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Abstract

The peridotite-basalt association in the Garrett Transform, ~ 13°28'S, East Pacific Rise (EPR), provides a prime
opportunity for examining mantle melting and melt extraction processes from both melts and residues produced in a
common environment beneath fast-spreading ridges. The peridotites are highly depleted, clinopyroxene-poor, harzburgites.
Residual spinel, orthopyroxene and clinopyroxene in these harzburgites are extremely depleted in Al,O,, and plot at the
most depleted end of the abyssal peridotite array defined by samples from slow-spreading ridges (including samples from
hotspot-influenced ridges), suggesting that these harzburgites are residues of very high extents of melting. The residual
peridotites from elsewhere at the EPR (i.e, Hess Deep and the Terevaka Transform) also are similarly depleted. This
suggests that the extent of melting beneath the EPR is similar to, or even higher than, beneath ridges influenced by hotspots
(e.g., Azores hotspot in the Atlantic Ocean and Bouvet hotspot in the Indian Ocean), and is significantly higher than < 10%,
a value that has been advocated to be the average extent of melting beneath global ocean ridges. Many of these harzburgite
samples, however, show whole-rock incompatible element abundances higher than expected. These same samples also have
various amounts of excess olivine with forsterite contents as low as Fogs. The total olivine modes correlate inversely with
olivine forsterite contents, and positively with whole-rock incompatible element abundances. These correlations suggest that
the excess olivine and incompatible element enrichment are both the result of melt—solid re-equilibration. The buoyant melts
that ascend through previously depleted residues crystallize olivine at shallow levels as a result of cooling. Entrapment of
these melts leads to whole-rock incompatible element enrichment. These observations contrast with the notion that melts
formed at depth experience little low pressure equilibration during ascent.
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1. Introduction ocean crust. Studies of abyssal peridotites [1-4] and

MORB showed that the extent of mantle melting is

Abyssal peridotites and mid-ocean ridge basats
(MORB) are complementary products of mantle
melting and melt extraction processes that create the

* Corresponding author. Tel.: +61 7 3365 2372. Fax: +61 7
3365 1277. E-mail: niu@earthsciences.uq.edu.au

high beneath hotspot-influenced shallow ridges, and
is low beneath deep ridges away from hotspots.
These results have led to the recognition of global
correlation of MORB chemistry with ridge axial
depth and crustal thickness [5], and the notion that
mantle temperature variation exerts the primary con-
trol on the extent of melting beneath global ocean
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Fig. 1. (& Location of the Garrett Transform offsetting the EPR at ~ 13°28'S. (b) Morphotectonic representation of the Garrett Transform
showing the volcanic ridges (Alpha, Beta, and Gamma) and transform troughs [17,18]. (c) A detailed bathymetry (100 m intervals) of the
Garrett Deep and northern flank of the East Median Ridge showing the extent of the outcrop of peridotite—basalt association (shaded area).
The thick lines are diving tracks (e.g., GN 01, GN 03, etc.). GS 03 is the track of a deep-towed bottom camera run. The samples studied are
from dives GN 03, GN 04, GN 13, GN 14 and GN 15. The observed lithologies are: fresh (B) and altered (b) basalt flows, consolidated and
metamorphosed breccia (Mbr), metabasalt (Mb), and serpentinized peridotites (P).

ridges [2,5-8]. This conclusion is, however, based
largely on data from slow-spreading ridges in the
Atlantic and Indian Oceans. At the fast-spreading
East Pacific Rise (EPR), there is little correlation
between MORB chemistry and ridge depth [8-11],
and EPR MORB show chemica systematics that
differ from those at slow-spreading ridges on both
regional and ridge segment scales [8—12]. Clearly, an

improved understanding of EPR MORB genesis re-
quires petrological data on both residual peridotites
and associated basalts. However, there had been no
detailed sampling of peridotites from the EPR [13,14]
until very recent submersible [15-20] and drilling
[21] investigations at Hess Deep, and the Garrett and
Terevaka transforms.

In this paper, we present geochemical data on

Notes to Table 1:

& Im = impregnation; total volume of impregnation veins,/veinlets were estimated on board. Thin-section chips and analyzed portions of
harzburgite samples are fresh cuttings away from impregnation veinlets and hydration haloes.

® The reported mineral modes (vol%) were obtained by point-counting at 1 mm intervals based on one or two thin sections for each sample,
and are partialy reconstructed. We assigned all textural serpentines, whether or not they have olivine psedomorphs, and associated
magnetite (abundant) to the serpentine (Serp) category; opticaly fresh (unaltered) olivine, either as individual grains/aggregates or as
‘“meshes”’ surrounded or veined by serpentine, to olivine (Ol); unaltered orthopyroxene, spatially associated bastite pseudomorphs and
periphera talc to primary orthopyroxene (Opx); unaltered clinopyroxene and associated tremolitic amphiboles to primary clinopyroxene
(Cpx); spinel with or without magnetite rims to primary spinel (Sp).
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peridotites and spatially associated basaltic samples
from the Garrett Transform. This peridotite—basalt
association allows, for the first time, a close exami-
nation of mantle melting and melt extraction pro-
cesses from both melts and residues produced in a
common environment at the EPR. Also, this study is
the first attempt at whole-rock trace element system-
atics of abyssal peridotites, and will be a useful
addition to the geochemical data base for models
concerning MORB genesis and chemical geodynam-
ics in general.

2. Geological background

The Garrett Transform is associated with the
fastest (145 mm/yr) [22] strike-slip motion on the
Earth, and offsets the EPR at 13°28'S by 130 km
[23] (Fig. 1a). This transform is one of the few
transforms in which active volcanism is observed
[17-20,24], and mantle peridotites are recovered
[13,14,17-20] at the EPR. Previous studies of some
dredged samples from this transform [25,26] war-
ranted an in situ observation by the submersible
Nautile [17]. In the Garrett Transform, active volcan-
ism is primarily taking place along three parallel
ridges oblique to the transform strike, but fresh lavas
also exist at deep locations near the peridotite out-
crops (Fig. 1b). Mantle peridotites are exposed as an
~ 10 km long dliver in the transform valley and
along the northern flank of the median ridge (Fig.
1c). Gabbros occur as a dike complex within the
peridotite domain, and diabasic dikes of variable
thickness are common. The peridotites are variously
serpentinized, and are locally impregnated with
basaltic veins/veinlets of variable thickness (< 1
mm to a few centimetres).

3. Samples and analytical techniques

Field occurrence, hand specimen characteristics,
and petrography of the samples studied are summa
rized in Table 1. These include 10 serpentinized
harzburgites; 4 fresh diabases; 1 fresh non-glassy
basalt; and 5 fresh glassy basdts. The analyzed
portions of harzburgites are fresh cuttings away from
impregnation veinlets and seafloor weathering hal oes.

Major element compositions of residual minerals in
harzburgites and basaltic glasses were analyzed us-
ing a Camebax SX 50 microprobe at IFREMER [18].
Whole-rock major elements for non-glass basalts,
diabases and harzburgites, and Cr and Ni for
harzburgites were analyzed by XRF a The Univer-
sity of Queensland following [27,28]. Trace elements
(except for Cr and Ni in harzburgites) were analyzed
using a FISONS PQ inductively coupled plasma
mass spectrometer at The University of Queensland.
The whole-rock analytical data and uncertainties for
repeated analyses of reference standards PCC-1 and
BIR-1 for trace elements are given in Table 2. We
have determined 37 trace elements for all the sam-
ples but we report here rare-earth elements, Y, Zr,
Nb, Hf, Ta, and Th, because al other elements are
observed to be mobile during serpentinization. Sam-
ple preparation and anaytical procedure can be ob-
tained from the authors and are described in an
EPSL Online Background dataset *.

4, Data and interpretations
4.1. Basaltic liquids

Fig. 2 shows that the large range of incompatible
element abundances in basaltic samples can be ex-
plained by various extents of fractiona crystalliza-
tion from a compositionally similar parent (Fig. 2a—
d). This is better described by glass samples (liquid
compositions). The inflected trend on CaO/Al,O,
vs. MgO plot (Fig. 2c) defined by glass samples
suggests that crystallization follows the sequence of
olivine — olivine + plagioclase — olivine +
plagioclase + clinopyroxene. The different abun-
dance levels on chondrite-normalized rare-earth ele-
ment (REE) diagrams (Fig. 2e—f) are consistent with
varying extents of fractional crystallization (Fig. 2d).
The overall paralel REE patterns suggest that their
parental melts may have formed by similar extents of
melting of a similarly depleted fertile mantle. By
assuming a fertile mantle that is slightly more de-
pleted than source for average MORB (see caption

! http: / /www.elsevier.nl /locate/epsl  (mirror site USA,
http: / /www.elsevier.com /locate/epsl)
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of Fig. 2), the primary melts parental to these basaltic
liquids can be explained by > 20% melting by either
the batch (Fig. 2g) or fractional (Fig. 2h) melting
model. While the extent of melting calculated using
incompatible trace elements alone is subject to large
errors, due to source compositional uncertainties, this
calculated vaue is nevertheless comparable with 23
+ 2% melting calculated from major elements (Nag
= 2.23 + 0.09% and Cay/Alg = 0.87 &+ 0.01) [7].

4.2. Harzburgitic residues

4.2.1. Mineral modes and whole-rock major element
compositions

Fig. 3a shows that, compared with abyssal peri-
dotites from slow-spreading ridges [4,29,30], Garrett
peridotites are extremely depleted harzburgites with
clinopyroxene (cpx) being essentialy absent. This
suggests that these harzburgites are residues of high
extents of melting. Also, these harzburgites have
variable and high abundances of ‘‘total modal
oliving”’ (alivine + serpentine). The apparent high
olivine modes could be over-estimated because or-
thopyroxene (opx) is often subject to serpentinization
as well [31], and volume expansion is often associ-
ated with serpentinization. However, petrography
shows that serpentinization is primarily after olivine
in these harzburgites (see note to Table 1), which is
also evident from the inverse correlation between
olivine and serpentine modes (Fig. 3b). Note that the
correlation in Fig. 3b is not due to data closure
because the opx mode is not constant. The observa-
tion that olivine pseudomorphs are preserved in most
samples suggests that the effect of volume expansion
on the estimated olivine mode can be neglected for
this purpose. Importantly, the significant inverse cor-
relation of ‘‘total olivine’ modes with olivine
forsterite (Fo) contents (Fig. 3c) demonstrates the
presence of excess olivine in these harzburgites prior
to serpentinization. The excess olivine, by its vari-
able and low Fo contents, is inconsistent with being
aresidual phase, but is consistent with being crystal-
lized from a basaltic melt. In terms of whole-rock
major element compositions, the high FeO contents
in these harzburgites (Table 2) are largely controlled
by the presence of excess olivine of low Fo content
(Fig. 3d). Therefore, these harzburgites are not sim-
ple residues.

4.2.2. Major element compositions of residual miner-
als

It has been demonstrated that Cr# (= Cr/[Cr +
Al]) in spinel and Al,O, contents in opx and cpx of
residual peridotites are sensitive indicators of the
extent of melting [1,3,32,33] because Al is a moder-
ately incompatible element and its abundances in
these phases decrease with progressive melting. Fig.
4 shows that these minerals in Garrett harzburgites
are extremely depleted in Al,O;, and plot a the
most depleted end of the abyssal peridotite array
defined by samples from slow-spreading ridges (i.e.,
the Mid-Atlantic Ridge and Southwest Indian Ocean
Ridge). Note that Garrett residual mineras are as
depleted as, or even more depleted than, peridotites
from hotspot-influenced ridges (points 5—7). Com-
parison with melting residues produced by peridotite
melting experiments [32], the highly depleted resid-
ual minera compositions and the point close to cpx
exhaustion (Fig. 3a) suggests that these harzburgites
are residues of ~ 25% melting. This high extent of
melting is comparable to that estimated from major
and REE abundances in the associated basaltic lig-
uids (see above), but is significantly higher than
< 10%, a value that has been advocated as the
average extent of melting beneath global ocean ridges
[34,35].

4.2.3. Whole-rock minor and trace element systemat-
ics

We have demonstrated that Garrett harzburgites
are not simple residues, but residues of very high
extents of melting (Fig. 3aFig. 4) that have been
modified with additional olivine with low Fo content
(Fig. 3c). The low-Fo olivine can only be explained
by its crystallization from a cooling melt. The signa
ture of such a melt component is well preserved in
the whole-rock incompatible element compositions
(Fig. 5). The whole-rock incompatible element abun-
dances correlate positively with ‘‘total olivine’
modes (Fig. 5a) and inversely with olivine Fo con-
tents (Fig. 5b—d). These correlations, which are in-
consistent with melting, but consistent with refertil-
ization of a melt, indicate that both excess olivine
and elevated abundances of incompatible elementsin
these harzburgites are the consequence of the same
melt—solid equilibration process. Buoyant melts that
ascend through previously depleted melting residues
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crystallize olivine at shallow levels as a result of
cooling. Entrapment of these melts raises the abun-
dances of incompatible elements in the whole-rock
harzburgites.

Fig. 6 shows chondrite-normalized REE abun-
dances in the harzburgites. For comparison, model
melting residues by batch (Fig. 6a) and fractional
(Fig. 6b) melting also are shown. Obviously, both
the abundance levels and patterns are inconsistent
with their being simple melting residues. The abun-
dance levels are variable and higher than expected
given the similarly depleted residual mineral compo-
sitions in these harzburgites. The slopes for light
REEs are too shallow for melting residues. Also,
batch melting cannot in any way explain samples of
low REE abundances (i.e., GN14-7 and GN15-10).
Some samples show no obvious Eu anomalies,
whereas others show either negative or positive Eu
anomalies. Note that GN15-2 has anomaously high
La, which, together with smaller La anomalies in
several other samples, is interpreted as La being
mobile during serpentinization. Any process that in-
volves a melt would have affected Ce and Pr, at the
very least, as well as La. Although the effects of
plagioclase may be invoked to explain the Eu
anomalies, the absence of plagioclase in the harzbur-
gites analyzed does not support this interpretation.
Given that Sr lacks any systematics in these rocks
(not shown), it is possible that Eu, like Sr, may also
be quite mobile during serpentinization. In any case,
the overall patterns and variable abundance levels
are consistent with refertilization of a melt (Fig. 5c¢).

4.2.4. Evaluation of the extent of refertilization

To evaluate precisely the extent of refertilization
is not straightforward. However, the relative extent
of refertilization can be estimated using REES by
adding a melt with composition similar to GN4-11 to

residues of 25% fractional melting. Such a melt is
chosen because: (1) all the Garrett basaltic liquids
have similar REE patterns (Fig. 2e); (2) GN4-11 has
only olivine on the liquidus (see Fig. 2c; olivine is
the only phase observed to have crystallized from the
refertilizing melt); and (3) GN4-11 has an Mg#* of
~ 63.8-66.2 (assuming Fe3* /[Fe*+ Fe?"]= 0-
0.1 in the melt), which would be in equilibrium with
olivine of FOgs,_gs7, COMparable to the observed
excess olivine. A residue of 25% fractional melting
is indicated by the near exhaustion of cpx (Fig. 3a)
and highly depleted residua mineral compositions
(Fig. 4), and batch melting cannot explain the low
REE abundance samples (Fig. 6). The results are
shown in Fig. 7a—c for representative light (Ce),
intermediate (Th), and heavy (Y b) REES. The amount
of GN4-11 (f) required to match the data varies
from 0.1% to ~ 12%. Note that the f values derived
from REEs also explain the abundances of minor
(Tio,) and mgjor (FeO) element variations, and
olivine Fo contents in the harzburgites (Fig. 7d—f).

4.2.5. Issues on high field strength elements (HFSES)

Fig. 8a—c plots primitive mantle normalized in-
compatible element abundances in the harzburgites.
The patterns display several anomalous features con-
cerning HFSEs. Not shown, Garrett basatic liquids
exhibit rather smooth patterns. Th is more depleted
than Nb in the basaltic liquids, yet the opposite is
observed in the harzburgites. Nb is more depleted
than Ta in both liquids and harzburgites. A positive
Ti anomaly exists in al but GN15-5 samples. While
positive Zr—Hf anomalies are present in some
harzburgites, the large negative anomalies in others
are striking. Since the refertilization process dis-
cussed above affects Ti as well as the *‘adjacent’”’
REEs (Fig. 7), positive Ti anomalies would have
aready existed prior to refertilization, which seems

Note to Table 2:

Harz = serpentinized harzburgite; Dbs= diabase; Bslt = non-glassy basat; Glass= basdtic glass, FeOt = total Fe expressed as FeO;
LOI = loss on ignition; Mg# = Mg/[Mg + Fe?* ], assuming total FeO as Fe?* for harzburgites, and 90% total FeO as Fe?* for diabases
and basdlts. All the analyses are whole-rock compositions except for basaltic glasses. Major element data for glasses were analyzed at
IFREMER using a Camebax SX 50 [18]. Whole-rock X RF analyses were done at the University of Queensland following [27,28]. Except for
Cr and Ni in harzburgites, which were analyzed by XRF, all the trace elements were analyzed at the University of Queensiand using a
Plasma Quad Inductively coupled mass spectrometer (ICP-MS). PCC-1 = average of 6 repeated analyses of 2 digestions. BIR-1 = average
of 18 repeated analyses of 12 digestions. %RSD is the relative standard deviations about the averages for PCC-1 and BIR-1. Sample
preparation and analytical procedures can be obtained from the authors and are described in an EPSL Online Background dataset.
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to be a common feature in highly depleted peri- anomalies in basdlts, these anomalies in residua
dotites [36]. However, the anomalies associated with harzburgites are thus unexpected. Rampone et al.
Zr—Hf and Nb—Ta need attention. [37] interpreted the negative anomalies of Zr and Sr

Zr—Hf anomalies. As Zr and Hf do not show in an N-MORB type ophiolite from Internal Lig-
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Chondrite—normalized [42] REE abundances for these basaltic rocks. (g) and (h) Comparisons of model melts by batch melting (g) and
fractional melting (h) with a hypothetical primary melt parental to Garrett basaltic liquids (thick shaded line). The primary melt is
approximated by adding 12% olivine to GN4-11 to be in equilibrium with mantle olivine Fog, (i.e., the primary melt would have
Mg# =~ 72, assuming olivine/melt K®~M9 = 0.3 [56]). The preferred fertile mantle source (thick solid line) is the average of R717, the
least depleted, and R238, the moderately depleted, Ronda spinel [herzolites [57]; this choice was made because Garrett basaltic liquids are
slightly more depleted than average N-type MORB, for which R717 is ided [57]. This fertile mantle has subsolidus modes of 66% olivine
(Ql), 24% orthopyroxene (Opx), 9% clinopyroxene (Cpx), and 2% spinel (Spl), but we have assumed high pressure modes of 55% Ol, 30%
Opx, 13% Cpx, and 2% Spl following [58]. The melting modes are taken from the polybaric melting reaction of [52]: 0.464 Cpx + 0.681
Opx + 0.048 Spl = 0.193 Ol + 1 Melt. Mineral /liquid partition coefficients are given in Appendix A.
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uride, North Italy, as reflecting ‘‘changes in the
relative magnitude of Zr, Sr, and REE partition
coefficients, depending on specific melting condi-
tions’. As Sr in Garrett harzburgites is quite mobile,
whether Sr exhibits similar features prior to serpen-
tinization is unknown. Since both positive (weak)
and negative (strong) Zr—Hf anomalies are present
(Fig. 8a—c), variation in melting condition may not
be important. Both positive and negative Zr anoma-
lies have been observed in melt inclusionsin high-Mg
olivine phenocrysts in basalts [38,39], and were in-
terpreted as representing unmixed ‘‘true’’ instanta
neous melt fractions. If so, this implies that ** micro-
scale’ heterogeneities exist with respect to Zr and
Hf in the mantle. The presence of a Zr—Hf rich
phase in the fertile mantle is possible, but it is
unlikely for it to survive in residues after > 20%
melting. As Garrett harzburgites have undergone melt
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refertilization, it is possible that such a Zr—Hf phase
(ZrO,—baddeleyite is a more likely candidate) may
have co-precipitated with the excess olivine. If so,
two possibilities exist: (1) uneven distribution of this
phase in the harzburgites would lead to the observed
Zr—Hf anomalies; (2) positive Zr—Hf anomalies may
be expected in harzburgites [36], but large negative
Zr—Hf anomalies may be due to incomplete diges-
tion of this phase during sample preparation. A
careful evaluation of these scenarios are warranted.
Nb-Ta fractionation, and the peculiar Nb-Th
relationship: it has been widely accepted that Nb and
Ta are geochemically identical, and that the Nb/Ta
ratio is constant, and is close to chondritic values
(16-18) in all oceanic basalts [40-42]. Very recent
studies [43,44] have shown that Nb/Ta ratios in
MORB are not constant, but vary significantly, from
18 in highly enriched lavas to as low as 9 in ex-
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Fig. 3. (@ Orthopyroxene (opx) and clinopyroxene (cpx) modes are plotted against olivine modes to compare Garrett harzburgites with
abyssal peridotites from slow-spreading ridges discussed by [4,29,30]. For Garrett harzburgites, the ‘‘total olivine'’ plotted is the sum of
olivine and serpentine (see Table 1) modes. (b) Olivine modes correlate inversely with serpentine modes in Garrett harzburgites. (¢) Olivine
forsterite (Fo) contents inversely correlate with ‘‘total olivineg'’ in Garrett harzburgites. (d) Relative to whole-rock analyses of abyssal
peridotites from the Southwest Indian Ocean Ridge [59] and to reconstructed whole-rock abyssal peridotite compositions [52] using the
published modes and mineral analyses of Dick [4,29,30], whole-rock Garrett harzburgites show low MgO/FeO and SiO, /FeO ratios (high
FeO; see Table 2), which are consistent with the presence of low-Fo olivine. The diamonds symbols are olivine compositions plotted for
reference. Note that Garrett whole-rock compositions show MgO deficiency relative to SiO, (Table 2), perhaps due to MgO loss during

serpentinization.
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tremely depleted ones, indicating that Nb is more
incompatible than Ta during melting. If so, one
would expect even lower Nb/Ta ratios in residual
harzburgites. This is indeed the case. Fig. 8f shows
that the Nb/Ta ratio increases with increasing extent
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Fig. 4. In comparison, residual minerals in Garrett harzburgites
plot at the most depleted end of the data array defined by those in
abyssal peridotites from slow-spreading ridges [2,4,29,30,60,61].
These harzburgites are as depleted as, or even more depleted than,
peridotites from hotspot-affected ridges (e.g., points 5-7). The
Garrett mineral data are from samples with olivine Fo> 89,
including new analyses of samples previously studied [25,26].
These indicate that, prior to olivine addition, Garrett harzburgites
were residues of very high extents (~ 25%) of melting. The
numbered symbols are regiona averages. 1= Atlantis Il fault
zone; 2 =\Vulcan fault zone; 3= Islas Orcadas fault zone; 4 =
Bullard fault zone; 5= Bouvet fault zone (near Bouvet hotspot) in
the Indian Ocean; 6 = 15°N axial valley (near 14°N hotspot [62]);
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Fig. 5. (a) *‘ Total olivineg'’’ modes correlate positively with incom-
patible element (e.g., Ga and Ti) abundances in Garrett harzbur-
gites. (b)—(d) Olivine forsterite (Fo) contents in these harzburgites
correlate inversely with incompatible element (e.g., TiO,, Sm and
Nb) abundances. The values in parentheses are confidence levels
of the correlation coefficients. Note that no olivine is analyzed
from sample GN15-2 due to almost complete serpentinization (see
Table 1).

of refertilization, indicating that the Nb/Ta ratio in
truly depleted residues unaffected by melt refertiliza-
tion would be as low as 2. Given that Nb and Ta are
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Fig. 6. Chondrite [42] normalized rare earth element abundances of Garrett harzburgites. For comparison, calculated depletion curves by ()
batch and (b) fractional melting models are also plotted. The model parameters are as for Fig. 2g—h. Note that the abundance levels and
patterns are inconsistent with their being simple melting residues by either model, given their overall similarly depleted in residual mineral
compositions (Fig. 4), but are consistent with melt refertilization. Also note that the anomalous Lain GN3-9, 14-7, and 15-2 is interpreted as

resulting from relative mobility of La during serpentinization.

chemically quite similar, it is difficult to explain the
variable Nb/Ta ratios by chemical consideration
alone. Because Nb and Ta have very different atomic
masses, ®Nb vs. *®'Ta (the superscripts are atomic
masses), we propose that diffusion may control their
apparent incompatibility. Heavier elements would
diffuse slower than lighter ones, and would be even
slower when the abundance level is extremely low
(in residues) due to reduced compositional gradient

across the mineral grains undergoing melting. This
explains the curved Nb/Ta vs. Nb and Th trends
(Fig. 8d,e) with large Nb/Ta changes in more de-
pleted rocks [43]. The observation [43] that ©°~%Zr is
more incompatible than " ~**Hf, and **'Rb is
more incompatible than **3*Cs in highly depleted
MORB can be explained likewise. The positive Th
anomaly (relative to Nb) in the harzburgites may
also be explained likewise (%2Th vs. ®Nbj; i.e., low
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Fig. 7. (2)—(c) Comparisons between the data and calculated abundances ([CN], chondrite-normalized) of light (Ce), intermediate (Tb), and
heavy (Yb) REE abundances. The calculation is done by adding various amounts (f) of a basatic melt (M = GN4-11) to a residue
(R = 25% fractional melting) by simultaneously solving the equation f = (Cp,, — Cr)/(Cy, — Cg) for al, but Laand Eu, REEs. Note that
the fits are less good for light REEs given their more variable patterns for some samples (Fig. 6), but are excellent for intermediate and
heavy REEs. (d)—(f) Plots of whole-rock TiO, and FeO, and olivine forsterite contents with the calculated f to show that these significant

correlations are consistent with melt refertilization.

Nb/Th ratios) despite their different chemical prop-
erties.

5. Implications

5.1. What causes the high extents of melting beneath
the EPR: a hot mantle or fast spreading rate?

We have shown that Garrett harzburgites are ex-
tremely depleted, as depleted as, or even more de-
pleted than, abyssal peridotites from hotspot-in-
fluenced ridged in the Atlantic and Indian oceans
(Fig. 4). In addition, recently drilled samples from

Hess Deep [21], and our unpublished data from both
Hess Deep and the Terevaka Transform [19] also are
similarly depleted. One may interpret these highly
depleted harzburgites as resulting from a depleted
fertile mantle, but this requires that the observations
a the three locations be fortuitous. Importantly,
MORB from the broad EPR region are not highly
depleted. Therefore, the highly depleted harzburgites
from these locations are consistent with very high
extents of melting (~ 25%). If the extent of melting
relates in a simple way to mantle temperature varia-
tion [5,8], this would suggest a hotter EPR mantle.
However, the EPR in this broad region has normal
topography and morphology thermally unaffected by



Y. Niu, R. Hékinian / Earth and Planetary Science Letters 146 (1997) 243-258

255

Harzbur

S — S

Nb/Ta . AML"_

3 ° c"ol:| DAP q10
o0 ° ]

L L] L4
O (@ Harzburgite 4
e 3 A Diabase
A{Basa]t 4 harzbureit,
i
° e Eé?&‘b:% itic dunite o=
O Gabbro
) I TN TN N TN TN N N TN N N N N N A A A | T | "
0.01 0.01 0.10 1.00 101
rrrrrr7r7rrrrrrrrrrTri T M | T T
; bl Harzburgite with "+" Eu*| Nb/Ta ° AA
E o AAS A {10
0.1 ]
14
a
0.01 1
o I T T T I T T T O T T T P | A .|Th1
0.001 0.01 0.1
FrTrT T 7T T rrrrrT T T T .10
[ Harzburgite without Eu* L Nb/Ta R =0.961(>99%)
g [—m—141 8
fF—O0— 14-5 3

0.1

0.01

el |c
| I T TN T T NN I TN TN N NN N N N N A |

- ]

Th Ta Ce Nd Hf Ti Tb Y Er Yb
Nb La Pr Zr Sm Gd Dy Ho Tm Lu

0.00

1 1 1
0.03 0.06 0.09 0.120
f (mass fraction of refertilizing melt)

Fig. 8. (8)—(c) Primitive mantle [42] normalized incompatible element abundances in Garrett harzburgites to show some anomalous features
about Ti, Zr, Hf, Nb, Taand Th relative to REEs. (d) Plot of Nb/Tavs. Nb of all the lithologies analyzed from the Garrett Transform to
show that the curved trend is consistent with the observation that Nb is more incompatible than Ta [43,44]. (e) Plot of Nb/Tavs. Th to
show that Nb/Ta ratio in a rock increases with increasing incompatible element (e.g., Th) abundances. (f) The significant correlation
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the variably higher Nb/Ta ratios result from the refertilization process discussed in the text.

any known hotspots. Hence, factors other than man-
tle temperature variation may play a role. We pro-
pose that plate spreading rate variation may be as
important as mantle temperature variation. The high
extents of melting beneath the EPR may result from
a fast spreading rate. Given the fact that mantle
upwelling beneath ridges results from plate separa-
tion, fast separation leads to fast mantle upwelling
[45-48]. Fast upwelling allows the adiabat to extend
to shallower levels (i.e., against the conductive cool-
ing to the seafloor), thus decompression melting

continues up to a shallower level, and more melt
forms from a given parcel of mantle.

That oceanic crustal thickness is generaly con-
stant, and is independent of plate spreading rate
[49,50], has been the primary constraint leading to
the idea that the extent of melting beneath ocean
ridges is independent of spreading rate. However, the
crustal thickness is entirely inferred from seismic
data. The fact that thin crust and peridotite outcrops
have been observed within axial zones at slow-
spreading ridges but not at fast-spreading ridges
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suggests that crustal thickness derived from seismic
data must be used with caution [51]. The significant
implications are: (1) the notion that MORB represent
< 10% melting beneath global ocean ridges needs
revision with the available peridotite data from the
EPR; and (2) models on MORB genesis that neglect
spreading rate variation need re-evaluation.

5.2. Do MORB melts experience low pressure equili-
bration during ascent?

Recent studies have led to the idea that melts
formed at depth must be extracted rapidly without
experiencing low-pressure equilibration during as-
cent [8]. The presence of excess olivine and incom-
patible element refertilization seen in  Garrett
harzburgites attest the significant melt—solid equili-
bration during melt ascent. As excess olivine is
observed on petrographic scales in abyssal peri-
dotites from slow-spreading ridges as well [52],
porous flows may be as important as channel flows
during melt migration. Therefore, melt—solid equili-
bration during melt ascent at shallow levels is un-
avoidable. Caution is thus necessary when inferring
melting pressures from basalt chemistry, as has been
pointed out in recent studies [53-55].
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Appendix A. Rare earth element mineral /liquid
partition coefficients used in this study

Kd Clino- Ortho- Spinel  Olivine
vaues pyroxene pyroxene

La 0.0560 0.0053 0.0003 0.0067
Ce 0.0920 0.0090 0.0005 0.0060
Pr 0.1610 0.0127 0.0007 0.0060
Nd 0.3030 0.0163 0.0008 0.0059
Sm 0.4450 0.0200 0.0009 0.0067
Eu 0.5005 0.0275 0.0010 0.0074
Gd 0.5560 0.0350 0.0011 0.0095
Th 0.5700 0.0480 0.0013 0.0115
Dy 0.5820 0.0610 0.0018 0.0154
Ho 0.5825 0.0740 0.0023 0.0193
Er 0.5830 0.0838 0.0030 0.0256
Tm 0.5625 0.0935 0.0038 0.0374
Yb 0.5420 0.1033 0.0045 0.0491
Lu 0.5060 0.1130 0.0050 0.0600

Data from [63—67].
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