plates are specialized for rapid long bone
growth. Mammalian growth plates are ca-
pable of rapid bone elongation, in large part
through longitudinally directed cellular
swelling of the hypertrophic chondrocytes
(19), whereas an increased population of
proliferative chondrocytes appears to be
significant in birds (15). Cellular swelling
through water uptake allows great increase
in cell volume without excessive energy
expenditure. The avian plan of increased
proliferation is energy demanding, but may
be compensated by the coadaptation of
reduced bone production. Although con-
vergent evolution of rapid determinate
growth in mammals and birds has been
achieved by different cellular mechanisms,
a high metabolic rate is required in both,
and this energy-demanding adaptation
seems to have been present in dinosaurs.
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Mantle Plume Helium in Submarine Basalts
from the Galapagos Platform

‘D. W. Graham, D. M. Christie, K. S. Harpp, J. E. Lupton

Helium-3/helium-4 ratios in submarine basalt glasses from the Galapagos Archipelago
range up to 23 times the atmospheric ratio in the west and southwest. These results
indicate the presence of a relatively undegassed mantle plume at the Galapagos hot spot
and place Galapagos alongside Hawaii, Iceland, and Samoa as the only localities known
to have such high helium-3/helium-4 ratios. Lower ratios across the rest of the Galapagos
Archipelago reflect systematic variations in the degree of dilution of the plume by
entrainment of depleted material from the asthenosphere. These spatial variations
reveal the dynamics of the underlying mantle plume and its interaction with the nearby

Galapagos Spreading Center.

Isotope and trace element studies have
indicated the scale of mantle heterogeneity
beneath ocean islands and have shown that
different mantle regions are sampled by hot
spot volcanism as the degree of partial
melting and depth of melt extraction vary
through time (I). Spatial variability can
also be characterized by the study of lavas of
similar age from different volcanoes that are
simultaneously active in the same region.
The Galdpagos Archipelago, where coeval
volcanism has occurred over distances of
~500 km, is an exceptional locality for
such studies (2). The Sr-Nd-Pb isotopic
variations in Galdpagos lavas have been
interpreted to indicate that asthenospheric
mantle has been variably entrained into an
upwelling mantle plume (2, 3). As the
thermally buoyant plume rises, it bends
from shear flow in the upper mantle as a
result of overlying plate motion, and sur-
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rounding mantle material is entrained as its
viscosity decreases because of heating by
the plume (4). In addition, hot spot ridge
interaction has produced elevated La/Sm
and 87Sr/6Sr ratios along the Galdpagos
Spreading Center to the north (5). How-
ever, He isotope ratios along the ridge are
similar to those of normal mid-ocean ridge
basalts (MORBs) (6), suggesting that the
hot spot component reaching the ridge does
not have a high *He/*He ratio (7). In this
report, we present and discuss new He iso-
tope results for submarine basalt glasses from
the Galépagos platform. The observed He
isotope variations are sensitive to mixing
between magmas or their mantle sources, to
gas loss, and to crustal assimilation, provid-
ing additional insight as to the origin of the
plume and its interaction with the shallow
mantle and nearby spreading center.

We measured *He/*He ratios as well as
He and Ne concentrations in a suite of
basalt glasses from seamounts around the
Galdpagos platform and in olivine pheno-
crysts from four subaerial samples (Fig. 1
and Table 1). Two subaerial samples are
from Isla Floreana, and these have the most
radiogenic Sr and Pb isotope compositions
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measured in the Galdpagos (2); the other
two are from Isla Santa Fe. Analyses were
performed by crushing in vacuum, thereby
liberating gases trapped in vesicles and fluid
inclusions (8).

Lavas with high 3He/*He ratios are
found in the western and southern parts of
the archipelago (Fig. 1). The highest *He/
“He ratio, 22.8 R, is from a transitional
basalt glass (sample RCO1) from a volcanic
ridge that appears to be the submarine
extension of a northwest-trending radial
fissure zone on Fernandina (9). The loca-
tion of this sample is consistent with the
standard hot spot model, in which lavas

from the leading western edge of the Gals-
pagos platform contain relatively undiluted
plume He as the Nazca plate moves east-
southeast over a fixed plume source. Several
samples from the southwestern margin of
the Gal4pagos platform also have high *He/
“He ratios. Values between 16.5 and 18.7
R, occur along the southern escarpment of
the platform between Isabela and Floreana,
and a value of 14.5 R, was measured for
olivine separated from a cumulate wehrlite
xenolith from the main volcanic series of
Isla Floreana (Fig. 1). One important ex-
ception to this pattern is that alkali basalt
glasses from dredge 25, located on the

Table 1. He isotopes in Galdpagos basalts. Submarine samples were recovered by the Plume 2
expedition aboard the research vessel Thomas Washington in 1990. Sample designations are
dredge number and sample number. Rock types are th, tholeiite; tr, transitional basalt; and ab, alkali
basalt, according to (30); x, wehrlite xenolith in alkali olivine basalt flow. Samples were hand-picked
glasses except where noted othierwise (ol, olivine and cpx, clinopyroxene). FL-3 ol + cpx are
aggregates of olivine and clinopyroxene, typically >5 mm in size. This xenolith sample is from the
main lava series, and the Sr, Nd, and Pb isotope values measured, for the xenolith (2) have been
used for plotting purposes in Figs. 2 and 3. Gas extractions were performed by in vacuo crushing.
Uncertainties in the 3He/*He ratio are the quadrature sum of in-run statistical errors plus uncertain-
ties in air standard and blank analyses. He/Ne ratios were measured but are not reported here. Low
He/Ne ratios can be used as an indicator of possible air contamination. Corrections to the 3He/*He
ratio after this procedure are comparable to the reported uncertainties for all samples except 25-1
and 25-4; for FL-3 ol + cpx, the corrected value agrees with the slightly higher 2He/*He values

measured for olivine separates alone from this sample.

Longi- Depth  Rock 3He/*He ([1'?)6—]6
Sample Latitude t(t‘;nvc\ig (m) type (R/R) cm¥/g
at STP)
South and west region :
PL2 RC 01 0°13.9'S 91°45.3' 1840 tr 22.80 + 0.15 1.05
Replicate 0°13.9'S 91°45.3' 1840 tr 22.87 = 0.15 0.936
PL2 23-1 ol 1°20.0'S 90° 59.8' 3400 tr 18.70 = 0.24 0.0286
PL2 24-14 1°17.5'S 90° 54.9' 2700 tr 16.84 = 0.11 0.0631
PL2 24-32 1°17.5'S 90° 54.9' 2700 tr 16.56 = 0.19 0.0114
PL2 24-32 ol 1°17.5'S 90°54.9' 2700 tr 14.67 = 0.60 0.0046
PL2 24-37 1°17.5'S 90° 54.9' 2700 tr 17.21 £0.13 0.0836
PL2 25-1 0°16.3'S 91° 46.9' 2200 ab 475 = 0.10 0.0156
PL2.25-3 0°16.3'S 91°46.9' .2200 ab 6.97 = 0.39 0.0029
PL2 25-4 0°16.3'S 91°46.9' 2200 ab 1.94 + 0.15 0.0058
Replicate 0°16.3'S 91°46.9' 2200 ab 1.80 £ 0.12 0.0079
Northeast region
PL2 9-29 0°28.1'S 88° 32.0' 1300 th 8.19 + 0.05 3.29
PL2 10-8 0°33.0'S 88° 32.0' 1300 th 7.72 £ 0.42 0.007
PL2 12-1 0°12.8'S 88° 39.2' 1200 th 8.04 + 0.07 0.144
PL2 13-25 0° 4.6'N 89° 2.7' 1000 th 7.27 £ 0.04 1.25
PL2 14-8 0° 4.1'N 89° 7.1’ 1500 th 8.78 = 0.05 0.831
Wolf-Darwin lineament
PL2 26-7 0°50.0'N 91°17.5' 600 tr 8.81 + 0.05 6.81
PL2 26-16 0°50.0’'N 91°17.5' 600 tr 8.79 = 0.05 5.59
PL2 26-21 0°50.0'N 91°17.5' 600 tr 8.80 + 0.05 5.09
PL2 26-25 0°50.0'N 91°17.5' 600 tr 8.51 + 0.05 17.6
PL2 27-1 0°52.8'N 91°19.6' 1500 tr 8.51 = 0.05 10.1
PL2 27-17 0°52.8'N 91°19.6' 1500 — 8.53 = 0.05 6.87
PL2 28-1 1° 1.5'N 91° 338.3' 1200 tr 8.42 + 0.05 5.31
PL2 28-11 1° 1.5’'N 91° 33.3' 1200 tr 8.45 + 0.05 8.72
PL2 29-2 1°54.0'N 92° 9.7' 1750 th 7.88 + 0.05 0.734
PL2 29-3 1°54.0'N 92° 9.7’ 1750 th 7.81 £0.05 0.889
PL2 30-1 1°35.5'N 91° 55.6' 2200 th 6.87 = 0.08 0.989
Islands
FL-3 ol Floreana X 14.54 = 0.15 0.0668
FL-3 ol + cpx Floreana X 13.99 = 0.20 0.0364
E-108 ol Floreana ab 7.74 = 0.51 0.0152
SF-13 ol Santa Fe ab 8.18 £ 0.52 0.0252
G86-5 ol Santa Fe ab 9.52 + 0.62 0.0092
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western flank of Fernandina and close to
sample RC01, have low and variable *He/
“He ratios (1.8 to 7.0 R,), generally ac-
companied by low He concentrations (Ta-
ble 1). These low 3He/*He ratios and He
concentrations are comparable to those for
young alkali basalt glasses from seamounts
near the East Pacific Rise (10) and for
intermediate and acidic rocks from Iceland
(11). The He isotope signatures of these
magmas have probably been modified by
magmatic degassing and crustal assimilation
associated with a prolonged residence in
subvolcanic magma chambers (11).

Seamounts from the northeastern part of
the platform (dredges 9 to 14) have *He/*He
ratios between 7.3 and 8.5 R, (Fig. 1),
typical of the depleted mantle source for
MORB. Samples from Isla Santa Fe near the
center of the archipelago have similar or
slightly higher values, with a maximum of
9.5 R,. Along the Wolf-Darwin lineament
(dredges 26 to 30), values range from 6.9 to
8.8 R,. Thus, the He isotope data can be
divided into three regional groups: the west-
ern and southern margins, the northeastern
seamounts, and the Wolf-Darwin linea-
ment. Consistent with results from other
geochemical systems (2), no systematic vari-
ations with time are apparent because ages of
the three regions overlap (12).

Geographic variations in Sr, Nd, and Pb
isotope ratios across the Gal4dpagos platform
show that values similar to those found in
MORB: occur close to the archipelago cen-
ter, flanked by more enriched values to the
north, west, and south (2, 3). This pattern
has been thought to reflect the entrainment
of asthenosphere into a plume that is being
sheared by upper mantle convective flow
(2, 4). In general, the spatial variation in
3He/*He ratios is consistent with this mod-
el, as well as with the plume having a high
3He/*He ratio. However, there are two
additional complexities. First, there is a
north-south heterogeneity in Sr, Nd, and
Pb isotope compositions across the plume.
Lavas from Pinta and Floreana are derived
from similar, but distinct, enriched sources
(2). This heterogeneity introduces some
uncertainty when the He isotope results are
related to the other isotopic systems. We do
not have He analyses for lavas from the
island of Pinta because of a lack of samples
with sufficient olivine, and the question of
whether Pinta has high 3He/*He ratios will
need to be answered to evaluate fully the
degree of He isotope heterogeneity within
the plume. Second, the He results for the
Wolf-Darwin lineament do not fit the iso-
topic pattern observed across the archipel-
ago in a simple way (Fig. 1).

The Wolf-Darwin lineament is a line of
seamounts and islands extending north-
westward from the platform to the Gal4pa-
gos Spreading Center and may have formed




Fig. 1. Geographic variation of
3He/*He across the Galdpagos
platform. Numbers indicate the
highest values from each island
or dredge haul. GSC is the Gal-
4pagos Spreading Center. Island
abbreviations: F, Fernandina; |,
Isabela; Fl, Floreana; E, Espanola;
SF, Santa Fe; SCz, Santa Cruz; S,
Santiago; SCb, San Cristobal; G,
Genovesa; M, Marchena; and P,
Pinta.
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by the channeled flow of the plume toward
the ridge (13) or by the interaction of a
lithospheric fault with the plume (14).
Isotope compositions of samples from the
Wolf-Darwin lineament and the northeast-
em seamounts indicate that the mantle
beneath those regions contains a compo-
nent with MORB isotope characteristics
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Fig. 2. Ratio of ®He/*He versus (A) 87Sr/8Sr, (B)
143Nd/44Nd, and (C) 2°6Pb/2%4Pb. The Sr, Nd,
and Pb data for Loihi seamount (26) and Pb
data for Samoa (the Sr and Nd values at Samoa
are well outside of the range shown) (24) are
shown as small open circles. Shaded field
shows the range of Pacific MORB isotopes (28)
for comparison.

(*He/*He = 8.5 R,, 87St/%Sr < 0.7026,
and 296Pb/2%Pb < 18.4). Along the linea-
ment, 3He/*He ratios are generally low,
with the most radiogenic He and Sr values
from a small seamount between Wolf and
Darwin islands (Fig. 1), where *He/*He is
~7 R, and ®StfP6Sr is ~0.7030. These
values are similar to those found along the
Gal4pagos Spreading Center near 92°W,
where the lineament intersects the ridge
axis (5, 7), and where the ridge has the
highest 87Sr/®Sr and lowest #Nd/'*Nd
because of the interaction with the hot spot
(5). No high 3He/*He ratios are known
along either the Wolf-Darwin lineament or
the Galédpagos Spreading Center. This ab-
sence suggests that the behavior of volatile

Fig. 3. An Sr-Nd-Pb isotopic tetra-
hedron encompassing the range
for oceanic volcanic rocks (27).
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and lithophile elements has been quite dif-
ferent during mantle upwelling, partial melt-
ing, or both. Helium concentrations vary
over a large range along the Wolf-Darwin
lineament, and lower >He/*He ratios tend to
correlate with lower He contents (Table 1).
This trend suggests that the plume’s high
3He/*He signature may have been diluted by
degassing followed by either radiogenic in-
growth or crustal assimilation. A degassed
magma with low He concentration is partic-
ularly susceptible to the lowering of its 3He/
“He ratio by these processes (15). Of these
alternatives, crustal assimilation seems less
likely, because it would not strongly affect
spreading center lavas and therefore cannot
account for the absence of high 3He/*He
ratios along the Gal4pagos Spreading Cen-
ter. The absence of a high *He/*He signature
along both the‘Wolf-Darwin lineament and
the Gal4pagos Spreading Center (7) is more
likely due to the degassing of plume material
at depth during lateral transport toward the
ridge axis (16).

Relations between *He/*He and the iso-
topes of Sr, Nd, and Pb for the data set as a
whole are complex (Fig. 2), partly because
of the presence of at least three mantle
components in the Galdpagos region (2).
Lavas from the southern and western re-
gions have the highest >He/*He and most
enriched Sr, Nd, and Pb isotope ratios. In
detail, however, the highest *He/*He ratios
are associated with moderate Sr, Nd, and

EM1

Abbreviations: DM, the depleted & 3He! HHe
mantle source for MORB; HIMU, € (RIAp)
the high U/Pb component as dis- g 25
cerned from radiogenic 296Pb/ 3 o
209pp at the islands such as St.  # M S
Helena; and EM1 and EM2, man- g@ =
tle components enriched in 87Sr/  * |
865r. In this view, EM2 lies above

the DM-EM1-HIMU plane, in which

~95% of the oceanic data lie (27). Sao Miguel

Insets show color coding for He/ Reunlon

“He ratios and the relative orienta- 9E i Goaent

tion of the isotopic axes. The 87Sr/ o @

86Sr axis points out of the plane of =/

the paper, and the origin for the .

relative isotopic scales occurs at

the midrange of the oceanic data St Helena
(near the lower right of the Samoa 5 A pE
field). Samples analyzed for the northsast smts b um‘umu

full complement of Sr-Nd-Pb and

He isotopes are shown as color-coded circles for Loihi seamount, Samoa (Tutuila), and the
Galapagos samples analyzed in this study. Color fields represent islands where the same samples
have not been analyzed for all the isotopes but where a multi-isotopic characterization can be made
in a straightforward way on the basis of the range of measured values. Gray fields indicate localities
where the highest 3He/*He ratios (>20 R,) have been found (Loihi, Iceland, Samoa, and Gal&pagos).
The field for Hawaii is transparent for clarity, except for Loihi seamount and the Koolau volcanic series
of Oahu. JF, Juan Fermnandez; smts, seamounts. Brown labels are for the Galapagos Archipelago.
Small circles are Sr-Nd-Pb results (2) for Galdpagos Island samples not yet analyzed for 3He/*He. In
general, the higher 3He/*He ratios are present toward the interior of the tetrahedron volume. He
isotope data sources include (8, 11, 23, 24, 26, 29). The Sr-Nd-Pb data are from the literature.
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Pb isotope ratios near Fernandina [87Sr/86Sr
= 0.7031 to 0.7035, €y = 5 to 6 (17),
206pp/294Ph = 19.1 to 19.4 (2)], while the
most enriched Sr, Nd, and Pb isotope
values are from Floreana, which has only a
moderately high *He/*He (14.5 R,). The
scatter in the relations between He isotopes
and Sr, Nd, and Pb isotopes appears to
reflect some heterogeneity within the
plume, although it is unclear whether this is
the same N-S heterogeneity recognized by
White and co-workers (2). Lavas from the
southern and western regions appear to
represent mixtures between relatively unde-
gassed mantle with a high *He/*He ratio
(which is strongest near Fernandina) and
enriched, more degassed mantle. This en-
riched component is strongest along the
southern part of the platform where the
degree of partial melting is lower than in
other regions of the Galdpagos Archipelago
(2, 18). It may represent recycled material
incorporated into the plume, possibly at the
core-mantle boundary (19), or as the plume
passed through the transition zone at the
base of the upper mantle (20). This expla-
nation associates the relatively high *He
component and moderate Sr, Nd, and Pb
isotope compositions with the plume source
itself. A second explanation attributes the
enriched Sr-Nd-Pb isotope composition to
the Galdpagos plume source. This relation
would mean that mantle material with high
3He/*He was entrained, perhaps from the
deep mantle, into a plume whose ultimate
source was recycled material (21).

Qur results have implications for models
of mantle evolution and geodynamics.
Crust or lithosphere recycled into the
Earth’s mantle may account for the extreme
St-Nd-Pb isotopic signatures at ocean is-
land hot spots such as St. Helena, Tristan
da Cunha, and Sio Miguel (22). The 3He/
“He ratios are less than MORB values at
these localities (23), consistent with a re-
cycled origin. Lavas from Samoa that have
very high 8St/8Sr ratios (0.706 to 0.707)
also have relatively high 3He/*He ratios of
12 to 23 R, (24), but their highest *He/*He
ratios are for lavas that are less enriched in
87Sr (Fig. 3). Wherever ocean island basalt
samples have been analyzed for the full
complement of isotopes, those lavas with
the highest *He/*He ratios (that is, >20 R,
from Loihi Seamount, Samoa, and the Gal4-
pagos Islands) have only intermediate St-
Nd-Pb isotope ratios (Fig. 3). Therefore, if
a common reservoir with high 3He/*He is
involved in hot-spot volcanism it must
have intermediate Sr-Nd-Pb isotope com-
positions (24-26). The observation in the
Galdpagos, as well as at other islands, that
lavas with high 3He/*He ratios have a range
of Sr-Nd-Pb isotope ratios that are not
typical of presumed mantle end members
means that the ultimate source reservoir for
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3He is different from that for the other
isotopic tracers. For example, the high >He/
“He reservoir may be the deep mantle or the
core-mantle boundary, whereas the ex-
treme Sr, Nd, and Pb isotope compositions
may originate from recycled crust or litho-
sphere. The high 3He/*He reservoir may
also be variably degassed (27) and contam-
inated with recycled materials. The differ-
ent relations between 3He/*He and the
isotopes of Sr, Nd, and Pb at ocean islands,
such as in Fig. 3, reflect the age and type of
recycled material present and the extent to
which a mantle plume samples recycled
material, the depleted upper mantle, and
the high *He/*He reservoir.
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