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Abstract

The Galapagos Spreading Center (GSC) includes lavas with chemical compositions ranging from N-MORB to transitional and
more enriched MORB. N-MORB dominate the region west of 95.5°W, far from the influence of the Galapagos hotspot. However,
some N-MORB glass samples from the GSC have very high Al contents (>16.0 wt.% Al,O; at>8.5 wt.% MgO), similar to high-Al N-
MORB from other slow and intermediate spreading ridges and close to fracture zones elsewhere. GSC high-Al N-MORB are
dominated mineralogically by uniform plagioclase compositions (An 80—82) with only 1-2% olivine (Fo 85-87), and have glass
compositions with higher Al,O5 and lower SiO, than is predicted by normal MORB fractionation trends. Forward modeling using the
MELTS and pMELTS algorithms constrained by crustal thickness measurements indicates that high-Al, low-Si MORB can be
produced by high-pressure crystallization in the upper mantle using the same source as normal (low-Al) GSC N-MORB. Although
high-Al glasses can be obtained by very low extents of partial melting of this mantle source, such melting models result in significant
misfits in other major element oxides, especially SiO,. Models involving significant evolution with up to 20% olivine and
clinopyroxene crystallization at pressures of 0.3—0.4 GPa can account for the complete major and selected trace element compositions
of these unusual MORB samples. We suggest that high-pressure fractionation is enhanced by conductive cooling of the upper mantle
in this area of the GSC, consistent with other recent models correlating mantle crystallization with slow spreading mid-ocean ridges
and fracture zones.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The nearly east—west trending GSC separates the
Cocos and Nazca plates in the eastern equatorial Pacific
(Fig. 1). Samples from this study were collected during
the Galapagos Plume Ridge Interaction Multidisciplinary
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Experiment (G-PRIME), which included detailed bathy-
metric mapping, and the collection of seismic refraction,
reflection, and magnetics data and rock samples along
an ~800 km-long portion of the ridge extending from
90.5°W, just north of the Galapagos Archipelago and
the inferred location of the Galapagos mantle plume, to
98°W, the region of the GSC considered to be a “normal”
mid-ocean ridge [1]. Full spreading rates along this
portion of the ridge vary from 46 mm/yr at 98°W to
56 mm/yr at 91°W near the Galapagos hotspot [2].
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Fig. 1. (a) Sample locations along part of the western Galapagos Spreading Center. Station numbers are those for the G-PRIME expedition [1,3].
ALVIN (ALV) samples from Hey et al. [63]. High-Al sample locations are shown as triangles. Thick black line denotes the GSC axis from Sinton
et al. [63]. (b) Global distribution of samples in PetDB [64] with A1,O3>16.0 wt.%, MgO>8.5 wt.%. Open squares denote fracture zone samples.

The G-PRIME sample suite includes chemical com-
positions varying from normal (N-) to transitional (T-)
and more enriched (E-) mid-ocean ridge basalts (MORB)
[1,3]. N-MORB dominate the area west of the propa-
gating rift at 95.5°W, which appears to be the limit of
geochemical influence of the Galapagos hotspot. Sam-
ples west of the propagating rift show little or no evi-
dence of plume enrichment, while samples to the east
show increasing incompatible element and isotopic en-
richment approaching the plume (~91.7°W) [3—7].

Galapagos N-MORB are characterized by moderate
to high MgO values (ranging from 6.9 wt.% MgO to
nearly 10 wt.% MgO) and low concentrations of ele-
ments that are incompatible during mantle melting
(£0.08 wt.% K,0, 1.67-2.56 wt.% Na,O, 0.77—

1.68 wt.% TiO,, 0.05-0.12 wt.% P,0s5), with K/Ti ratios
<0.09. GSC N-MORB also have low water contents
(no greater than 0.22 wt.% H,O, with an average of
0.16 wt.% H,0). Cushman et al. [3] argued that av-
erage Galapagos N-MORB could be produced from a
mean fraction of partial melting (F) ~0.06 of a source
with ~34=+1 ppm K, 133+3 ppm H,O, 2250+50 ppm
Na,O, and 1050425 ppm Ti.

Some of the N-MORB glass samples from the GSC
have unusually high Al,O3 contents (>16.0 wt.%) at
MgO>8.5 wt.%. These samples have higher aluminum
and lower silica than predicted by normal MORB frac-
tionation trends while maintaining very low potassium
and sodium values. According to MELTS models of
their glass compositions [8], they are saturated with
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plagioclase at low pressures even at MgO>9.0 wt.%,
consistent with experimental data reported for other
high-Al MORB (e.g., [9,10]). High-MgO basalts with
unusually high aluminum content also have been
reported for various mid-ocean ridges (see Fig. 1),
although their origin is not fully understood (e.g., [11—
13]). These high-Al MORB are distinct from the high-Al
basalts and andesites often associated with arcs, which
tend to be more evolved with higher K and H,O contents.
Such high-Al, low-Si basalts appear to be restricted to
ridges with slow spreading rates or close to fracture
zones and ridge terminations. Along the GSC, high-Al
samples are located close to ridge segment ends or
associated with failing rifts (Fig. 1).

The extensive dataset available from G-PRIME makes
the Galdpagos an ideal location to examine the melting
and fractionation processes that give rise to high-Al
MORB compositions. Glass data for the sample suite
were reported in Cushman et al. [3], and whole-rock XRF
data are reported for Galapagos N-MORB in Table 1.
Estimates of GSC crustal thickness from multichannel
seismic reflection data [1,14] put a limit on melt
productivity, giving us an important modeling constraint.

To supplement the glass and whole rock analyses, we
collected mineral compositions, zoning profiles, and modes
in five high-Al GSC samples. Using this combination of
petrographic and chemical data, we are able to model the
feasibility of various melting and fractionation paths
using the MELTS and pMELTS algorithms [8,15—-17] by
comparing the phase compositions and abundances re-
sulting from each evolution path with the chemistry of
the rocks themselves. We first establish a working model
that produces the array of normal GSC N-MORB under
reasonable ridge melting and crystallization conditions,
then use the determined source composition to model the
evolution of the high-Al samples. By varying the pres-
sure and extent of partial melting of the GSC source as
well as the pressure and extent of subsequent fractional
crystallization of these hypothetical parental magmas,
we can constrain 1) possible source depths that the high-
Al magmas could be generated, 2) the range of partial
melting that allow these high-Al compositions, and
3) the range of depths where these magmas may have
evolved. This forward modeling approach allows us to
eliminate impossible processes and constrain ridge
melting and evolution to a restricted range of conditions.

2. Data and methods
Whole rock x-ray fluorescence (XRF) data were

measured on the University of Hawaii Siemens 303 AS
XRF spectrometer using a Rh-target, end-window x-ray

tube. Whole rocks were crushed in an alumina swing
mill, and powders were analyzed for major elements on
fused disks following methods similar to those of
Norrish and Hutton [18]. Trace elements were analyzed
on pressed powder pellets. Peak intensities for the trace
elements were corrected for backgrounds, line interfer-
ences and matrix absorption using methods similar to
Chappell [19]. Corrected intensities were calibrated
against a wide range of natural rock standards. Accuracy
and precision data for this system are reported in Sinton
et al. [20].

Glass and mineral compositions were collected using
the University of Hawaii Cameca SX-50 five-spectrom-
eter electron microprobe. Major and minor element
analyses for GSC glasses are reported in Cushman et al.
[3]. Mineral analyses reported here are averages of three
spots collected from individual crystals in selected high-
Al MORB. Plagioclase was analyzed for Si, Al, Fe, Mg,
Ca, Na and K using an accelerating voltage of 15 kV,
20 nA beam current, and 10 pm beam diameter. Peak
counting times were 30 s for Si, Mg, Al, and Na and 60 s
for Fe, Ca, and K. Background counting times were 30 s
for Fe, Ca, and K; 15 s for Si, Mg, and Al; and 20 s for
Na. Na was analyzed first in each acquisition to minimize
loss due to volatilization. Samples were calibrated
against mineral standards Lake County plagioclase (Si
and Al), San Carlos olivine (Fe and Mg), Amelia albite
(Na), anorthite (Ca) and orthoclase (K). A PAP-ZAF
matrix correction was applied to all analyses.

Olivine was analyzed for Si, Mg, Fe, Ca, Mn and Ni
using an accelerating voltage of 20 kV, 30 nA beam
current, and 10 um beam diameter. Peak counting times
were 60 s for Mg and Si; 80 s for Ca and Ni; 50 s for Fe;
and 40 s for Mn. Background counting times were 30 s
for Mg and Si; 40 s for Ca and Ni; 25 s for Fe; and 20 s for
Mn. Samples were calibrated against San Carlos olivine
(Mg), Springwater olivine (Fe), Verma garnet (Mn),
diopside (Si and Ca) and Ni—metal (Ni) standards. A
PAP—ZAF matrix correction was applied to all analyses.

It should be noted that the whole-rock Na content is
consistently lower than the glass Na for the same rock,
possibly indicating partial volatilization of Na during
fusion as part of the XRF sample preparation for major
elements. This does not affect the results presented in
subsequent sections, as all modeling is done using glass
Na content rather than whole-rock data.

Thin sections were examined for textural indications
of disequilibrium and 1000-point counts were collected
on selected high-Al samples to determine mineral modes
(see Supplementary material). Mineral grains <0.05 mm
in size appear to have crystallized post-eruption, and are
considered “groundmass” for counting purposes, so that



Table 1

Whole-rock XRF analyses for GSC N-MORB, incl. G-PRIME (EW), Alvin (AL) and Atlantis (A) samples [62]

Sample SiO, TiO, ALOs; Fe;0f MnO MgO CaO  Na,0O K,O P,0Os Sum Sc V Cr Co Ni Cu Zn Rb Sr Y Zr Nb Long Lat Depth
EW43-1 4972 092 14.82 1037 0.16 8.66 1328 1.52 0.04 0.07 99.56 48 307 338 48 98 72 1.5 63 21 43 2.0 -—93.257 2414 2243
EW63-1 49.68 1.16 1541 11.11 0.17 8.12 1248 1.80 0.05 0.08 100.04 44 336 343 45 113 83 1.8 71 28 63 24 -94.747 2.594 2655
EW63-2 48.88 1.27 15.64 12.12 0.18 8.05 11.84 2.09 0.09 0.09 100.24 45 286 295 48 115 88 23 100 28 73 3.8 —94.747 2.594 2655
EW71-1 48.64 1.01 15.80 1034 0.17 9.77 12.17 2.13 0.06 0.07 100.15 46 271 520 52 211 66 14 95 24 59 1.8 -95.602 2425 2768
EW71-4 48.76 1.01 1570 1052 0.17 9.87 1224 1.75 0.04 0.07 100.13 46 266 533 52 228 67 1.5 95 25 59 19 -95.602 2.425 2768
EW77-2 49.63 1.17 15.60 10.61 0.17 8.17 12.67 192 0.04 0.08 100.05 46 323 387 45 111 78 12 85 27 65 19 -96.191 2.281 2851
EW79-1 4822 097 1729 1041 0.15 898 11.94 223 0.04 0.07 10030 35 216 326 48 169 73 1.1 110 21 53 1.9 -96.725 2.100 3136
EW80-2 4941 1.10 16.04 1006 0.16 8.76 12.67 2.08 0.02 0.06 10035 43 263 443 46 137 71 09 91 26 62 1.1 -96.630 2.115 3071
EW81-3 4838 0.89 17.10 920 0.15 9.69 1248 2.04 0.02 0.05 9998 39 221 468 50 203 62 12 92 22 50 1.7 —96.697 2.120 3062
EWS82-8 47.77 1.00 17.70 999 0.15 928 12.17 2.09 0.02 0.05 10022 42 195 325 49 201 63 0.6 113 23 61 09 -96.775 2.122 3025
EW83-5 4950 125 1573 1074 0.17 871 12.14 191 0.04 0.08 100.25 44 300 405 47 154 80 14 84 30 70 19 -96.818 2.138 2957
EW84-2 49.86 1.21 15.05 1091 0.17 842 12.12 1.72 0.04 0.09 99.59 44 308 388 48 124 82 14 83 31 74 3.0 -96.877 2.139 3042
EW87-1 4989 1.11 1579 10.12 0.16 8.62 12.66 1.87 0.03 0.07 10031 44 280 458 44 140 73 1.1 80 27 62 1.6 —97.100 2.139 3272
EWS88-1 50.02 1.15 1542 1042 0.16 838 1255 210 0.05 0.09 10033 41 292 464 45 129 74 12 76 28 64 2.0 -97.192 2.142 3229
EW91-6 4971 1.05 1542 1037 0.16 9.05 1235 1.81 0.04 0.06 100.02 43 285 453 47 160 75 1.5 75 26 60 1.7 —97.604 2.145 3440
EW92-1 49.77 140 15.13 11.04 0.17 842 11.69 195 0.07 0.12 99.74 44 338 355 47 135 83 13 87 33 87 24 -97.782 2.193 3360
AL-1545-4 49.66 0.99 1587 10.70 0.16 9.00 12.54 1.50 0.04 0.10 10056 42 286 496 47 161 83 76 13 70 25 55 2.0 -9537 263 3229
AL-1545-6  49.60 099 1592 10.81 0.16 898 12.58 1.51 0.04 0.11 100.70 44 289 501 48 163 8 76 12 70 24 55 19 -9538 2.63 3145
AL-1549-3 49.63 098 1586 10.66 0.16 9.08 12.57 1.55 0.04 0.10 100.63 42 288 497 46 167 8 77 1.1 70 24 55 2.1 -9538 263 3176
AL-1549-4 49.73 095 15.10 10.57 0.16 892 1259 181 0.05 0.05 9993 44 284 502 46 175 89 80 1.6 76 26 59 2.1 -9538 2.63 3172
AL-1549-5 4948 092 1493 10.51 0.16 9.07 1251 1.80 0.04 0.05 9947 43 291 493 44 165 8 77 10 70 24 55 2.1 -9538 263 3181
AL-1550-2 4998 0.84 1577 937 0.15 911 1289 195 0.05 0.04 100.15 40 239 621 42 163 79 64 1.0 83 21 47 2.0 -9554 236 2270
AL-1551-3 49.02 1.07 1597 9.81 0.15 9.10 1221 244 0.06 005 9988 41 248 490 46 175 81 67 09 118 24 68 1.7 —-9548 241 3063
AL-1552-8 48.77 1.00 15.61 10.82 0.16 945 1196 197 0.03 005 9982 42 264 398 48 197 79 74 12 75 27 57 1.8 -9553 238 2274
AL-1554-1 48.56 1.03 1550 10.28 0.15 999 11.72 2.16 0.04 0.05 99.48 40 256 519 47 227 81 70 1.1 91 25 64 22 -9548 242 2912
A3-A 50.19 1.06 1545 1026 0.16 861 1235 1.77 0.06 0.09 9999 44 297 445 46 140 73 1.8 85 25 59 24 -9553 237 2575
A3-B 4948 095 1642 928 0.14 879 12,61 1.73 0.04 0.07 99.51 42 239 530 43 161 66 13 87 22 51 19 -9553 237 2575
Al13-2 4995 1.15 15.64 1045 0.16 801 1231 1.75 0.06 0.09 99.55 43 314 388 44 122 76 1.8 81 26 62 26 -95.62 231 3060

Oxide abundances given in wt.%, trace elements in ppm. Depth given as mbsl.

*Total Fe as Fe,0s.
Negative loss on ignition at 900 °C for all samples. Ba, Pb, Th, U are below detection limits, averaging 10, 2, 1.3, and 1.5 ppm respectively.
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our mode reflects the phenocryst assemblage rather than
evolution after eruption.

Forward modeling of the samples’ geochemical evo-
lution was done primarily using Adiabat_1ph [17], the
latest release of the MELTS and pMELTS algorithms for
thermodynamic modeling of phase equilibria in magma-
tic systems [8,16]. Also included in this release is
pHMELTS, which models the effects of water storage in
nominally anhydrous minerals using trace element par-
titioning to distribute H,O between the system and a
separate hidden reservoir [21].

3. Mineralogy

The high-Al MORB samples range from nearly
aphyric to ~18% phenocrysts (see Supplementary
material). Phenocryst assemblages are dominated by
sub- to euhedral plagioclase, comprising up to 90% of
the mineral mode, or up to 15% of the total rock mode.
Plagioclase phenocrysts are tabular to elongate, up to
2 mm in width. These rocks also contain a small amount
of olivine (1-2%) as sub- to euhedral grains, <1 mm
across. Mineral compositions are fairly uniform across
the sample suite, with plagioclase compositions averag-
ing ~ An 80—82 and olivine compositions of Fo 85—87.
Profiles across plagioclase grains indicate a small degree
of zoning, which can be both normal and reverse within a
given sample. There is no textural evidence of dis-
equilibrium, such as strong zoning or resorption, that
might indicate a process such as plagioclase assimilation.
Some plagioclase grains contain melt inclusions, but
they are too devitrified to yield good glass compositions.
While most plagioclase phenocrysts are euhedral, a few
are fractured and less well-formed, although there does
not appear to be a compositional distinction between the
two types. The groundmass in these samples ranges from
glassy to cryptocrystalline with abundant microspher-
ulites. EW 82-8 contains small clinopyroxene grains up
to 0.05 mm across associated with radial plagioclase
glomerocrysts in the groundmass, but there are no pheno-
crysts of clinopyroxene in any of the high-Al samples.

4. Galapagos N-MORB

We use a two-stage forward model to determine a
reasonable GSC mantle source composition appropriate
to our rock chemistry. In the first stage, we model melt-
ing processes using pHMELTS, constrained by a target
crustal thickness of Z, ~5.6—6.0 km [1,14]. Melting runs
simulate adiabatic decompression, setting entropy, S,
(or potential temperature, 7;) to control the depth at
which the solidus is reached and melting begins. Melting

is treated as continuous, where a small fraction (0.005) of
melt is retained at each extraction step. Model melting
continues to the base of the crust, where the fractional
melts are then aggregated. We assume passive mantle
upwelling, integrating for a 2-D (triangular) melting
regime to form our aggregate melts [22]. In stage two of
the model, these aggregate melts are cooled at 1.0 kb,
appropriate to crustal depths. We model crystallization
using the MELTS calibration, which is more accurate at
low pressure. Crystallization runs are isobaric and
fractional, with an oxygen fugacity setting of FMQ-2.
Major element compositional modeling includes SiO,,
TiO,, Al,O5, FeO*, MgO, CaO, and Na,0O. K,O and
P,Os5 content have an unrealistically strong effect on the
solidus depth when treated as major elements in
pMELTS calculations, so we model them here as trace
elements. We have also included additional trace
elements (Cr, V, Sc and Sr) using partition coefficients
from McKenzie and O’Nions [23,24]. Here we report
results from both anhydrous melting (pMELTS) runs and
wet (pHMELTS) source modeling.

Sources tested include the depleted mantle composi-
tions of McKenzie and O’Nions [23] and Workman and
Hart [25] (henceforth MO and WH, respectively).
However, neither of these sources is sufficiently high
in Si0, or low in K,O and CaO to reproduce Galapagos
N-MORB trends (see Fig. 2) with the melting conditions
specified above. F' and 7, could not be adjusted suf-
ficiently to match these oxide values in the melt without
adversely affecting other major element oxide contents
and sacrificing constraints on crustal production. Both
the anhydrous and hydrous model GSC sources are
lower in K, Ti, Ca and P than MO and WH, and sig-
nificantly higher in SiO, (Table 2). When melted to a
maximum melt fraction (F,x) ~0.19, the dry source
produces a crust 5.9 km thick, which is within the ob-
served range (5.6—6.0 km). Our dry model mantle has an
entropy of 264.0 J/K, equivalent to a potential tem-
perature of ~1430 °C. Melting begins at an initial
pressure (Py) of 2.47 GPa. Our wet (60 ppm H,0O) mantle
has an entropy of 263.5 J/K and begins melting at P,
~3.07 GPa, reaching a slightly lower F,,x ~0.18. Sub-
sequent fractional crystallization at a pressure (Pg) of
1.0 kb yields reasonable fits to GSC N-MORB trends
(Fig. 2). Fractionating phases include olivine followed
by plagioclase, which begins crystallizing at 9.1 wt.%
MgO, and clinopyroxene, which joins the assemblage at
8.5 wt.% MgO. These are unusually high Mg-contents
for the incoming of plagioclase and clinopyroxene in
MORB crystallization sequences, however, the rock as-
semblages appear to support this. Petrographic observa-
tions of the N-MORB suite confirms that plagioclase is a
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Fig. 2. Galapagos N-MORB (solid symbols) and high-Al (open symbols) sample data — glass (large symbols) and whole-rock XRF (small symbols).
(a) Model comparison of 4 sources (MO = McKenzie and O’Nions [23]; WH = Workman and Hart [25]; GSC = modeled N-MORB dry and wet
sources — shown as single line due to close overlap), each partially melted to produce a 5.8—5.9-km thick crust. Aggregate melts are fractionated at
Pr=1kb. (b) Effects of entropy on the model (S in units of J/K), based on dry melting runs. S and Pr lines on Al,O5 plot represent attempts to reach
high Al liquid content with low degrees of partial melting (from low S or high Py, respectively). Asterisk denotes the average of 118 whole-rock
N-MORB analyses from the southern EPR, 13°-23° S (Sinton et al. [40], see text for discussion). High-Al samples chosen using criteria of glass
ALO5;>16.0 wt.%, MgO>8.5 wt.%, Si0,<50.0 wt.%. Error bars represent +1o standard deviation of glass and whole-rock analyses (larger

uncertainty of two analytical techniques shown).

phenocryst phase in virtually all of the high-Mg basalts,
and clinopyroxene is present in samples with up to
8.7 wt.% MgO.

Table 2 shows the preferred mantle source composi-
tions determined by pHMELTS modeling (GSC dry and
wet sources) compared to other modeled DMMs (global
averages from McKenzie and O’Nions [23], Salters and
Stracke [26] and Workman and Hart [25]). The
pHMELTS-determined sources are extreme mantle com-
positions — both the wet and dry sources are very high in
SiO, and extremely depleted in incompatible elements.
Our models require a very high CaO/Al,0; ratio in the
source to approximate the observed liquid lines of des-
cent. Incompatible elements are lower in the model GSC
sources than the McKenzie and O’Nions [23], Workman
and Hart [25] and Salters and Stracke [26] global average
DMMs. Additionally, the pHMELTS Galapagos source

is more depleted than the source modeled by Cushman
et al. [3], which uses averages of a more limited selection
of oxides to calculate melting extents. The reliability of
our modeled source compositions is discussed further in
a later section (see Discussion).

5. High-Al MORB

We have identified nine samples from seven locations
that contain >16.0 wt.% Al,O3 in glass samples with
>8.5 wt.% MgO. Corresponding with this enrichment in
Al is a slight enrichment in Na, though there appears to
be no significant difference in K from normal low-Al
MORRB (see Figs. 2 and 3). These samples also appear to
have slightly higher Fe contents, and are consistently low
in Si and Ca. In this paper, we distinguish those samples
with glass compositions of >16.0 wt.% Al,O5,>8.5 wt.%
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Table 2

Modeled GSC source and primary magma compositions, with global average DMMs for comparison

MO DMM* WH DMM® SS DMM ¢ Cushman GSC dry source® GSC wet source® GSC primary
et al. GSC¢ melt (wet)

SiO, 45.57 44.71 44.90 47.86 47.86 47.8
TiO, 0.17 0.13 0.13 0.17 0.10 0.10 0.71
Al O4 2.70 3.98 4.28 2.19 2.20 12.8
Fe,03 0.111 0.191 - 0.07 0.06 0.20
FeO 7.92 8.008 8.07f 7.42 7.41 9.14
MgO 40.8 38.73 38.2 40.3 40.3 17.9
CaO 2.41 3.17 3.50 1.90 1.90 9.87
Na,O 0.24 0.13 0.29 0.23 0.14 0.13 1.48
H,0 - - 116 133 - 60 855

K 20 249 60 34 10.9 9.8 143

P 40 40.7 40.7 11.3 11.3 134

Cr 3010 3900 2500 300 305 345

Sr 14.7 7.7 9.8 5.4 5 64

\% 100 110.0 79 100 100 204

Sc 12 8.6 16.3 8.6 8.6 30

H,0, K, P, Cr, Sr, V, Sc in ppm, other oxide values in wt.%.
? Global average DMM from McKenzie and O’Nions [23].
® Global average DMM from Workman and Hart [25].
¢ Global average DMM from Salters and Stracke [26].

4 GSC oxide concentrations from Cushman et al. [3] hydrous melting model.

¢ Local GSC mantle source, modeled from N-MORB sample compositions assuming a crustal thickness of 5.6—6.0 km. GSC source composition
was determined by adjusting the McKenzie—O’Nions DMM to account for the depletion in Ti, Na, K, and P seen in the GSC N-MORB. The
modeled continuous melting path for the dry source begins melting at a pressure P, of 2.47 GPa with a potential temperature of ~ 1430 °C, and
melts to an F,, ~0.19 to produce a crust 5.9 km thick. For the wet source, melting to an F,,, ~0.18 from P, ~3.07 GPa produces a crust 5.8 km
thick. Produced melts then crystallize at a crustal pressure of 1.0 kb to produce the GSC N-MORB trends seen in Fig. 2.

f Total Fe content (F eO*).

MgO and <50.0 wt.% SiO; as high-Al GSC N-MORB. In
subsequent sections we evaluate two possible processes to
account for these unusual compositions. In our modeling
treatment, we assume the high-Al rocks are derived from a
similar mantle source as the N-MORB from this area of
the ridge. The model runs discussed in the following
section use our modeled pHMELTS GSC mantle as the
source composition.

5.1. Low-F melting models

Because Al behaves incompatibly during melting, it
might be expected that high-Al samples represent low
degrees of partial melting. Melting runs with lower
entropy values (i.e. cooler mantle) have solidus inter-
sections at shallower depths in the mantle, and proceed to
a lower F' before accumulating in the crust [27]. How-
ever, although lowering F for our GSC mantle source
does indeed increase primary magma Al, decreasing
F and P, also causes an increase in Si (an effect of
lower mean pressure of melting as melt Si content is
inversely related to pressure of melting [28]), while the
high-Al glasses have lower Si values than low-Al
MORB at the same MgO (Fig. 2). Alternatively, low

F melts can be derived from melting paths with a higher
entropy (and correspondingly higher Pj) by extracting
melts from deep in the melting region. This process also
was modeled, extracting low-F, high-P melts early and
then fractionating them at crustal pressures (1-1.5 kb).
However, although this process can produce low-Si
melts, it fails to produce melts with Al contents as high as
required by our data while still matching our other
chemical and geophysical constraints (Fig. 2). To
increase Al enough to produce the very high values in
our rocks under normal crustal fractionation, /" has to be
decreased so extensively that the modeled crustal pro-
duction suffers such that the source no longer produces
nearly enough melt to form the 5.6—-6.0 km of crust seen
in this area, and other oxide compositions are over-
corrected with model trends lying far outside the ob-
served glass chemistry. Thus, our modeling has not
found any satisfactory combination of source composi-
tion and melting conditions that yield parental magmas
that can account for the observed crustal thickness and
reproduce high-Al Galapagos N-MORB compositional
trends by low-pressure fractionation. Although simple
low-F melting scenarios can produce high-Al melts,
these models result in crust that is too thin and magmas
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that have significant chemical misfits in other oxides. We
conclude from this exercise that we need to consider
alternative fractionation paths.

5.2. High-P fractionation models

Although low degrees of partial melting alone cannot
explain the high-Al, low-Si chemistry observed in these
rocks using this mantle source, we are able to reproduce
the compositional variations in our high-Al MORB with
models that allow crystallization at pressures up to
0.3-0.4 GPa (Fig. 3). At these pressures, the pyroxene
phase volume (stability field) is much larger and clino-
pyroxene can crystallize very early in the fractionation
sequence (up to 10.5 wt.% MgO), driving Al values in
the residual melt to higher values while keeping Si values
low. Melting for these model runs begins at P,=2.47 GPa
and follows the same temperature adiabat as the dry
(pPMELTS) N-MORB model. However, because melting
is terminated at higher pressures to allow melt aggregation
and crystallization in the upper mantle, the maximum
extent of melting for high-Al model runs is inherently

D. Eason, J. Sinton / Earth and Planetary Science Letters 252 (2006) 423—436

lower (Fha~0.16 for Pr=4 kb) than for the N-MORB
melting path (Fi,,.x ~0.19), which allows melting all the
way to the base of the lithosphere along the same adiabat.
Thus, although low degrees of partial melting alone
cannot explain the high-Al chemistry, slightly lower-F
melts are built into the high-P crystallization models.
Trace element data on Galapagos high-Al MORB are
consistent with evolution involving significant amounts
of clinopyroxene crystallization (Fig. 4). The high-Al
basalts tend to be low in Cr, Sc, and V, all elements that
are partitioned preferentially into clinopyroxene [23,24].
In addition, Sr content is significantly higher than in
average N-MORB (Fig. 4). We modeled selected trace
elements for the same two-stage melting and fraction-
ation model described above using constant partition
coefficients from McKenzie and O’Nions [23,24].
Although the model runs do not match the data trends
exactly, probably owing to inapplicability of the chosen
partition coefficient values, it is apparent that the effect
of early crystallization of clinopyroxene on Cr, Sc, and V
concentrations in the high-Al model runs is in the correct
direction. In contrast to these elements, Sr shows a clear
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Fig. 3. Modeling of high-Al samples with dry GSC DMM source and variable crystallization processes. Melting starts at 2.47 GPa and proceeds to a
pressure Pr, where the melts are aggregated and cooled. Crystallization runs are isobaric and fractional with an oxygen fugacity of FMQ-2. Tie lines

in the Al,O; plot denote glass—whole rock pairs.
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Fig. 4. Sr and Cr trace element data for N-MORB and high-Al samples
data — whole-rock XRF analyses. Error bars denote + 1o standard
deviation of whole-rock analyses (Cr is within symbol size) based on
system data reported in Sinton et al. [20]. Sr model runs calculated
using constant partition coefficients from McKenzie and O’Nions
[23,24] with a source concentration of Srp=5.4 ppm.

separation between the high-Al and normal MORB
fractionation paths. High-Al model runs using a crys-
tallization pressure of 4 kb show the ~20 ppm increase
in Sr needed to match the high-Al samples, largely an
effect of the ~0.03 difference in melt fraction between
the two models. The suppression of plagioclase crys-
tallization in the high-Al models help maintain high Srin
the liquid.

The mineralogy produced by these high pressure
fractionation runs consists of ~22% olivine (a high value
that reflects the high MgO primary melt, an artifact of
pMELTS [16]), ~5% plagioclase (An 79), and ~7%
clinopyroxene at an MgO of 8.9 wt.%. (see Table 3 for a
direct comparison with a specific sample at similar glass
MgO). Although the fractionation of clinopyroxene is
integral to matching the chemistry of the glasses in these
model runs, there are no clinopyroxene phenocrysts ob-
served in our rocks. Plagioclase is typically more abun-
dant in the samples than predicted by fractionation
models (by as much as a factor of two in EW 79-1), and
often has a higher An content.

6. Discussion
6.1. GSC source

As noted previously, the GSC source composition we
derive from (pH)MELTS modeling is extremely depleted
in incompatible elements and 2—3 wt.% higher in SiO,
than WH and MO (Table 2). The high SiO, value is
required by the (pH)MELTS algorithms to approximate
GSC N-MORB SiO, content with sufficient melting to
create the observed crustal thickness. As Py deepens to
create sufficient melting, SiO, in the resulting melts
tends to decrease as a result of the higher pressure,
requiring higher values of SiO, in the source to com-
pensate and reproduce the observed chemistry. The (pH)
MELTS models also require very high CaO/Al,0O5 in the
source (~ 0.86) to approximate the observed liquid lines
of descent for these oxides. This composition requires a
large amount of orthopyroxene in the source (>40%) at
the expense of olivine and clinopyroxene. Although it
might be possible for the mantle in this region to contain
local horizons that are anomalously rich in pyroxene, we
suspect that the derived GSC source composition could
be either an artifact of the (pH)MELTS calculations, or of
assumptions about the melting processes that are
inherent in these calculations.

The extreme depletion of our modeled GSC source
composition is in part an artifact of (pH)MELTS

Table 3
Mineralogy of fractional crystallization model runs compared with
sample analysis

EW 79-1 pMELTS pHMELTS
Pr=1kb Pp=3kb Pg=1kb Pp=3kb

Liquid

Si0, 49.0 50.4 48.6 50.3 48.5
TiO, 1.01 1.01 1.08 1.02 1.12
Al O4 16.7 15.6 16.8 15.5 16.7
FeO* 9.73 9.20 9.75 9.27 10.0
MgO 8.87 8.85 8.92 8.89 8.85
CaO 12.0 12.6 12.1 12.7 12.1
Na,O 2.48 2.04 2.38 1.97 2.37
K,0 0.04 0.05 0.06 0.05 0.06
P,0s5 0.07 0.08 0.09 0.07 0.09
H,O 0.16 0.13 0.13 0.12 0.15

Mineral mode

% ol 1.6 24 22 24 22
Fo 86 83 83 83 83
% plag  15.5 54 4.2 53 5.1
An 82 80 79 80 79
% cpx  — - 6.4 - 7

3 kb runs best approximates the glass chemistry of EW 79-1. Model
modes represent total fractionated phases.
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calculations. Testing of the (pH)MELTS algorithms
against MORB experimental data has revealed a number
of discrepancies. Calculated liquid MgO is too high [16],
which accounts for the high value of our primary magma
(17.9 wt.%). Na is known to be too incompatible in
MELTS calculations, in which the multiple saturation
slope is too steep, causing it to be high in calculated
liquid compositions [29]. The high MgO content of the
primary magma results in substantial fractionation and a
potentially large error in Na, meaning the source must be
artificially low to compensate.

In addition, certain assumptions about the melting
process may contribute to the extreme values we need
for our source. Our model assumes perfect passive flow
in which all melts are integrated to produce the crust.
Any dynamical effects would decrease the concentra-
tion of incompatible elements in the aggregated melts
by excluding some of the lowest F' melts from the
corners of the melt regime. Any amount of active up-
welling would decrease the amount of source depletion
required to reproduce the low K, Ti, and P values of the
sample glasses, and Si in the source would decrease to
more reasonable values (a consequence of normalizing
with increased incompatibles as well as the effect of
needing higher pressures to produce the given amount
of melt needed). As a comparison, an end-member
active upwelling model using pHMELTS in which all
streamlines are the height of the full (1-D) melting
column gives us a source with approximately 42 wt.%
Si0,, 2.7 wt.% Al,O5; and 0.27 wt.% Na,O for our
crustal thickness. Although pure active upwelling also
is unlikely to be realistic for our ridge setting, some
component of dynamic flow could help explain our
relatively depleted N-MORB samples. As has been
noted by Asimow et al. [22], MELTS is unable to
produce average MORB crust with the K,O/TiO, ratios
seen in depleted MORB (<0.09) with any reasonable
amount of K,O in the source. Considerations of dy-
namical effects that exclude some of the lower F melts
from the aggregate seem to be required in order to
successfully model depleted MORB.

There are additional process assumptions inherent in
the thermodynamic calculations of MELTS and (pH)
MELTS (see Ghiorso and Sack [8], Ghiorso et al. [16]
for further explanation of these algorithms). Perhaps
most significantly, (pH)MELTS assumes the system is
closed during melt migration, such that no mixing or
contamination occurs as the melt rises through the
mantle. Although there is good evidence that melt mi-
gration is not a closed system process (e.g., [30,31]), we
have not considered the consequences of reactive flow
processes in our modeling. We do not have textural

evidence for any disequilibrium processes or mineral
assimilation, and we are able to explain the observed
chemistry without invoking such processes.

An additional assumption in our model is that melting
continues all the way to the base of the crust. Recent
studies indicate melting may actually stop at some
distance below the Moho [32—-34]. Melting accompanies
mantle upwelling until the mantle reaches the thermal
boundary layer which defines the final melting pressure
(Py). This boundary is primarily controlled by the con-
ductive thermal gradient, which Niu [31] and Niu and
Hékinian [35] argue to be spreading rate dependent.
Because a precise determination of Py is currently un-
constrained, we chose to model N-MORB melting using
the assumption of earlier MORB genesis models that
melting continues to the Moho rather than pick an equally
arbitrary Prat some depth below. If melting terminates at a
higher Py, the solidus intersection at Py would also need to
be deeper to maintain high enough melt fractions to match
crustal production and some adjustments of source chem-
istry would be necessary (higher SiO,, possibly lower
FeO*). Finally, our assumed melt productivity is sus-
ceptible to uncertainties in the crustal thickness estimate
from multichannel seismic reflection and seafloor refrac-
tion data [1,14].

Although our modeled source is unlikely to be a
realistic composition for the bulk mantle below this part
of the GSC, we are unable to separate the relative
contributions from partitioning errors in the MELTS
models from the uncertainty in the melting process.
Nevertheless, GSC N-MORB are depleted in incom-
patible elements relative to global average MORB.
Since the crustal thickness in this area is close to (or
below) average, the qualitative result of the MELTS
modeling that we have a depleted source is probably
valid. Such depletion could arise from prior melting
beneath the East Pacific Rise coupled to an eastwardly
flowing asthenosphere [36—38] as previously invoked to
explain the abundance of highly depleted lavas from
Hole 504B [39] and the relative dearth of T-MORB
along the GSC compared to the Southern East Pacific
Rise (SEPR) [40].

Given the uncertainties in asthenospheric flow pat-
terns and the lack of comparable studies of crustal thick-
ness and mantle melting along the SEPR, the origin and
extent of western GSC major element source depletion
remains equivocal. Nevertheless, despite uncertainties in
our source composition modeling, the process assump-
tions and MELTS uncertainties are internally consistent
in our comparison between the high-Al, low-Si samples
we find near ridge segment terminations, and normal
Galapagos MORB.
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6.2. High-Al MORB

Clinopyroxene crystallization is integral to creating the
high-Al, low-Si signatures seen in the GSC samples. Once
melts pass out of the adiabatic upwelling and melting
regime and into the region of conductive cooling, they
will begin to crystallize minerals on the liquidus. Nor-
mally this process occurs at low pressure for mid-ocean
ridges where the olivine phase volume (stability field) is
large, leading to the olivine+ plagioclase crystallization
recognized in MORB chemical signatures and excess
olivine content in abyssal peridotites sampled at mid-
ocean ridges [31]. However, at higher pressures corres-
ponding to depths modeled for GSC high-Al MORB,
clinopyroxene precedes plagioclase in joining olivine as a
crystallizing phase. Because these mineral phases are
largely not seen in the GSC samples (only 1-2% olivine
in the rocks vs. the 8% fractionated, and no clinopyroxene
phenocrysts present), we suppose that these mineral
phases are left behind (possibly as wehrlitic horizons) as
the melt continues migrating towards the surface. Upper
mantle crystallization involving olivine and clinopyrox-
ene+spinel is well known in the shallow mantle sections
of many ophiolites (e.g., [41,42]). Our models predict
crystallization beginning as deep as 4 kb, or as much as
6—10 km below the Moho, which is somewhat deeper
than currently recognized in the best documented ophio-
lites [30].

Many models of MORB paragenesis require early,
cryptic crystallization of clinopyroxene and this problem
has been widely referred to as the “pyroxene paradox”,
wherein rock chemistry requires clinopyroxene fraction-
ation at some stage in its evolution, but the mineral is
absent in the lavas and unstable in the liquids at low
pressures (e.g., [43—45]). Among the various explana-
tions for the pyroxene paradox (see Sinton and Detrick
[46] for a review) is high-pressure crystallization during
or prior to magma ascent and either dissolution or
segregation of clinopyroxene during low pressure
olivine+plagioclase crystallization (e.g., [45,47,48]).

The GSC high-Al samples are not unique in re-
quiring upper mantle partial crystallization to explain
chemical characteristics. Gabbros, megacrysts and
cumulate phases believed to be derived from upper
mantle fractionation have been found at slow spreading
ridges and fracture zones [49—51]. Other petrological
evidence from MORB geochemistry suggests that
partial crystallization occurs in the mantle as well as
the crust [13,45,48,52—-54,60,61].

Our model shows that Galapagos high-Al MORB can
be derived from the same mantle source as the GSC
N-MORB without requiring source heterogeneity. Be-

cause Galapagos high-Al MORB do not exhibit any K or
Ti enrichment, an added component enriched only in Al
seems unlikely. As mentioned previously, there are ad-
ditional processes that can increase glass Al content that
must be considered. Wet melting experiments have
yielded plagioclase-rich, high-Al basalts [55], and water
is known to play a role in the formation of high-Al calc-
alkaline rocks [9]. However, the low water content in
GSC N-MORB [3] makes this an unlikely alternative,
and GSC high-Al samples that have been analyzed for
water have the same low H,O contents (0.14—0.16 wt.%)
as normal low-Al N-MORB at the same MgO. Pla-
gioclase assimilation is an alternative process that can
increase the aluminum content in magmas [56,57].
However, we see no textural evidence for mineral as-
similation, and the high-Al signature appears in both
glass and whole-rock data, with the exception of two
sites: the nearly aphyric EW-71 (samples a and b) and
ALV-1554, for which whole-rock data have low Al,
despite corresponding low Si and Ca, and higher Na
(other signatures of early fractionation). A comparison of
the glass and whole-rock data for these samples indicates
they may not have undergone any significant plagioclase
or clinopyroxene fractionation—glass—rock tie-lines
appear to outline an olivine-only fractionation vector
(Fig. 3). Thus, although these samples exhibit at least
some of the characteristics of the more extreme high-Al
N-MORB, high pressure evolution is not required.
Along the GSC those samples that appear to require
significant high pressure fractionation may be restricted
to those with >16.5 wt.% Al,0Os3.

It is important to note that our fractional crystalliza-
tion runs are isobaric and assume melt congregates and
fractionates at a single depth. In fact, crystallization may
be polybaric, proceeding en route while the melt is
migrating upwards to the crust, or multi-stage, with high-
pressure fractionation followed by low-pressure crustal
fractionation. While the high-pressure crystallization
may occur in upper mantle magma chambers, this is
certainly not required by the data. Polybaric or multi-
stage fractionation modeling would require initial crys-
tallization at higher pressures than our isobaric model to
achieve the same glass composition: by crystallizing first
at higher pressures (ol+cpx), liquids can achieve higher
Al,O5 contents at higher MgO, then crystallize at low
pressure (ol+plag), decreasing both Al,0; and MgO to
reach their target melt composition. Because crystalli-
zation begins at higher MgO contents for these models,
more crystallization occurs overall, perhaps explaining
why we find larger amounts of plagioclase in some of
these samples than the isobaric model mode predicts
(Table 3). Because adding a low-pressure crystallization
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stage into the model requires that we initiate crystalli-
zation at higher pressure, our isobaric pressure estimates
for the onset of crystallization are likely minimum
values. Glass—whole-rock tie-lines of the highest Al
samples seem to support this, delineating fractionation
vectors from even higher Al,O3 values than our 4 kb
model runs are able to obtain (Fig. 3).

6.3. Global distribution

The global distribution of MORB with >16.0 wt.%
Al,O3 and >8.5 wt.% MgO (Fig. 1) indicates that they
occur preferentially at ridges with slow to intermediate
spreading rates and at the ends of ridge segments.
Along the western GSC, these samples are restricted
to the ends of (possibly dying) ridge segments near
the 95.5° W propagator (see Fig. 1). We have not
found high-Al and N-MORB occurring within single
dredge sites.

Slow-spreading ridges and ridge segment termina-
tions are areas where steady-state magma chambers
are unlikely to be present [46]. Conductive cooling to
the surface also has a greater effect on the mantle
temperature profile in these regions than at fast-
spreading ridges due to slower upwelling. Conse-
quently, melting might stop at significantly deeper
levels beneath slow-spreading ridges and fracture
zones than at fast-spreading ridges, where the
conductive thermal gradient has less of an effect
against the adiabat (convective gradient) [35,58,59].
High-pressure fractionation is enhanced by conductive
cooling in these regions, causing clinopyroxene and
olivine to fractionate in the upper mantle. This is
consistent with the findings of Michael and Cornell
[60], who found partial crystallization pressures were
correlated with spreading rate, and Dmitriev [54], who
associated high pressures of partial crystallization with
ridge terminations (including fracture zones, over-
lapping spreading centers, and devals). Herzberg [61]
modeled partial crystallization in the mantle based on
An-Di—En projections and found the same correlation
between ridge setting and high pressure MORB crys-
tallization. Application of his petrological model to
GSC MORB data gives crystallization pressures
ranging from 0.48—-0.85 GPa for the high-Al samples,
compared with an average of 0.14 GPa for normal
low-Al GSC N-MORB (written comm., 2005) — a
factor of 2 greater than the pressures estimated by our
isobaric fractionation modeling but probably within the
range of errors associated with the two approaches. As
noted in the previous section, our crystallization
pressures are likely minima, and non-isobaric crystalli-

zation may require deeper solidus intersections to
achieve the high-Al, low-Si signature characteristic of
fractionation in the upper mantle.

7. Summary

Forward modeling of Galapagos Spreading Center
N-MORB using (pH)MELTS requires a highly depleted
peridotite mantle source with a maximum melt fraction
of ~0.19 and a potential temperature of ~ 1430 °C.
When aggregated and cooled in the shallow crust (1 kb),
these melts follow fractional crystallization paths that
approximate our N-MORB glass compositions. The
rather extreme mantle source required by this model is
partly a result of errors in the MELTS thermodynamic
calculations exacerbated by the process assumptions of
perfect passive flow and complete melt focusing. The
results of this exercise illustrate some of the limitations
of quantitative thermodynamic modeling without a
corresponding flow model.

Several high-Mg GSC glass samples contain unusu-
ally high concentrations of Al, along with low Si and
abundant plagioclase phenocrysts. Although high-Al
contents can be obtained by very low extents of partial
melting, low-F models result in significant misfits in
other major element oxides and do not explain the
sample chemistry. Instead, we require high-pressure
fractional crystallization of clinopyroxene at pressures of
0.3-0.4 GPa to explain major element compositions of
these samples. Although clinopyroxene is not present as
a phenocryst phase in these samples, trace element data
are qualitatively consistent with clinopyroxene fraction-
ation. Crystallization in the upper mantle is consistent
with other recent models correlating high-pressure
crystallization with slow spreading ridges and ridge
segment terminations. High-pressure crystallization is
enhanced by conductive cooling in these regions,
causing olivine and clinopyroxene to fractionate in the
upper mantle.
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