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Although water is only present in trace amounts in the sub-
oceanic upper mantle, it is thought to play a significant role in
affecting mantle viscosity, melting and the generation of crust at
mid-ocean ridges. The concentration of water in oceanic basalts'”
has been observed to stay below 0.2 wt%, except for water-rich
basalts sampled near hotspots and generated by ‘wet’ mantle
plumes®~. Here, however, we report unusually high water con-
tent in basaltic glasses from a cold region of the mid-ocean-ridge
system in the equatorial Atlantic Ocean. These basalts are
sodium-rich, having been generated by low degrees of melting
of the mantle, and contain unusually high ratios of light versus
heavy rare-earth elements, implying the presence of garnet in the
melting region. We infer that water-rich basalts from such
regions of thermal minima derive from low degrees of ‘wet’
melting greater than 60km deep in the mantle, with minor
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Figure 1 Distribution of Nag and (H,0)g in MORB glasses along the axis of the Mid-Atlantic
Ridge from Iceland to the Equator. Data are from the Supplementary Table, our
unpublished results and the Petrological Database of the Ocean Floor (PETDB) of Lamont
Doherty Earth Observatory. FZ, fracture zone.
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dilution by melts produced by shallower ‘dry’ melting—a view
supported by numerical modelling. We therefore conclude that
oceanic basalts are water-rich not only near hotspots, but also at
‘cold spots’.

The water content of the oceanic upper mantle can be estimated
from the water concentration in mid-ocean-ridge basalt (MORB)
glasses, after correcting for the effects of degassing and magmatic
differentiation. The H,O content of normal MORB (N-MORB) is
generally below 0.2wt% (ref. 1). Given that H,O is about as
incompatible as Ce, and assuming ~10% average degree of melting
of the mantle upwelling below mid-ocean ridges (MORs), the
mantle source of N-MORB is assumed to contain 0.01-0.02 wt%
H,O (ref. 2). However, basalts from topographically swollen
portions of MORs have H,O concentrations higher than those of
N-MORB (Fig. 1). These swollen ridges are generally interpreted as
being influenced by hot plumes rising from the transition zone or
from even deeper in the mantle. Thus, the H,O content of the
mantle source of plume-type oceanic basalts is probably signifi-
cantly higher than that of the N-MORB source region. For example,
the mantle source of the Icelandic® and Azores platform* crust
contains between 620 and 920 p.p.m. H,O, that is, several times
higher than that of the N-MORB source. Concerning off-ridge
hotspots, an H,O content of 405 = 190 p.p.m. has been estimated
for the mantle source of Hawaiian basalts’, supporting the hypoth-
esis that plume-type mantle is H,O-rich relative to the N-MORB
mantle source. High water and volatile contents lower the mantle
solidus, so that the mantle melts deeper and to a higher degree
during its ascent below MORs.

We report here that the H,O content of basaltic glasses from the
equatorial Mid-Atlantic Ridge (MAR) is significantly higher than
that of N-MORB. However, these H,O-rich basalts are associated
not with a ‘hot’ portion of MOR, but with the opposite—that is, a
thermal minimum in the ridge system. We will discuss a model that

Figure 2 Geometry of the passive-flow model. The bases of the rigid plates represent the
upper boundary layer in our plate-thickening passive mantle flow model. The model
shown was obtained by iteratively solving the mantle temperature field at each time step,
starting from a constant-thickness plate-flow model. The computed thickness of the
African plate lithosphere at the ERRS transform intersection is ~50 km. Mantle flow
velocities were estimated by solving a steady-state corner flow in a computational
frame 2,048 x 1,024 km wide and 150 km deep (using a grid with 2 x 2 km spacing
for each 1 km depth increment), assuming an incompressible homogeneous and
isoviscous mantle. Mantle temperatures were predicted by solving the steady-state
advection-diffusion equation, using an over-relaxation upwind finite difference method
with variable grid spacing (512 X 256 x 101), and highest grid resolution (1 km) at the
plate boundaries®®. Temperature solutions were found assuming 0 °C at the sea floor
and 1,330 °C at 150 km depth, assuming the presence of an equatorial MAR cold
spot''2,
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explains why the H,O content of oceanic basalt is high not only at
hotspots, but also at ‘cold spots’.

Basaltic glasses were sampled by dredging at several sites along
the ~220-km-long MAR segment (the eastern Romanche ridge
segment, ERRS) that extends south of the 900-km Romanche
transform (Figs 2 and 3). Glasses were selected for freshness, and
analysed by ion probe for rare-earth elements (REEs) and H,0, and
by electron microprobe for major elements (see Methods). The H,O
content of our glasses ranges from 0.25 to 1.10wt% (see Sup-
plementary Table). Their depth of eruption is >2,100 m below sea
level; thus, they must be undersaturated in H,O at these depths®
with little or no H,O loss during eruption. The absence of vesicles in
the glasses supports this conclusion. Their Cl content is <0.11%
and mostly below the limit of detection (0.04%), suggesting no
contamination by sea water. In order to correct for the effects
of differentiation, we calculated (H,O)g—that is, H,O normalized
to 8wt% MgO (refs 7, 8)—assuming olivine-plagioclase-
clinopyroxene fractionation. The correction lowers somewhat the
H,O values but does not affect relative trends (see Supplementary
Table).
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(H,0)g and Nag plotted versus latitude along the MAR axis
(Fig. 1) reveal variations of basalt water content, with maxima in
regions where the MAR is affected by mantle plumes, such as at
62°-70° N (Iceland), 35°—45°N (Azores) and 15°20' N. Maxima in
H,O content are generally mirrored by minima in Nag (Fig. 1),
consistent with the idea whereby plume-related high degree of
melting and water-rich plume mantle source go together”'’. Glasses
from the equatorial MAR are an exception to this pattern, in so far
as they are H,O-rich while Nag is also high. High-Nag basalts are
consistent with a low degree of melting in this region'"'*. Peridotite
mineral composition also suggests that the mantle in the equatorial
MAR underwent exceptionally low (<5%) degrees of melting',
probably owing to the combined effects of a regional equatorial
Atlantic thermal minimum'""?, and a strong ‘transform cold-edge
effect’™, which cools the ridge as it approaches old/thick/cold
lithosphere across transform offsets.

We carried out numerical experiments to estimate the extent to
which the upper mantle is cooled by a long-offset, low-slip trans-
form, such as the Romanche, and how partial melting and H,O
distribution are affected. We assumed a 900-km-long transform
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Figure 3 Multibeam topography of the eastern Romanche ridge—transform intersection
and predicted melt production beneath the ERRS. a, Shaded relief image based on
multibeam data. Depth ranges from 7,800 m (dark blue) to 1,000 m (light grey).
Spreading direction and small circle path (thick red solid line) have been computed using
the Africa—South America eulerian vector of the NUVEL-1A model®®. Sample locations
(Supplementary Table) are indicated by red circles (this work) and black triangles.
Numbers refer to position of samples in the Supplementary Table. Inset: RFZ, Romanche
fracture zone; A-A" and B-B', location of sections shown in ¢ and d. b, Fraction of melt
(F, colour coded) generated along the ERRS axis, including the effect of water on peridotite
solidus. The shape of the melting region is affected by mantle flow regimes (passive or
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active). We neglected the effects of viscosity heterogeneity and buoyancy in our numerical
experiments. The thick white dashed line marks the region of dry melting. The thick dark
purple solid line marks the upper boundary of the region of melt production, that is, where
the production rate is positive. Thick red dashed lines indicate boundaries between garnet
and spinel stability fields. Mineral proportions in the transition zone between 85 and
60 km are assumed to vary linearly from pure garnet peridotite to pure spinel peridotite.
Isotherms (°C) are indicated by thin red lines. ¢, d, Across-axis sections showing fraction
of melt generated at the ERRS centre (120 km; ¢) and in the proximity (50 km) of the
ridge—transform intersection (d).
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offset, a half spreading rate of 16 mmyr ™' and that the bases of rigid
plates were determined by the 700 °C isotherm (Fig. 2). The ridge
segment intersecting the transform was assumed to be 512 km long,
longer than the real ERRS, in order to evaluate how far the trans-
form effect extends along axis, avoiding numerical edge effects.
Assuming a H,O content of ~175 p.p.m. in the upper mantle' the
peridotite solidus is lowered, causing partial melting in a subridge
mantle region that is wider and deeper than it would be if the mantle
were dry'®"”. We modelled melt generation, including the effect of
H,O on the peridotite solidus, using a modified parameterization of
experimental data from ref. 18. Batch and near-fractional melting
are assumed, and simulated by mapping the melting interval from
the batch melting experiments; water is treated as an incompatible
component with a bulk distribution coefficient Dy,o that varies
with pressure'® (see Supplementary Discussion).

Our numerical results (Fig. 3) show a strong decrease of ‘crustal
production’ as the ridge approaches the transform, and no melting
atall in a 20-40-km-wide strip close to the fracture zone (Fig. 3b), in
agreement with the observation that the basaltic crust is nearly
absent in that strip'’. A cross-ridge subtriangular melting region,
~600 km wide at its base, is predicted beneath the centre of the
segment, where the maximum degree of melting is 16.5% (Fig. 3¢).
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Figure 4 Relationships between melt parameters predicted for MOR melting regimes and
values obtained from the basalts sampled along the ERRS axis (Supplementary Table).
a, Crustal thickness, H,. b, Average degree of melting (Fy, lines, left axis) and Nag (data
points, right axis). ¢, Mean pressure of melting (P, lines, left axis) and Feg (data points,
right axis). d, Chondrite-normalized®* Sm/Yb ratio, (Sm/Yb),. The increasing influence of
garnet as the ridge—transform intersection is approached is reflected by the increase of
(Sm/YD), relative to the source. e, Models of water content in the aggregated melt and
observed H,0 concentrations in basaltic glasses. Error bars, =1 s.d.
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The melting region becomes smaller and asymmetric moving
towards the ridge—transform intersection, with the maximum
degree of melting decreasing rapidly (to ~8% at 50km from the
ridge—transform intersection), and the initial depth of melting
varying greatly across axis (Fig. 3d).

Water addition deepens the onset of melting to 85 km beneath the
centre of the segment, too cold for the anhydrous solidus to
encounter garnet peridotite. Thus, water addition allows a signifi-
cant melt fraction to be generated in the presence of residual garnet
(Fig. 3¢). In the proximity of the ridge—transform intersection,
the partially molten region is mostly due to hydrous melting. The
numerical model predicts that basalts sampled close to the
Romanche fracture zone are generated exclusively in the subridge
‘wet melting’ mantle interval, that is, between ~80 and 60 km
depth, within the region of stability of garnet. We would thus expect
a significant ‘garnet signature’ in the chemical composition of our
basalts, because they are undiluted by melts produced in the ‘dry
melting interval, above ~60km depth within the spinel stability
field.

REE partition coefficients during melting are different across the
80-60-km-deep boundary between garnet stability below, and
spinel stability above: the heavy REEs are compatible with garnet
but not with spinel. Thus, melting in the garnet stability field
produces liquids depleted of heavy REEs relative to light REEs,
and with chondrite-normalized Sm/Yb ratios, (Sm/Yb),, of well
over one'”?" and increasing with the proportion of melt generated
in the garnet stability field. The deeper the level where the ascending
mantle stops melting, the higher the proportion of melt generated
in the presence of garnet®.

The concentration of highly incompatible elements in the aggre-
gated liquid should be inversely proportional to the mean degree of
melting. Therefore, incompatible elements should be increasingly
enriched moving along axis towards the ridge—transform inter-
section. We calculated crustal thickness, mean pressure of melting,
mean degree of melting, and mean composition of the aggregate
melt, at any location along axis from the centre towards the tip of the
ERRS, for each of the following melting models: wet and dry; batch;
near-fractional; and pure-fractional. Mantle mineral assemblages
for garnet, spinel and plagioclase peridotite are those of ref. 23; REE
source composition and distribution coefficients are from ref. 24.

Basalt Nag, (Sm/Yb), and H,O contents increase along axis
towards the ridge—transform intersection, as predicted by the
numerical model (Fig. 4). Note that when hydrous melting is
included, the selected melting regime (batch, pure- or near-
fractional) affects melting parameter predictions, owing to the
pressure release melt parameterization adopted. The observed
along-axis average patterns of melting parameter chemical indi-
cators, such as Nag, Feg and REE concentrations (Fig. 4), suggest
that a pure-fractional or near-fractional melting model with a very
low residual porosity (<0.5%) fits the data best.

We conclude that the H,O content of the oceanic basaltic crust
peaks not only close to hotspots, but also at ‘cold spots’ along
MORs. However, whereas hotspot H,O maxima are caused by high
degrees of melting of their H,O-rich mantle plume sources, the H,O
enrichment of ‘cold spots’ is due to low degrees of melting occurring
mostly within the ‘wet melting’ depth interval below the ridge,
largely within the garnet stability field, with minor dilution from
shallower ‘dry’ melts. Our results are consistent with the ubiquitous
presence in the deeper part of the subridge melting column of
volatiles and enriched components that are tapped preferentially
during incipient ‘wet’ melting, but which are normally diluted by
more abundant ‘dry’ melts generated in the shallower part of the
melting column.

Extrapolating from these results, we expect relatively high H,O
content in basaltic crust generated at other ‘thermal minima’ along
the MOR system, as at the Australian/Antarctic discordance® and at
the Gakkel ridge®®. O
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Methods

Major elements

These were determined using a JEOL JXA 8600 microprobe at IGG-CNR, in Florence. The
acceleration voltage was 15 kV, the sample current was 10 nA. The counting times were 40 s
for Na and Cl and 10 for all other elements; the spot size was 10 pm.

H,0

H,O content was determined by secondary ion mass spectrometry (SIMS) with a Cameca
IMS 4f ion microprobe (at IGG-CNR in Pavia), following a procedure that involves
‘energy filtered’ secondary ions* (emission energies in the range 75125 eV). Under these
experimental conditions, the H background, measured on a sample of quartz, is typically
0.009 wt% H,O. The values for H,O in the Supplementary Table are the average of three
measurements. The accuracy of analysis is estimated to be 10% relative.

REE

REE concentrations were determined with the Pavia ion microprobe. An optimized
energy filtering technique was applied to remove complex molecular interferences in
the secondary ion mass spectrum. Light-REE-rich basalts were analysed applying a
deconvolution filter to the secondary-ion REE mass spectrum in order to reduce
residual oxide interferences (that is, BaO on Eu, CeO and NdO on Gd, GdO on Yb,
and EuO on Er). Precision of the measurement is of the order of 10% relative, for REE
concentrations in the range 0.1-0.7 p.p.m. Below 0.1 p.p.m., precision is mainly limited
by (poissonian) counting statistics and falls to ~30% relative. Accuracy is of the same
order of precision. The experimental conditions involved a 9.5nA, '*0O~ primary ion
beam accelerated through —12.5kV and focused into a spot 10-15 pm in diameter, and
energy-filtered (75-125eV) positive secondary ions detected under an ion image field
of 25pm.
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Kin selection and cooperative
courtship in wild turkeys

Alan H. Krakauer
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In the few species of birds in which males form display partner-
ships to attract females, one male secures most or all of the
copulations’’. This leads to the question of why subordinate
males help in the absence of observable reproductive benefits.
Hamilton’s concept of kin selection®, whereby individuals can
benefit indirectly by helping a relative, was a crucial break-
through for understanding apparently altruistic systems. How-
ever in the only direct test of kin selection in coordinated display
partnerships, partners were unrelated', discounting kin selection
as an explanation for the evolution of cooperation. Here I show,
using genetic measures of relatedness and reproductive success,
that kin selection can explain the evolution of cooperative court-
ship in wild turkeys. Subordinate (helper) males do not them-
selves reproduce, but their indirect fitness as calculated by
Hamilton’s rule>* more than offsets the cost of helping. This
result confirms a textbook example of kin selection® that until
now has been controversial® and also extends recent findings®® of
male relatedness on avian leks by quantifying the kin-selected
benefits gained by non-reproducing males.

The observation that cooperation in birds typically occurs
between relatives® is superficial support for the idea that kin
selection is a general explanation for avian helping behaviour.
However, most examples of helping or cooperative breeding involve
offspring retained in intergenerational family groups™'* in which it
is difficult to separate the indirect fitness benefits due to kin
selection from benefits due to direct fitness'', even when the
dynamics of helping behaviour qualitatively fits the predictions of
Hamilton’s rule'*. Species with aggregated male displays are there-
fore valuable for studying kin selection because it is possible to
isolate the role of indirect fitness in the absence of direct benefits
stemming from delayed dispersal. Surprisingly, the role of kin
selection on leks has only recently been proposed", and kin
associations of displaying males have now been demonstrated for
several species including grouse®, peafowl” and manakins®. This
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