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[1] The major element, trace element, and isotopic composition of mid-ocean ridge basalt glasses affected
by the Azores hotspot are strongly correlated with H,O content of the glass. Distinguishing the relative
importance of source chemistry and potential temperature in ridge-hotspot interaction therefore requires a
comprehensive model that accounts for the effect of H,O in the source on melting behavior and for the
effect of H,O in primitive liquids on the fractionation path. We develop such a model by coupling the latest
version of the MELTS algorithm to a model for partitioning of water among silicate melts and nominally
anhydrous minerals. We find that much of the variation in all major oxides except TiO, and a significant
fraction of the crustal thickness anomaly at the Azores platform are explained by the combined effects on
melting and fractionation of up to ~700 ppm H,O in the source with only a small thermal anomaly,
particularly if there is a small component of buoyantly driven active flow associated with the more H,O-
rich melting regimes. An on-axis thermal anomaly of ~35°C in potential temperature explains the full
crustal thickness increase of ~4 km approaching the Azores platform, whereas a >75°C thermal anomaly
would be required in the absence of water or active flow. The polybaric hydrous melting and fractionation
model allows us to solve for the TiO,, trace element and isotopic composition of the H,O-rich component
in a way that self-consistently accounts for the changes in the melting and fractionation regimes resulting
from enrichment, although the presence and concentration in the enriched component of elements more
compatible than Dy cannot be resolved.
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1. Introduction

[2] Variations in the trace element ratios and iso-
topic composition of basalts collected along the
Mid-Atlantic Ridge generally reveal long-wave-
length patterns associated with proximity to hot-
spots [Schilling et al., 1983], including Jan Mayen
[Schilling et al., 1999], Iceland [Hart et al., 1973],
the Azores [Schilling, 1975], Sierra Leone [Schilling
et al., 1994], Shona and Discovery [Douglass et
al., 1995, 1999], the Tristan da Cunha group
[Humphris et al., 1985; Hanan et al., 1986], and
Bouvet [Dickey et al., 1977; LeRoex et al., 1987].
Distinguishing the thermal and chemical effects of
hotspots on mid-ocean ridges, determining the
composition of the hotspot-related components,
and understanding the geodynamic processes that
disperse hotspot material over ~1000 km distances
have become both the principal barriers to global
understanding of ridge dynamics and essential
areas of opportunity for deep understanding of
the earth’s interior.

[3] It has long been a matter of debate whether the
Azores, in particular, are principally the result of a
thermal hotspot or a compositional anomaly, per-
haps a “wetspot” [Bonatti, 1990]. The shallow
bathymetry of the ridge axis across the Azores
platform certainly requires a low-density column
relative to normal zero-age oceanic lithosphere,
and this is most easily achieved by thickening of
the crust, as is indeed observed seismically [Searle,
1976]. A thick oceanic crust, in turn, requires either
higher-than-normal extents of melting or the pro-
cessing of extra mantle through the melting regime
by an active flow field. Both high extents of
melting and anomalous buoyancy and/or viscosity
(needed to drive active flow), however, are consis-
tent either with elevated mantle temperatures or
volatile-enriched source compositions. Schilling

[1975] documented large enrichments of light rare
earth elements along the ridge approaching the
Azores and concluded a chemically enriched
source was required because melting and fraction-
ation processes were inadequate to explain the
patterns (indeed, this would require much smaller
degrees of melting in the enriched samples, which
makes the crustal volume anomaly that much
harder to explain, Hofmann and White [1982]).
Suggestions for the origin of this enriched domain
have included subducted, partially dehydrated oce-
anic crust [Hofmann and White, 1982; Kurz et al.,
1982] or fragments of continental lithosphere either
left behind during the opening of the Atlantic
[Bonatti, 1971] or delaminated and later advected
upward in a plume [McKenzie and O’Nions, 1983,
1995]. Noble gas evidence from the Azores and the
nearby mid-Atlantic Ridge have been interpreted in
terms of three component mixing, requiring both
an undegassed and a recycled component [Moreira
and Allegre, 1999]. Bonatti [1990] examined the
mineral chemistry and equilibration temperatures
of abyssal peridotites from the Azores region and
found higher extents of depletion (complementary
to high extents of melting) than elsewhere in the
Atlantic, but equal or cooler temperatures.

[4] Given the complex interplay of source compo-
sition, potential temperature, melting process, mix-
ing of melt increments, and fractionation effects in
determining the composition and volume of mid-
ocean ridge crust, progress in separating these
effects requires the application of a model through
which hypotheses can be realized and compared to
data. The model must be sufficiently powerful to
account for all the sources of variability that are
potentially of interest, and it ought to be sufficiently
accurate to provide confidence in the results. Given
that many aspects of the melting process are
unobservable, such models are difficult to test
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completely. Hence it is best to use a model that
accounts for a wide range of experimental con-
straints and that is based on thermodynamic prin-
ciples. Comprehensive models of mid-ocean ridge
basalt production based on empirical [McKenzie
and Bickle, 1988; Niu and Batiza, 1991; Langmuir
et al., 1992; Kinzler, 1997] or thermodynamic
parameterization [Asimow et al., 2001] have led
to much insight into the depths of origin of mid-
ocean ridge magmas, the range of mantle potential
temperature, the variability in mantle source com-
positions, the effects of the melt transport process
on re-equilibration and mixing, and other issues.

[s] All of the comprehensive models applied to
date, however, share the limitation that they con-
sider only anhydrous conditions. Yet for a number
of reasons there has been renewed interest in
considering the role of H,O in determining the
melting behavior of the MORB source region. The
interpretation of seismic evidence suggesting a
small fraction of melt beneath the southern East
Pacific Rise [MELT Seismic Team, 1998] at pres-
sures higher than those consistent with anhydrous
models suggests water is important even in normal
ridge segments. Certainly to understand a water-
enriched study area such as the Azores region, we
need a model that includes H,O. Although the
direct effects of H,O on melting [Yoder and Tilley,
1962; Kushiro, 1972; Green, 1973; Kushiro, 1975;
Green, 1976; Stolper and Newman, 1994; Hirose
and Kawamoto, 1995; Gaetani and Grove, 1998;
Falloon and Danyushevsky, 2000] and fraction-
ation [Michael and Chase, 1987, Sinton and Fryer,
1987; Danyushevsky, 2001] are fairly well-under-
stood, no comprehensive model of mid-ocean ridge
petrogenesis that accounts for H,O in the source
and in the primary liquid exists. We have devel-
oped such a model by extending a previous anhy-
drous model [4simow et al., 2001] based on the
MELTS algorithm of Ghiorso and Sack [1995] to
include a description of the partitioning of water
between nominally anhydrous mantle minerals and
basaltic melts [Hirth and Kohlstedt, 1996]. For the
melting part of the calculation we have adopted a
recent recalibration of the silicate liquid model
optimized for peridotite melting at high pressure,
known as pMELTS [Ghiorso et al., 2002], but the

fractionation step uses the original MELTS calibra-
tion, which is more accurate at low pressure. We
present the development and implementation of
this new hybrid model (pHMELTS) and then show
its implications for petrogenesis in the Atlantic
based on the FAZAR cruise data (Atlantis II cruise
127; full sample documentation to be presented in
a separate paper in this journal; Asimow et al., in
preparation, 2003). This model demonstrates good
agreement with an independently developed exten-
sion of the Langmuir et al. [1992] anhydrous ridge
model and both models show the interesting be-
havior that H,O addition to the source causes
decreasing mean extents of melting with increasing
total melt production and hence requires less
enriched sources and smaller temperature anoma-
lies at the Azores and the Galapagos spreading
center than would be required by anhydrous
models [Asimow and Langmuir, 2003].

2. Development of Wet Melting Model

[¢] Given the high water contents of basalts from
the study area and the well-known effects of H,O
on both melting and fractionation, a necessary first
step in understanding the relationship between
source heterogeneity and observables must be a
forward model of MORB production and fraction-
ation in the presence of H,O. All published models
of MORB melting that account for polybaric melt
production and mixing to produce a primary ag-
gregate melt [Klein and Langmuir, 1987; McKenzie
and Bickle, 1988; Niu and Batiza, 1991; Kinzler
and Grove, 1992; Langmuir et al., 1992; Kinzler,
1997; Asimow et al., 2001] to date have been
anhydrous models. Most work on hydrous melting
has focused on the water-rich subduction zone
environment. For the water-poor, yet not completely
anhydrous, ridge environment, a new model is
needed. We chose to base pHMELTS on the
PMELTS calibration in part because it incorporates
the Pitzer and Sterner [1994] equation of state for
H,O, which extrapolates well to high pressure, as
opposed to the Haar et al. [1984] equation used in
MELTS, which fails at 1.0 GPa.

[7] The consensus among mineralogists and min-
eral physicists [Bai and Kohlstedt, 1992; Bell and
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Rossman, 1992; Karato and Jung, 1998] is that
H,0 in the upper mantle at concentrations up to
about one thousand parts per million (ppm) by
weight is stored in the nominally anhydrous
minerals olivine, pyroxenes, and garnet. pMELTS
has the ability to model the effect of H,O dis-
solved in the liquid phase. In the absence of
hydrous phases such as free vapor or amphiboles,
however, it knows no location other than the
liquid to store H,O and so cannot be used to
find the water-undersaturated solidus or to per-
form water-undersaturated fractional melting cal-
culations. We worked around this limitation by
adopting the model of Hirth and Kohlstedt [1996]
for solubility of H,O in olivine and relative
partitioning of H,O among mantle solids. In this
model the solubility of H,O in olivine is propor-
tional to the standard-state fugacity of water
fi,0- We retain their assumption of Henry’s
law behavior for H,O in the solids such that, at
constant f7 o, concentration is proportional to
activity of H,O, ap,o. Hirth and Kohlstedt [1996]
further assumed that the solubility of H,O in the
melt is proportional to (f,gzo)”2 but that at
constant pressure and temperature water concen-
tration in the melt is linearly proportional to a,o.
These assumptions taken together yield a partition
coefficient Dy, that is equal to the ratio of
solubilities, is independent of water content, and
depends only on pressure and temperature. Our
model differs from Hirth and Kohlstedt’s [1996]
treatment in two ways. First, we use the solubility
of water in the liquid phase implicit in pMELTS
rather than a simple dependence on (ff‘,’zo)]/ %: this
accounts for any dependence of water solubility
on melt composition that may arise in the
pMELTS calibration. Second, since at low con-
centrations H,O dissolves in melt as two OH
groups, we do not assume Henry’s law for H,O
concentration in the melt, which makes our Dy o
depend on concentration as well as pressure and
temperature. In particular, just as the solubility of
H,O in the melt depends on (f;,’zo)l/z, so the
concentration of H,O in the melt when water is
undersaturated should depend on ( szo)l/2 =
(aHzO)l/2 (f,fzo)l/z. Only at saturation, when
am,o = 1 and fugacity is equal to standard-state
fugacity, does this model give the same result as

Hirth and Kohlstedt’s assumptions. Thus our
model, by adopting a convention that makes the
water content in melt when water-undersaturated
thermodynamically consistent with the solubility
model, introduces an additional dependence of the
partition coefficient on (aHZO)”z. As we will see
below, this makes H,O partitioning concentration-
dependent, such that H,O is more compatible in
more H,O-rich source compositions, and such that
Dy, 0 decreases rapidly during near-fractional
decompression melting due both to decreasing
pressure and decreasing concentration.

[s] To detect the solidus and the onset of melting
with this model, we adopted an approach analogous
to the method described by Ghiorso [1985] for
calculation of equilibrium at fixed fo,. We construct
and minimize a Korzhinskii-type potential that fixes
the activity of H,O rather than the water content of
the system. Given the assumed Henrian behavior of
H,O in the solids, the activity of H,O below the
solidus is determined as follows. First H,O is
partitioned among the various minerals to obtain
the concentration in olivine. The solubility of H,O
in olivine is taken from Hirth and Kohlstedt’s
function of the fugacity of pure water at the pressure
and temperature of interest. Then the activity is
given by the ratio of water concentration in olivine
to water solubility in olivine. Since the activity of
water depends on the modal abundance of the
minerals, an iteration is required to find an equilib-
rium mineral assemblage and ay o that are consis-
tent with the desired bulk water content. Then,
given the activities of all the major components
from the calculation of equilibrium and the activity
of H,O from the concentration in olivine relative to
its solubility, we test for the saturation of the non-
ideal pMELTS silicate liquid phase using the algo-
rithm described by Ghiorso [1994] as modified by
Asimow and Ghiorso [1998].

[o] Figure 1 shows the solidus relations predicted
by pHMELTS for our adopted depleted end mem-
ber composition, including the dry and water-
saturated solidus curves, solidus contours of equal
water activity, and solidus curves at fixed bulk H,O
contents. See below for the details of this source
composition; it is obtained from fertile peridotite
by removing ~1% melt. The boundaries of the
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Figure 1. Solidus relations for our adopted depleted peridotite composition (Table 1) with variable H,O contents as
predicted by the pHMELTS model, a hybrid of pMELTS [Ghiorso et al., 2002] and the estimates of solubility of
water in nominally anhydrous minerals given by Hirth and Kohistedt [1996]. The upper heavy black curve is the
anhydrous solidus (az,0 = 0); the lowermost heavy black curve is the water-saturated solidus (a,0 = 1). The blue
contours in between are lines of constant activity of water on the solidus at increments of 0.1 in az,0. The black
curves labeled 50, 300, and 700 show the solidus predicted for these bulk H,O contents in parts per million by
weight. These are not parallel to the activity contours because the increase with pressure in the solubility of H,O in
the solid mineral assemblage implies a decrease in a0 at fixed bulk water content with increasing pressure. The
gray lines delimit the stability of garnet and plagioclase on the solidus respectively; spinel is present everywhere
because of the Cr,O; component [see Asimow et al., 1995]. The green boundary delimits the stability of hornblende
on the solidus; this is probably not predicted well given the simple thermodynamic model of hornblende currently
available and occupies a temperature too low for interest at mid-ocean ridges, but is shown for completeness. The
dotted red line is the solid adiabat with potential temperature 1380°C; it is metastable once melting begins. The
solid red curves are the pressure-temperature trajectories of the adiabatic continuous melting paths for 50, 300, and
700 ppm bulk H,O in the source.

plagioclase, garnet, and hornblende stability fields
on the solidus are also shown. Note that the solidus
contours for 50 and 300 ppm bulk water do not
enter the hornblende stability field but instead
follow its boundary; were the potential temperature
low enough to stabilize amphibole peridotite, then
the solidus at these water concentrations would be
defined by dehydration melting at the breakdown
of hornblende. For potential temperatures appro-
priate to normal oceanic mantle, the adiabat does
not intersect this field and melting begins at a point
on an undersaturated solidus contour defined by
the water content and potential temperature. Thus
for example, the dashed red curve shows the
1380°C adiabat and the solid red curves show three
melting paths beginning on this adiabat for

assemblages with 50, 300, and 700 ppm H,O. As
pressure decreases and the water concentration
necessary to saturate the nominally anhydrous
mineral assemblage decreases, the solidus contours
at fixed bulk water content each merge with the
water-saturated solidus. Figure 1 is qualitatively
similar to the corresponding solidus relations
shown by Hirth and Kohlistedt [1996] based on
their interpolation between estimated dry and
water-saturated solidi.

[10] As the pHMELTS calculation continues be-
yond the initiation of melting, an additional
accounting trick is required that tracks H,O
dissolved in the solids separately from the bulk
composition input to pMELTS for equilibration,
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since pMELTS only knows about the water that
is dissolved in the liquid phase. This is accom-
plished using a trace element add-on to pMELTS
that, given a set of mineral-melt partition coef-
ficients and an initial bulk concentration of each
trace element, calculates bulk partition coeffi-
cients from the modes obtained by pMELTS
and distributes trace elements accordingly. Hence
given an initial guess of the melt fraction, the
trace element subroutine calculates how much
water should be in the melt phase according to
the mineral solubility models of Hirth and Kohl-
stedt and adjusts the bulk composition considered
by pMELTS. Since the mass of H,O in the liquid
phase depends on melt fraction and the melt
fraction depends on the mass of dissolved H,O,
iteration is required to find thermal, major, and
trace element equilibrium. When this iteration
converges, the total H,O content of minerals
and melt equals the prescribed bulk H>,O content,
the system is in thermodynamic equilibrium and,
in particular, the activity of H,O implied by the
water content of the minerals equals the a0
implied by the water content of the melt. This
iteration has been made computationally efficient
enough that a melting column from 4 GPa to the
surface in 0.01 GPa steps can be calculated in a
few minutes on a workstation.

[1] The pHMELTS model is used to calculate
primary liquid compositions following the ap-
proach described in detail in Asimow et al
[2001]. We simulate continuous melting in this
work by decompressing the assemblage isentropi-
cally until the melt fraction by volume exceeds 1%.
Any fraction of liquid above 1% is then extracted
and the entropy of the remaining system is used as
the reference for the next decompression step. This
continuous melting approach differs from the per-
fect fractional melting treatments in Asimow et al.
[2001] and Asimow and Langmuir [2003]; we
adopted it here mostly to avoid the need for
calculations at extreme pressures beyond the rea-
sonable calibrated range of pMELTS. The behavior
of water in this model and its effect upon melting
are demonstrated in Figure 2. Figure 2a compares
the melt productivity, percent increase in degree of
melting per kbar pressure decrease, of the dry

PMELTS model and the pHMELTS model at equal
potential temperature and various water contents.
The major features of these productivity functions
include a low near-solidus productivity, increasing
to a maximum of about 3%/kbar just before the
exhaustion of cpx from the residue, followed by a
drop to values <1.5%/kbar for harzburgite melting
[Asimow et al., 1997, 2001]. Compared to previ-
ously published MELTS productivity curves for
fertile peridotite, the dry solidus productivity
is higher and the low-productivity tail much
shorter for this depleted source composition. The
pHMELTS productivity curves show that the pro-
ductivity of water-induced melting below the dry
solidus, about 0.1%/kbar, is lower than the initial
productivity of dry melting. Figure 2a also shows
the somewhat surprising result that wet melting
paths, because of near-fractional melt extraction
below the dry solidus, give a lower productivity at
equal pressure than dryer paths in the pressure
interval where dry melting operates.

[12] The behavior of trace water along the poly-
baric pHMELTS melting paths is shown in
Figures 2b and 2c for various initial water con-
tents at equal potential temperature. Figure 2b
shows the evolution of the bulk partition coeffi-
cient for water. In the Hirth and Kohlstedt [1996]
model (black line), as emphasized above, the
partition coefficient Dy o is independent of water
content, but decreases during progressive decom-
pression melting because of the drop in pressure
and because the modal abundance of pyroxenes,
in which water is taken to be 5—10 times more
compatible than in olivine, decreases during melt-
ing. On the other hand, in the pHMELTS model
Dy,0 depends on water activity, such that sources
with less water give lower Dy o at equal pressure
and temperature. This aspect of the model pro-
vides a natural explanation for the observation of
Danyushevsky et al. [2000] that H,O partitions
like La in depleted, water-poor MORB suites and
like the more compatible element Nd in water-rich
MORB suites. Figure 2c shows the bulk water
contents of the residual assemblage along the
same melting paths, showing the progressive
drying out of the residue by extraction of water
into the melt phase. As melt extraction decreases
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Figure 2. Melt productivity and behavior of H,O along the melting paths shown in Figure 1. (a) Melt productivity
is defined as the increase in extent of melting by mass per unit decrease in pressure, and is given in units of %/kbar.
The effects of garnet and cpx exhaustion are shown. The four curves indicate the melting paths with 0, 50, 300, and
700 ppm H,O in the source (black, red, green, and blue, respectively), all at potential temperature 1380°C. Adding
water causes melting to begin at higher pressure, but the productivity of melting in this water-assisted region is much
lower than that of dry melting. Furthermore, the depletion of the residue by wet melting causes the productivity of the
water-bearing paths to be lower than that of the dry path even after the pressure where dry melting begins. (b) The
evolution of the bulk partition coefficient for H,O between melt and residue (Dyy,0) is shown for the Hirth and
Kohlstedt [1996] model, where it is a function of pressure only, and for the pHMELTS model, where it depends also
on water content. In pHMELTS, Dy o is lower along paths with lower initial H,O and also decreases during melt
(and water) extraction, approaching zero as residual H,O content approaches zero. (c) The evolution of source and
residue H,O content along the 50, 300, and 700 ppm initial H,O continuous melting paths is shown. Note that on
each path the pressure where the H,O content goes to zero (Figure 2c) is the same as the pressure where the partition
coefficient becomes effectively zero (Figure 2b) and the melt productivity reaches the value of dry peridotite at the
dry solidus (Figure 2a).
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the H>,O content of the residue along each path,
Dp,o drops due to the concentration effect on
partitioning in addition to the pressure and modal
effects. Hence water extraction is an accelerating
process, in which water approaches perfectly
incompatible behavior as its abundance decreases,
yielding a sharper wet-to-dry transition than
would the Hirth and Kohlstedt [1996] model.

[13] Model primary aggregate liquids can be gen-
erated by integrating (i.e., mixing) the incremental
liquids generated along the one-dimensional
streamline calculated by the melting model using
any of a number of formalisms that describe the net
magmatic output of a melting region of given flow
geometry. We found that in the Azores region the
passive flow formalism [e.g., McKenzie and Bickle,
1988] leads to excessive weighting of high pres-
sure liquids and hence SiO, too low and FeO* too
high at reasonable potential temperatures. This
behavior is rather insensitive to source composition
since SiO, activity is buffered by the olivine-
orthopyroxene assemblage and is hence only a
strong function of pressure. This may, of course,
simply reflect errors in the pMELTS model (al-
though model SiO, compares well to 1 GPa experi-
ments [Ghiorso et al., 2002]), but we found that a
mixing model with a component of active
flow [Scott and Stevenson, 1989; Forsyth, 1992,
Spiegelman, 1996] can match all the observables
simultaneously. Hence we use here a mixing model
that simulates a passive flow at depth and a
transition to buoyantly driven active flow at a
pressure of 0.6 GPa. Such a flow field might arise
from internal buoyancy of retained melt and hence
be restricted to the shallow part of the melting
regime where most melt is accumulated [e.g., Scott,
1992, Figure 4.2b]. This flow field is simulated
using the following integration scheme: melt incre-
ments produced on streamlines that exit the melting
regime below 0.6 GPa are integrated up to the
pressure where they exit the melting regime,
whereas streamlines that cross 0.6 GPa are inte-
grated all the way to the base of the crust. In order
to emphasize as clearly as possible the effect of
water addition alone, we hold the component of
active flow constant in all the calculations below,
although the SiO, and FeO* data could be better fit

by adding a transition from passive to partly active
flow.

[14] The final step in the model is fractional
crystallization of the primary aggregate composi-
tions until their MgO contents reach 8%. Fraction-
ation is modeled using MELTS at 500 bars and
1 log unit below the quartz-fayalite-magnetite
buffer. At low pressure, the original MELTS cali-
bration [Ghiorso and Sack, 1995] is more reliable
than the newer pMELTS calibration [Ghiorso et
al., 2002], which is optimized for high pressure
and is used here for melting calculations. MELTS
accounts for the effects of H,O in the fractionating
liquid and for consistency is used both for forward-
fractionating the model liquids and, in the follow-
ing comparison against natural basalt glasses, for
forward- or back-fractionating the measured glass
compositions to a common 8% MgO.

3. Application to the Mid-Atlantic
Ridge Near the Azores

[15] The development of the pHMELTS model was
motivated by the desire to understand and interpret
data on a suite of axial mid-ocean ridge basalt
glasses from the segments of the mid-Atlantic
Ridge near the Azores hotspot. The sample suite
was collected by the FAZAR expedition (cruise
127, legs 1 and 2, of the Atlantis II) in 1992 and
covers a latitude range from 33 to 41°N (Figure 3;
segment definition and nomenclature by Detrick et
al. [1995]). A variety of analyses of subsets of this
suite have been published already: Sr, Nd, and Pb
isotopes and selected trace elements by XRF and
isotope dilution are in Dosso et al. [1999]; U-series
disequilibria on samples from the Azores platform
region of this collection were reported by Bourdon
et al. [1996]; Noble gas concentrations and isotope
ratios were measured by Sarda et al. [1999] and
Moreira et al. [1999]; oxygen isotope composi-
tions are reported by K. M. Cooper, J. M. Eiler,
P. D. Asimow, and C. H. Langmuir (Oxygen isotope
evidence for the origin of enriched mantle beneath
the mid-Atlantic ridge, manuscript submitted to
Geochemistry Geophysics Geosystems, 2003, here-
inafter referred to as Cooper et al., submitted
manuscript, 2003); chalcophile element data are
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Figure 3. Sample locality map for mid-Atlantic Ridge basalt data from the FAZAR cruise (Atlantis II cruise 127,
legs 1 and 2). Small black dots are all sample locations where glass was recovered; this paper focuses mostly on
samples for which H,O concentration has been measured, shown by white circles. Bathymetry along axis and
segment nomenclature from Detrick et al. [1995]; inset is shaded relief image of satellite-based bathymetry of Smith
and Sandwell [1997]. Segments KP-2 and KP-3 sit atop the Azores platform; the axial depth of the ridge increases
both north and south from this plateau.
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Figure 4. Major element compositions of FAZAR samples compared to the pHMELTS model as a function of H,O
content. Data for which both major elements and H,O are measured on the same glass are shown as filled black
circles; averages of all samples from a segment are plotted as cyan crosses. Data have been corrected for low-pressure
fractionation to 8% MgO. A least-squares regression fit to the segment-average data of each oxide against (H,O)g is
shown in each panel as a cyan dotted line and the r* value of the regression is given. For Sig, where the data increase
until ~0.3% (H,0)s and then decrease, the regression only includes the higher water-content data. The primary
aggregate liquids (light curves) and liquids forward-fractionated to 8% MgO (heavy curves) predicted by the
pHMELTS model are shown for depleted peridotite (Table 1) with 50 ppm H,O to which is added only H,O (solid
blue curves), or TiO, and H,O (long-dashed red curves). In each case the most enriched source composition shown
has 700 ppm bulk H,O. The primary liquids are generated by a mixed passive flow/active flow integration of the
increments of melt produced by a polybaric, adiabatic, continuous melting path with 1% residual porosity as
described in the text. The fractionated liquids are generated from these primary liquids using MELTS [Ghiorso and
Sack, 1995] to evolve them to 8% MgO at low pressure. The white and filled triangles on the x axis show the
compositions of primary and fractionated liquids, respectively, generated by pMELTS under the same conditions with
zero H,O.

given by Yi et al. [2000a, 2000b]; volatile concen-  that accounts for the heterogeneity of this suite and
trations and degassing corrections are given by  the effects of H,O on fractionation [Asimow and
Dixon et al. [2002]. Data have been corrected for  Langmuir, 1998]; the scheme is guided by MELTS
low-pressure fractionation to 8% MgO in a way  [Ghiorso and Sack, 1995] and represents an im-
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provement over methods such as generic correction
slopes [e.g., Klein and Langmuir, 1987], simple
regression [e.g., Plank and Langmuir, 1988], uni-
versal polynomial working curves [Niu et al.,
1999], and anhydrous calculations with limited
calibration sets [Weaver and Langmuir, 1990;
Ariskin et al., 1993; Yang et al., 1996]. Full major
element and trace element results and details of
fractionation correction for the entire collected suite
(265 distinct glass compositions from 55 dredges
and 152 wax cores) will be presented in a separate
paper in this journal (Asimow et al., in preparation,
2003); in this paper we focus on testing the model of
hydrous melting against the subset of 56 samples
on which H,O contents have been measured
(white circles in Figure 3).

3.1. Major Elements

[16] Since our purpose here is to test the effect of
H,0 on the melting and fractionation process, the
model is compared to data using H,O as the
abscissa in Figure 4. Data are plotted after correc-
tions for degassing [Dixon et al., 2002] and
fractionation, assuming H,O to be perfectly
incompatible and undersaturated during fraction-
ation. The notations (H,0)g, Sig, Tig, Feg, etc. refer
to weight percent oxides estimated for the liquid
evolved from or parental to a given sample at the
point where the liquid line of descent crosses 8.0%
MgO. In Figure 4, small black circles are individ-
ual samples on which both major elements and
water have been measured. Cyan crosses are aver-
age values of fractionation-corrected major ele-
ments for all samples from a given segment
(Figure 3) on which major elements have been
measured plotted versus average values of (H,O)g
for all samples from a given segment on which
H,O concentrations have been measured; in each
segment many more samples contribute to the
major-element average composition than to the
average water content. Segment-average and indi-
vidual-sample data show similar trends, with re-
duced scatter in the major element data for
segment-average points. For this exercise, we ex-
clude the North Oceanographer Fracture Zone
(segment PO-8 in the nomenclature of Detrick et
al. [1995]) samples, which have been shown to
reflect an isotopically distinct and less H,O-rich

Table 1. Fitted End-Member Source Compositions
Enriched Sources®
Depleted Source 1 2 3 (4)

Si0, (Wt.%) 46.66 46.60
TiO, 0.10 60 0.10 (0.29)
ALO; 3.95 3.95
Cr,05 0.48 0.48
FeO 7.00 6.99
MgO 38.36 38.31
CaO 3.19 3.19
Na,O 0.25 0.25
K (ppm) 7.5 350000 140000 441
P 23.5 74000 29600 115
Rb 0.02 850 340 1.07
Sr 8 22000 8800 35.3
Zr 3.2 8900 3560 14.2
Nb 0.05 1850 740 2.34
Cs 0.0003 9.4 3.76 0.0120
Ba 0.1 12200 4880 15.2
La 0.07 1150 460 1.50
Ce 0.25 2450 980 3.29
Nd 0.37 1290 516 1.97
Sm 0.17 230 92 0.455
Eu 0.086 70 28 0.173
Dy 0.39 40 16 0.439
Er 0.24 0 0 0.240
Yb 0.24 0 0 0.240
Hf 0.108 182 72.8 0.333
Ta 0.004 100 40 0.128
Pb 0.013 58 23.2 0.0849
Th 0.004 105 42 0.1341
U 0.002 30 12 0.0392
H,0 50 524485 209794 700
8791/86Sr 0.7026  0.7038  0.7038 0.7035
MNA/M*Nd 051325 0.51285  0.51285 0.51293
206py,204py, 18.00 20.00 20.00 19.69
207py,204py, 15.50 15.65 15.65 15.63
208py,204py, 37.65 39.50 39.50 39.22

#Enriched sources are as follows: component 1, addition of trace
elements and H,O only, upper limit of enrichment; component 2,
addition of trace elements, H,O, and TiO, only; component 3, lower
limit of enrichment, 0.12% of component 1 added to depleted source;
component 4, 0.3% of component 2 added to depleted source, differs
only in TiO, content from component 3.

source component than the Azores platform [Shirey
et al., 1987; Dixon et al., 2002]. We also exclude
two samples from segment KP-5 that have experi-
enced open-system degassing and whose pre-erup-
tive H,O content cannot be established with
confidence. In the initial model to be tested, the
enriched component consists only of water and
trace elements; also, the potential temperature and
flow-field are held constant. Hence this model tests
what aspects of the Azores platform anomaly are
attributable purely to H,O addition rather than
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thermal, dynamical or other chemical anomalies.
For this purpose, K,O and P,0s are treated as trace
elements and are deferred to the binary mixing
calculation below.

[17] Reasonable fits to the low-H,O end of the data
require a depleted source composition, equivalent
to the residue after extracting about 1% melt from
the fertile lherzolite model of Hart and Zindler
[1986]. This end member contains about 50 ppm
H,0; its composition is shown in Table 1. We
modeled the melting of this depleted source and of
mixed sources with up to 700 ppm bulk H,O; the
enriched component initially consists only of H,O
and trace elements that do not affect the melting
relations. A potential temperature of 1380°C,
which for this composition intersects the dry sol-
idus at 2 GPa, was selected because it generates
normal 7 km crustal thickness with 50 ppm H,O.
The 1380°C metastable adiabat is shown in Figure 1
along with the pressure-temperature trajectories of
the melting paths for the 50, 300, and 700 ppm
H,O calculations.

[18] Figure 4 shows major element composition as
a function of H,O content for primary aggregate
liquids (fine solid blue lines) and liquids fraction-
ated to 8% MgO (bold solid blue lines) generated
from this range of sources. The changes in
primary liquid composition are fairly small. They
approximate the effects of simple increase in
mean pressure of melting due to addition of deep
melts from the hydrous melting region below the
dry solidus: MgO and FeO* go up, other oxides
go down. Where the model trends of the primary
aggregate liquids and the liquids fractionated to
8% MgO are not parallel, we attribute the differ-
ence in these slopes to the effects of H,O on the
liquid line of descent. This is an aspect of the
problem that, while well known to petrologists,
has perhaps received less attention in modeling of
mid-ocean ridge variations than it requires. H,O
in the fractionating liquids has a strong effect on
the fractionation path, promoting olivine fraction-
ation relative to plagioclase and, to a lesser extent,
clinopyroxene (cpx) [Yoder and Tilley, 1962;
Michael and Chase, 1987; Sinton and Fryer,
1987; Danyushevsky, 2001]. Kushiro [1975] pro-
vides a useful qualitative explanation of the sense

of this effect: addition of monovalent cations such
as hydrogen tends to depolymerize the silicate
network in the melt, which shifts liquidus bound-
aries so as to stabilize minerals with the most
depolymerized structure. Olivine, containing iso-
lated SiO, tetrahedra, is favored relative to cpx, a
chain silicate, and especially relative to plagio-
clase, a framework silicate. The effect is propor-
tional to the mole fraction of the cation, such that
a given weight percent of H,O has a much larger
effect than a comparable weight of Na,O or K,O.
A mid-ocean ridge basalt has the normal fraction-
ation sequence olivine followed by olivine +
plagioclase and then by olivine + plagioclase +
cpx. The effect of H,O is to delay multiple
saturation to lower temperature and liquid MgO
content as well as to increase the abundance of
olivine in the crystallizing assemblage after mul-
tiple saturation. The manifestations of these
changes are discussed oxide-by-oxide below, but
the general sense is, for a given model primary
aggregate liquid, to (1) reduce model Feg, since
Fe partitions into olivine; (2) increase model Cag
and Alg since these elements partition into cpx
and plagioclase; and (3) increase model Tig, Nag,
and other incompatible elements because the
increased modal abundance of the Mg-rich phase
olivine in the fractionating assemblage implies a
smaller mass is withdrawn from the liquid to
reach 8% MgO.

[19] A notable aspect of this mechanism for mod-
ifying values of model liquid predictions at 8%
MgO by water addition is that it ceases to work
once multiple saturation is suppressed to less than
8% MgO, which happens at ~0.7% (H,O)g for the
present model compositions. Additional water may
lower plagioclase and cpx saturation further and
may affect the liquid line of descent once multiple
saturation occurs, but this has no effect on the
predicted value at 8% MgO.

[20] The following paragraphs compare the mod-
eling results to the Atlantic data oxide-by-oxide
and then in normative projection. We find that the
model of simple H,O addition predicts trends for
all elements except Tig that have the right sign of
correlation versus (H,0)g and that the model trends
approximately parallel the principal component of
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the data arrays in most elements, particularly in the
most water-rich samples.

3.1.1. SiO,

[21] The primary aggregate model liquids show a
decrease in SiO, with increasing H,O and the
fractionated model liquids show a parallel decrease
in Sig with increasing (H,O)g (Figure 4a). We
attribute this effect primarily to the pressure-
dependence of SiO, in partial melts of peridotite
and the higher mean pressure of melting induced
by addition of H,O at constant potential temperature.
For samples or segments with greater than 0.3%
(H,O)g, there is a negative correlation in the data
between Sig and (H,O)g with a slope resembling
that predicted by the model. The scatter in the Sig
data perpendicular to the modeled H,O-addition
trend are consistent with incomplete mixtures of
the liquids produced in the melting regime, as is
often seen when individual samples from ridge
segments are considered, rather than segment aver-
ages [Klein and Langmuir, 1989]. The bulk of the
data at (H,O)g <0.3% reflect a different trend, with
a positive slope. This trend could be explained by
an increasingly active flow regime with decreasing
distance to the Azores, perhaps due to the decrease
of mantle viscosity and increase in internal buoy-
ancy of partial melts caused by increasing water in
the source. Lower potential temperature in the
regions farthest from the Azores would have the
opposite effect of raising SiO, further in the most
H,0O-poor samples, yielding too steep a slope in the
Si0,-H,0 diagram. Instead these data are best
modeled by coupled variations in flow regime
and H,O content at approximately constant poten-
tial temperature. The flow regime effect, which
seems to be most important at relatively low H,O
contents, is not included in the model trends; at
higher H,O contents, the petrologic effect of water
is dominant, and the model trends appear to repro-
duce the high-H,O data.

3.1.2. FeO

[22] Away from H,O-rich hotspots like the Azores
and the Galapagos [Langmuir et al., 1992], there is
a negative correlation between Feg and axial depth
attributable to the increase in mean pressure of

melting with increasing potential temperature
[Klein and Langmuir, 1987]. Given the broad
bathymetric high and thickened crust associated
with the Azores platform, reasoning from the
global trend of Klein and Langmuir would lead
to the expectation of high-Feg data in this region.
That we find instead very low Feg is surprising and
requires an explanation consistent with the local
observations as well as the global mid-ocean ridge
data set, and this explanation is not likely to be
found in any melting regime process. Indeed, the
primary aggregate liquids predicted by pHMELTS
show increasing FeO* with increasing H,O, even
in the absence of a temperature anomaly (Figure 4b)
because of the increase in the mean pressure of
melting caused by solidus depression. Rather, we
may look to changes in the fractionation process to
explain much of the decrease in Feg with increasing
H,O in this region [4simow and Langmuir, 2003].

[23] The effect of the change in liquid line of
descent due to water addition, in FeO*-MgO space,
is a lowering of Feg. This is seen in the model
results in Figure 4b, where despite the positive
slope of primary FeO* versus H,O, a negative
correlation of Feg with (H,O)g emerges with a
slope similar to the observed Feg data. Between
0.1 and 0.7 wt.% (H,O)g, the model primary
liquids increase by ~0.75 absolute wt.% FeO*,
but after fractionation the model predicts a de-
crease of 2 wt.% in Feg; this is the result of
enhanced olivine fractionation. However, the most
H,0-rich model liquid does not follow the trend.
Once plagioclase and cpx saturation have been
suppressed to less than 8% MgO along the liquid
line of descent, this mechanism no longer leads to
decreases in Feg. In the treatment of any similar
suite, it is possible to constrain the maximum
magnitude of Feg lowering due to the effect of
H>O on fractionation (independent of the uncer-
tainties of a given fractionation model) given only
the MgO value at which plagioclase and/or cpx
saturation occurs in the driest, most depleted
liquids in the suite, e.g., by examination of melt
inclusions or detailed studies of phenocryst
populations.

[24] The segment-averaged data show a decrease
of about 3 wt.% in Feg and among the individual
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samples the range is as large as 4 wt.%. Hence in
its present form the melting and fractionation
model only explains about half the decrease in
Feg, but this is much better than anhydrous models
that would show an increase in Feg due to the
increase in potential temperature needed to explain
the increase in crustal thickness in this region.

3.1.3. ALO;

[25] The data show, with some scatter, a positive
correlation between (H,0)g and Alg (Figure 4c); as
with the Sig data, the correlation is best defined by
data above 0.3% (H,O)s. The primary liquids
predicted by the pHMELTS model show a negative
correlation between Al,O; and H,O, but upon
fractionating to 8% MgO the model predicts a
positive correlation up to 0.7% (H,O)g. The model
trend is steeper than that in the data; this could
plausibly be related to artifacts of saturation tem-
perature or plagioclase composition in the MELTS
calculation. The increase in Alg in H,O-rich model
liquids is attributable to the suppression of plagio-
clase during fractionation, much as the decrease in
Feg was attributed to the complementary enhance-
ment in olivine fractionation. That primary Al,O3
and fractionated Alg vary in opposite senses dem-
onstrates again the importance of considering the
effects of H,O on fractionation as well as on the
melting process.

3.1.4. CaO

[26] The signal-to-noise ratio in the Cag data is
low; CaO is the most difficult oxide to accurately
correct to 8% MgO in this suite (Asimow et al., in
preparation, 2003). There is no significant corre-
lation of Cag with enrichment in the individual
sample data, but a positive correlation with
(H,O)g can be recognized in the segment aver-
ages: the most H,O-rich segments as a group have
higher average Cag than the more H,O-poor seg-
ments (Figure 4d). There are evidently other
factors affecting CaO and Cag, but increase with
(H,0)g does seem to be one principal component
of the averaged data. As with Alg and Feg, the
model reproduces this observation despite show-
ing the opposite trend of decreasing CaO in the
primary liquids with increasing H,O, in this case

because of the suppression of cpx fractionation by
H,O0.

3.1.5. TiO,

[27] Figure 4e shows that when only H,O is added
to the source, the model fails to reproduce the
positive correlation between Tig and (H,O)g. TiO,
in the primary liquids is insensitive to H,O addi-
tion. This may result from an effect that is real, but
exaggerated in pMELTS, namely the decrease in Ti
concentrations in near-solidus alkali-rich liquids
[Baker and Stolper, 1994; Baker et al., 1995], such
that the low-melt fraction liquids created by water-
enhanced deep melting do not add much Ti to the
aggregate liquid. The effect of H,O on the frac-
tionation path, however, is evident in Tig. H,O
promotes olivine fractionation relative to plagio-
clase and cpx; since olivine is richer in MgO than
these other phases, this leads to a smaller mass of
crystals being fractionated from the more H,O-rich
primary liquids to reach 8% MgO. Since TiO, is
incompatible during fractionation of olivine, pla-
gioclase, and/or cpx, a decrease in fractionated
mass leads to decreasing Tig. This is the only clear
failure of the simple pHMELTS model of addition
of H,O at constant potential temperature to explain
a major element trend. For this reason, we also
consider a model in which the enriched source
consists of H,O, trace elements, and TiO,. This is
shown in Figure 4 by the red long-dashed lines
(fine dashed red line showing primary aggregate
model liquids, bold dashed red line showing model
liquids fractionated to 8% MgO). The best fit is
obtained if the enriched component has a TiO,/
H,O ratio of 3, in contrast to the typical MORB
source with a TiO,/H,O ratio of about 10—20. In
detail, the addition of TiO, to the enriched com-
ponent affects all the other major element trends,
but none of the changes are large enough to affect
the conclusions of this exercise.

3.1.6. Na,O

[28] Consideration of Na presents an interesting
puzzle because an anomaly like the Azores has
several competing effects on Nag with opposite
sense. A hotspot anomaly would be expected to
lower Nag because Na,O is incompatible and there
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Figure 5. Projection of the FAZAR major element data and pHMELTS model liquids into the normative
tetrahedron olivine-cpx-plagioclase-silica using the algorithm of Walker et al. [1979]. Compositions are plotted
anhydrous and with all Fe as FeO. Symbols are the same as Figure 4. The decrease in normative olivine upon
fractionation from the primary aggregate model liquids to 8% MgO is evident, as is the excellent match in three
dimensions between the fractionated model trends and the data.

is an increase in extent of melting associated with
high potential temperature or excess H,O-driven
melting. On the other hand, trace elements with
bulk partition coefficients similar to that expected
for Na,O are often very high in hotspot-affected
basalts because of source enrichment. Furthermore,
in passive-flow melting regimes, the addition of a
tail of low-degree melting at the base of the melting
regime can draw in considerable extra Na and give
increasing Na,O in primary liquids despite con-
stant source composition and increasing maximum
extent of melting. However, this enhancement may
be moderated by the probable increase in bulk
partition coefficient for Na with increasing pres-
sure. On yet another hand, Na is incompatible
during fractionation and hence any decrease in
the mass fractionated to reach 8% MgO with
increasing olivine fractionation (as seen above for
Ti) may cause a decrease in Nag. In the case of our
data from the Azores region, there is very little
regional signature in Nag and even in the most
H,O-rich segment high and low-Nag samples co-
exist (Figure 4f). In detail, there appears to be a
decrease in Nag from the most depleted samples up
to about 0.3% H,O, followed by constant or

perhaps slightly increasing Nag in the water-rich
part of the data. In our model, which at this stage
disregards effects of potential temperature or
source enrichment of Na,O, we predict a gentle
increase in primary Na,O due to low-degree melts
from deep in the melting regime, and essentially
constant Nag up to ~0.7 wt.% H,O due to the
effects of increased olivine fractionation from these
primary liquids. The data do not seem to require
source enrichment in Na, although it might be
required to compensate for an increase in potential
temperature.

3.1.7. Major Element Summary

[20] Although the major element variations cannot
be reduced to any single parameter of variation, the
results of the pHMELTS model suggest a set of
physical and chemical mechanisms that explain the
sign and in most cases the approximate magnitude
of that considerable part of the variance in the
observed fractionation-corrected data (about half
the total variance) accounted for by correlation
with H,O. Among Sig, Tig, Alg, Feg, Cag, and
Nag, only Tig requires any direct contribution from
the enriched source component. An alternative
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viewpoint to these oxide-oxide variation diagrams
is afforded by projection of the data and model
liquid compositions into the normative tetrahedron
olivine-cpx-plagioclase-silica, for example using
the projection scheme of Walker et al. [1979].
The position of a point in this space depends on
all the major oxides and so presents information in
a complementary manner to the individual oxide
plots. In Figure 5 the position in this tetrahedron is
shown by projection onto three of the bounding
triangles. The fractionation-corrected data (individ-
ual samples, black circles; segment averages, cyan
crosses) as well as the primary aggregate model
trends (light lines; solid blue lines for trace element
and H,O addition only, red long-dashed lines for
model with Ti addition) and fractionated model
trends (bold lines) are shown as in Figure 4.
Viewed from all three of these angles, the projec-
tions of the fractionated model trends fit the data
very well. The data and model trends are all
essentially radial from the silica vertex, and project
to a tight circular cluster and very short curves
when viewed from the silica vertex. Figure 5 shows
that pHMELTS and the particular water-addition
model described here provide an excellent quanti-
tative fit to the first principal component of major-
element variation in the fractionation-corrected
data.

3.2. Crustal Thickness

[30] The thickness of the oceanic crust is an
essential first-order constraint on ridge melting
processes and mantle temperature, and a model
for variations along axis must account for the
absolute value and the changes in crustal thickness
as well as the chemistry of the basalts. There are, of
course, uncertainties in the determination of crustal
thickness by either seismic or gravity-based meth-
ods. In the study area, there are several seismic
determinations of absolute crustal thickness by
refraction profiling [Fowler, 1976; Sinha and
Louden, 1983; Hooft et al., 2000] or Rayleigh
wave dispersion [Searle, 1976] and one gravity
study that interprets variations in mantle Bouguer
anomaly in terms of relative along-axis variations
in crustal thickness [Detrick et al., 1995]. These
studies show that crustal thickness is highly vari-

able at the segment-scale. There are variations
along-axis, e.g., varying from 3.5 km at segment
end to 8 km at segment center with a mean of 5.6
km directly along-axis on segment OH-1 [Hooft et
al., 2000]. Variations across-axis have been inter-
preted at one location in terms of temporal varia-
tions, in the case of an off-axis line on 2 Ma crust
parallel to OH-1 that yields 1-2 km more crust
than the corresponding on-axis line [Sinha and
Louden, 1983]. At another location, crustal thick-
ening from 3 km on-axis to 8 km at 10 km off-axis
on the FAMOUS segment was interpreted as dis-
tributed crustal accretion [Fowler, 1976]. The only
direct determination of crustal thickness in the
Azores platform region is the Rayleigh wave study
of Searle [1976], which reports 8.0 = 0.6 km for
the center of the platform and 6.3 km for the flanks
of the platform near FAMOUS (i.e., segment PO-3)
or segment KP-0. Given the spatial complexity and
disagreement among various studies, it is difficult
to unambiguously extract an along-axis gradient in
segment-average crustal thickness from the seismic
measurements. Indeed, values near 8 km have been
reported throughout the study area. However, a
reasonable interpretation suggests total thickening
of ~3 km over the whole study area, with about
1.5 km between FAMOUS at 37°N and KP-3 at
39°N. This is consistent with the gravity interpre-
tation of Detrick et al. [1995] who obtain a
maximum increase in crustal thickness by attribut-
ing all mantle Bouguer anomalies to Airy isostasy,
ignoring potential mantle or crustal density varia-
tions. Their result is an increase of 3.5—4 km over
the whole study area, of which 2—3 km occurs
between FAMOUS and the Azores platform.

[31] Estimates of segment mean crustal thickness
can be compared to the results of two-dimensional
melting models, since both are meant to be
determinations of total magma budget and are
insensitive to segment-scale along-axis flow of
mantle or melt. In several models of anhydrous
melting and passive-flow mixing at mid-ocean
ridges, a thickening of the crust by 4 km, from
7 km to 11 km, requires an increase of at least
75°C in potential temperature [Kinzler and Grove,
1992; Langmuir et al., 1992; Asimow et al.,
2001]. The model of McKenzie and Bickle
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Figure 6. Crustal thickness versus potential temperature showing the changes in potential temperature needed to
achieve an increase of 3—4 km in crustal thickness from typical Atlantic values near 7 km to Azores platform values
of 10—11 km [Detrick et al., 1995]. Passive-flow melting regimes with constant HO contents require an increase of
>75°C in potential temperature to increase crustal thickness this much (right arrow), whether estimated from the
pHMELTS model or the anhydrous model of Langmuir et al. [1992]. Such models fail to fit the major-element
composition data in this region. On the other hand, an increase of 1 km in crustal thickness results solely from the
addition of the quantity of H,O required by the measured H,O in the basalts. A further 1 km increase results from a
transition to partly active flow (required to explain the high SiO, and low FeO* of the moderately enriched samples in
the present data suite). With an increase of only 35°C in potential temperature, a coupled trend of increased
temperature, increased H,O, and increasingly active flow (left arrow) explains the full crustal thickness anomaly of

3—4 km.

[1988], which has a near-solidus productivity
much too high for volatile-affected melting,
requires an increase of 50°C in potential temper-
ature to reach crustal thickness 3 km above
average. The effect of water addition on oceanic
crustal thickness and the corresponding relation-
ship between crustal thickness and potential tem-
perature has previously been modeled only by
Robinson et al. [2001] using an extension of
McKenzie and Bickle’s [1988] parameterization.

[32] The behavior of crustal thickness as a function
of potential temperature and source H,O content in
the pHMELTS calculations is shown in Figure 6. A
variation from 50 ppm to 700 ppm H,O in the
source at a constant potential temperature of

1380°C yields an increase in crustal thickness of
~1 km, from 7.5 to 8.4 km. That is, the model
predicts an increase of 1 km in crustal thickness in
the absence of any thermal anomaly, purely as a
result of the enhancement of melting by the addi-
tion of water. If the flow field undergoes a transi-
tion to an increasingly active regime with approach
to the Azores platform, as we argued above to
explain the SiO, data, this will add a further 1 km
of crustal thickness at constant potential tempera-
ture. In combination with these two effects, an
increase of only 35°C in potential temperature, to
1415°C, yields a total increase of ~4 km in crustal
thickness. Notably, the effects of potential temper-
ature and water addition reinforce each other. That
is, a given amount of water has a noticeably larger
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Figure 7. Representative fractionation-corrected trace element and radiogenic isotope data versus H,O content [also
corrected for degassing, Dixon et al., 2002] are compared to the results of a model of binary mixing of sources
coupled to the pHMELTS melting and fractionation models. Most elemental concentrations are consistent with binary
linear mixing in this space, so depleted and enriched components were fitted to produce a mixing trend approximating
the regression line through the data. The fitted source compositions are shown in Table 1 and plotted in Figure 8.
Curvature in the elemental Sr model results from partitioning of Sr into plagioclase during fractionation. All the
incompatible trace elements (Cs, Rb, Ba, Th, U, Nb, Ta, La, Ce, and Zr) produce plots similar to the K plot, with
linear correlations > > 0.85. The model mixing trend for Er (Yb is similar) has a concentration of zero in the enriched
end member. The outlying point in ¥’St/*°Sr versus (H,O)g space is considered to be contaminated by seawater Sr; it
also plots far from the ®’St/*°Sr versus exq correlation defined by the rest of the data.

effect at modestly higher potential temperature,
e.g., 1 km at 1380°C and 1.5 km at 1415°C.
Conversely, in the presence of water a much
smaller temperature anomaly yields the maximum
increase in crustal thickness inferred by seismic
and gravity methods. We emphasize that the 75°C
increase in potential temperature required by an-

hydrous models to explain the increased crustal
thickness at the Azores would lead to major
increase in Feg, precisely the opposite of what is
observed. Although the pHMELTS model has
many shortcomings and contains assumptions that
cannot be defended in great detail, it shows that the
addition of H>O to the source, together with a small
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Figure 8. Primitive-mantle normalized segment-average trace element data for the most depleted and most enriched
segments in this study are compared to the model depleted and enriched source compositions (Table 1). Since the
fitting procedure is unable to resolve major elements or trace elements more compatible than Dy in the enriched
source, its absolute position is arbitrary, and can plot anywhere between the upper and lower limit curves shown. The
depleted model source is significantly more depleted than average NMORB source models, e.g., that of Hofimann

[1988].

temperature anomaly, can explain geophysical as
well as petrological observations.

3.3. Trace Elements and Isotopes

[33] When radiogenic isotope ratios and fraction-
ation-corrected trace element concentrations are
plotted against fractionation-corrected bulk H,O
contents for the subset of samples where all these
indicators have been analyzed, as in Figure 7, the
results appear consistent with binary mixing. Hence
we have inverted for the composition of two source
components. The fitting utilizes the pHMELTS
model liquids at 8% MgO; however, the adjustable
quantities are not erupted compositions but source
compositions. Hence this exercise accounts for all
the effects of water addition on melting and frac-
tionation. This is significant because the incompat-

ible elements are significantly more enriched in
model liquids derived from melting regimes richer
in H,O due to the large volume of deep mantle that
experiences small degrees of hydrous melting.
Ignoring this effect would lead to an overestimate
by about a factor of two in the abundances of the
most incompatible elements in the enriched com-
ponent. The quality of the resulting fits can be seen
in Figure 7 for several representative trace elements
and isotope ratios. Because the variations in parti-
tion coefficients during melting and fractionation
are small for most of these elements, the model
mixing trends for most trace elements are essentially
linear. However, participation of plagioclase in the
fractionation process leads to significant curvature
in the array of fractionated liquids from mixed
sources for Sr, and this is arguably more consistent
with the data array than simple mixing of liquids.
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Because the enriched end member has higher
concentrations of Sr, Nd, and Pb than the depleted
end member, the same model predicts concave-
downward hyperbolic mixing trends that fit the
data very well in radiogenic isotope ratios versus
H,O (Figure 7). In isotope ratio-ratio plots (not
shown), the model trends have a slight curvature,
but the data array could be fitted equally well with
straight lines. In other words, isotope ratio-ratio
plots do not in this data set resolve differences in
St/Nd, St/Pb, or Nd/Pb ratios among the end
members. For elements more compatible than Dy,
the best fit is obtained with a concentration of zero
in the enriched end member, but this result should
simply be taken to imply that given the small mass
fraction of the enriched component, its composi-
tion is not sufficiently enriched in these elements to
have a significant impact on the composition of the
mixed sources.

[34] The fitted end-member compositions chosen
are given in Table 1 and plotted in Figure 8.
Because the trace element plus H,O content of
the enriched component is normalized to 100%
(that is, unresolved major elements are excluded),
this exercise gives the upper limit on the water
content and degree of enrichment of this source
and a lower limit on the mass fraction added. The
Ti-free model end member is 52 wt.% H>O, has
primitive-mantle normalized incompatible element
abundances of about 1000—2000, and only 0.13%
by mass of this component is required to generate
the most enriched samples. The Ti-bearing model
(with TiO,/H,0 ratio of 3) dilutes these numbers to
20 wt.% H,O, incompatible concentrations of
500—700 times primitive, and 0.3% added to the
most enriched source mixture. We consider these
water-dominated compositions for the enriched
component unlikely because H,O/Ce ratios in the
water-rich samples are consistent with magmatic
partitioning rather than involvement of hydrous
fluids [Dixon et al., 2002]; however, if the enriched
component is a silicate melt, then it must contain
major elements that are not resolved by our fitting.
The whole abundance pattern of the enriched
component will be moved downward by the pres-
ence of major elements that are unresolved because
the mass fraction of the enriched source is so small.

The lower limit is obtained by assuming that the
most enriched sample derives from melting the
enriched component in pure form, in which case
the enriched component would be of peridotite
bulk composition with 700 ppm H,O and have
primitive-mantle normalized concentrations of
highly incompatible elements near 2—3; the lower-
limit enriched compositions in Table 1 are obtained
by mixing the depleted source with the necessary
mass fractions of the upper-limit enriched compo-
sitions so as to yield 700 ppm H,O.

[35] On a primitive-mantle normalized diagram
with the elements ordered according to the normal
sequence of incompatibility in MORB [Hofmann,
1988], the pattern for the enriched source compo-
nent (Figure 8) mirrors the compositions of the
most enriched samples, and is fairly smooth.
Anomalies are all less than a factor of two. One
notable aspect of the pattern is the elevated Ce/Pb
ratio (relative to primitive mantle) of the enriched
component, reflecting the high Ce/Pb ratio of
several of the most H,O-rich samples (these sam-
ples also show anomalous oxygen isotope ratios
(Cooper et al., submitted manuscript, 2003)). The
negative anomaly in Pb, a slight negative anomaly
in H,0, and positive anomalies in Nb and Ta are all
features complementary to the patterns observed in
subduction-related magmas [Pearce and Cann,
1973; Miller et al., 1994]. In arc magmas, the
complementary anomalies in these elements are
normally explained by preferential extraction of
fluid-mobile elements from the subducting slab to
the source area in the mantle wedge. Hence the
pattern observed here is consistent with recycled
material residual after extraction of fluid-mobile
components. However, except for compositions
near the lower limit for the enriched source, this
source is too enriched in incompatible elements to
be recycled NMORB even without depletion dur-
ing partial dehydration. Thus it seems necessary
that at some stage in its evolution the enriched
component was mobilized as a small-degree
melt, perhaps deep in a subduction system: after
dehydration and deep enough that the region meta-
somatized by the enriched component escaped
incorporation in the subduction melting environ-
ment. It is possible that this component may have
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resided for some part of its history in the conti-
nental lithosphere [McKenzie and O’Nions, 1995;
Moreira and Allegre, 1999]. The present model
does not account for the heterogeneities observed
in this region in noble gas isotope ratios; although
the elements examined here do not seem to require
a third component, they do not by any means
exclude it.

4. Conclusions

[36] We have developed a model for mid-ocean
ridge melting regimes with small amounts of water
in the source by combining the pMELTS [Ghiorso
et al., 2002] description of water-bearing crystal-
melt phase equilibria and energetics with the
formulation of solubility of water in nominally
anhydrous mantle minerals described by Hirth
and Kohlstedt [1996]. We use this model to inves-
tigate the major element, trace element, isotopic,
and crustal thickness relations observed along the
Mid-Atlantic Ridge in the vicinity of the Azores
platform. In contrast to the results of standard
models of anhydrous, passive-flow mid-ocean
ridge basalt production, which require a >75°C
increase in potential temperature to explain the
crustal thickness anomaly and fail to explain any
of the trace, major, volatile, or isotopic chemical
indicators, we find that a temperature anomaly of
<35°C and a small component of active flow
together with the effects of addition of up to
700 ppm H,O in a trace element enriched source
can explain all these data to some extent. There
remain features of the major-element data, includ-
ing the magnitude of the overall decrease in Feg
and the Sig, Cag, and Nag trends in the water-poor
subset of the data, that are not well explained, both
because of shortcomings in the quantitative petro-
logical models and because of physical effects not
yet accounted for. For many elements, notably Fe,
Al and Ca, the changes in erupted compositions
are dominated by the effect of H,O on the low-
pressure fractionation path rather than any effect on
primary liquid composition in the melting process.
In the context of this melting and fractionation
model we find that the trace element and isotopic
data are well-explained by a binary mixing model
in which the enriched source, though we can only

bound its absolute enrichment level, is consistent
with mantle wedge peridotite that was metasomat-
ized by a small-degree melt of a partially dehy-
drated subducted slab.
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