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Measurements of uranium/thorium and samarium/neodymium isotopes and concentra-
tions in a suite of Hawaiian basalts show that uranium/thorium fractionation varies sys-
tematically with samarium/neodymium fractionation and major-element composition;
these correlations can be understood in terms of simple batch melting models with a
garnet-bearing peridotite magma source and melt fractions of 0.25 to 6.5 percent. Mid-
ocean ridge basalts shows a systematic but much different relation between uranium/
thorium fractionation and samarium/neodymium fractionation, which, although broadly
consistent with melting of a garnet-bearing peridotite source, requires a more complex

melting model.

Measurements of 23°Th/2?Th and 238U/
22Th isotopic ratios in basaltic lavas
should, in principle, provide important in-
formation on the rate at which basaltic
magmas form and are extracted from the
upper mantle and on the extent of mantle
melting required to produce basaltic melts
(I). Uranium/thorium isotopic measure-
ments on mid-ocean ridge basalts (MORBs)
are enigmatic, however, in that unexpect-
edly large U/Th fractionations are observed
(up to 35%), which seemingly indicate that
MORBSs represent very small melt fractions
(<<1%) (2—4). Because other evidence in-
dicates that larger melt fractions character-
ize the melting regime of MORBs (5 to
20%) (5, 6), there is some question about
whether U/Th fractionation is related to
melt fraction by crystal-melt partitioning or
may instead be controlled by disequilibrium
or secondary processes (7). To investigate
the causes of U/Th fractionations during ba-
salt petrogenesis, we made high-abundance
sensitivity mass spectrometric measurements
of U and Th isotopic ratios in a series of lavas
from Hawaii that have trace-element and
petrological characteristics indicating that
they span a large range of melt fraction.
To compare basalt petrogenesis in the
mid-ocean ridge and Hawaiian Islands set-
tings, we also analyzed a suite of MORBs
from the Juan de Fuca and Gorda ridges,
including both normal (N-MORB) and en-
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riched (E-MORB) samples (3).

Numerous studies on lavas from the Ha-
waiian Islands have shown that, over the
life-span of a volcano, the major- and trace-
element chemistry of the erupted basalts
varies significantly and systematically (8).
To obtain young lavas with a range of com-
positions, we sampled historic or young and
dated [< 5 X 10? years ago (ka)] lavas from
different Hawaiian volcanoes. Tholeiitic la-
vas were collected from Kilauea, Mauna
Loa, and Loihi; alkalic lavas were collected
from Loihi, Mauna Kea, Hualalai, and the
South Arch; and basanitic lavas were col-
lected from Haleakala and the South Arch.
Collectively, this suite encompasses all four
stages of Hawaiian volcano evolution. The
compositional range of the Hawaiian sam-
ples is quantified in terms of normative
hypersthene and nepheline content, the
Mg-normalized Na content (5), and the
inferred Sm/Nd fractionation (9-12).

One way in which inferred U/Th frac-
tionations can be evaluated is by comparing
them to the fractionation of another trace-
element pair. We chose the Sm/Nd ratio
because the Nd isotopic composition of the
lavas provides information on the Sm/Nd
ratio of the magma source (13-15), and the
behavior of these elements during basalt
petrogenesis is relatively well understood
(12, 14). For both the Hawaiian and
MORB data sets there is an excellent cor-
relation between basalt type (tholeiite, al-
kali basalt, and basanite) and Sm/Nd frac-
tionation (Fig. 1A and Table 1), as repre-
sented by the ag, g value (9). For the
Hawaiian samples there is a large range of
Sm/Nd fractionation: The tholeiites are the
least fractionated (otg, g = 0.7 to 0.8); the
alkali basalts show an intermediate degree
of fractionation (aig,ng = 0.6 to 0.64); and
the basanites are the most fractionated
(0tgmng = 0.54 to 0.61). The MORB sam-
ples, which are all tholeiitic, show less Sm/
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Nd fractionation (ag,ng = 0.8 to 0.9) than
do the Hawaiian samples. There are good
correlations between ag,, \ 4 and parameters
Nag , and silica saturation index (Fig. 1, B
and C), petrologic parameters that are sen-
sitive to melt fraction variations (16). All of
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Fig. 1. (A) Plot of 4 versus '47Sm/'44Nd for Ha-
waiian basalts and MORBs. The solid dark line rep-
resents a 1.7-Ga isochron through the DMR, the
average continental crust (not shown), and the
CHUR (73). Partial melting (shown by the solid ar-
row) of any mixture of these three produces a mag-
ma with a lower '47Sm/'44Nd ratio, but with the
same g4 value. The contours a = 0.5 and 0.7
represent lines of equal '47Sm/'#4Nd fractionation
relative to the mantle source with the same &4
value (9, 13). The sizes of the data points are larger
than the relative measurement error (20), based on
in-run statistics (see Table 1). (B) Plot of agng
versus Nag , for the Hawaiian basalts (5, 76). Major-
element data for the Hawaiian basalts are available
from the first author on request. (C) Plot of g g
versus (hy + 4Q — ne)/(hy - di + 4Q + ne) for the
Hawaiian basalts. The ratio (hy + 4Q — ne)/(hy + di
+ 4Q + ne) is an index of silica saturation based on
the basalts’ normative mineralogy (5, 76)."



Table 1. Sample locations, Sm and Nd concentrations, and Nd and Sr isotopes.

Sample Location* Sm (ppm)t Nd (ppm)t 147Sm/144Nd$ Enad 87Sr/80G||
Hawailan basalts
KI-01-KWWS-92 Kilauea—Pu'u O’o 5.33 19.87 0.1622 6.1 0.70359
KL-F91-31 Kilauea—Pu’u O’0| 4.38 16.45 0.1611 6.4 0.70355
ML-61-KWWS-92 Mauna Loa-Saddle Rd. 4.79 16.67 0.1737 4.4 0.70380
HU-05-KWWS-92 Hualalai-Hue Hue flow 5.04 22.13 0.1379 5.2 0.70360
HU-24-KWWS-92 Hualalai-Kaupulehu flow 512 22.78 0.1359 5.7 0.70357
MK-06-KWWS-92 Mauna Kea—Kalaleha flow 14.16 66.18 0.1294 7.1 0.70345
HK-02-KWWS-92 Haleakala—Kalua O Lapa flow 8.08 37.84 0.1291 7.7 0.70325
HK-06-KWWS-92 Haleakala—Luepalani flow 8.72 40.53 0.1301 8.3 0.70310
HK-11-KWWS-92 Haleakala—Pimoe flow 10.57 49.01 0.1305 8.2 0.70310
KK-19-1(WR) Loihi 4.26 16.72 0.1541 4.9 0.70357
KK-19-1(Gl) Loihi 4.29 16.84 0.1541 5.0 0.70355
KK-27-14 Loihi 3.65 15.71 0.1405 55 0.70347
D8-1 South Arch 3.71 15.46 0.1450 6.8 0.70329
D9-11(WR) South Arch 4.26 18.11 0.1423 7.6 0.70325
D9-11(Gl) South Arch 4.26 18.87 0.1367 7.2 0.70324
MORBs

KK83-NP-124 Gorda Ridge, northern segment 3.54 10.53 0.2030 10.4 0.70239
KK83-NP-4-8 Gorda Ridge, northern segment 2.03 5.22 0.2350 1.9 0.70235
KK83-NP-6-16 Gorda Ridge, northern segment 5.21 15.63 0.2017 12.3 0.70242
All118-37 Juan de Fuca Ridge, Endeavour segment 2.33 6.85 0.2060 9.5 0.70240
TT175-17-23 Juan de Fuca Ridge, Endeavour segment 3.15 10.038 0.1896 9.7 0.70241
LIBTWF-17 Juan de Fuca Ridge, southern segment 4.34 12.75 0.2060 10.3 . 0.70243

*Sample locations for: South Arch and Loihi (79); for MORBSs (3).

0.1t00.2%.

fConcentrations measured by ID-TIMS; measurement errors =0.4%.
§7143Nd/144Nd ratios, expressed in terms of g4 (73), normalized to '46Nd/"42Nd = 0.636151 and are relative to 0.511831 = 17 for BCR-1 (our measured values at

the Center for Isotope Geochemistry; measurement errors, based on in-run statistics, (2a) <0.30 g4 units. [Measurement errors (20) = 0.00002.

tMeasurement errors (2a) range from

fICollected from Pu'u O’'o

vent by Goff, 31 July 1991,

the correlations are consistent with simple
models of trace-element fractionation dur-
ing magma genesis (9, 10).

In the U/Th system, U/Th fractionation
(denoted by ki) is determined from the
disequilibrium activity ratio (?*8U/?*°Th)

measured in the lava. Because the 10°-year
mean life of 2*°Th is not much larger than
the time scale of magmatic processes, 2>°Th
radioactive decay must be considered in the
determination of U/Th fractionation from

measured (?*8U/?3°Th) tatios (17). Both

Table 2. Sample ages and U/Th concentrations and isotope ratios; the Th/U ratio is a weight ratio.

the Hawaiian and MORB samples have ac-
tivity ratios (2*8U/2*°Th) less than one (Fig. .
2A and Table 2), indicating that Th was
enriched in the melt relative to U during
genesis of the basalts. Among the Hawaiian
samples there is, with the exception of the

230 238 238
Sample Age (years)” Th (ppmt U (opm)t T ot dors Som
Hawaiian basalts .
KL-1-KWWS-92 4 0.867 0.286 3.082 1.041 1.016 0.976
KL-F91-31 3 0.861 0.290 2.968 1.049 1.038 0.989
ML-61-KWWS-929| 59 0.552 0.185 2.979 1.051 1.034 0.984
HU-05-KWWS-92 193 1.611 0.456 3.536 1.002 0.871 0.869
HU-24-KWWS-92 193 1.654 0.480 3.449 1.024 0.893 0.872
MK-06-KWWS-92 5630 + 200 3.930 1.247 3.151 1.102 0.978 0.887
HK-02-KWWS-92 200 3.472 0.981 3.540 1.099 0.870 0.792
HK-06-KWWS-92 <1000 3.423 1.003 3.413 1.105 0.902 0.816
HK-11-KWWS-92 <1000 3.761 1.042 3.610 1.102 0.853 0.774
KK-19-19(wr) 500-1600 0.775 0.236 3.281 0.964 0.939 0.974
KK-19-1(gl) 500-1600 0.774 0.236 3.285 0.967 0.938 0.969
KK-27-14(wr) 500-1600 0.829 0.243 3.420 0.958 0.901 0.939
F288-HW D8-1(wr) 1000 0.936 0.281 3.325 0.936 0.926 0.989
F288 HW D9-11(wr) 1000 1.180 0.327 3.606 0.952 0.854 0.897
F288 HW D9-11(gl) 1000 1127 0.312 3.607 0.947 0.854 0.902
MORBs

KK83-NP-1-24 0 (axial) 0.278 0.091 3.050 1.249 0.995 0.796
KK83-NP-4-8 0 (axial) 0.037 0.015 2.390 1.304 1.269 0.974
KK83-NP-6-16 0 (axial) 0.334 0.111 3.011 1.232 1.008 0.818
All118-37 0 (axial) 0.322 0.108 3.140 1.327 0.966 0.728
TT175-17-23 0 (axial) 0.330 0.104 3.166 1.320 0.958 0.727
LIBTWF-17 0 (axial) 0.273 0.112 2.456 1.413 1.239 0.877

*Radiometric and historic ages are from (19, 20); data and ages for MORBs have been reported in (3).
mass spectrometry (ID-TIMS), measurement errors in concentration =0.5%.

+U and Th concentrations measured by isotope dilution-thermal ionization
tDenotes activity; Ayg, = 9.195 X 1076 year ~7, Ay, = 4.948 X 10~ year~'; measured by

high-abundance sensitivity-TIMS; errors (20) range from 0.4 to 0.6% for the Hawaiian basalts and from 0.5 to 1.0% for MORBs and do not include uncertainties in Ny5,, (0.8%) of N yg,

(0.5%).
for MORBs.
measurement error.
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§}\23ﬁ =1.551 X 10~ "9 year ~"; errors (20) do not include uncertainties in A,44 (0.8%) or A4, and range from 0.4 to 0.5% for the Hawaiian basalts and from 0.5 t0 0.9%

Errors range from 0.6 to 0.8% for the Hawaiian basalts and from 0.7 to 1.6% for MORBs. fIResults of an independent analysis on the same flow (32) agree within
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South Arch samples (18—-21), a systematic
relation between ky;,r, and basalt type: tho-
leiitic basalts show the least U/Th fraction-
ation (kyp, = 0.98 to 0.97); alkali basalts
show an intermediate degree of fraction-
ation (kg = 0.94 to 0.87); and basanites
show the most U/Th fractionation (kyr, =
0.79 to 0.82). Correlations are also evident
between k;y, and Nag, (Fig. 2B) and be-
tween k,rp, and the silica saturation index
(Fig. 2C). These trends suggest that in the
petrogenesis of Hawaiian basalts U/Th frac-
tionation is systematically correlated with
melt fraction (17). For the MORB samples
the trends also show a systematic relation
between kg, and their degree of trace-
element enrichment: The N-MORBs have
the higher ky;y, values (0.94 to 0.80), and
the E-MORBs have lower kg, values
(0.80 to 0.74). All of the MORB samples
show significantly more U/Th fractionation
than the Hawaiian tholeiites and, in some
cases, more U/Th fractionation than the
Hawaiian alkali basalts and basanites.

For the Hawaiian data there is a system-
atic relation between U/Th fractionation
and Sm/Nd fractionation (Fig. 3), with Sm/
Nd more fractionated than U/Th. The data
can be inverted in terms of batch melting
models to find self-consistent bulk U and
Th partition coefficients and melt fractions.
This inversion is based on the batch melt-
ing equation of Shaw (10), which is linear
when expressed in terms of the parameters
(1 — aguna) tand (1 = kyp,) " (22). For
the Hawaiian samples, regression of the
(1 = aguma) " and (1 = kyp) 7! yields a
slope of 26.25 = 2.20 and an intercept of
—53.25 * 6.73, with the correlation coef-
ficient, r2, of 0.93. Assuming Dy = 0.023
and Dg,, = 0.044 (9), we calculate D =
0.0014 and D, = 0.0006; these values are
similar to those calculated for a garnet lher-
zolite source (Dy; = 0.0012 and Dy, =
0.0003) with the use of experimentally de-
termined K values for garnet and clinopy-
roxene (12, 23, 24). The calculated melt
fractions vary from a maximum of 6.5% for
Hawaiian tholeiites to about 0.25% for
basanites. Also shown in Fig. 3 is the batch
melting trend for a spinel lherzolite source
and both the batch and fractional melting
(25) trends for a garnet lherzolite source; all
are calculated with the experimentally de-
termined values for Dyj, Dy, Dy and Dy,
(26). The Hawaiian data agree with the
batch melting trend for a garnet lherzolite
source (12, 23, 24). As predicted, only
samples that represent small melt fractions
and have small ag,, \q values show substan-
tial U/Th fractionation. These observations
imply that U/Th fractionation for Hawaiian
basalts is a result of crystal-liquid fraction-
ation occurring during partial melting in
the presence of garnet.

The MORB:s also show a significant cor-
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Fig. 2. (A) Plot of (23°Th/2%2Th) versus (238U/232Th)
for Hawaiian basalts and MORBs. The solid dark
line is the equiline, representing the steady-state
condition when the activity ratio of (23°Th/(232Th)
equals (?38U/2%2Th). If a mantle source has not
been fractionated in the past 300,000 years, that
source is constrained to lie along this equiline.
Partial melting of a mantle source on this equiline
produces a magma with a lower (238U/2%2Th) but
with the same (239Th/232Th) value. The contours k
=0.7, 0.8, and 0.9 represent lines of equal 238U/
232Th fractionation relative to a mantle source on
the equiline (77). The sizes of the data points are
larger than the relative measurement error (2¢)
based on in-run statistics (see Table 2). (B) Plot
of ki, versus Nag , for the Hawaiian basalts.
For the South Arch samples the magnitude of
the deviations from the indicated trend give
model U/Th ages of ~200 ka for the alkali basalt
and ~55 ka for the basanites (5, 76, 18). (C) Plot
of kym versus (hy + 4Q — ne)/(hy + 4Q + ne) for
the Hawaiian basalts.

relation between ki1, and g, qg; the mag-
nitude and the sign of the kyry, values re-
quire partial melting in the presence of gar-
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Fig. 3. Plot of k1, versus ag,ng for Hawaiian
basalts and MORB samples. The dark solid line
represents the batch melting trend inverted from
the Hawaiian data (22). Also shown are the trends
for batch melting of a spinel lherzolite source (BM:
spinel lherzolite) and the batch (BM: garnet Iherzo-
lite) and fractional melting (FM: G.L.) of a garnet
Iherzolite source. Experimental partitioning data re-
quire that basalts lying in the lower half of this plot
come from a source containing garnet. The batch
and fractional melting trends represent end mem-
ber models; other more complex melting models,
such as dynamic melting, continuous melting, or
the accumulated melt fraction from fractional melt-
ing, produce trends intermediate to these two
trends. The sizes of the data points are larger than
the propagated relative measurement errors (20).

net. In MORBs, however, kyry, =~ o g 2
proportionality that is not easily reconciled
with either batch or fractional melting mod-
els. The batch and fractional melting trends
for a model garnet lherzolite source do not
reproduce the observed trend of the MORB
data (Fig. 3). Because these two models rep-
resent end-member models (27), dynamic
melting and continuous melting also do not
reproduce the MORB data. Explanations
that would account for the MORB data fall
into two categories. In the first, the model
Qgng Values are valid and ki, is deter-
mined by (i) secondary processes not ac-
counted for by mass balance melting models
[for example, volatile exsolution, disequilib-
rium melting, fluid-melt interactions (7),
and so on], (ii) some unknown phase that
plays a significant role in fractionating U/Th
and Sm/Nd and in which D,y =~ Dy, and
Dsg,, = Dy, or (iii) mixing of melts of dif-
ferent melt fractions (5, 28). If the MORB
data represent the mixing of different melt
fractions, the almost one-to-one correlation
between ky;ry, and o, g Tquires that one
of the end-member melt fractions be ex-
tremely small (melt fraction F =~ 0.001); for
only near the limit of melting, when F is
very small, is kyyy, ~ g g The mixing of
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Hawaiian basalts.

melts of different melt fractions is consistent
with recent models that reproduce the
chemistry and volume of MORBs by postu-
lating a mixing of melts produced from a
range of depths (5, 28). The second category
of explanation is that the MORB source
material does not conform to the model
Sm/Nd value shown in Fig. 1A but rather
has an o, g ratio ~50% higher than pre-
dicted by our chosen model (13). In this
case, the MORB lavas would represent small
melt fractions (approximately 0.2 to 2%) as
suggested by McKenzie (4).

On the basis of our choice of Dg,, and
Dyq (29) and the observed U/Th fraction-
ation for the Hawaiian samples, we calcu-
late melt fractions of 2 to 6.5% for tholeiitic
basalt, 0.5 to 1% for alkali basalt, and about
0.25% for basanite (Fig. 4). Melt fraction
values for tholeiites from 5 to 7% are com-
patible with those suggested for Hawaiian
basalts on the basis of fluid dynamical mod-
els (30, 31). However, 5 to 7% melt frac-
tions for tholeiites and lesser values for
more alkalic magmas are at the low end of
the range of estimates based on high-pres-
sure experimental phase equilibria studies: 5
to 35% for tholeiitic basalt, 10 to 20% for
alkali basalt, and 1 to 15% for basanite (6).
The discrepancy between melt fraction es-
timates based on trace-element fraction-
ation and those based on experimental pe-
trology could stem from complexities in the
melting process, particularly for MORBs, as
is illustrated by the combined U/Th and
Sm/Nd data. On the other hand, for the
Hawaiian samples, the consistency of the
isotopic and major- and trace-element data
and the agreement between our calculated
melting trend and that predicted by exper-
imentally measured K, values lead us to
favor the lower melt fraction estimates.
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Structural Basis for Sugar Translocation Through
Maltoporin Channels at 3.1 A Resolution

Tilman Schirmer,* Thomas A. Keller,t Yan-Fei Wang,
Jurg P. Rosenbusch

Trimeric maltoporin (LamB protein) facilitates the diffusion of maltodextrins across the
outer membrane of Gram-negative bacteria. The crystal structure of maltoporin from
Escherichia coli, determined to a resolution of 3.1 angstroms, reveals an 18-stranded,
antiparallel B-barrel that forms the framework of the channel. Three inwardly folded loops
contribute to a constriction about halfway through the channel. Six contingent aromatic
residues line the channel and form a path from the vestibule to the periplasmic outlet.
Soaking of a crystal with maltotriose revealed binding of the sugar to this hydrophobic
track across the constriction, which suggests that maltose and linear oligosaccharides
may be translocated across the membrane by guided diffusion along this path.

Maltoporin (1), originally discovered as
the receptor of bacteriophage N\ (2), forms
three water-filled channels across the outer
membrane of Gram-negative bacteria (3).
The maltoporin gene lamB (4) is part of the
maltose regulon (5), which encodes the
other proteins required for uptake and me-
tabolism of maltose and linear maltooligo-
saccharides. For maltoporin, a sugar binding
site with a dissociation constant of 1074 M
has been postulated (6, 7).

Crystals of maltoporin from E. coli con-
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taining one trimer in the asymmetric unit
(Table 1) were obtained as described (8).
The structure was solved by a native
Patterson correlation method (9), yielding
the position of the local triad, followed by
molecular averaging. After phase exten-
sion from 8 to 3.1 A resolution, the result-
ing map was of high quality and allowed the
entire polypeptide chain of 421 residues to
be traced. The model has been partially
refined with strict noncrystallographic sym-
metry constraints (10).

The scaffold of the monomer (Fig. 1) is
an 18-stranded antiparallel B barrel form-
ing a channel. Strands are connected to
their nearest neighbors by long loops and
turns. The loops are found at the end
of the barrel that is exposed to the cell
exterior. Three of them (L1, L3, and L6;
Fig. 1) fold into the barrel and are, togeth-
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er with loop L2 from an adjacent subunit,
packed against the inner wall of the bar-
rel and line the channel. The remaining
loops form a compact structure at the cell
surface.

Subunit interactions within the stable
trimer structure (Fig. 2) involve peripheral
contacts between L1 and L5, in addition
to large parts of the barrel and loop L2
close to the molecular symmetry axis. A
hydrophobic area encircles the trimer lat-
erally and would match the core of the
membrane in vivo. It is formed predomi-
nantly by short aliphatic residues. Eleven
of those 14 transmembrane B strands that
contribute to this area are flanked by ar-
omatic residues at the nonpolar-polar
boundary. Three polar residues, Asn?28,
Asp?™, and Tyr?®8, are also located within
the hydrophobic zone. Their compatibility
with the environment of low dielectric
constant is likely due to saturation of their
hydrogen-bonding potential by mutual in-
teractions. Resemblance of the maltoporin
fold to that of nonspecific porins is obvi-
ous, although there is no detectable se-
quence homology, and nonspecific porins
are about 80 residues shorter and form
16-stranded barrels with a single internal

Fig. 1. Schematic drawing of the maltoporin
monomer. The cell exterior is at the top and the
periplasmic space is at the bottom. The area of
the subunit involved in trimer contacts is facing the
viewer. The 18 antiparallel B strands of the barrel
[shear number (24) = 22] are represented by ar-
rows. Strands are connected to their nearest
neighbors by loops or regular turns (25). Loops L1
(blue), L3 (red), and L6 (green) fold inward toward
the barrel (see also Fig. 3A). L3 (red) is the major
determinant of the constriction site. The yellow
bond symbolizes the disulfide bridge Cys?2-Cys3®
within L1. Loop L2 (facing the viewer) latches onto
an adjacent subunit in the trimer. Loops L4 to L6
and L9 form a large protrusion. The horizontal
lines delineate the boundaries of the hydrophobic
core of the membrane as inferred from the hydro-
phobic area found on the molecular surface. All
figures were prepared with the program O (23).



