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As it passes through the Florida Straits, the Gulf Stream consists
of two main components: the western boundary flow of the wind-
driven subtropical gyre and the northward-flowing surface and
intermediate waters which are part of the ‘global conveyor belt),
compensating for the deep water that is exported from the North
Atlantic Ocean'. The mean flow through the Straits is largely in
geostrophic balance and is thus reflected in the contrast in
seawater density across the Straits’. Here we use oxygen-isotope
ratios of benthic foraminifera which lived along the ocean
margins on the boundaries of the Florida Current during the
Last Glacial Maximum to determine the density structure in the
water and thereby reconstruct transport through the Straits using
the geostrophic method—a technique which has been used
successfully for estimating present-day flow’. Our data suggest
that during the Last Glacial Maximum, the density contrast across
the Florida Straits was reduced, with the geostrophic flow,
referenced to the bottom of the channel, at only about two-
thirds of the modern value. If the wind-driven western boundary
flow was not lower during the Last Glacial Maximum than today,
these results indicate a significantly weaker conveyor-belt com-
ponent of the Gulf Stream compared to present-day values.
Whereas previous studies based on tracers suggested that deep
waters of North Atlantic origin were not widespread during
glacial times, indicating either a relatively weak or a shallow
overturning cell, our results provide evidence that the overturn-
ing cell was indeed weaker during glacial times.
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The Florida Current, which flows through the Florida Straits
(Fig. 1), is the southernmost part of the Gulf Stream. The average
northward transport of the Florida Current is fairly well constrained
by modern measurement at 30—32 Sv, and shows a seasonal varia-
tion with a range of 4.6 Sv as well as considerable variability on
shorter timescales’. Schmitz and McCartney' assign an uncertainty
of only 5% to the mean annual transport value of 31Sv. The
transport at the Florida Current includes 13 Sv of flow from the
South Atlantic which travels northward in the Gulf Stream to the
North Atlantic and ultimately compensates for the export of North
Atlantic Deep Water (NADW). The other 17 Sv compensate for
southward-flowing upper waters from the eastern portion of the
wind-driven North-Atlantic subtropical gyre'. The strong tilts in the
surfaces of constant temperature and density within the Florida
Straits reflect the geostrophic adjustment of the density surfaces in
the presence of the large velocities (Fig. 2a and b). The contrast in
temperature and density across the Florida Current is large, and is
well represented in the '°0 of benthic foraminifera living in this
region.

We can use the 6'°0 from the calcite tests of foraminifera to
estimate density because both the 880 of calcite (6"0ycie) and
density increase as a result of increasing salinity or decreasing
temperature. The dependence of seawater density on salinity and
temperature is well known and will be constant throughout the
ocean and through geological time. The dependence of 60 of
foraminifera on the temperature of calcification is also fairly well
constrained. The fractionation between calcite precipitated inor-
ganically and the water in which it forms increases by about 0.2%o
for every 1°C decrease in temperature®, and the isotopic composi-
tion of calcitic benthic foraminifera in the genera Planulina and
Cibicidoides show the same fractionation as measured in the
experiments with inorganic calcite’. The relationship between
8" 0cacite and salinity is more complex. The 8O, reflects the
80 of the water in which the foraminifera grew. The 6'°0 of
sea water (6"30,4er) primarily reflects patterns of evaporation and
freshwater influx to the surface of the ocean. Because salinity also
reflects these patterns, salinity and 8'80,a1er are often well correlated
in the ocean. Although the exact relationship varies in different
areas of the surface ocean’, the vast majority of surface and warm
subsurface waters (T > 5 °C) in the ocean have salinity and 6'%0 e,
values which scatter around a linear trend’. For times in the
geological past, our ability to reconstruct density from the 880 catcite
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Figure 1 Location of sediment cores used in this study. The path of the Gulf Stream is
indicated with the shaded arrow, and the depth of the 200-m isobath with a dashed line.
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is most limited by our knowledge of the relationships between
"0 yater and salinity, as well as the relationships between tempera-
ture and salinity. However, while the patterns of atmospheric and
surface ocean circulation might have shifted in latitude, we still
expect that there existed an evaporative subtropical gyre and a fresh
sub-polar gyre even during the periods of maximum glaciation. By
taking into consideration the presumed changes in ocean salinity
and 6'%0,,,..; due to sea-level change, and possible changes in the
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Figure 2 Observed and inferred hydrographic sections across the Florida Straits.

a, b, Temperature in °C (a), density (ov) (b) observed across the Florida Straits at 27 N.
Data are from the World Ocean Atlas CTD data set”®. ¢, d, Section of 880y at a similar
location for the Holocene (¢) and LGM (d) oceans is inferred from the foraminiferal
5"®0.ate Shown in Figs 3 and 4. Black dots indicate the depths of the 6'®Oguce
measurements used in calculating the geostrophic flow. The LGM bathymetry has been
adjusted upwards by 120 m to account for the sea level drop®. The Holocene 8"®0cacite
reconstruction (¢) reflects the observed density structure. The LGM section (d) suggests
the concentration of flow at shallower depths.
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8'%0 of high-latitude precipitation, we can make an educated guess
about the relationship between 8"0aer and salinity for the glacial
ocean. We can then determine the relationship between 6'°Occice
and density for the glacial ocean (see Methods).

In order to reconstruct vertical profiles of 6'*0 e, Which can
then be converted to density, we measured the 6'*0 in individual
benthic foraminifera (genera Planulina and Cibicidoides) from
sediment cores on either side of the Florida Straits (Fig. 1). The
benthic foraminifera data from four of the cores from the seaward
(Bahamas) side of the current are from a previous study’. The
isotopic data from the remaining cores used in this study are shown
in Fig. 3. We used grouped 6'*0 measurements from a planktonic
foraminifera, G. sacculifer, to identify the Holocene and Last Glacial
Maximum (LGM) levels in the cores and to constrain the surface
ocean values of 60,y The inferred distribution of 60
across the Florida Straits reconstructed from the core tops reflects
the modern density structure in this region (Fig. 2). During the
LGM there was very little contrast in 8" 0cacire across the deeper
portion of the Straits. If the LGM Florida Current was, like today’s,
largely baroclinic, this would imply very little northward flow at
these depths. This is consistent with previous work which suggests
little northward penetration of Antarctic Intermediate Water into
the Caribbean during the LGM®’. The tilting lines of constant
8"0cite in the upper part of the section suggest that there was
northward flow of surface waters through the glacial Florida Straits.
To use the geostrophic method to calculate the flow from the
vertical profiles of 830 e (Fig. 4), we assume that the transport
decreases to zero near the bottom of the channel, as is observed
today. The core top profiles yield a transport of 30 Sv, in line with an
estimate using a more extensive set of surface sediment data (32 Sv)
(ref. 3) and modern estimates from physical oceanographic studies
(30—32 Sv). Using our best estimate for the relationship between
glacial 6'®0ye and density, the LGM profiles result in a transport
estimate of 15—18 Sv. This reduced flow does not result simply from
raising the reference level from 760 m (the depth of the channel
today) to 640 m (the depth of the LGM channel). If we calculated the
modern transport using a reference level of 640 m instead of 760 m,
the flow is only reduced from 30Sv to 27Sv. By varying the
assumptions that went into our estimate of the relationship between
glacial 80yt and density relationship within reasonable bounds,
the LGM transport could have been as low as 14 Sv or as high as
21Sv (see Methods). While today’s flow is largely baroclinic we
cannot rule out the possibility of a barotropic component to the
flow during the last ice age. However, given that there is currently no
evidence otherwise, we presume that, like today, the flow is small at
the sill depth of the Florida Straits.

What could have lowered the transport through the Florida
Straits during the LGM? While sedimentological evidence suggests
increased aridity for the last glaciation, there is little direct evidence
addressing wind strength in the glacial North Atlantic. However,
atmospheric general circulation models driven by glacial boundary
conditions suggest that the winds which drive the gyre circulation
were either unchanged or slightly strengthened relative to today'®'.
Stronger winds would have caused the wind-driven flow of upper
waters through the Florida Straits to increase. A simple shift of the
wind belts towards the Equator would also have caused an increase
in the wind-driven transport. However, we cannot exclude the
possibility of more complex changes in wind patterns which
decrease the wind stress curl and, thus, the wind-driven Sverdrup
transport at the latitude of the northernmost passage into the
Caribbean. We believe that the simplest explanation for the reduc-
tion in the Florida Current is the reduction or absence of the
interhemispheric component of the transport (13 of the 30Sv
flowing through the Florida Straits today), which compensates
deep water formation in the North Atlantic.

There is substantial evidence that during the LGM, NADW did
not dominate the deep Atlantic as it does today'>™**. If there were no
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Figure 3 Isotopic measurements from sediment cores in this study. Oxygen-isotope ratios
measured on the planktonic foraminifera G. sacculifer (circles) and individual benthic
foraminifera, P. ariminensis (triangles), C. pachyderma (squares) and C. foveolata
(diamonds). Filled symbols represent data contributing to LGM and Holocene averages.
Radiocarbon dates (reservoir corrected) are also indicated at the corresponding depth in

deep-water formation in the North Atlantic, then the compensating
northward surface-water transport would not have been present,
explaining the observed decrease in transport through the Florida
Straits. However, while NADW production appears to have
decreased, the presence of a nutrient-depleted water mass at
shallower depths (<2,000 m)'*"® suggests a compensating increase
in intermediate water export from the glacial Atlantic. Two- and
three-dimensional ocean-circulation models do show a shift from
deep to intermediate water production in the glacial North Atlantic
under ice-age conditions (increased high-latitude freshwater
flux)'®", In these models, the production of Glacial North Atlantic
Intermediate Water (GNAIW) is, like today’s production of NADW,
compensated by a northward flow of warm surface waters. The
reduced western boundary transport we observe at the Florida
Straits would require that the levels of nutrient depletion in the
intermediate waters of the glacial Atlantic are achieved with a very
weak overturning circulation. Sigman and Lehman'® suggest that as
little as 5 Sv of GNAIW formation are needed to explain the low Cd/
Ca and high 6"°C observed in the glacial North Atlantic, as long as a
significant fraction of this water is exported from the Atlantic. The
export of GNAIW is supported by radiochemical”® as well as
nutrient-linked water mass tracers®. Other modelling studies™
also suggest that a reduced meridional overturning circulation is
consistent with LGM tracer distributions.

Alternatively, GNAIW may have been ventilated by a different
mechanism altogether, one which did not involve the compensating
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the cores. a, ODP Site 1008 at the Bahamas, 437 m. Planktonic foraminifera data and
radiocarbon are from ref. 31. b, Florida slope core RC1-1, 174 m. ¢, Florida slope core
RC1-2, 324 m. d, Florida slope core V7-13, 452 m. e, Florida slope core V3-149, 706 m.
LGM, last glacial maximum.

northward flow of warm surface waters. Planktonic foraminifera
assemblage data suggest a nearly zonal polar front separating the
subtropics and subpolar gyres for the LGM North Atlantic*”. This is
consistent with the absence of a glacial ‘North Atlantic Drift’
bringing surface waters into high northern latitudes, and conse-
quently, the presence of a well developed subpolar gyre. In addition,
oxygen-isotope measurements in planktonic and benthic forami-
nifera suggest that surface waters in the region of the presumed
LGM subpolar gyre are the only waters which could become dense
enough to form the GNATW?. If GNAIW were ventilated by deep
convection in the subpolar gyre, the southward-flowing GNAIW
would have been replaced primarily by northward-flowing inter-
mediate waters which would have been too dense to have passed
through the relatively shallow glacial Florida Straits.

The northward heat transport by the meridional overturning
circulation is proportional to both the strength of the overturning
circulation, and the temperature difference between the northward-
and southward-flowing components. The very weak overturning
circulation required if GNAIW was compensated by northward-
flowing surface waters would result in a northward heat transport
greatly reduced relative to today. Similarly, any scenario for the
meridional circulation with cold intermediate waters compensating
GNAIW export implies significantly less oceanic heat transport into
the North Atlantic than today, and also less heat transport than
predicted by the ocean models with a shallow but still strong
conveyor circulation in the glacial Atlantic. O
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Figure 4 Modern and LGM oxygen isotope and transport profiles. a, b, Holocene (a) and
LGM (b) 6'®0¢aq1s profiles. Error bars represent the 1o standard deviation of the
population of the 60 on individual foraminifera that went into the average for each core
and level (Fig. 3). For the seaward (Bahamas) profile we show both a linear interpolation
(minimum flow estimate) between the shallowest benthic foraminiferal data point and the
surface, and an interpolation with a very deep mixed layer (maximum flow estimate).

Methods

Measurements on G. sacculifer for the cores shown in Fig. 3 were made at the Lamont-
Doherty Earth Observatory on a Micromass Optima with Multiprep, except for ODP Site
1008 where measurements were made at Texas A&M University (ref. 31). G. sacculifer were
picked from the 355—425-wm size fraction, and groups of 5-8 individuals were analysed.
Measurements on individual benthic foraminifera (P. ariminensis, C. pachyderma and
C. foveolata) were made at Woods Hole Oceanographic Institution using the methods
described by Curry*. All oxygen-isotope measurements were converted to VPDB (Vienna
PeeDee Belemnite) via NBS-19. Radiocarbon dates for the Florida Slope cores are from
planktonic foraminifera and those for ODP Site 1008 are from bulk sediments; all
radiocarbon dates are corrected for a 400-year reservoir effect.

Vertical profiles of 6'*0,, used to calculate geostrophic transport for the Holocene
and the LGM are constructed as follows. The modern and LGM intervals for the sediment
cores are identified based on the §'°0 stratigraphy of grouped analyses of the surface-
dwelling planktonic foraminifera, G. sacculifer. Planktonic foraminiferal (G. sacculifer)
6'%0 data from V7-13 (Fig. 3d) and 103GGC (Little Bahama Banks)* are used for the sea-
surface data point in each profile. Average 8'*O,qi. for the Holocene and LGM sections of
each core is computed from the measurements on the individual benthic foraminifera.
Holocene and LGM averages from Slowey and Curry’ are used for the deeper Bahamas
cores. The core depths for the LGM data have been adjusted by 120 m to reflect the lowered
sea level®. For the landward (Florida) profile, we linearly interpolate between the data at
the core depths. For the seaward (Bahamas) profile, two different interpolations between
the shallowest benthic foraminiferal data point and the surface are used, a linear
interpolation (minimum flow estimate), and an interpolation with a very deep mixed layer
(maximum flow estimate).

We then convert the Holocene §'®0 i to density using the relationship for the modern
ocean (T > 5°C) described previously’. For the LGM, we assume that the relationship
between temperature and salinity in the glacial ocean was similar to that of today, only that
salinity was concentrated by a factor of 1.03 (about 1 psu) due to the build-up of
continental ice. In addition, we assume that the mean ocean 8'°0 increased by 1%o for the
same reasons”’. We also assume that the relationship between 8'*0 of sea water and salinity
represents a mixing between sub-thermocline water and a fresh end member that has a
salinity of zero and a §'O representative of precipitation in subpolar latitudes’. A study
using an atmospheric general circulation model® suggests that during the LGM this subpolar
precipitation was about 4%o lower than today. We then propose that for warm waters in the
glacial ocean §'*0 was related to salinity as follows: 80 = — 19.3 4 0.52 X salinity.
These changes result in a relationship between 6"%0 uicite and density, oy, for the glacial
ocean of: g, = 25.4 + 1.36"8 0 e — 0.126" O > The geostrophic transport between
the two profiles was calculated using the method described previously®. For the core tops,
we assign a level of no motion at a depth of 760 metres, the depth of the strait at its most
constricted point. For the LGM we adjust the level of no motion upward by 120 metres (to
640 metres) to account for the lowered sea surface. We obtain a transport of 30 Sv for the
Holocene and 15—18 Sv for the LGM, using the relationship between density and 580 1cite
derived above, and the two different interpolated profiles for the seaward side of the
Straits. We vary the assumed LGM mean ocean 6'*0 change between 1 and 1.3%o (ref. 26)
higher than present, and the assumed LGM change in the 8'*0 of high-latitude
precipitation between 0%o and 8%o lower than present. A maximum transport of 21 Sv is
obtained with a mean ocean 80 change of 1.3%o and a 6'°0 of high-latitude
precipitation 8%o lower than present. A minimum transport of 14 Sv is obtained with a
mean ocean §'*0 change of 1%o and a 8'°O of high-latitude precipitation the same as at
present.
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A criterion for the fragmentation
of bubbly magma hased

on brittle failure theory
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The fragmentation of bubbly magma is a defining point in a
volcanic eruption—before fragmentation the magma flows rela-
tively slowly, during fragmentation the bubbles break up to
release compressed gas and, afterwards, the eruption becomes a
violent gas flow carrying suspended magma particles. Seemingly
benign lava flows or domes can suddenly fragment into deadly
pyroclastic flows' ™. Several criteria have been proposed to define
the point of magma fragmentation or foam stability*”’. The
criterion of Papale’ is based on melt relaxation theory and equates
magma strain rate with the rate of increase of flow velocity with
distance. It ignores, however, the role of bubble pressure in
causing fragmentation. Two empirical approaches*’ consider the
role of high bubble pressure in causing fragmentation but do not
address the underlying physics of magma fragmentation. Here I
develop a fragmentation criterion for bubbly magma based on
brittle failure theory and apply it to the fragmentation of lava
domes and flows. On the basis of this theory, a bubbly magma will
fragment when the tensile stress at the inner walls of bubbles
exceeds the tensile strength of the magma. The fragmentation
conditions depend strongly on initial water content, with calcu-
lated vesicularity and final water levels coinciding reasonably well
with those in observed pumices. This suggests that the proposed
criterion captures the essence of the fragmentation process in
bubbly magma.

Table 1 Calculated conditions for fragmentation

Given conditions Fragmentation conditions

T (°C) S (par) Pout (bar) HoOy (Wt%) Vesicularity (%) HoOr v (Wt%)
700 60 1 1.0 57 0.66
700 60 3 1.0 63 0.63
700 50 1 1.0 47 0.74
700 50 1 0.7 77 0.35

H,04 4 is the average HyO; in the melt shell at the time of fragmentation.
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Fragmentation can be viewed as the result of brittle failure of
many bubbles at roughly the same time. Hartog® summarized classic
theories of material strength and concluded that (1) the maximum-
strain theory has been discredited by experiments; (2) the maximum-
stress theory applies well to the failure of brittle materials; and (3)
the maximum-shear theory applies well to the beginning of yield in
ductile materials. The maximum-stress theory states that brittle
failure occurs when the maximum tensile stress (0,,,¢) exceeds the
tensile strength of the material (S):

amax > S (1)

In modern treatment of fracture mechanics, brittle failure occurs
when the stress intensity factor exceeds the fracture toughness’. The
stress intensity factor can be calculated, given the size and shape of
any microcrack or visible crack. However, because the distribution,
size, and shape of the initial microcracks and weaknesses are not
known a priori in a magma, it is difficult to apply the modern
approach. Nevertheless, the application of modern fracture
mechanics arguments to a material containing numerous random
small cracks leads to the modified Mohr theory of failure, which is
equivalent to the maximum-stress theory if the sum of the greatest
and least principal stresses is positive (J. R. Barber, personal
communication). Because the maximum-stress theory is relatively
easy to apply, it will be used in this work.

A bubbly magma system is complicated by the non-uniform
distribution of bubbles of variable sizes. A first-order approxima-
tion is to assume that all bubbles are spherical, of the same size, and
spaced regularly (Fig. 1a). Because the stress distribution and bubble
growth rate in this case is still too complicated, it is further
approximated by assuming that each spherical bubble is surrounded
by a spherical shell (Fig. 1b), for which an analytical solution of
stress distribution can be obtained and a numerical solution of
bubble growth is available. Where the pressure at the outside surface
of the shell is P, and the pressure in the bubble is P;,, the stress at
the bubble wall (inner wall of the shell) can be expressed as'’:

o"= —P, @)

14 2x
tt: P _P —_ _P 3
0" = Py = Pod 57—~ P 3)

Here o™ is the radial stress (and one of the principal stresses), 0" is
the tangential stress (and two of the principal stresses), and x
is vesicularity. Tensile stress is positive and compressive stress is
negative. (P, — Poy) is referred to as AP hereafter and can be
identified as the dynamic pressure, Py, (refs 11, 12). That AP is
non-zero means that stress in the magma is not dissipated by
viscous flow. That is, the fragmentation criterion for bubbly
magma using the maximum-stress theory also automatically incor-
porates consideration of the liquid—glass transition.

When P;, > P, > 0, then ¢" is compressive and " can be tensile.
The fracture criterion under compressive stresses is more compli-
cated and is not considered here. When ¢" + ¢" is positive, the
maximum-stress theory applies. The maximum tensile stress is the
tangential stress at the bubble wall (¢ above). When the maximum
tensile stress (0") exceeds the tensile strength of the melt, the shells
surrounding bubbles fail. That is, brittle failure occurs when the
following holds:

ﬂAP -P.>S 4
2(1 —x)

Increasing P;, or increasing x (that is, decreasing the shell
thickness) increases the tensile stress, and hence increases the
likelihood of brittle failure. Because the crack volume is small and
because Py, is exerted by the gas, the development of cracks does not
significantly reduce AP and hence does not relieve the stress.
Therefore, the cracks will grow until the bubble wall is broken
(and the stress is thus relieved). This is in contrast to cracking

NATURE |VOL 402|9 DECEMBER 1999 | www.nature.com




