced to even
higher pyroxene/(pyroxene + plagioclase) ratios
than FAMOUS. Because their data are whole-rock
analyses, there may be some scatter due to pheno-
cryst accumulation and a rigorous comparison to
our glass data may be inappropriate. However,
their data suggest that variable cotectics are found
among plume-related basalts, among basalts from
transitional ridge segments, and in basalts from
normal ridge segments. Thus, if differences in these
trends are due to differences in degree of melting
of the mantle source, these data suggest that varia-
ble melting is common along spreading ridges and
that, while high degrees of melting do seem char-
acteristic of “hot spots”, some other factor must
account for the large enrichments in incompatible
trace elements also found there. Thus, it seems
almost essential to postulate that the high degrees
of melting at “hot spots” associated with ocean
islands and platforms are a consequence of a rising
thermal and metasomatic front, which adds vola-
tile components and incompatible elements to the
mantle (i.e. [4]). Such a front, enriched in P, K, Tj,
and light rare earth elements as well as volatiles,
would not strongly affect the local major element
composition of the mantle but would significantly
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modify the trace element composition of the de-
rived basalts, depress the mantle melting point,
and make additional heat available for melting
from below.

Rare earth element studies of mantle xenoliths
would appear to have a direct bearing on the
problem outlined above. A decoupling of incom-
patible trace element (K, P, U, LREE) abundances
and CaO-Al,0, abundances has been found to
exist in nearly all xenolith suites studied in detail
[34]. Specifically as xenolith suites go from rela-
tively major-element-undepleted lherzolites to rela-
tively major-element-depleted harzburgites, the ab-
solute abundance of the heavy rare earths decrease
and the xenoliths became light-rare-earth-enriched
relative to the heavy rare earths. Frey and Green
[35], in a widely accepted interpretation, suggested
that the lherzolites and harzburgites were com-
prised of two components: one which determined
the major element and compatible trace element
composition, and one which determines the abun-
dance of minor and incompatible trace elements
including K, P, LREE, Th and U. They have
suggested that these consist of a partial melting
residue which i1s modified by the addition of a
genetically unrelated migrating (metasomatic)
fluid.

The observations of Frey [34] and others are in
fact similar to ours, except that we find the most
major-element-depleted mantle peridotites spa-
tially associated with the most LREE and incom-
patible-element-enriched basalts along mid-ocean
ridges. We would suggest therefore that our pre-
ferred hypothesis, though similar to Frey and
Green’s [35], better explains the data for both
xenoliths and oceanic peridotites. Frey and Green’s
[35] hypothesis, as it stands, leaves the systematic
increase in LREE in the xenoliths with increasing
degree of depletion in major elements as the result
of fortuitous mixing of two unrelated components.
In light of the evidence of Dick [20] that melt may
be trapped in mantle peridotites at the end of
melting, we suggest that the degree of melting is
being controlled largely by the amount of
metasomatic fluid introduced at the beginning of
melting. At the end of melting, the most-depleted
harzburgites will show the strongest enrichment in
LREE, reflecting the composition of the trapped
melt.
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Another explanation is that metasomatic and
other types of veins in the mantle, enriched in
various incompatible and radiogenic isotopes, are
in large part removed from an otherwise depleted
mantle by early melting in an ascending mantle
plume. While the remaining relatively depleted
deep mantle material spreads laterally into the
upper mantle beneath and along the ridge, the
early formed melts, for the most part, ascend
directly above the plume. As one moves down the
ridge, away from the axis of a hot spot, less of this
early melt is available to mix with later melts
formed as the depleted mantle ascends between
the separating lithospheric plates. Similar models
of melting of a variably veined mantle have been
previously proposed [20,36,37]. This model ex-
plains why mantle sampled beneath a plume and
that sampled away from the plume lie on the same
melting trend, but may differ in incompatible ele-
ment enrichments, and why the degree of melting
of the mantle emplaced in a hot spot region is
greater; both the thermal anomaly associated with
the plume, and an abundance of early formed
enriched melt rising into a region from below, will
promote greater degrees of local mantle melting.
The weakness of this model lies in the degree to
which the vein and country rock assemblages can
be maintained as isotopically distinct reservoirs
over periods of up to 2 b.y. as appears to be
required by the differences in the isotopic signa-
tures of MORB and plume basalts [42]. This is
not, of course, a problem for the metasomatic
model. Although the different melting trends
shown for different oceanic regions in Fig. 3 re-
quire further substantiation, they coincidentally fit
well with the regional variations for oceanic island
basalt sources identified by Dupré and Allégre
[17]. Those authors found that, in terms of Nd-Sr-
Pb isotopic compositions, rocks from oceanic is-
lands in the Indian Ocean and the eastern South
Atlantic have a mantle source distinct from that
for North Atlantic and eastern Pacific oceanic
island basalts. If the source of the oceanic island
basalts is the same as for the plume component of
ridge basalts near hot spots, then it would seem
that the America-Antarctic Ridge region may be-
long to the latter source region, as peridotites from
this ridge lie on the North Atlantic melting trend.

A major constraint on any model explaining the
lateral chemical variability of mid-ocean ridge
basalts is the lack of chemical gradients where the
very slow-spreading Southwest Indian Ridge
crosses the putative Bouvet mantle plume. There
“plume”, “normal” and “transitional” mid-ocean
ridge basalts were recovered, often in the same
dredge haul, for some 800 km along the Southwest
Indian Ridge. In addition, Le Roex et al. (in
preparation) have found that rare “plume” and
“transitional” basalts also occur along the very
slow-spreading American-Antarctic ridge in small
amounts with far more abundant “normal” mid-
ocean ridge basalts; these are far from any pos-
tulated mantle plume. This suggests that geochem-
ical gradients such as those reported in the vicinity
of Iceland and the Azores (e.g. [4]) are present
only where the spreading rate and hence the magma
production rate is large enough that different
batches of basalt derived from a heterogeneous
mantle undergo sufficient mixing to cause local
homogenization—presumably in a shallow magma
chamber. The generation of ridge basalts, there-
fore, may require sequential melting of a heteroge-
neous or variably veined mantle (e.g. [18]) or varia-
ble contamination of a more uniform mantle by
metasomatic fluids derived from a relatively unde-
pleted source deep in the mantle.

We consider the most likely metasomatic fluid
to be a silicate melt. What we have examined to
date in this paper are correlations between the net
product and net residual of these processes. The
correlation between the position of the basalt
liquidus trend and average degree of major ele-
ment depletion of spatially associated residual
peridotites demonstrates only that these residual
peridotites dominated the major element chemistry
of the “homogenized” basalt product both close to
and away from mantle plumes. It does not rule out
the localized generation of large-ion element-en-
riched basalts by small degrees of melting in a
region. The “plume” basalt recovered along the
American-Antarctic Ridge, for example, could be
exactly such products. These fine-scale complexi-
ties obviously require further examination.
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