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nent mixture. These amphiphilic molecules, through a
combination of hydrophobic effects and m-stacking
interactions, might intercalate into the organic shell
of 3 and thereby expand its dimensions as similar
effects have been observed in both natural and abi-
otic systems. For example, the morphology of lecithin
vesicles can be modified by incorporating cholesterol
molecules into the hydrophobic regions of the mem-
brane interface (77). Amphiphilic molecules that
were evaluated include the Na salts of benzenesul-
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fonic acid, benzoic acid, and phenol. Success was not
met in these cases, and this outcome was attributed
to the interference of these compounds with the
coordination of 2 to the lanthanide ions.

15. The tubular assembly crystallizes in the trigonal system,
space group P3,12 (number 151),a = b = 30.4533(11)
A and ¢ = 16.2800(8) A, V = 13075.4(9) A3, Z = 3,
Peatc = 1.733gcm™3,R, = 0.105 [/ > 20(/)], and A(Mo
Ka) = 0.70930 A; standard errors in the last decimal
place are given in parentheses. Details of the x-ray

Hafnium Isotope Stratigraphy
of Ferromanganese Crusts

Der-Chuen Lee,” Alex N. Halliday,? James R. Hein,?
Kevin W. Burton,* John N. Christensen," Detlef Giinther®

A Cenozoic record of hafnium isotopic compositions of central Pacific deep
water has been obtained from two ferromanganese crusts. The crusts are
separated by more than 3000 kilometers but display similar secular variations.
Significant fluctuations in hafnium isotopic composition occurred in the Eocene
and Oligocene, possibly related to direct advection from the Indian and Atlantic
oceans. Hafnium isotopic compositions have remained approximately uniform
for the past 20 million years, probably reflecting increased isolation of the
central Pacific. The mechanisms responsible for the increase in &7Sr/%6Sr in
seawater through the Cenozoic apparently had no effect on central Pacific

deep-water hafnium.

Variations in the radiogenic isotope compo-
sition of seawater through time have the po-
tential to provide information on changes in
continental weathering, ocean floor hydro-
thermal activity, and ocean circulation (/-3)
and their relation to tectonic and climatic
events (4—6). Isotopic records of Sr, Nd, and
Pb in ferromanganese crusts from all the
major ocean basins have been used to study
secular variations of seawater (7-13). Be-
cause of analytical difficulties, Hf isotopes
have received little attention until recently
(14). Here, we present the first high-resolu-
tion and precise Hf isotopic profiles for two
ferromanganese crusts dredged from central
Pacific seamounts in an attempt to constrain
the evolution of Hf isotopes in central Pacific
deep water.

The Hf isotopic composition of seawater
has yet to be measured directly but might be
expected to be far more variable than that of
Nd for the following reasons. First, the mag-
nitude of Hf isotopic variations that result
from the time-integrated effects of mantle
melting and igneous processes is about twice
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that of Nd (/5). Second, during weathering,
Lu/Hf and Hf isotopic compositions display
extreme variability because of selective re-
tention of unradiogenic Hf in the resistant
mineral zircon, which tends to be concentrat-
ed in coarse coastal and fluvial sands (6).
This contrasts with the lack of erosional and
sedimentary fractionation in the Sm-Nd sys-
tem (2). Third, radiogenic Hf appears to enter
seawater through ocean hydrothermal sys-
tems (14, 17), in contrast to the efficient
scavenging of rare earth elements around
vents (I6).

The outermost surfaces of ferromanga-
nese nodules (/9) and crusts (/4) have geo-
graphically heterogeneous Hf isotopic com-
positions, suggesting a residence time in sea-
water that is shorter than the turnover time of
the deep oceans. The Hf isotopic composition
of crusts from the Pacific is relatively radio-
genic compared to those from the Atlantic
(14, 19), consistent with the ages of the sur-
rounding continental areas (/4, 19). Howev-
er, these oceanic variations in Hf are no
greater than those found for Nd, which (given
the significant isotopic variations in input)
implies that the residence time for Hf is
probably longer than that of Nd. A major
change in the relative importance of a partic-
ular flux should therefore produce a change
in the regional Hf isotopic composition of
seawater, but Hf may be fairly homogeneous
within an area such as the Pacific Ocean.

We analyzed two ferromanganese crusts,
CD29-2 and D11-1, dredged from central Pa-
cific seamounts at water depths of 2.3 and 1.8
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km, respectively (20). Both crusts grew
throughout most of the Cenozoic and have been
studied intensively (10—12, 20, 21), and their
growth history and state of preservation are
well understood. We sliced ~0.5 mm samples
through the crusts, each equivalent to a growth
interval of about 0.3 million years (My), based
on '°Be chronology and extrapolation (/7). A
series of samples with average age differences
of =1 My were analyzed (22).

Both crusts exhibit variations in Hf isoto-
pic composition of about 4e, (22) (Fig. 1)
and have present-day Hf isotopic composi-
tions that are comparable to those of other
hydrogenous crusts from the Pacific (14, 19).
The two crusts display similar systematic
fluctuations in their Hf records from the ear-
liest Eocene until about 20 million years ago
(Ma). The &y, is especially high in both crusts
at 25 to 24 Ma and at 33 to 32 Ma and is low
at ~28 Ma. The slight offset in these changes
between the crusts can be accounted for by
the uncertainty of the extrapolated Co and
19Be ages (Fig. 1) (21). The more extensive
record for D11-1 shows a major dip and rise
in the Eocene, and low values at about 44 and
40 Ma. Both crusts display a slight rise in e,
between 20 and 6 Ma, but the effect is small
(Fig. 1).

Phosphatization is a common feature among
thick ferromanganese crusts from the Pacific
(23), and both CD29-2 and D11-1 show evi-
dence of phosphatization before 26 Ma and
before 20 Ma, respectively (/1, 23). However,
P concentrations vary by an order of magnitude
through the phosphatized interval of each crust
(11, 23). There is no sign in either crust that the
Hf isotopic composition or the Lu/Hf ratio var-
ies with P (Fig. 1). Furthermore, despite very
different phosphatization records, the major
fluctuations in Hf isotopic composition for the
two crusts are well correlated. As a conse-
quence, phosphatization has clearly been of
negligible importance to the Hf isotope compo-
sitions. Diagenesis is also unlikely to alter the
long-term Hf isotope records in ferromanga-
nese crusts (24).

Instead, we consider that the Hf isotopic
variations reflect gradual modification of
central Pacific deep water by changes in
sources and circulation through time. That
these two crusts, separated by more than 3000
km, yield comparable isotopic compositions
indicates that the ambient seawater, central
Pacific deep water, has always remained
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well-mixed in terms of Hf isotopes. This
confirms the view that the residence time of
Hf is reasonably long and has remained so
~ throughout most of the Cenozoic. There is no
correlation between the Hf isotope records
and independent estimates of spreading rate
or volcanic activity in circum-Pacific arcs
(Fig. 1) (25). Similarly, the enhanced hydro-
thermal activity on the East Pacific Rise dur-
ing the past 20 My (26) is not mirrored in the
Hf record (Fig. 1). Thus, Hf does not seem to
be a sensitive tracer for ocean floor hydro-
thermal activity (14, 17).

The records imply that the Hf isotopic
composition (g, = +6 * 1) of central Pa-
cific deep water was constant over the past 20
My. In addition to the major changes in Pa-
cific volcanism and hydrothermal activity
over this period, Earth experienced acute co-
eval changes in tectonics and climate. Yet
even before 20 Ma the average composition
(egr = 16 * 2) was very similar to what it is
today. Consequently, any satisfactory theory
to account for the Hf isotopic composition of
seawater must predict why a region the size
of the central Pacific that admixes Hf from
such a large area sustains a reproducible Hf
isotopic composition for so long.

Published Nd isotopic records for CD29-2
and D11-1 were not very comprehensive
(11); we therefore obtained Nd isotopic com-
positions of selective samples from D11-1
corresponding to times of major systematic
shifts in Hf (48 to 28 Ma; Fig. 2). In general,
Nd isotopic compositions of both crusts be-
came more radiogenic up until ~4 Ma when
€44 decreased (Fig. 2), indicating very differ-
ent behavior from Hf. Nd and Hf isotopic
compositions of the outermost surfaces of
most ferromanganese nodules are correlated
from all the major ocean basins (/9). How-
ever, our data imply that changes in Hf and
Nd isotopes in seawater in the central Pacific
were decoupled throughout much of the Ce-
nozoic and that the transport of Nd and Hf
must be different.

No general relation is found between Hf and
Pb isotope records in either crust (Fig. 2). How-
ever, some parallel features are seen, such as
low points in the 2°7Pb/2°°Pb ratios and &, at
around 15 Ma in CD29-2. The much stronger
maximum in Pb isotopes at ~10 Ma is, how-
ever, not found in Hf. In D11-1, a sharp decline
in & and 297Pb/2%Pb ratios occurs between 24
and 21 Ma, but the major decrease in Hf around
28 Ma is not reflected in Pb. Overall, the well-
defined variations in Pb and Nd isotopic com-
positions in central Pacific seawater during the
past 20 Ma are not paralleled by variations in
Hf isotopes (Fig. 2). This is consistent with Hf
having a longer residence time and therefore
recording mixing of a larger region of ocean
water than Nd and Pb. Therefore, Hf isotopes
should preserve a better correlation with larger
scale changes, and a more appropriate compar-
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ison might be with the timing of global changes
in erosion and ocean circulation.
The best monitors of global changes in

Fig. 1. Initial e, (e,45)

erosion come from the position of the carbon-
ate compensation depth, ocean sediment vol-
ume, and the marine 37St/%6Sr record (27).

10 T
versus age for CD29-2
and D11-1 combined,
and Lu/Hf ratios versus
age for selected samples
from CD29-2 and D11-1

(22). The estimated pro- g
ductions of oceanic W
crusts and volcanic arcs E

over the same period of
time (25) are also plot-
ted for comparison. The
timing of phosphatiza-

— T T
~ w Estimated age yncertainties -~
| j

4 ﬁ% ﬁ

‘«—— Phos. (CD29-2) —>

«— Phds. (D11-1) —>

tion (77) for CD29-2 (26 —— i

Ma) and D11-1 (20 Ma) o . . = @ o3| ! ) ]
are shown by vertical = 0.08 | R ! o Di

dashed lines. The uncer- ‘—% A - B 00 g o 1
tainty of "Be chronolo- 3 o.04} Wtigm =) ]
gy increases with age, € I:tbfq':;. E:I,Tiﬂ T 1
and is estimated to be 2 | L .

=2 My at ~10 Ma (77).
No age uncertainty is
given for Co-based chro-
nology (27), and the
minimum age uncer-
tainty at =30 Ma was
estimated assuming a

Ocean Crust
(106 km*/myr)

(afu/axy 401)
SOIY JIUBI[OA

15

linear increase of the un- 0 10 20 30 40 50
certainty based on the "Be chronology (77). Age (Ma)
10 , . —— . 0.84 Fig. 2. Patterns of Hf, Pb,
i and Nd isotopic records
: w Versus age for CD29-2 and
8 ! »-3 D11-1. The Pb data are tak-
! o en from (72), and Nd data
g A B are from (77) and this
w E =  study.
—Pb; ——Hf ' 1083 <
T + 20y, 27Pb/2%Ph i<— Phos, —> -
10 f f —— {
13
8 3 ]
- : la o
£ ) ‘g
W o6 ; 1
—Nd; ——Hf ; 5
T +20y,eNg; ; -
!
-10.839
13
3
= 0837
= S
@ e
=
-0.835
3
m
= Z
& 4 5
—Nd; ——Hf|
I +20u,eNg; | v
4 ! I . T 5
0 10 20 30 40 50
Age (Ma)

13 AUGUST 1999

1053



1054

The Sr isotope record shows that seawater
became more radiogenic rapidly through
the Oligocene (from ~34 Ma), then more
gradually in the early to mid-Miocene (~18
Ma). This pattern is commonly thought to
reflect increased weathering accompanying
the uplift of the Himalayas and the onset of
southern and northern hemisphere glacia-
tions (27). The time interval from 34 to 18
Ma encompasses the major changes in Hf
isotopic composition. If weathering was
more intense from 34 to 18 Ma, this may
have also affected the Hf record. However,
such an explanation does not account for
the observation that 87Sr/%6Sr has continued
to in€rease since 18 Ma, whereas e, sta-
bilized after 20 Ma. Furthermore, the early
(Eocene) Hf records of the crusts show
large fluctuations, yet this was a time of
extremely low weathering accompanied by
steady and less radiogenic 37Sr/26Sr. There-
fore, changes in the weathering style appear
to have had no predictable effect on Hf
isotopic composition. Given their even
shorter residence times, a Nd or Pb record
in ferromanganese nodules and crusts that
accurately depicts large-scale changes in
continental . weathering is considered un-
likely (9, 13).

Major changes in Pacific Ocean circula-
tion are a more reasonable explanation for
the change from a variable to a constant Hf
isotopic composition at about 20 Ma. Cir-
culation changes relevant to Hf isotopes are
those caused by the closing of gateways
and those that increase the efficiency of
ocean water mixing. Two major gateways
may be important in this respect. During
the early Cenozoic a major gateway existed
north of Australia, which was at that time
still located close to Antarctica (3). This
deep Indonesian seaway would have al-
lowed rapid egress of equatorial waters di-
rectly from the Indian Ocean into the Pa-
cific. During the Eocene and Oligocene this
gateway closed as Australia migrated
northward. Today, Indian Ocean water
mixes with circum-Antarctic water south of
Australia before northward migration into
the Pacific (3). Since 20 Ma, Hf from the
Indian Ocean has possibly been removed
before northward-advected Antarctic deep
water reached the central Pacific. During
the Eocene there would have been easy
direct access, so that any major changes in
erosion and plate reorganization in the In-
dian Ocean would have had a direct effect
on Pacific Ocean Hf. Also, the Panama
gateway separated North and South Amer-
ica and would have allowed communication
between the Atlantic and Pacific oceans
until the mid-Miocene, when it started to
shallow and close. The present-day Hf iso-
topic composition of Atlantic seawater is
significantly less radiogenic than those of
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the Pacific and Indian oceans, which are
about the same (/4). The similarity in Hf
isotopic compositions between the Indian
and Pacific oceans is difficult to reconcile
with the view that the closure of the Indo-
nesian gateway had a significant influence
on central Pacific Hf (14, 19). Whether this
similarity extends back through the Ceno-
zoic is a matter for further study. The dif-
ferences between the Hf isotopic composi-
tions of the Atlantic and Pacific extend
back through the Cenozoic (28). It there-
fore seems plausible that, in the early Ceno-
zoic, Atlantic water was able to flow west-
ward into the Pacific Ocean and mix with
central Pacific deep water. This would be
consistent with Pb isotopic data (/2). The
second kind of change in circulation that
may have developed as a consequence of
climate change is an increase in the vigor
of mixing within the Pacific itself, such that
the admixing of heterogeneities from the
north and south Pacific became more thor-
ough. It has been suggested on the basis of
Pb isotopic data that the mixing efficiency
of the central Pacific increased through the
Cenozoic (/2). However, further data for
other Pacific crusts are needed to confirm
or refute this theory. What is clear is that
with the present relative isolation of central
Pacific deep water, Hf isotopic composi-
tions largely reflect the average of net in-
puts from around the Pacific basin. It is
striking that the composition of these inputs
has not changed through the past 20 My.
Therefore, the changes in 87St/%Sr in the
global seawater record must reflect chang-
ing inputs outside the vicinity of the Pacific
Ocean or processes that do not affect Hf.
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