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The above discussion assumes that F(Kr) for PDW can be
used to apply a correction for trapped modern air and hence
deduce “°Ar/*He ratios for the vent fluids. Elemental fraction-
ation may occur during boiling, because solubility increases
with atomic mass, and could render the correction invalid. At
high temperatures, however, solubilities of the different noble
gases converge®, generating negligible fractionation®’. Further-
more, vent fluids from the southern Juan de Fuca ridge have
relative abundance patterns identical to those of air-saturated
sea water at 2 °C, even though boiling has led to gas loss®. In
contrast, vent fluids at 21° N have Ne concentrations comparable
to those of Pacific deep water® and thus reveal no depletion that
would result from phase separation.

Detailed interpretations of He isotope and helium/heat ratios
in vent fluids at 21° N have been adequately treated elsewhere®?,
Here, our purpose is rather to demonstrate that measurements
currently made by sampling deep ocean water can be made on
trapped fluids in sulphides from the sea floor. This work could
be extended to fluids in a wide range of hydrothermal deposits
as a way of studying helium/heat regimes and mantle *He/*He
ratios past and present. Future work on transparent minerals
will allow noble gas extractions to be combined with microther-
mometric measurements of trapping temperatures in individual
inclusions. With opaque minerals, it will be necessary to deter-
mine precipitation temperatures from microthermometric
measurements of fluids trapped by coexisting transparent
minerals and associate this with the average “°Ar/*He ratio.
Equation (2) does not rely explicitly on the measurement of
*He and could be applied, with simultaneous laser ablation
studies of H,O and the noble gases®, to the analysis of individual
fluid inclusions, where *He is below the limits of detection. But
like equation (1), this assumes a two-component mixture and

would be invalidated by the presence of radiogenic “He and
“0Ar, and it would be necessary to establish the presence of
mantle *He/*He ratios by bulk measurements. (]
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Crustal control of ridge
segmentation inferred
from observations of the
Reykjanes Ridge

R. E. Bell & W. R. Buck

Lamont-Doherty Geological Observatory of Columbia University,
Palisades, New York 10964, USA

LARGE-AMPLITUDE variations in topography and inferred crus-
tal thickness along the axes of mid-ocean ridges, often referred
to as segmentation', are mainly observed at slow-spreading
ridges” ™. This observation has led to the suggestion that mantle
processes give rise to segmentation only when spreading rates are
low**, Here we make the alternative proposal that the development
of segmentation is controlled by the temperature of the crust:
segmentation cannot develop when the lower crust is hot enough
to undergo rapid ductile flow. Thermal models predict that thick
crust at a slow-spreading ridge may be as hot as normal-thickness
crust along fast-spreading ridges; we accordingly test our
hypothesis at a slow-spreading ridge characterized by thick crust—
the Reykjanes Ridge. Topography and gravity data along the
Reykjanes Ridge axis indeed show an absence of segmentation,
suggesting that the thermal state of the crust, rather than any
mantle process, controls the development of this structure.

The structure of mid-ocean ridges has long been inferred from
gravity and bathymetry data’%. Recently, long sections of both
fast- and slow-spreading ridges have been surveyed with multi-
beam bathymetry and high-resolution gravimeters'~*>*'°. The
results show that along-axis variations in gravity and topography
at slow ridges are generally much greater than at fast-spreading
ridges. The distinctive gravity and topography signature of slow-
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spreading ridges can be explained by along-axis crustal thickness
variations of up to three kilometres'. In contrast, large crustal
thickness variations are not required to explain the small along-
axis variations in gravity and topography documented at fast-
spreading ridges’.

Very different processes must act at slow- and fast-spreading
ridges to explain the contrasting axial crustal structures inferred
from topography and gravity data. Parmentier and Phipps-
Morgan® suggest that the mode of mantle flow is dependent on
spreading rate: fast-spreading ridges are dominated by sheet-like
upwelling and slow-spreading ridges are dominated by diapiric
upwelling (Fig. 1a). Sheet-like upwelling at fast ridges will
supply a constant amount of melt along axis resulting in a
constant crustal thickness. Diapiric upwelling along slow-
spreading ridges should cause greater melting and thicker axial
crust at the centres of upwelling. A second possibility is that
diapiric mantle upwelling is ubiquitous, but at some ridges
crustal flow evens out differences in crustal thickness. At a fast-
spreading ridge, the hot crust may flow too rapidly to maintain
crustal thickness variations, whereas at a slow-spreading ridge,
the cold crust locks in variations in thickness resulting from
diapiric mantle flow (Fig. 1b).

At a slow-spreading ridge with thick and presumably hot axial
crust, the model based on differences in mantle flow would
predict large along-axis variations in crustal thickness, whereas
the model based on differences in crustal low would predict
little variation. Here we use gravity and topography data from
the hot, slow-spreading Reykjanes Ridge to test for along-axis
crustal thickness variations.

A mantle Bouguer anomaly is constructed from a free-air
gravity anomaly by removing the gravitational effect of the
crust-water interface and the effect of a constant-thickness
crust’. The resulting anomalies reflect deviations from the
assumed density structure of the crust or mantle. Along 325 km
of the Mid-Atlantic Ridge, south of the Atlantis Fracture Zone,
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Lin er al! calculated a mantle Bouguer anomaly with a full
two-dimensional data set. We have used the axial bathymetry
and free-air gravity data from this area to demonstrate the
validity of a calculation based on a single axial profile. The
segmentation recognized in the two-dimensional data is clearly
visible in the single along-axis profile (Fig. 2). Some of the
difference between the simple axial calculation and the two-
dimensional treatment probably arises from variations in the
rift flank topography. The smoothness of the axial topography
along the Reykjanes Ridge should minimize the contribution of
this potential error source.

The Reykjanes Ridge is the portion of the Mid-Atlantic Ridge
extending over 1,200 km from Iceland south to the Charlie Gibbs
Fracture Zone (Fig. 3). The Reykjanes Ridge, spreading at a
half rate of 1 cm yr™' (refs 7, 11), lacks the distinct axial valley
characteristic of most slow-spreading ridges. The axial high
along the Reykjanes Ridge resembles the topography of the
fast-spreading East Pacific Rise. The crust along the ridge varies

FIG. 1 Schematic illustration of two mechanisms for producing along-axis
segmentation at slow-spreading ridges. a Mantle flow model. In this mode!
the segmentation is the result of diapiric mantle upwelling beneath slow-
spreading ridges (right) represented by heavy arrows resuiting in regions
of focused upward flow causing thicker crust above upwelling centres.
Beneath fast-spreading ridges (left), the upward flow of the mantle is uniform
or sheet-like resulting in constant crustal thickness along the axis. The crust
is simply a passive recorder of the changing patterns of mantle upwelling.
The figure is modified from ref. 6. b, Crustal flow model. in this model the
upwelling mantle is diapiric beneath all ridges. The variations in crustal
thickness caused by this diapirism are only preserved when the crustal flow
is sluggish (that is when the crust is cold, as for the case at the right).
When the axial crust is hot, it can flow fast enough to even out any significant
crustal thickness variations, as shown at the left. The arrows within the
crustal section of the hot axial crust illustration indicate this flow of material
away from the upwelling centres.

from 8 to 10 km thickness'*'” in contrast to normal oceanic

crustal thicknesses of 5-6 km (ref. 14). The Reykjanes Ridge
has an average depth of 1,000 m, whereas the average depth of
the Mid-Atlantic Ridge south of the Atlantis Fracture Zone is
~3,000 m (refs 1, 10). The isotope signature of basalts along
the axis of the Reykjanes Ridge indicates that the thick crust
and shallow water depth are associated with the Iceland
hotspot'.

Our geophysical data were collected during a RV Vema cruise
along the Reykjanes Ridge (Fig. 3). For 83 crossings made
during the entire cruise, the r.m.s. errors were 4.2 mGal with a
mean of 0.9 mGal for the gravity and 58.6 m with a mean of
2.5 m for the topographic data. Analysis of the profiles evaluated
here results in r.m.s. errors of 3.6 mGal and 64.3 m for seven
Crossovers.

Along the Reykjanes Ridge, we calculated mantle Bouguer
anomalies from both a single along-ridge profile centred along
the axial magnetic anomaly and the long lines perpendicular to
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the ridge using a crustal density of 2,700 kg m~* and a 9-km-thick
crust. The r.m.s. difference between the axial mantle Bouguer
anomaly and the ridge perpendicular calculations is 5.2 mGal
for the seven crossovers (Fig. 4a). The striking features of the
Reykjanes mantle Bouguer anomaly are the small-amplitude
(5-10 mGal) short-wavelength (10-25 km) anomalies superim-
posed a regional gradient, and the general absence of high-
amplitude (10-60 mGal) long-wavelength (35-75 km) variations
observed along other slow-spreading ridges.

These short-wavelength anomalies either arise from density
variations in the upper crust or are artefacts of the one-
dimensional assumption inherent in the calculation. A 5%
density variation in the upper crust or a 200-m topographic
feature ignored in the one-dimensional calculation could pro-
duce this signal. A Moho source for these anomalies is unlikely
because of the amplitude and wavelength of crustal thickness
variations required. Forward modelling demonstrates that the
crustal thickness variations required to explain these anomalies
are double the thickness variations proposed along other slow-
spreading ridges and much shorter wavelength.

The uniqueness of the mantle Bouguer anomaly along the
Reykjanes Ridge is best illustrated by comparisons with other
mid-ocean ridges (Fig. 4b). The Reykjanes Ridge lacks the large
anomalies observed at slow-spreading ridges in the North and
South Atlantic. We have upward continued the mantle Bouguer
anomaly to a distance of 3,000 m from the sea floor to simulate
an anomaly along a typical, deeper mid-ocean ridge. This
upward continued Reykjanes Ridge anomaly retains a higher-
frequency signal than the fast-spreading East Pacific Rise. The
Reykjanes Ridge also lacks large (700-1,500 m) variations in
axial depth observed along other slow-spreading ridges. Thus
neither the gravity nor the topography indicates along-axis vari-
ations in the crustal thickness at the Reykjanes Ridge.

Other characteristics of this slow-spreading ridge are its
anomalously thick crust and associated higher crustal tem-
peratures. Crust formed at fast-spreading ridges is also hotter
than crust along typical slow-spreading ridges. These observa-
tions imply that the temperature of the crust controls whether
large-amplitude segmentation develops along a ridge. The
segmentation of crustal thickness along ridges may be a
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FIG. 3 Bathymetry of the Reykjanes Ridge, south of Iceland, contoured at
250-m intervals. Iceland is in the northeast corner. The tracklines from the
Vema 23 cruise’ are superimposed on the bathymetry.
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FIG. 4 a Mantle Bouguer anomaly along the Reykjanes Ridge. The upper
profile is the result of the axial profile calculations and the dots result from
the calculations of the axis perpendicular lines. The axial topography profile
is below the mantle Bouguer anomaly. b, Mantle Bouguer anomalies along
spreading ridges with a wide variety of spreading rates. The absolute values
of the profiles were offset to facilitate the comparison. The top profiles are
from two locations along the East Pacific Rise?. The left-hand values are
from 9°N and the right-hand samples are from 13°N. The second profile
is the mantle Bouguer anomaly calculated by Kuo and Forsyth® from the
South Atlantic. The mantle Bouguer anomaly calculated by Lin et al for the
region in the North Atlantic south of the Atlantis Fracture Zone is next. The
Reykjanes Ridge anomaly, with the long-wavelength trend removed, and
upward continued to simulate an average axial depth of 3,000 m, is illustrated
at the bottom.

consequence of mantle diapirism or may be related to lithos-
pheric processes. Whatever mechanism causes segmentation at
slow-spreading ridges, it cannot produce segmentation wherever
crustal temperatures are evaluated.

The strength and viscosity of crustal rocks is a strong function
of temperature. Because the crust of the Reykjanes Ridge is
much thicker than typical oceanic crust, the base of the crust
should be much hotter than at other slow-spreading ridges. A
simple analytical model can be used to illustrate the effect of
plate velocity and crustal thickness on the lower crustal tem-
perature. In this one-dimensional model we assume a constant
upward velocity equal to the plate velocity. The boundary condi-
tions applied to the heat-flow equation are that the upper surface
is at 0 °C and the temperature at infinite depth is 1,300 °C. The
thermal diffusivity is taken to be 107° m? s, For a plate velocity
of 1 cm yr™' a crustal temperature greater than 1,150 °C will only
be achieved for thicknesses greater than 6.8 km. At a faster rate
of 5 cm yr~! this temperature is reached at 1.36 km depth. Many
effects could alter these numbers, including hydrothermal
circulation and advection of magma'®.

Thick crust at slow-spreading ridges or normal crust at fast-
spreading ridges may be hot enough partially to melt, and a
steady-state magma chamber may be present. Even if a steady-
state magma chamber is absent, the lower crust may be weak
enough to flow rapidly. To estimate the conditions needed for
flow to remove topographic variations, we approximate the flow
of a crustal layer as a channel flow'”'®. Because crust cools as
it moves away from a spreading centre, there is limited time for
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crustal flow to operate. A continuous magma chamber as thin
as 3 cm filled with basaltic melt having a viscosity of 10 Pas
could remove 50-km-wavelength topographic variations within
10,000 years. Alternatively, if 3 km of lower crust had a viscosity
of 10'° Pa s then topography would decay at the same rate.

It has been suggested that crustal rheology determines the
presence or absence of axial valleys'®*. Axial valleys are

prominent along most slow-spreading ridges, but are absent
along most fast-spreading ridges. The presence of either a
long-lived magma chamber or very weak crust is thought to
preclude the formation of a prominent axial valley. Our
results suggest that crustal flow is as important in crustal
segmentation as it is in determining the form of across-ridge
topography. O
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Desert ants on a thermal
tightrope
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MANY animals restrict their foraging activities to certain times
of the day or night, but the Saharan silver ant Cataglyphis bomby-
cina is exceptional in that all foragers leave their underground
nest in an explosive outburst confined to a few minutes per day
during the hottest midday period. The foraging activity of this
‘thermophilic’ ant is compressed into a small thermal window by
predatory pressure on the one hand and heat stress on the other.

On a summer day in the central Sahara, the silver ant, C.
bombycina, is the only arthropod that forages in the full midday
sun, even when surface temperatures exceed 60 °C (refs 1, 2).
As a scavenger, it searches for other arthropods that were active
during the night and early morning but did not retreat quickly
enough into their daytime shelters, and consequently succumbed
to the heat and desiccation stress caused by the rising sun. In
contrast to C. bombycina, other species of desert ants stop
foraging and retreat to their underground burrows at surface
temperatures of 35-45°C (refs 3-8). The silver ants, however,

start their foraging activity only then and continue to forage
until their body temperature reaches the critical thermal
maximum of 53.6+0.8°C (for definition and methods, see
legend to Fig. 1a). This is the highest critical thermal maximum
value recorded so far for any terrestrial animal®'°,

Furthermore, although other Cataglyphis species inhabiting
more mesic habitats, for example C. bicolor, are active during
the entire course of the day (Fig. 1a)'!, C. bombycina confines
its foraging activity to an extremely narrow time range. During
this period, a colony’s forager force, consisting of a few hundred
individuals, leaves its nest in a dramatic ‘outburst’ lasting for
only a few minutes (£1=3.6+0.6 min; Fig. 1b). This outburst
occurs when the temperature measured at ant height (4 mm
above the surface) has risen to 46.5+2.1°C (Table 1). Owing
to the ant’s small body size (9.72+2.63 mg) and resultant low
thermal inertia, its body temperature will be very close to the
temperature measured at ant height'>'?. (Vertical temperature
gradients above ground were measured at 15-min intervals using
an array of copper-constantan thermocouples mounted at 0, 2,
4, 6, 10, 20, 100 and 200 mm above the sand surface and
connected to a data logger.)

As aresult, the foraging activity of C. bombycina is compressed
into a small thermal window, with a maximum width of 7 °C
(46.5-53.6 °C; Fig. 2A). This thermal window is so close to the
ant’s upper lethal temperature that the animals must spend at
least 30 per cent, and sometimes up to 75 per cent, of their
foraging time in thermal refuges (Fig. 2A) by pausing on the
tops of stalks of dry vegetation where they encounter much
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FIG. 1 a Diel foraging activity patterns of Cata-
glyphis bicolor (left ordinate) and C. bombycina
(right ordinate) recorded in the shrub desert of
the North African sahel and the Saharan sand-dune
desert, respectively. Foraging activity is expressed
as numbers of ants leaving the nest per minute.
In C. bicolor, means £+ s.d. are given for 12 nests.
In C. bombycina, the figure depicts the foraging
‘outburst’ of one individual nest. b, Time course
of the foraging outburst of C. bombycina as com-
puted from the data of four outbursts recorded
on four consecutive days at one nest (mean +s.d.).
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