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Abstract

The inorganic silicate fraction extracted from bulk pelagic sediments from the North Pacific Ocean is eolian dust. It
monitors the composition of continental crust exposed to erosion in Asia. '7°Lu/'7"Hf ratios of modern dust are sub-
chondritic between 0.011 and 0.016 but slightly elevated with respect to immature sediments. Modern dust samples
display a large range in Hf isotopic composition (IC), —4.70 < gyr < +16.45, which encompasses that observed for the
time series of DSDP cores 885/886 and piston core LL44-GPC3 extending back to the late Cretaceous. Hafnium and
neodymium isotopic results are consistent with a dominantly binary mixture of dust contributed from island arc
volcanic material and dust from central Asia. The Hf-Nd isotopic correlation for all modern dust samples,
enr =0.78eng+5.66 (n=22, RZ=0.79), is flatter than those reported so far for terrestrial reservoirs. Moreover, the
variability in egr of Asian dust exceeds that predicted on the basis of corresponding eng values (—4.7 < eye < +2.5;
—10.9 < éeng <—10.1). This is attributed to: (1) the fixing of an important unradiogenic fraction of Hf in zircons,
balanced by radiogenic Hf that is mobile in the erosional cycle, (2) the elevated Lu/Hf ratio in chemical sediments
which, given time, results in a Hf signature that is radiogenic compared with Hf expected from its corresponding Nd
isotopic components, and (3) the possibility that diagenetic resetting of marine sediments may incorporate a
significant radiogenic Hf component into diagenetically grown minerals such as illite. Together, these processes may
explain the variability and more radiogenic character of Hf isotopes when compared to the Nd isotopic signatures of
Asian dust. The Hf-Nd isotope time series of eolian dust are consistent with the results of modern dust except two
samples that have extremely radiogenic Hf for their Nd (egr = +8.6 and +10.3, eng = —9.5 and —9.8). These data may
point to a source contribution of dust unresolved by Nd and Pb isotopes. The Hf IC of eolian dust input to the oceans
may be more variable and more radiogenic than previously anticipated. The Hf signature of Pacific seawater,
however, has varied little over the past 20 Myr, especially across the drastic increase of eolian dust flux from Asia
around 3.5 Ma. Therefore, continental contributions to seawater Hf appear to be riverine rather than eolian. Current
predictions regarding the relative proportions of source components to seawater Hf must account for the presence of
a variable and radiogenic continental component. Data on the IC and flux of river-dissolved Hf to the oceans are
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urgently required to better estimate contributions to seawater Hf. This then would permit the use of Hf isotopes as a
monitor of past changes in erosion. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The isotopic compositions (ICs) of Nd, Pb and,
most recently, Hf in ferromanganese crusts are
widely used to constrain the history of continental
erosion and ocean circulation. Hafnium isotopes
have become particularly promising as an ocean
tracer because the mean oceanic residence time of
Hf appears to be longer than that of Nd [1-4] but
shorter than the global seawater mixing time of
circa 1500 yr [5]. The degree of variation in the Hf
IC of continental source materials can be expected
to be more pronounced than that of Nd since the
time-integrated effects of igneous processes are es-
timated to be about twice that of Nd [6]. How-
ever, recent refinements point to a factor of ca.
1.4 [7]. Lu/Hf ratios are variable in sedimentary
rocks because of selective retention of Hf in
highly resistant zircon grains [1,8], while little ero-
sional and sedimentary fractionation is docu-
mented for the Sm—Nd system (e.g. [9]). It also
appears plausible that radiogenic Hf may enter
seawater through mid-ocean ridge (MOR) hydro-
thermal activity [1,2], while rare earth elements
(REE) are effectively scavenged from vents [10,
11].

Sediments recycled multiple times such as eoli-
an dust from central Asia are characterized by ey
values that are more variable and radiogenic than
expected from their corresponding, virtually con-
stant eng [12]. Based on this observation it was
concluded that the Hf IC of the continental flux
to oceans is probably more radiogenic than ex-
pected and might not be estimated reliably by
using a linear eyf—éeng relationship [12].

For the central Pacific Ocean, Hf isotope pro-
files are now available for three ferromanganese
crusts, CD29-2 and D11-1 [3], and VAI13/2 [4],
complementing time series of Nd and Pb isotopes
from the same crusts [13-15]. egr data show little
temporal variation during the past 20 Myr

(+6 < egr < +8). This is surprising given the large
variability in potential sources (riverine, eolian
and MOR hydrothermal) and the lithologic and
geochemical diversity (volcanic island arcs, sedi-
ments and basement rocks) and evolution of sur-
rounding landmasses such as progressive buildup
of the Himalayan chain and associated desertifi-
cation of central Asia. The Hf isotopic time series
of the Pacific ferromanganese crusts were inter-
preted [3] to indicate a comparatively long sea-
water residence time of Hf in central Pacific
deep water, longer than that of Nd and Pb.
Therefore, Hf may record a well mixed, basin-
wide signal. In contrast, modern ferromanganese
nodules [16] and crusts [2,4] in different geo-
graphic locations show heterogeneous Hf ICs,
suggesting a residence time of Hf in seawater
that is shorter than the turnover time of the
deep oceans. This suggests that provincial inputs
of Hf (large rivers, eolian dust plumes) would be
resolvable. Therefore, variations in response to
migration of the crust growth site beneath zones
of different ocean currents and input patterns
should be recorded in Hf isotopic time series of
ancient seawater.

Considerable uncertainty in how to interpret
isotopic records of seawater Hf primarily stems
from the poor knowledge of source characteristics
and fluxes for Hf isotopes. The continental ero-
sional component has remained essentially un-
known. Erosional products, in addition to the
chemical weathering of island arc volcanic (IAV)
rocks, enter the oceans through rivers as sus-
pended or dissolved loads, or as eolian dust,
transported by strong winds over large distances.
Hafnium isotopes in the terrestrial system, to a
first approximation, behave fairly coherently
with Nd isotopes [7]. However, as with Nd iso-
topes [17], considerable fractionation has been ob-
served between turbidite sand and corresponding
muds for Hf [7] — sedimentary sorting appears to
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be an important process that may well generate
specific source characteristics for very fine-grained
particles in the erosional cycle.

This contribution reports the first comprehen-
sive set of data on the Hf IC and abundances of
Lu and Hf of eolian dust extracted from Pacific
pelagic sediments. These data provide a record of
the mean Lu-Hf isotope characteristics of large
areas exposed to erosion in central Asia since
the Oligocene. Particular emphasis was placed
on sample dissolution procedures in order to con-
strain Hf isotope characteristics of different host
minerals for assessing possible effects of incongru-
ent chemical weathering. A geographic distribu-
tion pattern downwind of the central Asian dust
source and two time series of dust deposition are
used to characterize the extent to which Hf, Nd
and Pb isotopes are correlated in dust. These data
also provide a first order estimate of the IC and
flux of dust-bound Hf to seawater, which may
help to constrain the Hf IC for the erosional com-
ponent from continents.

2. Samples and analytical techniques

Sample selection for Lu—Hf isotopic analysis
was aimed at constraining the geographic distri-
bution and the temporal evolution of the Hf ICs
of dust deposited in the central North Pacific
Ocean guided by published Nd isotope data [18-
20]. Samples from the North-West Pacific margin
essentially consist of a binary mixture of dust
from central Asia and IAV material mixed in var-
ious proportions. Modern dust deposited in the
central North Pacific is predominantly Asian
dust [18,19,21]. Lu-Hf concentrations and Hf iso-
topic time series were obtained for two sediment
cores, the composite record of Ocean Dirilling
Program (ODP) Site 885/886 [22-25] and the
well studied large-diameter piston core LL44-
GPC3 (hereafter named GPC3 [26-31]). Sample
localities are shown in Fig. 1.

The eolian inorganic silicate fraction, termed
dust, was extracted from the bulk sediments fol-
lowing procedures outlined in detail by Snoeckx
et al. [24]. This extraction procedure comprised
the following steps. Fe-Mn oxi-hydroxides and
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Fig. 1. Map of the North Pacific Ocean and adjacent conti-
nents showing sample locations and the predominant track
of dust transport from central Asia (dashed arrow, after
Merrill [43]). The central North Pacific dust province [19,44]
is stippled. Modern dust samples analyzed in this study are
shown in open diamonds, sites of GPC3 and composite stra-
tigraphy 885/886 time series are indicated by black diamonds.
Bulk pelagic red clays [2,16,7] are shown in open squares;
samples Rama BC15R and Rama BC20 [2] are from the im-
mediate vicinity of GPC3, hence not shown separately. Black
dots show ferromanganese crusts (labeled) for which Hf iso-
topic time series are available.

zeolites, including any hydrogenetic and hydro-
thermal deposits, were removed by a hot sodium
dithionite—sodium citrate solution buffered with
sodium bicarbonate. Biogenic silica (opal) was re-
moved using sodium hydroxide. The residue was
dried. It provided the starting material for sam-
ples analyzed here (100 mg dry sample splits) as
well as for published work [18,19,22,26] to which
our data can be related. It is important to note
that this established extraction procedure for ob-
taining the eolian inorganic silicate fraction of
bulk pelagic sediments does not guarantee that
elements not structurally bound in dust are quan-
titatively removed. Therefore, the dust samples
were first leached in a 1 M ammonium acetate
solution, in order to remove contamination from
exchangeable sites of clays or adsorbed onto the
sample surface. While this leachate fraction
amounted to several percent for Nd and Sr [22],
it was always below 1% of the total for Hf. This
extra cleaning step has thus been aborted for sub-
sequent samples (Table 1). Chemical cleaning us-
ing a stronger acid treatment was considered in-
appropriate because strong acids are capable of
leaching lattice-bound cations from clays. It is
possible that the ammonium acetate cleaning pro-
cedure was too weak to remove Hf adsorbed to
the dust particle surfaces. The Hf IC obtained



Table 1
Lu-Hf and Nd isotope data for modern and time series samples of eolian silicate dust extracted from sediments of the North Pacific Ocean
Sample Coordinates Core Water Dissolution Strat. Lu Hf 6 Lu/"THf TSHf'THf  +2 SEM. &y +2 SEM. &ng +2 SEM.
depth depth procedure? Age abs.? abs.? abs.?
(cm) (m) (Ma) (ppm) (ppm)
North Pacific margin province
RP20C72-01GC 21°18'N; 139°59'E 0-3 4699 WB, WS 0.1 0.3911 3.926 0.0141 0.282883 +8 +3.93 £0.28 —2.98 +0.20 [19]
RP20C72-01GC 21°18'N; 139°59'E 0-3 4699 WB, WS 0.1 0.4012 3.741 0.0152 0.282927 + +547 £0.36 —2.98 +0.20 [19]
RP20C72-01GC 21°18'N; 139°59'E 0-3 4699 S, B 0.1 0.4015 3.858 0.0147 0.282868 +3.39  +0.32 —2.98 +0.20 [19]
RC14-105 39°24'N; 157°18'E 34-35 5630 WB, WS 0.1 0.5153 6.420 0.0114 0.282814 +147 *0.22 +0.88 +0.20 [18]
RC14-105 39°24'N; 157°18'E 34-35 5630 WB, WS 0.1 0.5195 6.466 0.0114 0.282798 +0.90 £0.20 +0.88 +0.20 [18]
RC14-105 39°24'N; 157°18'E 34-35 5630 WB, WS 0.1 0.5170 6.408 0.0114 0.282808 +7 +1.26  *0.26 +0.88 +0.20 [18]
V20-122 46°18'N; 161°24'E 26-28 5563 WB, WS 0.1 0.3526 3.997 0.0125 0.282856 + +2.95 *0.28 —0.49 +0.20 [18]
V20-122 46°18'N; 161°24'E 26-28 5563 WB, WS 0.1 0.3586 4.009 0.0127 0.282868 9 +340 £0.32 —0.49 +0.20 [18]
V20-122 46°18'N; 161°24'E 26-28 5563 WB, WS 0.1 0.3628 4.062 0.0127 0.282863 +8 +3.22  £0.30 —0.49 +0.20 [18]
V20-122 46°18'N; 161°24'E 26-28 5563 RB 0.1 0.0012 0.055 0.0032 nm nm
V20-122 46°18'N; 161°24'E 26-28 5563 RB 0.1 0.0015 0.101 0.0021 nm nm
V20-122 46°18'N; 161°24'E 26-28 5563 RB 0.1 0.0009 0.059 0.0021 nm nm
Vinogra- 53°42'N; 165°01'E 4-7 3960 WB, WS 0.1 0.3122 3.442 0.0128 0.283083 +10 +11.01 *£0.36 +3.76 +0.50 [19]
dov1917GGC
Vinogra- 53°42'N; 165°01'E 4-7 3960 WB, WS 0.1 0.3357 2.669 0.0178 0.283139 +8 +12.99 £0.28 +3.76 +0.50 [19]
dov1917GGC
Vinogra- 53°42'N; 165°01'E 4-7 3960 S, B 0.1 0.3407 2.879 0.0168 0.283237 +11 +16.45 £0.40 +3.76 +0.50 [19]
dov1917GGC
TT49-18AC 41°01'N; 150°01'E 0-3 5185 WB, WS 0.1 0.3556 3.772 0.0134 0.282867 +8 +3.35  £0.30 —5.19 +0.20 [19]
Y70-1-12MG1 45°04'N; 157°25'W 0-3 5372 WB, WS 0.1 0.3806 4.099 0.0132 0.282742 + —1.06 *0.36 —8.41 +0.20 [19]
Y74-2-31MG2 20°15'N; 113°57'W 0-3 3590 WB, WS 0.1 0.3208 4.509 0.0101 0.282765 +11 —0.25 £0.40 —6.30 +0.10 [19]
North Pacific central province
RP20C72-04GC 24°50'N; 156°12'E 0-3 5262 WB, WS 0.1 0.3879 4.054 0.0136 0.282705 +11 =237 *0.40 —10.10 +0.20 [19]
RP20C72-04GC 24°50'N; 156°12'E 0-3 5262 WB, WS 0.1 0.3483 4.163 0.0119 0.282842 +9 +248 *0.32 —10.10 +0.20 [19]
RP20C72-04GC 24°50'N; 156°12'E 0-3 5262 S, B 0.1 0.3357 4317 0.0110 0.282802 +1.06 *0.34 —10.10 +0.20 [19]
Y74-2-35MG3 22°35'N; 129°20'W 0-3 4647 WB, WS 0.1 0.3584 4.236 0.0120 0.282661 +8 =393 £0.30 —10.90 +0.40 [19]
Y74-3-6OMG4 33°26'N; 151°01'W 0-3 5524 WB, WS 0.1 0.3845 4.528 0.0120 0.282639 +7 —4.70 £0.24 —10.77 +0.40 [19]
Scan-10PG 13°52'N; 140°10'W 5-7 4864 WB, WS 0.1 0.3255 4.399 0.0105 0.282724 +7 —=1.70 +0.26 —10.24 +0.10 [19]
KK75-PCOD.03 33°22'N; 169°05'E 0-4 5736 WB, WS 0.1 0.3747 4.157 0.0128 0.282654 +11 —4.17 %040 —10.48 +0.20 [19]
Downcore 885/886
A-2H-5 44.7°N; 168.3°W 1360 5710 WB, WS 2.4 23] 0.4137 5.535 0.0106 0.283015 +8 +8.58  *£0.28 —9.54 +0.14 [22]
A-3H-1 44.7°N; 168.3°W 2000 5710 WB, WS 3.2 23] 0.4084 6.083 0.0095 0.283064 + +10.32 +0.30 —9.83 +0.12 [22]
A-4H-6 44.7°N; 168.3°W 3687 5710 WB, WS 5.9 23] 0.4068 6.533 0.0088 0.282764 + —0.28 +0.28 —10.16 +0.12 [22]
A-5H-5 44.7°N; 168.3°W 4723 5710 WB, WS 7.4 [23] 0.3687 5.633 0.0093 0.282663 + —3.87 +0.28 —10.01 +0.14 [22]
A-6H-4 44.7°N; 168.3°W 5517 5710 WB, WS 11.1 [23] 0.3050 5.989 0.0072 0.282750 + —0.79 £0.26 —9.03 +0.10 [22]
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Table 1 (Continued).
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55767

WB, WS

not measured.
* Describes the type of sample dissolution procedure (see text): S=surface cleaned; WS

nm=

without

=bomb fraction included; WB=

without surface cleaning; B

bomb fraction; RB =residue from beaker dissolution bombed and processed as an isolated ID sample.

b Two standard error of the mean on the last digits quoted.

here, however, do not correlate with the mean
grain size of the dust [21] as would be expected
for an important contribution of radiogenic Hf
adsorbed to the sample surface (radiogenic Hf
from hydrogenetic or hydrothermal components
dissolved during extraction and adsorbed on the
silicate fraction of the dust). Therefore, extrane-
ous Hf adsorbed onto the dust sample surface
appears not to pose a problem here. Note that
all dust samples were extracted according to the
same procedure, hence relative differences in Hf
ICs are considered to be robust.

Various dissolution techniques have been ex-
plored in order to better characterize the carrier
phases of Lu and Hf in the dust. Dry sample
splits were dissolved in Savillex screw-top beakers
(HF:HNO3~9:1) at 110°C for 5 days, repeatedly
stirred in an ultrasonic bath. This yielded non-
reproducible eyr values in some cases, indicating
that such splits are inhomogeneous with respect to
their Hf IC or that refractory minerals (mainly
zircon) were only partially attacked during con-
ventional beaker dissolution of the dust. In order
to evaluate the importance of such refractory
minerals for the Hf in dust, dry splits of a few
samples were dissolved in various ways. (a) Savil-
lex screw-top beaker-only dissolutions as above,
(b) Savillex screw-top beakers, centrifuged, super-
natant solution pipetted off and any residue di-
gested in steel-jacketed bombs at 180°C for
5 days. Both fractions mixed together. (c) Some
residues of beaker dissolutions were spiked and
subsequently exposed to steel-jacketed bomb di-
gestion to determine Lu and Hf abundances (Hf
concentrations of these samples were too low for
high-precision Hf IC analysis).

Isotope dilution (ID) measurements of Lu and
Hf were made on aliquots from 6 N HCI-1 N HF
sample solutions and subsequently spiked with a
mixed "Lu—'7®Hf spike (which was checked bi-
monthly against Lu and Hf standard solutions).
Spike-sample equilibration was ensured by the
following procedure. The ID fraction was dried
and then dissolved in 500 ul 6 N HCI on the
hotplate to equilibrate Lu. This was then dried
and dissolved in 4 N HF and left overnight before
centrifugation and loading the Hf fraction on the
first column. The Lu fraction was taken from the
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insoluble residue (chiefly fluorides) centrifuged off
the Hf ID loading for the first column. Chemical
separation for Hf ID and Hf IC samples followed
the procedure described in Lee et al. [3]. Nd and
Pb fractions of some GPC3 duplicate samples pre-
sented in Pettke et al. [26] were taken from the
insoluble residue centrifuged off the first Hf IC
column loading. Purification of Lu was by cation
exchange chemistry on AG50W-X8 in HCI milieu
calibrated to collect a heavy REE fraction with
a single elution procedure. Total procedure Hf
blanks were always below 38 pg and therefore
negligible.

Multiple collector inductively coupled plasma
mass spectrometric measurements were made on
the Plasma 54 (P54) of VG Instruments at the
University of Michigan [32,33]. Replicate analyses
of the Hf standard JMC475 bracketing and
in between the Hf samples gave "Hf/'"Hf=
0.282157+ 11 (n=28), identical to the long-term
laboratory mean [3]. This corresponds to an ex-
ternal reproducibility of *0.4eyr at the 20 level.
All Hf ICs are expressed as e-values relative to
CHUR '"7*Hf/'7Hf=0.282772 [34]; all literature
enr values cited below have been recalculated ac-
cordingly.

3. Results

Hafnium ICs and abundances of Lu and Hf are
presented in Table 1. Modern dust samples dis-
play a range in Hf IC of —4.70 < gy <+16.45,
which encompasses that observed for the time se-
ries of Site 8§85/886 and GPC3.

Evaluation of the data obtained from dry sam-
ple splits processed individually as screw-top
beaker-only dissolutions resulted in different Hf
ICs for some samples (RP20C72-01GC, Vinogra-
dov1917GG, RP20C72-01GC) while others were
reproducible within the 26 uncertainty. This con-
trasts with the reproducibility obtained for Nd,
Pb and Sr isotopes on individually processed dry
sample splits [22,26] and suggests that such splits
may not always be identical with respect to their
Hf IC. Dry sample splits processed with various
dissolution techniques (i.e. with or without a
bomb-dissolution step) also reveal different Hf

ICs in some cases. ID Lu and Hf concentrations
of the isolated bomb fractions of one triplicate
sample (V20-122) accounted for up to 0.4 and
2.5% of the total sample Lu and Hf abundances.
The bomb-only fraction (i.e. the beaker residue
bombed subsequently) is characterized by '7°Lu/
7THf ratios around 0.003, which is typical for
zircon. It is, therefore, concluded that some
(sub-?) micrometer-sized zircons may be trans-
ported by wind for distances of several thousand
kilometers [12], possibly as mineral inclusions in
clays (former mica) or volcanic ash shards. This is
consistent with evidence from excess “He in sedi-
ments from the Ontong Java Plateau interpreted
to be hosted in zircon [35].

Screw-top beaker-only dissolutions gave repro-
ducible egr values for triplicate analyses of two
samples (RC14-105 and V20-122) and possibly
represent the fraction of the dust with little or
no contribution of zircon-hosted Hf. These data
also demonstrate the reproducibility of the ana-
lytical procedure. If the variability in Hf IC be-
tween dry sample splits processed in different
ways as described above is indeed caused by a
variable contribution of Hf from zircon, it would
suggest that dust contains several distinct popula-
tions of zircons each with its characteristic Hf IC.
For samples from the North-West Pacific margin
province, these zircon populations could corre-
spond to zircon from young IAV rocks and zircon
from central Asian dust. Multiple zircon popula-
tions may also be invoked to explain the hetero-
geneity in Hf isotopes for the triplicate analysis
of a sample from the central North Pacific
(RP20C72-04GC; eng=—10.1). Asian dust orig-
inates from sediments of the former Tethyan
ocean recycled multiple times as implied by the
uniform Nd and Pb ICs, the mean age of
the K-bearing clay minerals in the sediments
(~200 Ma) [22], and paleogeographic considera-
tions [36]. Multiply recycled sediments are likely
to contain various populations of zircon (IAV
rocks and mixed populations from continental
Asia) each possibly characterized by a distinct
Hf IC (note that a few micrograms of zircon
could make up to several percent of the total Hf
content in a bulk dust sample).

On the basis of the above considerations, and
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with the aim of assessing the geochemical cycle of
Hf in erosion, weathering and ultimately in sea-
water, it was decided to process further samples
with the screw-top beaker-only dissolution meth-
od. This way, most of the subordinate Hf fraction
of the dust fixed in zircons (up to a few percent of
the total according to our data in Table 1) is
avoided, the fraction of Hf that is excluded from
the hydro-geological cycle. The data presented be-
low may therefore help to constrain the geochem-
istry of the ‘mobile’ Hf fraction (i.e. the ‘non-zir-
con component’ as termed by White et al. [1]).

4. Implications

Hafnium ICs for modern dust vary between
egr = —4.5 and +16.2, with corresponding exg val-
ues between —10.9 and +3.8. Discussion of the
data is now done in two groups, modern samples
(i.e. depositional age younger than ~0.1 Ma) and
samples from Tertiary time series.

It is known from previous work [18-20] that
modern eolian dust in the North Pacific Ocean
is primarily composed of a binary mixture be-
tween TAV material and Asian dust. Comparison
of our results for modern dust with a model bina-
ry Hf-Nd mixing line between Asian dust and
IAV rocks (crosses on Fig. 2) reveals that most
samples fall on this mixing model. eyr values have
a weak negative correlation with Hf concentration
and have a weak positive correlation with "°Lu/
7THF ratios (not shown). These observations con-
firm that the principal source components for eo-
lian dust deposited in the North Pacific Ocean are
Asian dust and TAV material. Three samples de-
viate significantly from this binary mixing model,
however. Samples RC14-105 and V20-122 from
the northwestern Pacific are significantly less ra-
diogenic in &yr, sample RP20C72-04GC is more
radiogenic than expected from their correspond-
ing eng values. Calculation of a Hf-Nd isotopic
correlation for all analyses (n=22) of modern
dust samples, regardless of the outliers, results
in eur=0.78eng+5.66 (R2=0.79; solid line in
Fig. 2) that is flatter than the Hf-Nd isotopic
correlations published so far for terrestrial rocks
[6,7,37].
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Fig. 2. egr—eng correlation plot for modern (filled circles)
and ancient (1.5-11.1 Ma; open circles) eolian dust, and
bulk pelagic red clays (filled square) shown in relation to a
model binary mixing trend between IAV rocks [42,45] and
the central Asian dust (this work) end-member components
(end-members and 10% mixing increments marked with
crosses, respectively, tied with a thin dashed line). The gray
field corresponds to hydrogenous ferromanganese crusts and
nodules from the North Pacific deep ocean. The correlation
(thick solid line) for modern dust samples is flatter than all
terrestrial rock correlations defined so far, it approaches that
defined for ferromanganese crusts and nodules [16]. See text
for discussion.

Preliminary Hf isotopic time series of Asian
dust deposited during the past 11 Myr at two
different locations, the composite Site 885/886
and GPC3, conform well to the data obtained
for modern samples. Exceptions are two samples
from Site 885/886 (A-2H-5 and A-3H-1; Fig. 2),
the Hf ICs of which are far too radiogenic for
their corresponding eng and Pb [22,26] isotope
values. This bimodal distribution in &y may point
to the presence of two source contributions that
cannot be distinguished on the basis of Nd and
Pb isotopes alone. The presence of a source com-
ponent of continental dust with such unusual Hf-
Nd isotopic signatures itself is intriguing. More-
over, closer inspection of the Hf IC of the Asian
dust end-member component (—10.8 <éeng
< —9.0 and —4.7 < ggy < +2.5) reveals a variabil-
ity in egr (Fig. 3) that exceeds that predicted on
the basis of the Hf~Nd isotope correlations shown
in Fig. 2.

Source rocks for Asian dust are dominated by
Mesozoic Tethyan sediments that underwent dia-
genesis and/or cooling at ~200 Ma (as detailed in
[22]). During diagenesis, equilibration of radio-
genic isotope systems occurred between continen-
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tal detrital material and a hydrogenetic and/or a
hydrothermal source component, and this mixture
was then incorporated as initial isotopic signature
into diagenetically grown minerals such as the
abundant illite [25,30]. It is conceivable that a
radiogenic contribution of Hf originating from
MOR activity (that is not paralleled by a Nd or
Pb contribution) might account for the apparent
excess of radiogenic Hf for some of the Asian
dust samples. Alternatively, this may be a mass-
balance problem; hydrogenetic deposits are more
strongly enriched in Hf compared to Nd or Pb [2],
and an easily soluble contribution of radiogenic
Hf from hydrogenetic deposits during diagenetic
re-equilibration of the sedimentary pile could be
responsible. Finally, it is not known how effi-
ciently Hf, Nd and Pb redistribute during diagen-
esis; there could be a process that fractionates Hf
from Nd and Pb. Whatever the reasons, the ob-
servation remains that Asian dust is more radio-
genic and more variable in gy than expected from
its Nd IC. Most eg¢ values cluster between —0.3
and —4.7 (hence we chose as best estimate
eyr = —2.6 for the Asian dust end-member com-
ponent to calculate the binary mixing trend
shown in Fig. 2). For the same samples, !"°Lu/
THf ratios are uniform between 0.009 and
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Fig. 3. Distribution of ey values of pure central Asian dust
from the central North Pacific province, including the past
11 Myr of the time series 885/886 and GPC3 [22,26]. Bimo-
dal Hf isotopic variability is demonstrated for multiply re-
cycled sediments characterized by uniform Nd and Pb ICs
[18,19,22,26,44]. How common such radiogenic Hf signatures
are for unradiogenic Nd (‘other source’) remains uncertain to
date.
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Fig. 4. Lu/Hf ratios expressed as '7°Lu/!”’Hf for terrestrial

sediment types (this work and [1,7,8]) and CHUR [34] show

that central Asian dust closely corresponds to shales. Clastic

sediments typically show sub-chondritic, sediments containing

a hydrogenetic component tend to have super-chondritic
176 Lu/'""HS ratios.

0.014, hence tend to be lower than those of the
Pacific margin province, and do not correlate with
enr values. Therefore, radiogenic ingrowth of
76Hf since the dust source became a closed sys-
tem for Lu—Hf cannot account for the observed
variability in &gg.

Comparison of the few bulk central North Pa-
cific sediment data (pelagic red clays) from the
literature [1,2,8] with eolian dust from Asia sug-
gests that modern bulk deep sea sediments are
indistinguishable from the dust data in the ege—
eng array and plot between the Pacific seawater as
inferred from ferromanganese crusts and Asian
dust end-member components (Fig. 2). This pro-
vides confirmation that eolian dust supplies a ma-
jor component of the Hf-Nd inventory of central
North Pacific deep sea sediments.

Abundances of Lu and Hf of modern dust vary
between 0.34 and 0.42, and 3.4 and 6.5 ppm, re-
spectively, and the corresponding '7°Lu/!"Hf ra-
tios are sub-chondritic between 0.011 and 0.016
(Fig. 4). This compares well with the mean values
for shales ([Lu]=0.59 ppm, [Hf]=4 ppm, '°Lu/
7THf=0.016 [8]). Coarse-grained detrital sedi-
ments tend to have lower while hydrogenetic sedi-
ments have higher Lu/Hf ratios than dust. This
may be the combined result of a depletion of zir-
con in clay-rich sediments relative to immature
sandstones (the ‘zircon effect’, [1,8]), and it is con-
sistent with the observed increase of the REE/Hf
ratio with increasing degree of chemical weather-
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ing in sediments of the past 1.9 Gyr [8]. This ob-
servation points to an increase of the "Lu/!""Hf
ratios with progressive maturing of the dust
source, suggesting incongruent chemical weather-
ing as a possible process responsible for the frac-
tionation of Lu from Hf. Flemental fractionation
to such an extent is not observed for the Sm/Nd
system (e.g. [9]). As a consequence, multiple recy-
cling episodes of sediments with a hydrogenetic
component favor growth of authigenic or diage-
netic minerals which may incorporate an initial
Hf IC that is more radiogenic than that expected
on the basis of the corresponding Nd IC (by anal-
ogy with what would be expected for Neogene
bulk pelagic sediments of the central North Pacif-
ic Ocean). This feature will be enhanced for sedi-
ments that had enough time to evolve to more
radiogenic Hf (several tens of millions of years)
before isotopic resetting occurred in response to
sedimentary reworking or diagenesis. Eolian dust
from central Asia may be an excellent example for
such a source component. Asian dust is derived
from sediments of the paleo-Tethys, and these
may well contain a significant hydrogenetic or
hydrothermal component that is more radiogenic
in Hf isotopes than detrital continental material.
During diagenesis, this radiogenic component was
fixed by illite growth. Therefore, silicate sediments
in the Asian source terrain may have Hf IC that is
variable and more radiogenic than expected from
its Nd isotopic signature.

It is evident from ferromanganese crusts that
fairly uniform yet radiogenic Hf has dominated
central Pacific seawater for the past 20 Myr.
Modern Pacific [3,4] and Indian [38] ferromanga-
nese crusts fall on the radiogenic end of a trend
of roughly &pgr=0.5eng+7.5 described by ferro-
manganese nodules from the Atlantic and Pacific
Oceans [16,38]. This suggests that the radiogenic
Hf in the Pacific Ocean is not an exception but
rather that radiogenic Hf is a global feature of
seawater. For the source of this radiogenic Hf
three scenarios appear plausible. (1) The sources
of Nd and Hf in seawater are decoupled, e.g.
much of the Nd originates from a dissolved con-
tinental ‘basement’ component while Hf is domi-
nated by chemical weathering of TAV rocks or
from MOR hydrothermal activity. (2) The sources

of seawater Nd and Hf are not decoupled. In this
case, the source would be characterized by a Hf
IC that is more radiogenic than that predicted on
the basis of its corresponding Nd signature. (3)
Incongruent chemical weathering of sources uni-
form with respect to their Hf~Nd isotope system-
atics could leave behind unradiogenic Hf bound
in weathering-resistant zircons (the ‘non-zircon
component’ of White et al. [1]), unless such zircon
is made available for chemical attack through me-
chanical erosion, e.g. during glaciations of large
cratonic blocks [39].

Assessing the relative likelihood of these three
scenarios is strongly hampered by the lack of
knowledge of input fluxes from continents to
oceans. It may well be that the dominance of
radiogenic Hf in seawater may result from a
very low flux of continental Hf rather than a par-
ticularly high flux from TAV rocks [1]. Alterna-
tively, a hitherto unknown source component
characterized by radiogenic Hf for its correspond-
ing Nd IC might be important. It may be the class
of (multiply recycled) mature sediments such as
Asian dust. We speculate that such a radiogenic
crustal component may play a key role in render-
ing central North Pacific seawater Hf as radio-
genic as observed, in addition to incongruent
chemical weathering of crustal rocks. If ridge
vents contributed a significant proportion of ra-
diogenic Hf to seawater, the similarities between
dust and nodule/crust data would be a coinci-
dence (Fig. 2).

The Pliocene period encompasses an order of
magnitude increase in dust flux to the North Pa-
cific Ocean at 3.6 Ma (e.g. [23]), hence allows us
to test the hypothesis that dust-bound Hf consists
an important source for deep water Hf in the
Pacific. The three time series of Pacific seawater
Hf signatures are inconclusive with respect to the
Hf isotopic evolution of Pacific deep water since
the Pliocene. One crust, CD29-2 [3], has remained
essentially constant across this time interval, while
the two crusts, D11-1 [3] and VA13-2 [4], record a
decrease in egr of 1.3 and 2.3 units, respectively.
If this decrease in eyr indeed results from the in-
crease in dust flux to the central Pacific Ocean, it
is difficult to explain why such an increase is not
observed for crust CD29-2. Nevertheless, we favor
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the interpretation that dust-bound Hf has signifi-
cantly affected North Pacific seawater starting cir-
ca 3.5 Ma. Clearly, the conclusion that dust-
bound Hf may have been significant as a source
for seawater Hf (this work and [4]) and seawater
Nd [26] only holds for situations like the past few
million years in the central North Pacific for
which the dust flux has been extremely high.
Sources and input fluxes vary widely for the var-
ious oceans, hence the mass balance between in-
put fluxes will be different and ultimately govern
the importance of a dust-bound contribution to
seawater Hf and Nd. For example, dust-bound
Hf (and Nd [26]) is likely to have had little, if
any, effect on the seawater budget of the North
Pacific prior to the Pliocene. This contrasts with
the conclusion of David et al. [4] who argued that
eolian supply of Hf to the Pacific Ocean has been
a long-term important feature. It is likely that the
continental source components that have been
brought to the Pacific have changed significantly
through time — from a predominantly riverine in-
put to a combined riverine-eolian input since the
middle Pliocene. Such a change in transport
mechanism of Hf to the Pacific Ocean would be
consistent with the observation [4] that the data of
the Hf isotopic time series plot along the present-
day array for Fe-Mn crusts and Mn nodules [16],
and with the evolution of Asian paleoclimate [36].

It is interesting to note that the egr—eng corre-
lation for TAV rocks is also shallower and shifted
towards more radiogenic ey values when com-
pared to the MOR basalt correlation [7]. Because
IAV rocks are considered by some to be a signifi-
cant source for seawater Pb and (to a lesser ex-
tent) Nd [40,41] it is likely that weathering of IAV
material may also contribute a significant fraction
of the radiogenic Hf component observed in Pa-
cific deep water as suggested by White and Patch-
ett [42].

5. Conclusions

Lu-Hf isotopic data have been presented for
the eolian inorganic silicate dust fraction ex-
tracted from bulk pelagic sediments from the
North Pacific Ocean deposited during the Terti-

ary. Hafnium signatures for the dust are roughly
compatible with the binary source component
mixing model between IAV material and conti-
nental dust from central Asia as derived from
Nd and Pb isotopes and bulk dust chemistry. A
first order observation is, however, that the Hf IC
of Asian dust is variable and more radiogenic
than expected on the basis of its corresponding
uniform Nd isotopic signature.

The eyp values of modern dust samples corre-
late roughly with the corresponding eng values
(egr = 0.78&ng+5.66), and this correlation is flatter
than correlations for terrestrial reservoirs docu-
mented up to date except for ferromanganese
crusts and nodules. It is proposed that the char-
acteristics of the central Asian dust source ac-
count for this. Source rocks for this dust are
Mesozoic Tethyan sediments that underwent
diagenesis at ~200 Ma [22]. During diagenesis,
growth of illite (the dominant mineral in the dust)
incorporated Hf representing a mixture of detrital
and possibly hydrothermal contributions from the
Tethyan Ocean, rendering the initial Hf IC of this
material more variable and more radiogenic than
if it originated from continental debris alone.
Moreover, Lu/Hf ratios tend to increase with pro-
gressive chemical weathering of sediments, which
may in turn promote accumulation of radiogenic
Hf ingrowth in mature sediments before isotopic
resetting during growth of authigenic or diage-
netic minerals occurs. The above processes would
have negligible effect on the Sm—Nd isotopic sys-
tem. Ancient marine sediments may thus provide
a class of rocks that is characterized by more
radiogenic Hf for the corresponding Nd signature.

The data presented here suggest that a radio-
genic source contribution from Asian dust could
have been important for Pacific seawater Hf. If
seawater Hf chiefly originated from MOR hydro-
thermal venting, the similarity of the data for
eolian dust, pelagic red clays and ferromanga-
nese crusts and nodules would be a coincidence.
Rather, the major source components for Hf in
Pacific seawater appear to be weathering of young
IAV rocks and mature sediment contributions.
The Hf IC of erosional fluxes from continents to
the oceans cannot be estimated from linear egp—
eng relationships [1], due to the fixation of an
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important, unradiogenic and variable fraction of
Hf in zircons. It is concluded that the fraction of
Hf that is mobile in the erosional cycle has vari-
able and quite radiogenic ICs that may eventually
reach the oceans (see also [1]). Direct measure-
ments of the IC and flux of river-dissolved Hf
to the oceans and the ocean water ICs, respec-
tively, are key to a more reliable constraint on
the significance of Hf isotopic variability in sea-
water through time. This in turn should provide
better constraints on the reliability of Hf isotopic
time series as a monitor for past change in ero-
sion.
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