Cooling of Tropical Brazil (5°C) During
the Last Glacial Maximum

M. Stute,* M. Forster, H. Frischkorn, A. Serejo, J. F. Clark,
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A 30,000-year paleotemperature record derived from noble gases dissolved in carbon-
14-dated ground water indicates that the climate in lowland Brazil (Piaui Province, 7°S,
41.5°W; altitude, 400 meters) was 5.4° = 0.6°C cooler during the last glacial maximum
than today. This result suggests a rather uniform cooling of the Americas between 40°S
and 40°N. A 5.4°C cooling of tropical South America is consistent with pollen records,
snow line reconstructions, and strontium/calcium ratios and 8'80 coral records but is
inconsistent with the sea-surface temperature reconstruction of CLIMAP (Climate: Long-
Range Investigation, Mapping and Prediction). On the basis of these results, it appears
that the tropical Americas are characterized by a temperature sensitivity comparable to

that found in higher latitudes.

Whether the tropical regions were stabi-
lized at current temperatures is a central
issue in paleoclimate research. The hypoth-
esis that the tropics may be characterized by
stable temperatures rests primarily on the
reconstruction of past sea-surface tempera-
tures (SSTs) based on faunal abundances
and isotopic compositions. These studies
(I-3) indicate no or little (<2°C) change
of tropical SSTs between the Holocene and
the last glacial maximum (LGM). Recent
support for these long-standing results
comes from measurements of alkenone ra-
tios in ocean sediments (4). On the other
hand, continental paleoclimate records sug-
gest that the tropics were generally signifi-
cantly cooler during the LGM: snow lines
and vegetation zones in the mountains near
the equator appear to have been about 1 km
lower during the LGM as compared to those
today (5-7). This observation suggests that
during the LGM temperatures at elevations
between 2.5 and 5 km were at least 5°C
lower. An increased vertical temperature
gradient (lapse rate) during the LGM could
potentially reconcile the different degrees
of cooling of tropical oceans and conti-
nents. However, no process has yet been
identified that could account for this differ-
ence in lapse rate (5).

We present here a continental paleo-
temperature record from tropical northeast-
ern Brazil, which, because of its location at
low altitude (400 m) and short distance
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from the coast (500 km), provides a link
between continental and oceanic records.
We derived paleotemperatures from the
concentrations of atmospheric noble gases
dissolved in '“C-dated ground water. The
solubility of noble gases in water is a func-
tion of temperature (8). The temperature
under which a specific ground-water parcel
was equilibrated with air can thus be deter-
mined from its noble gas concentrations
9). :
Noble gases record the temperature at
the water table where they are exchanged
with the soil air. Noble gas concentrations
of ground water usually exceed those calcu-
lated for thermodynamic-solubility equilib-
rium with air in the unsaturated zone. This
additional component, termed “excess air”
(10), is most likely the result of fluctuations
in the water table trapping and partially or
entirely dissolving small bubbles under in-
creased hydrostatic pressure or surface ten-
sion. Some of the excess air may also be lost
by gas exchange across the water table. This
secondary gas exchange most likely depends
on parameters such as aquifer matrix prop-
erties, temperature, or variability in the re-
charge. The rates of gas exchange of the
individual noble gases decrease with molec-
ular weight. Therefore, significant gas loss
results in a fractionation of the residual
excess air; that is, the noble gas concentra-
tion ratios of the remaining excess air differ
significantly from those observed in atmo-
spheric air (we observed such fractionation
at more than one location).

The noble gas composition of ground
water can be described by three parameters:
(i) temperature, (ii) amount of excess air,
and (iii) the degree of fractionation of the
excess air. Four atmospheric noble gases
(Ne, Ar, Kr, and Xe) are available to solve
a system of equations with three unknowns;
that is, one noble gas concentration can be
used as a free parameter for a consistency
check. Helium is not used for the determi-
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nation of noble gas temperatures because of
sources in the aquifer that are related to the
o decay of the U and Th series elements. In
suitable aquifers the derived noble gas tem-
peratures closely reflect the mean annual
ground temperature at the depth of the
water table [Fig. 1; see (11)].

We studied ground water in the Maran-
hdo Basin at 7°S, 41.5°W in the central
part of the semi-arid Piaui Province in
northeastern Brazil. A succession of coarse
and fine-grained sediments there forms a
system of confined and unconfined aquifers
and aquitards (semipervious formations) of
Devonian age dipping <1° from east to
west (12). The deepest aquifer, the Serra
Grande Formation (medium to coarse-
grained, typically conglomeratic sandstone,
>300 m thick) is separated frdm the Cabe-
cas aquifer (typically clay-rich and silt-rich
sandstone, 200 to 300 m thick) by the
poorly permeable Pimenteras Formation
(shales, typically silt-rich, with intercala-
tions of silt and fine- to medium-grained
sandstone, 500 m thick) (13). The Cabegcas
aquifer is confined by the Longd Formation
(200 m thick, partially silty shales). The
individual aquifers are interconnected and
form intermediate and regional ground-wa-
ter flow systems with horizontal extensions
of 10 to 50 km. Typical flow velocities are
about 1 m/year (12, 13). Recharge areas are
located on plateaus at elevations of 400 to
500 m, and discharge areas are located in
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Fig. 1. Noble gas temperatures derived from
ground water of Holocene age versus today's
mean annual (near-surface) ground temperatures
for suitable aquifers in Europe (O: Great Hungarian
Plain; <: Bunter sandstone, United Kingdom; X:
Bavaria, Germany; boxed cross: Kassel, Germa-
ny; and 4: Bocholt, Germany), South Africa (+:
Uitenhage), Brazil (®: Piaui), and the United States
(M: Carrizo aquifer, Texas; @: Floridan aquifer,
Georgia; and A: San Juan Basin, New Mexico).
Data points represent an average of up to 25
noble gas temperatures derived from ground wa-
ter of Holocene age for each site [compiled from
this study, published data (771, 74), as well as
unpublished data]. The error in the average noble
gas temperature is smaller than the symbol size.
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the low-lying river valleys at an elevation of
about 150 m.

We collected 18 samples for measure-
ment of noble gases, “C, *C, ?H, 80,
tritium, major ion chemistry, alkalinity,
temperature, conductivity, and oxygen from
both aquifers in early 1993, using standard
procedures [sampling and measurement pro-
cedures are described in (14) and (15)]. We
collected the samples from domestic and
municipal supply wells (between 70 and
750 m deep), using installed electrical sub-
mersible pumps. We also include in our
discussion the results for three samples that
were obtained during an earlier sampling
campaign (1985) (13).

The *C concentrations of the samples
range from 90 pmc (pme: percent modern
carbon) to values below the detection limit
(0.9 pmc). Most samples were sodium bicar-
bonate waters except for a few samples from
the recharge areas that were dominated by
calcium bicarbonate and one sample domi-
nated by sodium sulfate (sample 17). After
a steep initial increase from 0 to about 2
meq/liter, the alkalinity leveled off close to
the saturation level as a function of increas-
ing age (decreasing *C content) (Table 1).
Values for 8'°C show a similar trend, in-
creasing from —21 to —7 per mil (Table 1).
This trend supports the notion that carbon-
ate minerals are successively dissolving in
the aquifer until saturation is reached. The
concentrations of Cl™ and SO4*~ do not
show a systematic trend as a function of
time. There is no difference in chemistry
between the two aquifers except that the
initial geochemical evolution seems to have
occurred mainly in the Cabegas aquifer be-

fore it reaches the deeper Serra Grande
aquifer. This result is consistent with hy-
draulic evidence suggesting that the aqui-
fers are interconnected and that the Serra
Grande aquifer, at least in some regions, is
recharged through the Cabecas aquifer
(12).

We do not include D, '80, and tritium
data (<1.6 tritium units for all samples) in
our discussion, because they are of limited
use in tropical regions of the Southern
Hemisphere. We calculated '*C ages by the
correction model proposed by Fontes and
Garnier (16) (Fig. 2). This model is based
on a stoichiometric balance of the dissolved
carbonate species and accounts for isotopic
exchange of C among soil gas, dissolved
carbonate, and mineral carbonate in the
saturated and unsaturated soil zones. Appli-
cation of more sophisticated correction
models is not appropriate, because the com-
plexity of flow does not allow for the iden-
tification of flow paths along which geo-
chemical evolutions of the ground water
occur. However, for the following reasons
the '“C ages provide a reliable time scale
(% a few thousand years) for our noble gas
temperature record. (i) The corrected *C
ages do not strongly depend on the choice
of the correction model (Figl 2) (17). (ii)
As discussed below, on the basis of the “C
chronology, the shift in noble gas tempera-
ture occurred at about 10,000 years ago (10
ka), the time of the glacial-Holocene tran-
sition. Therefore, the intrinsic time marker
of the noble gas record (the transition point
between the last glacial period and the
present interglacial) is in good agreement
with our '*C data. (iii) Radiogenic *He is

produced by a decay of the U and Th
decay-series elements in rocks, released into
the water phase and accumulated in ground
water. Therefore, *He provides an addition-
al age indicator (18). Radiogenic *He con-
centrations (Table 2, He_) increase with
4C age and cover a range typical for con-
fined aquifers characterized by similar hy-
drogeologic settings and flow velocities
{107° to 3 X 1075 cm? [standard tempera-
ture and pressure (STP)] per gram}. (iv)
The derived 'C residence times in the
range of 35,000 years on spatial scales be-
tween 10 and 50 km are consistent with
horizontal flow velocities of roughly 1
m/year derived from a hydraulic model for
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Fig. 2. Comparison of the '“C ages corrected
after Fontes and Garnier (76) used in this study
with '“C ages obtained from correction models
(77) based on chemical balances (open circles,
Tamers model) §'3C (open diamonds, Ingerson
and Pearson model), and a constant initial “C
content of 85 pmc (closed squares, Vogel model).

Table 1. Selected hydrochemical data for the ground-water samples; A, initial "*C content of the ground-water sample based on (76).

sample Wl ’ Azrkj‘g”'}y $CO, 8150 e A, 4G age
number P i teg (mmol/iiter) (per mil) (oma) (pmc) (years)
7 Project Boa Esperanca P1 5.66 0.21 1.13 —20.1 89.9 73.6 —1,650
9 Oeiras P1 6.03 0.57 1.63 -19.7 71.6 76.3 524
15 Inhuma P1 5.13 0.15 2.51 -20.7 67.7 73.8 704
18 Fazenda Montalegre 5.16 0.07 1.10 -17.0 66.2 50.8 —-2,190
3 Araxa gas station 4.33 0.00 4.04 -20.5 64.5 70.8 771
13 Valenca P4 6.14 0.86 212 -17.9 62.9 66.6 474
8 Angical P1 7.40 1.85 1.99 -13.3 51.2 52.9 + 281
4 Bocaina P1 7.04 2.78 3.27 -13.8 451 53.7 1,450
6 San Antonio de Lisboa P1 7.00 1.75 2.09 -14.7 40.7 ) g@.o 3,080
19 [tainopolis P2 7.25 2.41 2.68 —-14.9 38.5 62.2 3,970
H10 Brejo 5.80 1.66 2.91 -19.5 32.8 . B2 7,580
2 Campestre 712 3.54 4.05 -11.7 29.1 411 2,870
H6 Tombador 8.00 1.90 1.92 -10.9 26.0 60.0 6,910
16 Santa Cruz P1 8.08 2.36 2.38 -13.4 “19.5 55.3 8,620
H7 Fazenda Nova Vida 8.00 1.98 2.08 =171 13.1 79.0 14,800
1 Picos Il 7.99 3.47 3.51 -11.8 9.1 44.8 13,100
14 Novo Oriente Saco 6.74 2.36 3.18 -15.4 8.8 61.0 16,000
23 Sao Miguel P2 7.50 2.23 2.48 -12.1 <2.0 45.2 >25,800
ikl Bairo Conduru P8 8.09 3.25 3.27 -11.9 <1.3 46.1 >31,700
17 Curralinho 7.87 4.87 4.96 -6.9 <0.93 14.5 >22,100
12 Valenca P5 8.43 4.50 4.44 -8.9 <0.89 28.9 >27,800
1o error +0.1 +2% +10% +0.1 +0.6 +3,000
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parts of the area of investigation (12).
Typically, noble gas temperatures are de-
termined in an iterative procedure. Initial-
ly, unfractionated air is subtracted succes-
sively from the measured concentrations,
and the remaining noble gas concentrations
are converted into temperatures on the ba-
sis of the solubility data and the atmospher-
ic pressure at the elevation of the water
table. This procedure is repeated until op-
timum agreement among the four calculat-
ed noble gas temperatures is achieved (11).
For the Brazilian ground waters (Table 2),
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Fig. 3. Noble gas paleotemperature record de-
rived from the Cabegas (circles) and Serra Grande
(squares) aquifers in Piaui Province, northeastern
Brazil. Noble gas temperatures are plotted as a
function of the '#C age. The arrows indicate the
samples with a "*C content below the detection
limit. Open symbols represent samples obtained
during an earlier sampling campaign (1985) (73).
The “C ages are characterized by an error of a
few thousand years because of the uncertainty of
the geochemical model.

this procedure did not result in a satisfacto-
ry agreement among the noble gas temper-
atures derived from Ne, Ar, Kr, and Xe. We
therefore assumed that some of the excess
air was lost by subsequent gas evasion be-
cause of the higher partial pressure of the
noble gases in the ground water as com-
pared to the soil air. The remaining frac-
tions of the individual noble gases X (Ar,
Kr, or Xe) (Cy/Cy() were approximated
by a Rayleigh type formula if the remaining
fraction of Ne (CNe/CNe(O)) is set to a fixed

value:
Dx/Dne
CX ( CNe )
Cxo  \Creo

where Dy and Dy, are the temperature-
dependent diffusion coefficients of noble
gases in water (19). The amount of excess
air and Cy/Cy, (o) were varied until opti-
mum agreement éminimum standard devia-
tion) among the four noble gas tempera-
tures was achieved (Table 2).

We have checked the ability of this cor-
rection model to generate reliable noble gas
temperatures by applying it to simulated
noble gas concentrations based on compli-
cated scenarios involving partial dissolution
of bubbles and subsequent partial gas ex-
change, as well as multistage - dissolution
and exchange processes. Monte Carlo sim-
ulations indicate that noble gas tempera-
tures produced by this correction model
reflect the “actual” temperature at the wa-
ter table with a precision of about =0.8°C,
including the measurement uncertainty.
The degree of loss of excess air [1 — Cy./

Che()] does not show a trend with age.
However, the remaining (fractionated) ex-
cess air, expressed as ANe (percent devia-
tion from solubility equilibrium concentra-
tion) (Table 2) is roughly two to three
times higher for the glacial than for the
Holocene waters, a common pattern in
semi-arid regions (10).

Except for sample 17, noble gas temper-
atures cluster in two groups (Fig. 3) (Table
2). The average noble gas temperature of
the first group ("*C age less than 10,400
years) is 29.6° = 0.3°C. The second cluster
("C ages between 6,900 and >35,000
years) is characterized by an average noble
gas temperature of 24.2° = 0.3°C (errors are
given as standard deviations of the mean
value, o/\/N). The standard dgviations of
the clusters (o = 0.9 and 0.7°C, respective-
ly) are very close to the combination of the
measurement precision and the excess air
correction. The average noblegas temper-
ature of the Holocene cluster, 29.6° =
0.3°C (13 samples, except sample 4, which
is a mixture of water from the Pimenteras
and the Serra Grande formations), agrees
well with the mean annual ground temper-
ature in the area, 29.1° = 1.2°C, derived
from shallow ground-water temperatures as
well as air temperatures. The *C (below
the detection limit), 8°C, and He data
indicate that sample 17 is the oldest of the
data set. Its high noble gas temperature
suggests a formation during a warm period
>> 35 ka.

The noble gas record (Fig. 3) suggests
that the mean annual ground temperature

from ~35 ka to ~10 ka was 5.4° = 0.6°C

Table 2. Selected noble gas and other hydrological data for the ground-water samples. Sample locations are given in Table 1; He,,: radiogenic He; Cy/Cy ()
remaining fraction of Ne due to excess air after gas exchange; ANe:contribution of excess air to the Ne concentration normalized to the solubility equilibrium
component; and T, the average noble gas temperature derived from Ne, Ar, Kr, and Xe after the optimization process.

-8 —4 -8 -9
He (cm?® Ne (12 Ar (103 Kr (1% xe (103 He,, (cm?® Cne  ANe T, N Ta Tw Ty
Sample STP/g) cm cm cm cm o/ ) o) (%) (°€3V) @ 2 (°Cr) f) (°Ce)
9 STP/g) STP/g) STP/g) STP/g) 9 ne@ (70
7 561x107° 216 2.86 5.71 7.37 722x10°° 046 312 297 297 292 306 294
9  620x10® 222 2.97 5.96 7.70 129x 1078 036 338 284 284 278 293 281
15 1.07 x 1077 2.80 3.34 6.46 795  505x10® 031 70 298 298 293 306 29.6
18 1.76x1077 222 3.00 6.02 7.51 130x 1077 011 358 806 306 299 313 306
3  985x10® 273 3.25 6.24 783  391x10°® 041 65 292 292 283 302 290
13 154 x 1077 2.29 3.02 6.09 7.58 1.08x 1077 021 406 3811 311 309 316 307
8 131x107 250 3.11 6.06 7.52 7.83x10® 026 526 308 308 30.1, 316 307
4 380%x1077 3.50 6.68 826  288x1077 096 1053 27.3 a7.3} 276 270
6 1.65x107  3.08 3.51 6.74 8.37 1.03x 107 046 853 284 284 281 292 27.8
19 319x1077 211 2.86 5.75 7.41 271 %1077 031 28 293 293 287%e 30.1 29.1
HI0O  1.20x 1077 252 3.12 6.41 7.76 666 x 107 036 522 288 288 293 281 291
2 871x10°® 2.30 3.01 5.97 765 ~ 365x10°® 036 392 289 289 283 298 287
H6e  1.30x 1077  3.34 3.70 7.15 9.08 515x107® 071 952 241' 241 237 248 238
16 330x1077 284 3.39 6.53 8.04 2731077 031 726 297 297 290 305 295
H7 383 x 1077 3.31 3.83 7.47 929  817x1077 041 939 244 244 241 249 242
1 183x10° 355 4.08 7.75 9.55 1771078 031 1088 252 252 243 263 24.9
14 213 x 1077 3.32 3.95 7.87 9.67 150 x10~7 031 932 233 233 233 234 233
23 1.30x 1075 533 4.80 8.50 1.01 129X 10" 071 213 248 248 244 256 243
11 169x10°® 404 4.31 8.05 9.95 161x10°° 046 1344 233 233 225 243 230
17 308x10°° 3683 3.97 7.62 893  807x10°° 031 1212 303 303 307 30.6 297
12 550x10°° 384 4.16 7.73 9.65 542x107° 046 1243 240 240 229 254 237
+2% +1% +0.5% +1% +1% +2% +2  +0.8
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lower than during the Holocene (20). We
cannot exclude the possibility that the mean
annual temperature may have been even
lower during the glacial period for a number
of reasons. (i) Aquifers tend to smooth out
high-frequency fluctuations (11). (ii) Our
record may be discontinuous, and we may
have missed the coldest period. (iii) It is a
matter of controversy, if during the LGM
tropical South America was drier than today.
The water table may have dropped as a
consequence of a drier glacial climate, which
would increase the temperature at the water
table (temperatures in the crust typically in-
crease at a rate of 3°C per 100 m). This
would lead to an apparently lower tempera-
ture difference between present conditions
and the last glacial period.

Our estimate of a 5.4°C cooling for the
period between 10 and 35 ka is consistent
with a =1000-m lowering of snow-line alti-
tudes in the tropical mountain ranges for the
LGM (7, 21-27). Vegetation zones in the
Colombian and Ecuadorian Andes appear to
have dropped by 1200 to 1500 m (1100- and
2500-m elevation, respectively) (28-30).
The equivalent glacial cooling amounts to
about 5° to 8°C if today’s lapse rate is used
for temperature conversion (Fig. 4). Pollen
records from lowland Yucatan (100-m ele-
vation) (31), lowland Panama (650-m ele-
vation) (32), and southeastern Brazil
(1170-m elevation) (33) also are consistent
with a temperature change of 5° to 8°C.
However, it should be noted that quantita-
tive paleotemperature estimates derived
from low-elevation pollen records are prob-
lematic. The individual temperature esti-
mates discussed above may not be for the
same time period (Fig. 4), and some esti-

Fig. 4. Temperature differen-

mates may be influenced by a wetter or drier
glacial climate in equatorial South America.
Nevertheless, available continental paleo-
temperature estimates provide a fairly con-
sistent picture. General Circulation Model
simulations of the glacial climate, on the
other hand, cannot produce a sufficient
cooling of the continents, if glacial SSTs of
the CLIMAP reconstruction are used as
boundary conditions (5).

Our noble gas record, derived from a site
relatively close to the ocean and at low
altitude, suggests that the CLIMAP recon-
struction needs to be questioned, at least in
the western equatorial Atlantic. A 5.4°C
glacial cooling, as discussed here, for tropical
Brazil has also been determined for the
southwestern United States at a latitude of
29° to 38°N (14, 34) and is consistent with
snow-line and vegetation zone shifts in
South America at a latitude of up to 40°S (7,
21, 25). On the basis of this evidence, it
appears that for the continental Americas
the latitudinal temperature gradient during
the LGM was similar to that today and that
a broad zone from 40°S to 40°N had cooled
more or less uniformly by at least 5°C.

Whether this statement can be extended
to the adjacent oceans is still an open ques-
tion. However, the results of earlier glacial
SST reconstructions have recently been
challenged on the basis of new oceano-
graphic data (4, 35, 36). Data on Sr/Ca
ratios and 8'80 from Barbados corals sug-
gest a SST change of about 5°C at 15 ka
(35). On the basis of the combined evi-
dence, it seems possible that the glacial
tropical oceans bordering the Americas
have been significantly cooler than they are
today. However, the serious disagreement

ces (in degrees Celsius) be-
tween the present interglacial
and the last glacial period (35
to 10 ka) derived from oceanic
and continental paleotem-
perature records discussed in
the text. The symbols mark
the individual sites. The meth-
od, time period for the tem-
perature estimate based on
radiocarbon ages, and refer-
ences are given below. @: no-
ble gases (10 to 35 ka) this
study; O: Sr/Ca ratios and
380 of Barbados corals (15
ka) (35); #: pollen data, Yuca-
tan Peninsula (14 to 24 ka)
(37); O: snow lines, equatorial

-110° -90° -70° 50° -30°
- 40°
ASST < 2°C
- 20°
- 0°
CE -20°

Andes, Ecuador (14 to 34 ka)
(7, 26, 27); *: pollen data, Pan-

ama (10 to 14 ka) (32); I>: pollen data (13 to 21 ka) (29) and snow lines (14 to 20 ka) (23, 24), Cordillera
Central, Colombia; X: pollen data, San Juan Bosco site, Ecuador (30 to 33 ka) (30); +: pollen data, Mera
site, Ecuador (26.5 to 33.5 ka) (28, 30); <: snow lines, Laguna Junin site, Peru (12 to 24 ka) (22); <I: snow
lines, Cordillera de Mérida, Venezuela (13 to 19 ka) (26, 27); |-|: pollen data, Serra Negra site, Brazil (14 to
32 ka) (33); and ASST: faunal abundances (18 ka, CLIMAP) (7). The noble gas temperature records
derived for Texas (V) (34) and New Mexico (A) (74) are also indicated.
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between paleotemperature estimates based
on noble gases and Sr/Ca ratios on the one
hand and on O isotopes and alkenones on
the other hand obviously requires further
basic research on each of the methodologies
used to derive paleotemperature records.
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Primitive Boron Isotope Composition
of the Mantle

Marc Chaussidon* and Bernard Marty

Boron isotope ratios are homogeneous in volcanic glasses of oceanic island basalts
[—9.9 = 1.3 per mil, relative to standard NBS 951 (defined by the National Bureau of
Standards)], whereas mid-oceanic ridge basalts (MORBs) and back-arc basin basalts
(BABBs) show generally higher and more variable ratios. Melts that have assimilated even
small amounts of altered basaltic crust show significant variations in the boron isotope
ratios. Assimilation may thus account for the higher boron ratios of MORBs and BABBs.
A budget of boron between mantle and crust implies that the primitive mantle had a boron
isotope ratio of —10 £ 2 per mil and that this ratio was not fractionated S|gn|f|qantly during

the differentiation of the mantle.

Convection in the mantle governs the
heat transfer through the mantle and the
exchange of matter in the lower mantle, the
upper mantle, and the crust. Isotopic tracers
are powerful indicators of these fluxes and
provide information on the uncertain pat-
terns of convection. The presence of vari-
able but generally high *He/*He ratios in
oceanic island basalts (OIBs) tapping hot-
spot material and of intermediate and ho-
mogeneous *He/*He ratios in MORBs is
strong evidence for a two-layered mantle
structure, with more efficient convection in
the upper mantle than in the lower mantle
(I). In addition, He isotopes are unequivo-
cal tracers of primitive mantle [He is not
thought to be recycled back into the mantle
(2)]. Largely because of analytical difficul-
ties, B isotopes have not been used as a
tracer (3). However, (i) B is incompatible
and should provide evidence for depletion
events in the mantle (4); (ii) B isotopes do
not fractionate significantly at magmatic
temperatures and should therefore reflect
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source compositions (5); (iii) B is not vol-
atile under mantle conditions and is unaf-
fected by degassing (6); and (iv) B isotopes
are strongly fractionated during their trans-
fer in seawater or crust (7, 8), so that they
are potentially good tracers of subduction
processes (9) and of shallow interaction
between melts and crust. In this report, we
present B isotope measurements of OIBs
and in particular evaluate relations between
3He/*He and ''B/°B ratios. We examine
the processes that control the B isotopic
variations and the constraints they can pose
for the origin and evolution of the different
mantle reservoirs.

We measured B contents and !''B/'°B
isotopic ratios (Table 1) by ion probe in
samples from five hot spots: Galdpagos Is-
lands, Loihi seamount (Hawaii), St. Helena
Island, McDonald seamount (austral hot-
spot track), and Afar hot-spot region (Gulf
of Tadjoura). In addition, we studied sam-
ples from two back-arcs (Manus and Mari-
anas basins). In all cases, only fresh subma-
rine glassy lavas with a few phenocrysts
were analyzed, and ion probe spots were
carefully placed on glassy zones free of any
bubbles or secondary products. For the OIB
samples, we selected only samples that had
already been analyzed for He (10-12) and
that have variable *He/*He ratios between
5R, and 30R,.

The hot-spot lavas have very variable
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S3UB values (13), between —14.6 + 1.5 and
—4.3 = 1.5 per mil, that are generally lower
than BABB &8''B values, from —8.0 = 1.5
to +7.5 = 1.5 per mil (Table:1). The 8!'B
values of OIBs partly overlap MORB values
[from —6.5 = 1.5 to —1.2 = 1.5 per mil
(3)], but this is probably largely due to
secondary processes. In fact, the 8''B of
mantle melts, which have low B contents
[generally =1 part per million (ppm)], may
readily be modified at a magmatic stage as
they interact with hydrothermally altered
oceanic crust or seawater. This is due to the
high 8!'!B values and to the high B contents
of seawater (3''B = +40 per mil and 4.5
ppm) and of seawater-altered oceanic rocks
(7). These effects are clear for the Loihi and
Afar hot-spot basalts.

Shallow-level assimilation of small
amounts of oceanic crust that interacted
with seawater at low temperatures is sug-
gested at Hawaii from the positive correla-
tions between B contents, H,O contents,
3D and 8'!B values (3), and from the $20
values, which range between +5.1 and
+5.7 per mil (14). The two samples from
the Loihi seamount analyzed in this study
may represent a primary composition for
the Hawaiian hot-spot melts because (i)
they have the lowest 8''B values (—9.3 and
—10.6 per mil) and the lowest B contents
(0.94 and 0.98 ppm) of the suite (15) and
(ii) they have very high *He/*He ratios of
27.2 = 0.9 and 28.4 = 0.5 (12). In fact, all
the Hawaiian samples plot along a mixing
curve (Fig. 1A) between this low 8''B pole
(3''B = —11 per mil and a B content of 0.9
ppm) and a pole enriched in B and in ''B
(8B = +5.5 per milrand a B content of
8.5 ppm), which could be seawater-rich,
altered oceanic crust (3, 7 16).

The samples from the Afar plume also
show a large'range of 8'!B values (Table 1),
between —4.3 = 1.5 and —14.6 = 1.5 per
mil, but the lowest 8!'B values are associ-
ated, at variance with the Hawaiian sam-
ples, with low §'80 values of +4.6 to +5.0
per mil (Fig. 1B). These low 8'0 values
have been interpreted as resulting from the
interaction of the ascending mantle melts
with a basaltic crust hydrothermally altered
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