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Abstract—The behavior of dissolved Hf in the marine environment is not well understood due to the lack of
direct seawater measurements of Hf isotopes and the limited number of Hf isotope time-series obtained from
ferromanganese crusts. In order to place better constraints on input sources and develop further applications,
a combined Nd-Hf isotope time-series study of five Pacific ferromanganese crusts was carried out. The
samples cover the past 38 Myr and their locations range from sites at the margin of the ocean to remote areas,
sites from previously unstudied North and South Pacific areas, and water depths corresponding to deep and
bottom waters.

For most of the samples a broad coupling of Nd and Hf isotopes is observed. In the Equatorial Pacific�Nd

and �Hf both decrease with water depth. Similarly,�Nd and �Hf both increase from the South to the North
Pacific. These data indicate that the Hf isotopic composition is, in general terms, a suitable tracer for ocean
circulation, since inflow and progressive admixture of bottom water is clearly identifiable.

The time-series data indicate that inputs and outputs have been balanced throughout much of the late
Cenozoic. A simple box model can constrain the relative importance of potential input sources to the North
Pacific. Assuming steady state, the model implies significant contributions of radiogenic Nd and Hf from
young circum-Pacific arcs and a subordinate role of dust inputs from the Asian continent for the dissolved Nd
and Hf budget of the North Pacific.

Some changes in ocean circulation that are clearly recognizable in Nd isotopes do not appear to be reflected
by Hf isotopic compositions. At two locations within the Pacific Ocean a decoupling of Nd and Hf isotopes
is found, indicating limited potential for Hf isotopes as a stand-alone oceanographic tracer and providing
evidence of additional local processes that govern the Hf isotopic composition of deep water masses. In the
case of the Southwest Pacific there is evidence that decoupling may have been the result of changes in

weathering style related to the buildup of Antarctic glaciation.Copyright © 2004 Elsevier Ltd
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1. INTRODUCTION

The application of Hf isotopes to low-temperature envi
mental processes was first explored in the mid 1980s byPatch
ett et al. (1984)and White et al. (1986). It took, however
almost another decade before the investigation of Hf isotop
the marine realm was taken up again (Godfrey et al. 1997;
Albarède et al. 1998; Lee et al., 1999; Vervoort et al., 1999;
Piotrowski et al., 2000; David et al., 2001; Pettke et al., 2002;
van de Flierdt et al., 2002). Despite rising interest in th
behavior of hafnium in the sediment-seawater system
present-day knowledge is relatively poor. This is mainly du
the fact that no direct analysis of Hf isotopes in seawater,
waters, or hydrothermal fluids are available, due to very
concentrations and related analytical difficulties. Thus, no
tailed studies have been carried out to investigate the
pathways of Hf to the oceans. Recent analytical and tech
progress facilitated by the development of multiple colle
inductively coupled plasma mass spectrometry (MC-ICP-
suggest that such measurements will be feasible in the
future, but in the meantime records from other sources
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archives have to be used to investigate the low-temper
geochemistry of hafnium.

The best constrained such archives are ferromang
crusts. They permit reconstruction of the Hf isotopic comp
tion of present and past seawater and enable the evalua
potential input sources and supply mechanisms. Ferrom
nese crusts are pristine seawater precipitates, which incor
dissolved trace metals from the water column, most likel
coprecipitation with Fe and Mn oxides and oxyhydroxi
(Koschinsky and Halbach, 1995). Based on studies of ferr
manganese crusts (Godfrey et al., 1997; Lee et al., 1999; David
et al., 2001) and analyses of Hf concentrations in the w
column (McKelvey, 1994; Godfrey et al., 1996; McKelvey and
Orians, 1998), the average residence time of Hf in seawater
been estimated to be on the order of 600–2000 yr. Th
essentially the same as that of Nd (600–2000 yr;Jeandel, 1993;
Jeandel et al., 1995; Tachikawa et al., 1999) and implies that H
isotopes in seawater, like Nd isotopes, should provide info
tion about ocean circulation patterns and/or input sources.
residence time estimate for Hf is realistic, any advected
isotopic signature in the ocean should be coupled with a
acteristic advected Hf isotopic signature. In turn, any obse
decoupling of Nd and Hf isotopes in the ocean would poin
(i) different input sources of the two trace metals and/or



3828 T. van de Flierdt et al.
different processes governing the Sm-Nd and Lu-Hf distribu-
tion in the sediment-seawater system.

Regarding input sources, early work by White et al. (1986)
and subsequently by Godfrey et al. (1997) suggested that Hf
from hydrothermal sources may play an important role for the
dissolved Hf budget in the ocean. In contrast, it has been shown
that the flux of hydrothermal Nd is negligible, because of very
strong particulate scavenging of rare earth elements in and near
vents (German et al., 1990; Halliday et al., 1992). A negligible
hydrothermal Nd flux should result in a decoupling of Hf and
Nd isotopes in seawater near hydrothermal vent sites. Some
processes governing Sm-Nd and Lu-Hf systems in the sedi-
mentary cycle have already been identified. In the crust-mantle
system, Nd and Hf isotopes show a close coupling and form a
well-defined “ terrestrial array” when plotting Nd versus Hf
isotopic composition (Vervoort et al., 1999). Ferromanganese
crusts and nodules are archives of the seawater isotopic com-
position, and all data derived from these archives differ signif-
icantly from the terrestrial array for silicate rocks and define a
separate and clearly defined array (the “seawater array” ; Al-
barède et al., 1998). This offset has been attributed to the fact
that the Lu-Hf system is subject to incongruent weathering
effects on the continents leading to a preferential supply of
radiogenic Hf to the ocean because most of the unradiogenic Hf
contained in zircons is not released (e.g., Patchett et al., 1984;
Vervoort et al., 1999). Such a process, in contrast, does not
affect Nd isotopes in any significant way. Changes within the
seawater array may therefore be used to trace changes in the
style of weathering on the continents (Patchett et al., 1984;
White et al., 1986; Albarède et al., 1998; Piotrowski et al.,
2000; van de Flierdt et al., 2002).

To gain a better understanding of Hf-Nd isotope systematics
in the ocean we have produced Hf and Nd isotope time-series
data from 5 locations from the Pacific Ocean, ranging from
30°S to 50°N and from central to marginal oceanographic
settings. With these data sets we almost triple the amount of Hf
isotope records available for the Pacific Ocean, and increase the
number of global records from 7 to 12. The recorded time
intervals range from 7 to 38 Myr. We attempt to (i) place better
constraints on the sources of Hf to the ocean over the Cenozoic,
(ii) investigate the applicability of Hf as a circulation tracer,
and (iii) establish further applications of Hf isotopes and com-
bined Nd-Hf isotopes in the present and past marine environ-
ment.

2. SAMPLES AND METHODS

2.1. Samples and Dating Procedure

Five ferromanganese crusts from the Pacific Ocean were
selected for analysis with the aim of adequately representing (i)
different water depths, (ii) different latitudes, and (iii) remote
as well as marginal oceanographic settings (Fig. 1). Details for
each crust are given in Table 1. The age information on these
crusts is published elsewhere (van de Flierdt et al., 2003,
2004a,b), and was obtained using a combined approach of
10Be/9Be dating for the younger parts (�10 Myr), and a Co-
constant flux model for the older parts of the crusts. Major and
trace element compositions for four of the five crusts show

concentrations typical of a hydrogenous origin (van de Flierdt,
2003). In crust Yaloc, however, the Fe and Cu contents rise
with increasing age. This, together with unradiogenic Pb iso-
topes in the lower parts of the crust, points to a hydrothermal
contribution (van de Flierdt et al., 2004b). Consequently, this
crust is classified as mixed hydrogenetic-hydrothermal.

2.2. Hafnium Isotope Analysis

The crusts were sampled for Hf and Nd isotope analysis at a
depth resolution of 2 to 10 mm corresponding to an age
resolution between 0.4 and 4.3 Ma. Between 40 and 60 mg of
material were used for each Hf isotope analysis. After sample
dissolution for 30 to 90 min in a mixture of 6 M HCl and 2.5
M HF any residual material was removed by centrifugation
(residue: � 3% if present at all). The chemical separation of Hf
followed the two-column procedure described by Lee et al.
(1999). Separation of Lu from Hf was quantitative. However,
due to high Yb concentrations in some samples, an improve-
ment of the Yb-Hf separation was necessary, which was
achieved by repeating the second ion-exchange column. Haf-
nium measurements were carried out on a Nu Plasma MC-
ICP-MS at the ETH Zürich applying a 179Hf/177Hf ratio of
0.7325 to correct for instrumental mass fractionation. Tests
with doped standard solutions showed that interferences from
176Yb can be adequately corrected, if the 176Yb contribution is
less than � 0.8% of the 176Hf signal. The Yb contributions of
all our samples were below that level. The long-term reproduc-
ibility was determined using a homogenized ferromanganese
crust sample, which was processed several times independently
through the column chemistry. Repeated analysis over a period
of 10 months resulted in an external reproducibility of � 0.48
� units (2 � standard deviation). As can be seen from Table 2a,
some samples from crust Alaska did not reproduce that well.

Fig. 1. Sample locations in the Pacific Ocean. Black arrows indicate
schematically some of the main bottom water currents (ACC � Ant-
arctic Circumpolar Current). Black lines delineate spreading centers
and dotted lines delineate subduction zones. Black stars indicate the
locations of our ferromanganese crusts and black circles indicate the
locations of ferromanganese crusts studied previously.
Most likely this was due to unresolved matrix problems of this
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particular crust given that all other samples were reproducible
within the above quoted uncertainty. The larger uncertainties of
these samples, however, do not affect any of our conclusions.
Repeated analysis of the JMC475 Hf standard yielded a preci-
sion of 0.29–0.53 � units on 176Hf/177Hf (2 � standard devi-
ation, derived from 8 measurement sessions, each consisting of
8 to 22 repeat analyses of the standard). All reported Hf isotope
results in Table 2 were normalized to a 176Hf/177Hf ratio of
0.282160 for JMC475 (Nowell et al., 1998) to allow direct
comparison with other published data. Measured JMC475 val-
ues are reported in Table 2. In the case of duplicate sample
analyses, the average value is plotted in Figures 2–9.

2.3. Neodymium Isotope Analysis

Neodymium separation chemistry was performed on the
fluorides precipitated in the initial step of the Hf chemistry.
After converting the solution to Cl� form, separation and
purification was carried out as described by Cohen et al. (1988).
Neodymium isotope measurements were also performed by
MC-ICP-MS. To correct for instrumental mass bias 143Nd/
144Nd ratios were normalized to 146Nd/144Nd of 0.7219. Re-
peated analysis of an in-house JMC Nd standard yielded a
precision of 0.18–0.32 � units on 143Nd/144Nd (2 � standard
deviation, derived from 8 measurement sessions, each consist-
ing of 5 to 16 repeat analyses of the standard) over the period
of the analysis of the 5 crusts (11 months). Precision of dupli-
cate sample measurements on different days (same solutions)
and for sample duplicates, which were processed independently
through chemistry, was always within the external reproduc-
ibility of the standard measurements. To compare our in-house
JMC values with the commonly used La Jolla standard several
cross calibrations were carried out which gave a constant
difference in 143Nd/144Nd of 0.000025 between the two stan-
dard solutions. 143Nd/144Nd ratios are reported relative to a
JMC value of 0.511833, which corresponds to the nominal La
Jolla value of 0.511858. In the case of duplicate sample anal-
yses, the average value is plotted in Figures 2–9.

3. RESULTS

3.1. Alaska and Kamchatka (North Pacific)

Neodymium and Hf isotope time-series for crusts Alaska and

Table 1. Location

Cruise, Sample
Name

RNDB06, 13D-27A
Kamchatka

S6-79-NP, D4-1
Alaska

Location NW Pacific Gulf of Alaska
Latitude 51°27.8=N 53°32.6=N
Longitude 167°38.2=E 144°22.4=W
Water Depth (m) 1800–1500 2100
Thickness (mm) 56 40
Dating/age model (1) (1)
Base Age (Ma) 9.9 3.6
Nd isotope data this study this study
Hf isotope data this study this study

a Sources of age models and isotope data other than this study: (1) van
et al. (2004b).
Kamchatka (Fig. 1) are presented in Tables 2a and 2b and
Figure 2a. Neodymium isotopes for the two North Pacific deep
water sites exhibit very little variation (� 1 � unit) over the past
14 Myr and display similar average �Nd values in both crusts:
�2.0 � 0.5 (Alaska) and �2.2 � 0.4 (Kamchatka) (Fig. 2a).
The only resolvable feature in both profiles is a slight increase
in �Nd from the time the crusts started to grow until 4.4 Ma
(Alaska) and 5.1 Ma (Kamchatka), respectively, and a slight
decrease in �Nd toward the surfaces of both crusts. These
variations hardly exceed the analytical error. Comparison of
direct deep water measurements from a nearby location (47°N,
161°E, 1795 m water depth, �Nd, corrected � �3.2 � 0.5;
Piepgras and Jacobsen, 1988) with the surface of Kamchatka
(�Nd � �2.3 � 0.2) shows a slight deviation from ambient
deep water.

Hafnium isotopes are more variable over the two profiles and
exhibit an overall range of �Hf � 7.7 to 9.8 (Kamchatka) and
�Hf � 6.5 to 9.3 (Alaska) (Fig. 2a). The only trends outside
analytical error are small decreases in �Hf starting at � 5.1 Ma
in Kamchatka (contemporaneous with the decrease in �Nd) and
at � 7.0 Ma in Alaska. Neodymium and Hf isotopes have
obviously been coupled in their general trends, and—as expect-
ed—the range of the isotope data over the past 14 Myr is
smaller for Nd than for Hf (1 � unit compared to 2 � units,
respectively). Hafnium isotopic compositions for the surfaces
are amongst the most radiogenic so far reported for ferroman-
ganese crusts (Kamchatka: �Hf � 8.0 � 0.4; Alaska: �Hf � 7.0
� 0.4) and agree well with previously published data for the
NW Pacific by Godfrey et al. (1997), when recalculated to the
same standard and CHUR values.

3.2. Nova and Tasman (Southern Equatorial Pacific and
Southwest Pacific)

Hafnium isotope time-series for crusts Tasman and Nova are
presented in Table 2c and Figure 2b. Neodymium isotope data
have been reported elsewhere (van de Flierdt et al., 2004a), but
are also included in Figure 2b. The Hf isotope data of crust
Nova are remarkably invariant showing no variation outside
external reproducibility over the past 38 Myr (�Hf � 5.7 � 0.4).
This contrasts with the Nd isotopes in the same crust, which
show well-defined variations including a decrease of 1.6 � units
from 38 to 21 Ma and an increase in �Nd of 1.5 � units toward
present day. There is a clear decoupling of Nd and Hf isotope

etails of crusts.a

SO36, 63KD
Tasman

NovalX, D137-01
Nova

Yaloc73, D22-3
Yaloc

Lord Howe Rise Central Pacific Bauer Basin
28°34.0=S 01°08.0=S 13°40.8=S
163°00=E 168°04.0=W 102°08.1=W
1700 7129 4435–4212
39 117.5 68
(2) (2) (3)
23.3 38.1 7.2
(2) (2) (3)
this study this study (3)

rdt et al. (2003); (2) van de Flierdt et al. (2004a); and (3) van de Flierdt
s and d

3A

de Flie
time-series in the deep Nova Canton Trough.
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The Hf isotopes in Southwest Pacific deep water (crust
Tasman) show distinct trends with time. The time-series data

Table 2a. Nd and Hf isotop

Depth interval
(mm)

Age
(Ma)

176Hf/177Hfa

� 2� S.E.

0–2 0.59 0.282964 � 7
duplicate* 0.282951 � 8
duplicate**
duplicate*
0–2* 0.282973 � 14
duplicate 0.282975 � 12
2–4 1.78 0.283006 � 7
duplicate**
duplicate*
4–6 2.96 0.282989 � 15
duplicate**
4–6* 0.283000 � 15
6–8 3.75 0.283008 � 7
duplicate* 0.282987 � 13
8–10 4.40 0.282975 � 9
duplicate*
8–10* 0.283012 � 11
10–12 5.06 0.282986 � 12
12–14 5.71 0.282996 � 8
duplicate**
14–16 6.37 0.283022 � 10
duplicate*
duplicate*** 0.283021 � 21
16–18 7.02 0.283034 � 13
duplicate*
18–20 7.68 0.283025 � 7
18–20* 0.283023 � 8
20–22 8.34 0.283015 � 8
duplicate**
duplicate*
22–24 8.99 0.283001 � 9
duplicate* 0.283034 � 20
24–26 9.65 0.282972 � 6
duplicate* 0.282953 � 13
24–26* 0.282998 � 12
26–28 10.15 0.282996 � 6
duplicate* 0.282955 � 10
28–30 10.63 0.283001 � 11
duplicate**
duplicate*** 0.283023 � 14
30–33 11.35 0.282971 � 10
duplicate*** 0.282926 � 16
30–33* 0.282999 � 11
33–36 12.21 0.282954 � 19
33–36* 0.282987 � 9
36–40 13.13 0.283006 � 11
duplicate**
36–40* 0.283004 � 17

Duplicate* � same solution; duplicate** � same sample powder,
processed a second time through chemistry; 0–2* � depth interval w

a For compatibility all ratios were normalized to a JMC475 value of 0
actually measured JMC475 values on 4 different measuring days in the
s.d.; n � 12), 0.282134 � 15 (2� s.d.; n � 8), and 0.282134 � 15 (

b Calculated with 176Hf/177HfCHUR � 0.282769 (Nowell et al., 1998
analysis of the JMC475 standard in the course of the sample measureme
error is reported.

c For compatibility all ratios were normalized to a nominal La Jolla
standard errors of individual measurements; actually measured JM
0.511800 � 12 (2� s.d.; n � 16), 0.511795 � 12 (2� s.d.; n � 5), a

d Calculated with 143Nd/144NdCHUR � 0.512638; errors for �Nd are r
Nd standard in the course of the sample measurements; in cases where
display a progressive decrease in �Hf from 6.6 to 4.7 between
23 and 15 Ma, followed by a time interval of constant isotopic
composition. From 10 Ma toward present day, a progressive

eries for D4-13A (Alaska).

�Hf (0)b

� 2� S.D.

143Nd/144Ndc

� 2� S.E.
�Nd(0)d

� 2� S.D.

.89 � 0.33 0.512542 � 10 �1.87 � 0.24

.44 � 0.29
0.512536 � 7 �1.98 � 0.23
0.512525 � 11 �2.21 � 0.32

.22 � 0.52

.29 � 0.52

.39 � 0.52 0.512550 � 11 �1.72 � 0.24
0.512536 � 7 �1.98 � 0.23
0.512534 � 9 �2.04 � 0.23

.78 � 0.53 0.512553 � 14 �1.66 � 0.28
0.512546 � 10 �1.80 � 0.23

.16 � 0.53

.46 � 0.33 0.512553 � 5 �1.66 � 0.24

.72 � 0.46

.30 � 0.33 0.512555 � 7 �1.62 � 0.24
0.512558 � 11 �1.57 � 0.24

.60 � 0.52

.69 � 0.42 0.512543 � 8 �1.85 � 0.24

.03 � 0.33 0.512528 � 7 �2.15 � 0.24
0.512549 � 10 �1.74 � 0.23

.96 � 0.35 0.512541 � 8 �1.90 � 0.24
0.512554 � 19 �1.64 � 0.38

.90 � 0.74

.37 � 0.46 0.512528 � 8 �2.15 � 0.24
0.512549 � 8 �1.73 � 0.24

.05 � 0.33 0.512525 � 7 �2.21 � 0.24

.00 � 0.52

.69 � 0.33 0.512544 � 10 �1.83 � 0.24
0.512521 � 8 �2.29 � 0.23
0.512515 � 8 �2.40 � 0.32

.21 � 0.33 0.512537 � 12 �1.96 � 0.24

.36 � 0.71

.19 � 0.33 0.512516 � 12 �2.38 � 0.24

.50 � 0.46 0.512530 � 11 �2.10 � 0.24

.09 � 0.52

.03 � 0.33 0.512525 � 7 �2.21 � 0.24

.57 � 0.35

.21 � 0.39 0.512505 � 9 �2.60 � 0.24
0.512507 � 9 �2.55 � 0.23

.98 � 0.50

.14 � 0.35 0.512504 � 7 �2.62 � 0.24

.55 � 0.57

.15 � 0.52

.53 � 0.67 0.512508 � 14 �2.54 � 0.28

.70 � 0.52

.39 � 0.39 0.512522 � 18 �2.26 � 0.35
0.512511 � 13 �2.48 � 0.23

.32 � 0.60

ndently run through chemistry; duplicate*** � original solution got
y sampled.
; given errors represent 2� standard errors of individual measurements;
of 3 month were 0.282138 � 9 (2� s.d.; n � 15), 0.282133 � 8 (2�

; n � 22).
for �Hf are reported as 2� standard deviations resulting from repeated
ases where the internal error is larger than the external one, the internal

f 0.511858; for further details see chapter 2; given errors represent 2�
s on 3 different measuring days in the course of 3 month were
1821 � 16 (2� s.d.; n � 12).
as 2� standard deviations resulting from repeated analysis of the JMC
rnal error is larger than the external one, the internal error is reported.
e time-s

6
6

7
7
8

7

8
8
7
7

8
7
8

8

8
9

9
9
8

8
9
7
6
8
8
6
8

8
7
5
8
6
7
8

8

indepe
as newl
.282160
course
2� s.d.
); errors
nts; in c

value o
C value
nd 0.51
eported
the inte
trend toward higher values was recorded (overall increase of



3831Nd-Hf systematics in the Pacific Ocean
more than 2 � units). These significant shifts in �Hf are only
accompanied by a large shift in the Nd isotopic composition
(2.4 � units) for the time interval 10–0 Ma. This means that
there was both a coupling (10–0 Ma) and a decoupling (23–15
Ma) of Nd and Hf isotopes at the same location.

3.3. Yaloc (Eastern Equatorial Pacific)

Neodymium and Hf isotope data for crust Yaloc from the
eastern Equatorial Pacific (Bauer Basin) have been reported
elsewhere (van de Flierdt et al., 2004b), but are shown in Figure
2c. Variations for both isotope systems hardly exceed the
analytical error of the measurements over the past � 7 Myr.
While Hf data scatter around an average value of �Hf � 6.6
� 0.4, the Nd data show a slight upward trend of 0.7 � units for
the time interval from 5.8 to 2.9 Ma. The average �Nd value is
�3.1 � 0.3. Obviously, Nd and Hf isotopes have been coupled
in that both systems do not show any major changes in the
isotopic composition of ambient deep water over the growth
period of the crust.

4. DISCUSSION

So far, the investigation of temporal changes in Nd and Hf
isotopic compositions in the Pacific Ocean has been restricted
to the equatorial area. Four Nd and three Hf isotope time-series
have been reported: D11-1 (1800 m water depth; Ling et al.,
1997; Lee et al., 1999; Figs. 1, 3, 5), CD29-2 (2300 m water

Table 2b. Nd and Hf isotope ti

Depth interval
(mm)

Age
(Ma)

176Hf/177Hfa

� 2� S.E.

0–2 0.18 0.282992 � 5
duplicate 0.283001 � 9
4–6 0.88 0.282988 � 8
8–10 1.58 0.283009 � 9
duplicate 0.283012 � 19
12–14.1 2.29 0.282995 � 7
16–18 2.99 0.283010 � 6
duplicate
20–22 3.70 0.283022 � 9
24–26 4.40 0.283018 � 5
28–30 5.11 0.283046 � 8
32–34 5.81 0.283036 � 11
36–38 6.51 0.283027 � 8
40–42 7.22 0.283032 � 10
44–46 7.92 0.283034 � 9
duplicate
48–52 8.80 0.283015 � 8
duplicate 0.283014 � 7
52–56 9.51 0.283046 � 12
duplicate 0.283029 � 11

a For compatibility all ratios were normalized to a JMC475 value of 0
actually measured JMC475 values on 2 different measuring days were

b Calculated with 176Hf/177HfCHUR � 0.282769 (Nowell et al., 1998
analysis of the JMC475 standard in the course of the sample measureme
error is reported.

c For compatibility all ratios were normalized to a nominal La Joll
measurements; actually measured JMC values on 2 different measurin
n � 6).

d Calculated with 143Nd/144NdCHUR � 0.512638; errors for �Nd are r
Nd standard in the course of the sample measurements; in cases where
depth; Ling et al., 1997; Lee et al., 1999; Figs. 1, 3, 5), VA13/2
(4830 m water depth; Abouchami et al., 1997; Ling et al., 1997;
David et al., 2001; Figs. 1 and 4), and GMAT 14D (3400–4000
m water depth; Frank et al., 1999; Fig. 1). Out of the three
records (D11-1, CD29-2, VA13/2) with both Nd and Hf isotope
time-series, crusts D11-1 and CD29-2 show a pronounced
decoupling throughout much of the Cenozoic as pointed out by
Lee et al. (1999). This is in contrast to the data of VA13/2,
which display a coupling of Hf and Nd isotopes at this location
over the past 25 Myr (David et al., 2001). Consequently, it
could be speculated that Nd and Hf isotopes have been coupled
in bottom waters, but not in deep waters, since the water depth
is the only significant difference between the three investigated
locations.

Such speculation does not seem valid when incorporating
our new record from crust Nova, that show a decoupling of Nd
and Hf isotopes in Equatorial Pacific bottom waters (Figs. 4 and
5). Furthermore, a depth-related decoupling should also show
up in the global data set of surface scrapings from ferroman-
ganese crusts and nodules. However, Albarède et al. (1998) and
David et al. (2001) observed exactly the opposite, which is a
covariance of both isotope systems on a global scale. From all
investigated Pacific time-series (this study and published data)
it looks like (de)coupling of Nd and Hf isotopes is also not a
simple function of geographic position. Both marginal sites and
central sites do show coupling as well as decoupling (Figs.
1–5). In the following sections, we will first evaluate the
influence of ocean circulation, input sources, and input mech-

es for 13D-27A (Kamchatka).

�Hf (0)b

� 2� S.D.

143Nd/144Ndc

� 2� S.E.
�Nd(0)d

� 2� S.D.

.87 � 0.52 0.512524 � 5 �2.23 � 0.18

.21 � 0.41 0.512514 � 8 �2.41 � 0.22

.73 � 0.52 0.512529 � 5 �2.13 � 0.18

.49 � 0.52 0.512522 � 6 �2.26 � 0.18

.58 � 0.68

.01 � 0.52 0.512527 � 6 �2.16 � 0.18

.53 � 0.52 0.512529 � 5 �2.13 � 0.18
0.512542 � 12 �1.87 � 0.23

.95 � 0.52 0.512542 � 5 �1.88 � 0.18

.79 � 0.52 0.512544 � 9 �1.83 � 0.18

.79 � 0.52 0.512547 � 6 �1.77 � 0.18

.44 � 0.52 0.512535 � 8 �2.01 � 0.18

.14 � 0.52 0.512533 � 7 �2.04 � 0.18

.29 � 0.52 0.512522 � 20 �2.27 � 0.40

.39 � 0.52 0.512520 � 6 �2.30 � 0.18
0.512512 � 9 �2.46 � 0.22

.72 � 0.52 0.512505 � 8 �2.60 � 0.18

.65 � 0.41 0.512503 � 10 �2.63 � 0.22

.80 � 0.52 0.512505 � 7 �2.59 � 0.18

.18 � 0.41 0.512511 � 14 �2.47 � 0.27

; given errors represent 2� standard errors of individual measurements;
34 � 15 (2� s.d.; n � 22) and 0.282108 � 12 (2� s.d.; n � 10).
for �Hf are reported as 2� standard deviations resulting from repeated
ases where the internal error is larger than the external one, the internal

of 0.511858. Given errors represent 2� standard errors of individual
were 0.511805 � 9 (2� s.d.; n � 11) and 0.511796 � 11 (2� s.d.;

as 2� standard deviations resulting from repeated analysis of the JMC
rnal error is larger than the external one, the internal error is reported.
me-seri
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8
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anisms on the (coupled) Nd and Hf isotope records. Thereafter,
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crusts Nova and Tasman, two local examples of decoupling, are
discussed along with the published Equatorial Pacific records.

4.1. Neodymium-Hafnium Isotope Coupling in the Pacific
Ocean

4.1.1. Water Mass Characteristics

Our new data permit the first comparison of the radiogenic
isotope evolution of deep water masses in the Pacific Ocean
from a perspective of latitudinal variability. The transport time
for deep water from the Atlantic via the ACC to the North
Pacific has been estimated to be roughly 1000 yr (e.g., Roem-
mich and McCallister, 1989; England, 1995). On the other
hand, von Blanckenburg and Igel (1999) calculated that the
entire Pacific’s water is replenished every 1100 yr by import of

Table 2c. Hf isotope time-series for 63KD (Tasman) and D137-01
(Nova).

Depth interval
(mm)

Age
(Ma)

176Hf/177Hfa

� 2� S.E.
�Hf (0)b

� 2� S.D.

63KD (Tasman)
0–1.5 0.39 0.282937 � 10 5.93 � 0.51
2–3 1.29 0.282970 � 9 7.10 � 0.51
4–5 2.32 0.282939 � 8 6.01 � 0.51
6–7 3.59 0.282953 � 17 6.49 � 0.61
9–10 6.56 0.282933 � 11 5.81 � 0.51
11–12 8.54 0.282928 � 5 5.64 � 0.51
13–14 10.23 0.282909 � 7 4.95 � 0.32
17–18 11.98 0.282912 � 8 5.05 � 0.32
20–21 13.61 0.282909 � 7 4.94 � 0.32
duplicate 0.282907 � 11 4.90 � 0.37
23–24 15.28 0.282898 � 7 4.55 � 0.32
duplicate 0.282903 � 10 4.75 � 0.34
27–28 17.84 0.282926 � 5 5.54 � 0.32
30–31 19.68 0.282926 � 6 5.56 � 0.32
34–35 21.40 0.282940 � 9 6.03 � 0.32
37–39 22.90 0.282955 � 9 6.58 � 0.32

D137-01 (Nova)
0–1 0.11 0.282902 � 14 4.69 � 0.51
duplicate 0.282927 � 16 5.59 � 0.56
11–12 2.44 0.282914 � 5 5.13 � 0.32
21–23 4.67 0.282924 � 4 5.48 � 0.32
33–35 7.22 0.282940 � 9 6.05 � 0.32
duplicate 0.282925 � 16 5.52 � 0.56
45–47 9.82 0.282928 � 7 5.61 � 0.32
55–57 13.09 0.282933 � 7 5.81 � 0.32
65–67 16.77 0.282932 � 7 5.75 � 0.32
75–77 20.55 0.282920 � 6 5.36 � 0.32
duplicate 0.282946 � 10 6.25 � 0.36
85–87 24.86 0.282931 � 7 5.74 � 0.32
95–97 29.17 0.282934 � 7 5.84 � 0.32
105–107 33.34 0.282938 � 5 5.96 � 0.32
115–117.5 37.60 0.282936 � 6 5.92 � 0.32

a For compatibility all ratios were normalized to a JMC475 value of
0.282160; given errors represent 2� standard errors of individual mea-
surements; actually measured JMC475 values on 4 different measuring
days in the course of one month were 0.282175 � 14 (2� s.d.; n � 32;
two consecutive days), 0.282187 � 9 (2� s.d.; n � 17), and
0.282145 � 10 (2s s.d.; n � 12).

b Calculated with 176Hf/177HfCHUR � 0.282769 (Nowell et al.,
1998); errors for �Hf are reported as 2� standard deviations resulting
from repeated analysis of the JMC475 standard in the course of the
sample measurements; in cases where the internal error is larger than
the external one, the internal error is reported.
Antarctic Bottom Water (AABW). This is on the order of the
residence times of Hf and Nd, and consequently the isotopic
composition of both elements should mirror the general pattern
of water mass distribution.

Figure 3 shows a South (28°S) to North (53°N) section
through the Pacific at 2000 m water depth covering the past 25
Myr (crusts Tasman, D11-1, CD29-2, Kamchatka, and Alaska);
Figure 1 and Figure 4 show a South to North (27°S to 9°N)
section at a water depth �4800 m. With the exception of the
most recent parts of the South Pacific record, there is a pro-
nounced general trend of the Nd becoming more radiogenic
from South to North. This trend, which is consistent with the
present-day Nd isotopic distribution measured directly on sea-
water samples (e.g., Piepgras and Wasserburg, 1982; Piepgras
and Jacobsen, 1988), has obviously been a persistent feature
over at least the past 14 Myr for the whole Pacific, and at least
over the past 25 Myr for the South and Equatorial Pacific.
Hafnium isotopes display similar trends with �Hf values in-
creasing northwards (Figs. 3 and 4). Again, the South Pacific
record (crust Tasman) shows more variation in its Hf isotopic
composition, but also some similarity to Equatorial Pacific deep
water. The Nd-Hf isotope behavior in this crust, as well as the
remarkably constant record of Equatorial Pacific bottom water
(� 7000 m, crust Nova), will be discussed later in more detail.
Note that the majority of data representing the ACC in Figure
4 are not derived from the Pacific sector of the Southern Ocean
since no time-series data are available from this area (see Frank
et al., 2002, for one exception). Therefore, Nd and Hf isotope
time-series from the Southern Indian Ocean have been used
(Piotrowski et al., 2000; Frank et al., 2002). Data from Ulfbeck
et al. (2001) from the deep western boundary current (DWBC)
in the South Pacific, however, indicate exactly the same invari-
able Nd isotopic composition over the past 10 Myr (�Nd � �8)
and uniform �Hf values of �3.2 to �4.4.

The Nd and Hf isotope records of crust Yaloc are not
included in Figures 3 and 4 since the Bauer Basin is not directly
situated on the main pathway of the global thermohaline con-
veyor, and therefore is not expected to follow the general
systematics outlined above (Figs. 1 and 2). The same holds for
crusts GMAT 14D from the eastern equatorial Pacific (Fig. 1;
Frank et al., 1999). The coupled and uniform Nd and Hf isotope
time-series from crust Yaloc show similar values to Equatorial
Pacific deep water and are discussed elsewhere in more detail
(van de Flierdt et al., 2004b).

In summary, Nd isotopes have followed the expected pattern
for deep and bottom water mixing: Southern Ocean waters
entering the South Pacific carry a signature of �Nd � �8 to �9
(Piepgras and Wasserburg, 1980; Piepgras and Wasserburg,
1982; Albarède et al., 1997). On their way North along the
DWBC, this signal gets gradually mixed and/or diluted with
Pacific deep water, and therefore evolves toward more radio-
genic values (Figs. 3 and 4). In the North Pacific and in the
marginal Equatorial Pacific, the most radiogenic Nd isotopes
are observed in the global ocean (�Nd � �1.9 to �2.4; this
study and Frank et al., 1999). Since there is no deep water
formation in the North Pacific (e.g., Warren, 1983), North
Pacific deep water obtains its isotopic signature from a mixture
of advected bottom water and more radiogenic local sources.
The persistent vertical stratification of Nd isotopes in the Equa-
torial Pacific over the past 26 Myr corroborates the suitability

of Nd isotopes as circulation tracer, since the stratification is
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Fig. 2. Nd and Hf isotopes vs. age for the investigated ferromanganese crusts in this study. (a) Alaska (diamonds) and
Kamchatka (open triangles), (b) Nova (open squares) and Tasman (circles), and (c) Yaloc (open diamonds). Note different

scales on diagrams a–c. Data partly from van de Flierdt et al. (2004a,b).
Fig. 3. Section through the Pacific at 2000 m water depth showing a
persistent overall increase in �Nd and �Hf from the South to the North.
North Pacific: crusts Alaska (diamonds) and Kamchatka (open trian-
gles), Equatorial Pacific: crusts D11-1 and CD29-2 (data taken from

Ling et al., 1997) South Pacific: crust Tasman (circles).
Fig. 4. South to North section from the Southern to Equatorial Pacific
Ocean at water depths � 4800 m showing a persistent overall increase
in �Nd and �Hf with decreasing latitude. ACC � Antarctic Circumpolar
Current (data from Piotrowski et al., 2000; Frank et al., 2002), Equa-
torial Pacific, � 5000 m: crust VA13/2 (data from Ling et al., 1997;
David et al., 2001), Equatorial Pacific, � 7000 m: crust Nova (open

squares).
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indicative of unradiogenic bottom water from the South (mod-
ified AABW) and more radiogenic, recirculated deep water
from the North (NPDW) (Fig. 5; Ling et al., 1997).

Overall variations in the time-series data are smaller than
latitudinal or vertical differences (Figs. 2–5) suggesting (i) that
the overall present-day distribution of water masses in the
Pacific Ocean has been similar back to Oligocene times, and (ii)
that the residence times of Nd and Hf in the Pacific Ocean have
not varied significantly over the past � 40 Myr. Since Hf
isotopes show the same general trends as Nd isotopes, with the
North Pacific being more radiogenic than the South Pacific
(Figs. 3 and 4), and a vertical stratification of the water column
(Fig. 5), it can be suggested that Hf isotope time-series can be
used as a paleocirculation tracer as well. However, there are
some restrictions. First, the Hf isotopes do not show profiles as
smooth as those of Nd isotopes. This is mainly due to the larger
analytical uncertainties involved and greater variability that
leads to a larger overlap of records from different latitudes
(e.g., North Pacific and Equatorial Pacific at 2000 m water

Fig. 5. Equatorial Pacific Nd and Hf isotope time-series, indicating a
vertical stratification of the water column over the past at least 26 Myr.
Data are derived from crusts D11-1 and CD29-2 (2000 m; Ling et al.,
1997) crust VA13/2 (depth � 5000 m; Ling et al., 1997) and crust
Nova (open squares).
depth or Southern Ocean and Equatorial Pacific at 5000 m
water depth; Figs. 3 and 4). Second, two out of seven Pacific
records in Figures 3, 4 and 5 do not show Hf isotope changes
expected from water mass mixing only (crusts Nova and Tas-
man). Hence, we conclude that Hf isotopes are not as reliable
as Nd isotopes as a stand-alone tracer for ocean circulation in
the Pacific Ocean. Hafnium isotope records from ferromanga-
nese crusts may support information on past ocean circulation,
provided that they are coupled with Nd isotopes. On the other
hand, and possibly more importantly, Hf isotopes may contain
important information on other processes where decoupling
from Nd isotopes is observed (section 4.2.).

4.1.2. Input Sources

Water masses entering the Pacific Ocean from the South
have played an important role in governing the Nd and Hf
isotopic composition of Pacific deep water (Abouchami et al.,
1997; Ling et al., 1997; David et al., 2001). However, to
balance the Nd and Hf isotopic composition of Pacific deep and
bottom water (e.g., North Pacific deep water: �Nd � �2.1, �Hf

� �7.5; crusts Alaska and Kamchatka), at least one end
member is needed, which is significantly more radiogenic than
advected AABW (�Nd � �5.5, �Hf � �5.1; crust Nova). The
missing end member contains important information about
external input sources of Nd and Hf to the Pacific Ocean.
Neodymium and Hf isotopes in North Pacific deep water dis-
play parallel time-series patterns over the past 14 Myr (Fig. 3),
and thus similar sources and input mechanisms for both isotope
systems are likely. This observation excludes major contribu-
tions of hydrothermal Hf to North Pacific seawater, since the
strong particulate scavenging of rare earth elements near vents
(German et al., 1990; Halliday et al., 1992) does not permit a

Fig. 6. Simple box model for the North Pacific, which assumes
steady state, i.e., balanced fluxes and isotopic compositions, as de-
scribed in the text. Abbreviations are defined in the text and in Table 3.
The Nd inventory in the North Pacific is calculated with an area of the
North Pacific of 9.4 � 107 km2 (Uematsu et al., 2003), an average
depth of 4 km, and an average Nd concentration of 3.5 ng/kg (see Alibo
and Nozaki, 1999, and references in Table 3). In analogy an inventory
of 4.0 � 1010 g is calculated for Hf, assuming an average Hf concen-
tration of 0.1 ng/kg (McKelvey, 1994).
“hydrothermal” Nd isotope signature at this location. More
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likely sources have been dust contributed to the North Pacific
from the Asian continent and/or riverine inputs from the sur-
rounding island arcs.

4.1.2.1. Asian Dust. Asian dust is characterized by a Nd
isotopic composition of �10.3 (e.g., Pettke et al., 2000) and a
Hf isotopic composition of �4.7 � �Hf � �2.5 (Pettke et al.,
2002b). For both Nd and Hf, such values are distinctly less
radiogenic than those of North Pacific deep waters. Therefore,
large-scale leaching of continent-derived dust particles has
obviously not been a suitable end member source to balance the
Nd and Hf isotopic composition of the advected bottom waters
to reach the values recorded by the North Pacific crusts. For Nd
isotopes this has been concluded before by Nakai et al. (1993)
and Jones et al. (1994), but has been questioned by for example
Shimizu et al. (1994) on the basis of the Nd isotopic compo-
sition of a surface water sample from the central North Pacific.
Pettke et al. (2002b) carried out the first study on the Hf
isotopic composition of Asian dust and concluded that eolian
dust was also not important for the Hf (and Nd; Pettke et al.,
2002a) budget of the North Pacific before the one order of
magnitude increase in dust flux to the North Pacific at �3.5 Ma
(see Rea, 1994). It is, however, possible that Hf and Nd
released from dust particles had some effect on the seawater
budget over the past 3.5 Myr since ferromanganese crust
records from the Equatorial Pacific and the North Pacific (Fig.
3) show a slight decrease in Nd and Hf isotope ratios over
exactly this time interval.

To evaluate the importance of Nd and Hf fluxes from dif-
ferent sources to the North Pacific, a simple box model was
developed. Assuming steady state (i.e., a mass balance), a
self-consistent model is presented, as detailed in Figure 6. The

Fig. 7. Output data for the box model for the dust dis
Pacific. Calculations are based on Eqns. 1 and 2 and data
balance, and dashed lines indicate the shift in this balanc
estimated in Table 3. Black and gray lines (almost vertical)
subtracting Eqn. 2 at 3.5 Ma from Eqn. 2 at present day.
composition of North Pacific deep water (0.25, 0.5, 1, an
in dust flux at 3.5 Ma, with other parameters staying const
rate � and the arc flux, which is based on the modern balan
Pacific deep water of 0.5 � units over the past 3.5 Ma (a
model is governed by two equations for (1) the balanced fluxes
and (2) the balanced isotopic compositions, respectively, into
and out of North Pacific seawater:

�Fdust � Farc � FAABW* � Fscav � FNPDW (1)

�Fdust�dust � Farc�arc � FAABW*�AABW* � (Fscav � FNPDW)�NPDW

(2)

Abbreviations and symbols in Eqns. 1 and 2 are defined as
follows:

�: fraction of dust that is dissolved in the water column

Fdust : dust derived Nd �or Hf� flux to the North Pacific

�dust : Nd �or Hf� isotopic composition of the dust

Farc : arc-derived Nd �or Hf� flux to the North Pacific

�arc : Nd �or Hf� isotopic composition of the arc end member

FAABW* : advected flux of Nd �or Hf� from modified AABW

�AABW* : Nd �or Hf� isotopic composition of modified AABW

Fscav : flux of Nd �or Hf� scavenged out of the water column

FNPDW : flux of Nd �or Hf� in deep water leaving the North Paci

�NPD* : Nd �or Hf� isotopic composition of NPDW

Most of the parameters in Eqns. 1 and 2, are fairly well
constrained for Nd from results of this study and from the
literature, but are more uncertain for Hf (Table 3). Hence, we
will first introduce the model and its implications for Nd, and
discuss constraints on the Hf fluxes in a separate paragraph at
the end of this chapter.

Since no significant evaporation occurs, the water mass
fluxes flowing into and out of the North Pacific must be equal

rate � [%] and the arc flux Farc [108 g/yr] to the North
for Nd in Table 3. The thick line represents the modern
advected Nd flux were to be 25% higher (or lower) than
nt model results for arc fluxes and dissolution rates, when

ferent lines monitor hypothetical shifts in the Nd isotopic
units) due simply to the one order of magnitude increase
circle highlights our best estimate on the dust dissolution

an observed shift in the Nd isotopic composition of North
n crusts Alaska and Kamchatka).
solution
given

e if the
represe

The dif
d 1.5 �
ant. The
ce and
(e.g., Schmitz, 1995). Given that the concentrations of Nd in
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NPDW and modified AABW (AABW*) are also roughly equal
(see German et al., 1995, and references in Table 3), the total
advected fluxes of Nd carried by NPDW and AABW* can be
considered to be similar (Table 3). Hence, from Eqn. 1 the
unknown output flux of Nd scavenged from the water column
in the North Pacific (Fscav), can be defined as the sum of
dust-derived dissolved Nd flux (�Fdust) and arc-derived dis-
solved Nd flux (Farc) to the North Pacific. A more realistic
multi-box model of a stratified water column with upwelling
deep waters would not significantly alter this modeling assump-
tion, because recirculating deep waters with higher concentra-
tions would be balanced by surface water outflows with lower
concentrations.

While the total dust-flux (Fdust) is reasonably well con-
strained through time from sediment mass accumulation rates
in the central North Pacific (Table 3) estimates of the leachable/
exchangeable fraction (�) of Nd are highly variable (0–20%;
Greaves et al., 1994; Tachikawa et al., 1999; Arraes-Mescoff et
al., 2001). This dissolution parameter � can be quite precisely
constrained by our model for the North Pacific from the sen-
sitivity of the deep water isotopic composition to the 10-fold
increase in dust flux over the last 3.5 Myr. Assuming that the
observed Nd isotopic change in NPDW (0.5 � units; Fig. 3;

Fig. 8. Diagram of �Nd vs. �Hf showing the terrestri
time-series analyzed so far. The two North Pacific time-s
one field. All time-series data plot along the seawater ar
intermediate data in the Indian Ocean and the South Pac
radiogenic data. This observation is consistent with the fa
mirror the global conveyor belt, but also the compositi
incongruent weathering effect for the Hf isotope system is
from old source terrains containing old zircons. Hence
terrestrial array. The incongruent weathering effect is sm
from young, almost zircon-free source terrains. Gray tri
ferromanganese crust surface scrapings.
Table 2), has only been a consequence of the change in the
amount of dust delivered (i.e., island arc weathering, isotopic
composition of dust, and water mass advection are kept con-
stant), the dissolved flux of Nd originating from dust particles
and from arc sources can be estimated. Clearly, the greater the
amount of dust that dissolves in the water column, the more
sensitive the budget will be to the 10-fold increase in dust flux.
If, however, � is chosen to be higher than a few percent, the
increase in dust flux would have caused larger changes in the
�Nd of NPDW (Fig. 7) than actually observed (Figs. 2 and 3).
Since the recorded change in NPDW is less than 1 � unit
(including error bars on the Nd isotope measurements), the
fraction of dust dissolving in the North Pacific cannot be
greater than 3.4% and the total dust-derived Nd must have
contributed less than 13% to the dissolved Nd budget of the
North Pacific. Prior to the increase in dust deposition at 3.5 Ma
the dust flux was 10 times smaller than at present day, and thus
the effect of dissolved dust on the deep water composition must
have been negligible for Nd. Even if the increase in dust
deposition at 3.5 Ma had only been a factor of say 4, instead of
10, the modeled maximum dissolution rate of the dust would
not become larger than 4.3%.

The combination of the new data in this study with available
literature data facilitates narrow quantitative constraints on the

, the seawater array and fields for all ferromanganese
m crusts Kamchatka and Alaska have been combined in
e least radiogenic data are found in the Atlantic Ocean,
d North Pacific ferromanganese crusts display the most
Nd and Hf isotopes from ferromanganese crusts not only
ource terrains and incongruent weathering effects. The
ronounced in the Atlantic Ocean due to the supply of Hf

Atlantic deep water exhibits the largest offset from the
the North Pacific, where Nd and Hf are mainly derived
mantle rocks; gray squares: crustal rocks; gray circles:
al array
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importance of dust-derived contributions of Nd to the North
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Pacific. Despite the simplicity of the model its results are
considered realistic because, forced by the new isotope results
derived from the ferromanganese crusts, variations of the frame
parameters within realistic ranges (Table 3) only lead to minor
changes in the model results: For example, changing the flux of
advected Nd by 50% results in a maximum shift in � of 0.6%,
and applying a Nd isotopic composition of �3 for NPDW
(instead of �2) does not affect the modeled dust dissolution
rate at all. Lowering the isotopic composition of �Nd from
modified AABW toward an average value of �6.8 would only
raise the maximal dissolution rate by 0.4% to a value of 3.8%.
The only noticeable change in � is observed, when choosing the
two lowest possible values for calculating the dust flux
([Nd]dust � 26 ppm, Liu et al., 1993; mass accumulation rate of
dust � 1.3 � 108 g/m2/yr, Rea et al., 1998; Table 3), resulting
in a maximal dust dissolution rates of 6.5%.

4.1.2.2. Arcs. As pointed out above, the box model also
provides an estimate of the flux of arc-derived Nd. Assuming
an average �Nd for the radiogenic arc-end member to be �5
(GEROC database, 2003; Table 3), the arc-derived flux of Nd
(Farc) cannot be less than 3.8 � 108 g/yr to meet the require-
ment to balance the isotopic composition of advected Nd (Fig.
7). Choosing, however, a lower Nd isotopic composition for the
arc end member (�arc � �2) requires a higher Farc of 8.9 � 108

g/yr, while an isotopic composition of �10 for the arc end
member would result in a modeled arc-flux of 2.7 � 108 g/yr.
Alteration of the applied isotopic composition of NPDW from
�2 (derived from our crusts) to �3 (e.g., Piepgras and Jacob-
sen, 1988) would result in a slightly lower modeled arc flux of
3.3 � 108 g/yr. However, assuming also that our chosen iso-
topic composition for modified AABW may be slightly too

Fig. 9. Diagram of �Nd vs. �Hf for the time-series obtained for crust
Tasman (Southwest Pacific Ocean). The vertical arrow indicates a trend
resembling the one previously found in the North Atlantic (van de
Flierdt et al., 2002), suggesting that the Hf isotopic composition of deep
waters may have responded to the buildup of the East Antarctic Ice
Sheet (see text). The second arrow represents a change in the Nd and
Hf isotopic composition probably due to a change in ocean circulation
induced by the closure of the Indonesian Gateway (van de Flierdt et al.,
2004a). Numbers denote the age of each of the displayed samples.
high (�Nd � �5.5 instead of �Nd � �6.8, which represents the
average of all published values; Table 3) the model results
again in a higher arc flux of 4.8 � 108 g/yr.

Considering a suggested Nd inventory in the oceans of 5 �
1012 g (average value from estimates of Goldstein and Jacob-
sen, 1987, and Jeandel et al., 1995), and an average global
residence time of Nd of 1000 yr (e.g., Tachikawa et al., 1999),
a global Nd flux of 5 � 109 g/yr is calculated, which makes a
flux of Nd above � 109 g/yr from the young volcanic arcs
around the North Pacific alone unreasonably high (�20% of
the global flux). Thus, to balance the isotopic budget with
reasonable fluxes, the �Nd value of the arc source cannot have
been less radiogenic than �2. Our preferred value is �5 as
shown in Figure 7 and Table 3. Overall, the model supports
significant contributions of Nd from very young basaltic ter-
rains around the North Pacific and argues against large rivers as
being the main contributor of Nd in this region.

There is support for this scenario from literature data for
river systems. The Kurile-Kamchatka and Aleutian arc systems
in the North Pacific have Nd isotopic compositions typically
lying between �5 and �10 (GEOROC Database, 2003). It has
previously been suggested that the average riverine discharge
to the Pacific Ocean has a Nd isotopic composition of roughly
�3 to �4 (Goldstein et al., 1984; Goldstein and Jacobsen,
1987). This estimate, however, was mainly based on the inves-
tigation of the very few large rivers entering the Pacific Ocean.
Data for the dissolved load of smaller riverine systems draining
young volcanic arcs are scarce but exhibit more radiogenic
values (Mogami/Japan: �Nd � 0.1, four rivers from the Phil-
ippines: �Nd � �6 to �7; Goldstein and Jacobsen, 1987). By
comparing these data with results for the suspended load from
the same rivers, Goldstein and Jacobsen (1987, 1988) showed
that dissolved and particulate loads yield similar Nd isotopic
compositions in rivers draining young islands and continental
arcs, and that these values are similar to the source rocks. In the
light of this background information, it is reasonable to use the
radiogenic signature of the rocks of the Aleutian and Kamchat-
kan arcs as end members for the evaluation of the Nd fluxes
into the North Pacific.

4.1.2.3. Input Mechanisms from Arcs. There are two pos-
sible mechanisms for inputs of Nd from the arcs: (i) direct
transport to the ocean via riverine pathways in dissolved form
(e.g., Goldstein and Jacobsen, 1987; Elderfield et al., 1990), or
(ii) release of Nd to seawater by exchange processes with
particulate matter along the ocean margin (“boundary ex-
change” ; Jeandel and Lacan, 2003; Tachikawa et al., 2003).
The latter process includes both interaction of river particulates
with seawater and near bottom dissolution of deposited or
resuspended sediments at the continent/ocean interface (e.g.,
Spivack and Wasserburg, 1988; Bertram and Elderfield, 1993;
Jeandel et al., 1995; Jeandel et al., 1998; Sholkovitz and Szym-
czak, 2000; Lacan and Jeandel, 2001; Tachikawa et al., 2003).
At the present time none of the above listed possibilities can be
excluded or quantified due to the lack of more detailed studies.
This lack of other studies is why we have only identified the
total dissolved/exchanged flux of Nd from the arcs (Farc). The
modeled value of 4.8 � 108 g/yr (Fig. 7) seems reasonable
when compared to the study of Lacan and Jeandel (2001).

7
These authors calculated a flux of 4.9 � 10 g Nd/yr being
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exchanged between the slope of Papua New Guinea and sea-
water. Note that our modeled value of 4.8 � 108 g/yr integrates
the flux of Nd entering the North Pacific in dissolved form and
the exchanged Nd. Furthermore, the area of slopes around the
North Pacific is much larger compared to the Papua New
Guinea area.

8 8

Table 3. Input parameter

Parameter Description
Estimated range for Nd

(published data)

Mode
value

N

� Dissolution parameter 0 to 0.2 ?

Fluxes

Fdust Present day dust flux 30 to 170 60

FAABW* Advected flux into
North Pacific

5 to 12 8

FNPDW Advected flux from
North Pacific

4 to 18 8

Farc Flux from arc material —

Fscav Scavenged flux — Farc

�F

Isotopic com

�dust of dust �11.7 to �9.1 �10

�AABW* of modified AABW �8.1 to �5.4 �5

�NPDW of NPDW �6.8 to 0.0 �2

�arc of arc material �16.4 to 11.8 �5

�scav Scavenged from North
Pacific

�8.4 to 0.0 �2

Input parameter for North Pacific box model, with their estimated r
modeling the isotopic mass balance at 3.5 Ma, the same input parame
assumed to be lower by a factor of 10 (e.g. Rea et al., 1998) and (ii) th
respectively, as indicated by our time-series from crusts Alaska and K

References: 1, Greaves et al. (1994); 2, Tachikawa et al. (1999); 3, A
6, Rea et al. (1998); 7, Uematsu et al. (2003); 8, Taylor et al. (1983); 9
et al. (1996); 13, Pettke et al. (2002b); 14, Piepgras and Wasserburg
Roemmich & McCallister (1989); 18, Schmitz (1995); 19, Wijffels et a
et al. (1979); 23, Piepgras and Jacobsen (1988); 24, Shimizu et al. (19
and Orians (1998); 28, Goldstein et al. (1984); 29, Liu et al. (1994); 3
33, Aplin et al. (1986); 34, Albarède et al. (1998); 35, White et al. (1
et al. (1997); 39, Lee et al. (1999); 40, David et al. (2001); 41, GEORO
44, O’Nions et al. (1978); 45, Elderfield et al. (1981).

a Modeled values are based on an area of the North Pacific of 9.4 1
(Rea et al. 1998; Uematsu et al., 2002), and Nd and Hf concentration

b Modeled values are based on advection of 7 Sverdrup (1 Sv � 106

Nd and Hf are assumed to be 3.5 ng/kg (Piepgras and Wasserburg, 1982
to NPDW*).

c Modeled values are based on the same parameter as chosen for FAAB
d Average of published data (e.g. Pettke et al., 2000; Pettke et al., 2
e Values observed in this study from crusts Nova represent modified

crust Nova are at the high end of the published values for modified A
f Values obtained in this study from crusts Alaska and Kamchatka ma

estimate for the Nd isotopic composition of NPDW over the entire N
g Average of published data. For �Nd some negative values from th
h We assume that the isotopic composition of NPDW represents an a

range of published data).
Since our calculated arc fluxes (2.7 � 10 to 8.9 � 10 g/yr
assuming �Nd values between �10 and �2) are similar in
magnitude to the estimated global dissolved riverine flux of Nd
(5.0 � 108 g/yr; Goldstein and Jacobsen, 1987) a mass balance
problem is indicated, which on a global scale has been called
the “Nd paradox” (e.g., Bertram and Elderfield, 1993; Jeandel
et al., 1995). The Nd paradox means that by applying literature

North Pacific box model.

Reference
Estimated range for Hf

(published data)

Modelled
value for

Hf Reference

1–3 0 to 0.2 ? —

g/year

4–11 2 to 50 11a 4–8,
12–13

14–19 — 0.2b —

16–25 0.1 to 0.4 0.2c 16–19,
26–27

— — ? —

— — Farc �
�Fdust

—

s in � units

8, 10–11, 28–30 �4.7 to 2.5 �2.6d 13

14, 31–34 3.6 to 5.1 �5.1e 34–35

14, 22–24, 33–34,
36–37

2.7 to 9.1 �7.5f 34–35,
38–40

41 12.0 to 18.0 �15.0g 42–43

14, 22–24, 33,
36–37, 44–45

2.7 to 9.1 �7.5h 34–35,
38–40

rom published data, and the values used in the described model. For
ve been chosen with two important modifications: (i) the dust flux is
nd Hf isotopic composition of NPDW is lowered by 0.5 and 1 � units
ka (Figs. 2 and 3). For additional information, see main text.
escoff et al. (2001); 4, Duce et al. (1991); 5, Janecek and Rea (1983);
al. (1993); 10, Nakai et al. (1993); 11, Gallet et al. (1996); 12, Weber

); 15, Nozaki and Alibo (2003); 16, Johnson and Toole (1993); 17,
6); 20, Alibo and Nozaki (1999); 21, Zhang et al. (1994); 22, Piepgras
, Piepgras and Jacobsen (1992); 26, McKelvey (1994); 27, McKelvey
s et al. (1994); 31, Albarède et al. (1997); 32, Amakawa et al. (1991);
6, Goldstein and O’Nions (1981); 37, Ling et al. (1997); 38, Godfrey
base (2003); 42, White and Patchett (1984); 43, Münker et al. (2001);

Uematsu et al., 2002), a mass accumulation rate of dust of 2 g/m2/yr
t of 30 and 6 ppm, respectively (average of published data).
e.g. Johnson and Toole, 1993) of modified AABW. Concentrations of

i and Alibo, 2003) and 0.1 ng/kg (no reference; value chosen in analogy

. Johnson and Toole, 1993; Alibo and Nozaki, 1999; McKelvey, 1994).

(AABW*) at 1°S. Note that Nd and Hf isotopic compositions from
n the South Pacific.
e representative for the marginal North Pacific and hence an alternative
ific may be around �3 �Nd (e.g. Piepgras and Jacobsen, 1988).
u arc have been excluded for determining the average.

ate average of the entire North Pacific water column (supported by the
for the

lled
for

d

in 108

a

b

c

?

�

dust

position

.3d

.5e

.1f

.0g

.1h

anges f
ters ha
e Nd a
amchat
rraes-M
, Liu et

(1982
l. (199
94); 25
0, Jone
986); 3

C data

013m2 (
s in dus
m3s�1;
; Nezak

W* (e.g
002b).
AABW

ABW i
y only b
orth Pac
e Honsh
ppropri
estimates of the global riverine, and atmospheric fluxes of Nd
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(Goldstein and Jacobsen, 1987; Duce et al., 1991; dust disso-
lution rate of 2%, Greaves et al., 1994; [Nd] � 30 ppm,
Grousset et al., 1998), and the marine Nd inventory (Jeandel et
al., 1995), a Nd residence time of � 5000 yr results. This is not
realistic, since pronounced Nd isotopic differences are ob-
served between water masses as well as a provinciality of Nd
isotopes between different ocean basins (Fig. 8; see Piepgras et
al., 1979; Goldstein and O’Nions, 1981). This provinciality
provides strong evidence for a residence time for Nd not much
longer than the global turnover time of the ocean of � 1500 yr
(Broecker and Peng, 1982). The Nd isotopic provinciality is not
only a present-day feature, but has been persistent over the
entire Neogene, as can be seen from Figure 8 (Atlantic: �Nd �
�13.1 to �10.5; Indian Ocean: �Nd � �8.1 to �7.0; Pacific
Ocean: �Nd � �6.9 to �1.6; see also Frank, 2002, for a recent
overview).

In general, an increase in the total Nd flux to the ocean is
required to solve the Nd paradox, which can be achieved in
three different ways: (i) increasing the dissolution rate of dust,
(ii) increasing the supply of dissolved Nd to the ocean, or (iii)
additional sources of Nd such as from particle/seawater ex-
change. The first possibility has been promoted by Tachikawa
et al. (1999), who suggested that the soluble fraction of dust in
seawater may be up to 20% in the eastern North Atlantic. Such
a large amount of dust-derived Nd cannot be isotopically bal-
anced in the case of the North Pacific (see section 4.1.2.1. and
Fig. 7). The second suggestion, an increased supply of dis-
solved Nd, is supported by the work of Milliman and Syvitski
(1992). It is quite possible that the role of small mountainous
rivers has been severely underestimated, since the riverine Nd
budgets have always been calculated based on the fluxes from
large rivers alone. But large rivers have big estuaries, where a
large fraction of the (dissolved) trace metals are removed (70%
or even more; see Elderfield et al., 1990). Small mountainous
rivers probably do not lose their dissolved load near the coast
in this way since many of them discharge into the ocean at
locations without large shelf areas. Even more likely is the
possibility that exchange between particulates (river-borne or
resuspended sediment) and seawater acts as an additional
source. This is supported by Nd concentration profiles from the
North Pacific, which exhibit a concentration maximum in deep
to bottom waters and not in surface waters (e.g., Piepgras and
Jacobsen, 1988). Furthermore, case studies from Papua New
Guinea and the Indonesian Seas suggest that these “exchange
processes” at the ocean margins are very important for govern-
ing the Nd isotopic composition of seawater (Jeandel et al.,
1998; Sholkovitz et al., 1999; Amakawa et al., 2000; Sholko-
vitz and Szymczak, 2000; Lacan and Jeandel, 2001; see also
Jones et al., 1994). One such process could for example be the
release of trapped river water Nd in estuaries by increasing
salinity (e.g., Sholkovitz and Szymczak, 2000). Moreover, a
revisited calculation of the oceanic Nd budget using a steady
state 10-box model and a compilation of field data by
Tachikawa et al. (2003) suggests that Nd supply from conti-
nental margins can account for the missing Nd in the global
budget. All the above cited studies imply that it is quite likely
that the arcs around the Pacific Ocean, which have a very
radiogenic Nd isotopic signature, are an essential source and
end member for the global Nd budget, and may also contribute

to solve the Nd paradox.
At this point, we would like to make a few remarks on the
model results obtained for Hf by using the input parameters of
the model defined in Table 3. Since the observed change in �Hf

in North Pacific deep water has been less than 2 � units over the
past 3.5 Ma (Fig. 3), the fraction of dust dissolving in the North
Pacific must be less than 1.1%, while the maximum contribu-
tion of dust to the Hf budget in the North Pacific is 22%. These
model results have, however, to be treated with caution due to
the lack of input data (Table 3). Moreover, we cannot assess at
all how realistic the calculated arc flux of � 0.12 � 108 g Hf/yr
may be due to the unknown global Hf budget. As for Nd, the Hf
input from dust seems to be negligible given our estimates of
the model parameters (Table 3). Furthermore, the arc flux of Hf
has obviously been very important, in agreement with the
observed coupling of Nd and Hf isotopes in the North Pacific.

In summary, time-series of dissolved Nd and Hf isotopic
composition in the Pacific Ocean reflect a long-term balance
between eroded arc material on the one hand (radiogenic end
member), and advected water masses (modified AABW) on the
other. Eroded arc material is most likely supplied to the ocean
by small rivers (dissolved load) and by exchange between
seawater and arc-derived particulates. Dust dissolution has
clearly been a source of subordinate importance for Nd and Hf
in this region.

4.2. Neodymium-Hafnium Isotope Decoupling in the
Pacific Ocean

On a global and basin-wide scale Nd and Hf isotopic com-
positions are coupled in ferromanganese crusts and monitor
advection and mixing of water masses, as well as input from
external sources. On a local scale, however, decoupling of Nd
and Hf isotopes does occur. Every case of decoupling in a
ferromanganese crust holds the potential to provide information
about processes affecting the Hf isotopic composition of sea-
water. Two examples of decoupling of Nd and Hf isotope
time-series from the Pacific Ocean are discussed below.

4.2.1. Glacial Weathering and the Hf Isotope Composition of
Deep Water

Crust Tasman from the Lord Howe Rise in the Southwest
Pacific Ocean (Fig. 1) displays both a coupling and decoupling
of Nd and Hf isotopes within its 23 Myr record (Figs. 2 and 3).
The large increase in the Nd isotopic composition over the past
10 Myr (2.8 � units) can most likely be ascribed to a change in
the circulation pattern in this area of the Pacific Ocean, and
more specifically to the closure of the Indonesian Gateway (van
de Flierdt et al., 2004a). The 2.8 � unit change in Nd isotopes
is accompanied by a 2.2 � unit change in the Hf isotopic
composition, pointing toward a similar origin for the Hf and Nd
isotope changes. In analogy to the interpretation of the Nd
isotope record, the pronounced shift in the Hf isotopic compo-
sition in the Southwest Pacific can be explained by mixing of
two main water masses: Southern Ocean water (�Hf � �3 to
�4; Ulfbeck et al., 2001) and Equatorial Pacific deep water
(�Hf � �5.5 to �7.5 over the past 23 Ma; Lee et al., 1999),
with the latter becoming progressively more important toward
present day.
In addition, the Hf isotope pattern with time in crust Tasman
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(Figs. 2 and 3) shows another significant change in the local
deep water isotopic composition between 23 and 15 Ma. Dur-
ing this period, Hf isotopes decreased by � 2 � units, whereas
the Nd isotopic composition remained essentially constant.
This Nd-Hf decoupling becomes even more obvious when the
data are plotted in �Nd vs. �Hf space (Fig. 9): The data for the
period 23 to 15 Ma show a coherent vertical trend toward lower
�Hf values. In contrast, the �Nd and �Hf values during the past
10 Myr are correlated along a line, the slope of which is similar
to the global seawater array (Fig. 8; Albarède et al., 1998). A
vertical trend in �Nd vs. �Hf space has only been observed once
before, namely in the Northwest Atlantic (Piotrowski et al.,
2000; van de Flierdt et al., 2002). van de Flierdt et al. (2002)
suggested that the Nd-Hf decoupling seen for the past 3 Myr in
North Atlantic deep water was caused by release of highly
unradiogenic Hf from very old zircons, facilitated by enhanced
mechanical weathering during the onset of the Northern Hemi-
sphere glaciation. They suggested that this process did not
affect the Nd isotopic composition. Therefore the conclusion
has been drawn that combined Nd-Hf isotope time-series stud-
ies may be a tool for assessing changes in the style of weath-
ering in the geological past.

In the case of the Southwest Pacific, a similar explanation is
reasonable, since the time interval from 23 to 15 Ma coincides
with the buildup of the East Antarctic Ice Sheet (e.g., Billups
and Schrag, 2002). Old cratonic rocks make up the continental
basement in Antarctica, which were ground-up and eroded
during these drastic environmental changes. For this reason, it
is likely that some of the unradiogenic Hf, previously locked in
the zircons, was released and exported to the Southern Pacific
Ocean. This export led to a lowering in the Hf isotopic com-
position of Southwest Pacific deep water without being re-
flected in the Nd isotopic composition.

One way to check the reliability of the conclusions drawn
above, is by comparing the Tasman record with other records
situated under the direct influence of inflowing Southern Ocean
water. Such records are crust Nova, from the Nova Canton
Trough (Fig. 1) and crust 109D-C from the Southern Indian
Ocean (27°58.4=S, 60°47.7 E; 5200–5700 m water depth;
Piotrowski et al., 2000). None of these two crusts, however,
shows a trend in their Hf isotopic compositions, similar to the
one observed in Southwest Pacific. Hence it could be that crust
Tasman is derived from a setting in which it mainly recorded
the isotopic composition of waters, which formed nearby on the
Antarctic continental shelf (e.g., Adelie coast; Rintoul et al.,
2001). Although Pb and Nd isotope time-series from crust
Tasman exclude any significant change in local input sources
(van de Flierdt et al., 2004a), future studies are required to
investigate potential other mechanisms that may be capable to
change the Hf isotopic composition of seawater without affect-
ing Nd and Pb isotopes.

4.2.2. Behavior of Hafnium Isotopes in the Nova Canton
Trough

Crust Nova was recovered from a water depth of 7000 m in
the Nova Canton Trough in the Southern Equatorial Pacific and
reflects the composition of Equatorial Pacific bottom water.
Although this location is directly at the outflow of the DWBC

carrying modified AABW to the Equatorial Pacific (see Fig. 1),
Hf isotopes from crust Nova present a puzzling picture: The Hf
isotopic composition is more radiogenic than expected for
water depth and latitude, and hardly any variability is visible
for the past 38 Myr (�Hf � 5.7 � 0.4; Figs. 4 and 5). Constant
Hf isotope data are in contrast to the variable Nd isotopic
composition. Nd isotopes from crust Nova have been shown to
be sensitive to changes in the import and composition of
AABW over the past 38 Myr, due to the establishment of the
ACC and the buildup of the East Antarctic Ice Sheet (Figs. 4
and 5; van de Flierdt et al., 2004a).

With the currently available data we cannot fully explain the
Hf isotope behavior in crust Nova. We can, however, exclude
some possibilities: First, it is clear that phosphatization did not
erase or overprint the original signature, such as was speculated
for other crusts from the Equatorial Pacific (Ling et al., 1997).
This is manifested by P contents of less than 0.55% throughout
crust Nova. Second, external sources (e.g., arcs) cannot be
responsible for the elevated Hf isotopic composition, since any
advected water mass showing an arc-like Hf isotopic signature
would also show an arclike Nd isotopic signature (i.e., a cou-
pling of Nd and Hf isotopes). Hydrothermal influence on the Hf
profile can also be ruled out, due to typical hydrogenetic
element concentrations in crust Nova (van de Flierdt, 2003; see
also Hein et al., 2000). Third, differences in the speciation of
Hf and Nd in seawater, as well as their partitioning into the
oxyhydroxides of the ferromanganese crusts, could possibly
result in different particle reactivity and hence residence times.
Dissolved Hf in oxygenated seawater is present as neutral or
negatively charged hydroxide complexes, which are associated
and coprecipitated with the FeOOH phase of ferromanganese
crusts (Bruland, 1983; Koschinsky and Hein, 2003). Neody-
mium, on the other hand, forms both positively charged mono-
carbonate complexes and negatively charged dicarbonate com-
plexes. Most likely, the positively charged species is dominant,
and is preferentially adsorbed onto MnO2 phases. It is, however
not obvious how this difference in chemical properties could
cause the observed isotopic differences of the two elements.

We would like to point out that two out of the three pub-
lished Equatorial Pacific ferromanganese crust time-series
(D11-1 and CD29-2; Fig. 1) also shows a decoupling of Nd and
Hf isotopes, at least over the past � 12 Myr (Figs. 3 and 5; Lee
et al., 1999). While Nd isotopes have been shifted systemati-
cally toward more radiogenic values, there is no significant
change in the Hf isotopic composition. Nevertheless, Nd and
Hf isotopes in these two records appear to be correlated: Both
isotope systems display the expected values in terms of the
vertical stratification of the water column as well as in terms of
their latitudinal position within Pacific deep water (Figs. 3 and
5; section 4.1.1.). Also deep crust VA13/2 (Figs. 1, 4, 5) fits the
Pacific-wide distribution in terms of its Nd isotopic composi-
tion, but shows a coupling of Nd and Hf isotopes. Comparing,
however, this deep Hf isotope record to our deep one of crust
Nova, it is not clear which of the two records might be dis-
turbed (Figs. 4 and 5). It is possible that the data do not indicate
a decoupling of Nd and Hf isotopes in the Equatorial Pacific,
but just reveal the fact that the Equatorial Pacific ferromanga-
nese crusts have recorded the poorer sensitivity of the Hf
isotope system to changes in water mass circulation compared

to the Nd isotope system.
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5. CONCLUSIONS

We presented a combined Nd-Hf time-series study of ferro-
manganese crusts from 5 locations in the Pacific Ocean, cov-
ering the past 38 Myr.

Consistent basin-wide patterns of Nd and Hf isotope time-
series in the deep Pacific Ocean are a consequence of the
general circulation pattern of northward advection of AABW
and subsequent mixing with overlying Pacific deep water. This
is documented by a pronounced and continuous latitudinal
increase in the isotopic compositions of both systems in deep
waters over at least the past 14 Myr. There also is clear
evidence that a vertical stratification in the Equatorial Pacific
water column has persisted over the past 25 Myr as a conse-
quence of this circulation pattern, with less radiogenic values at
depth. The fact that the overall variations within each of the Hf
and Nd isotope time-series are smaller than latitudinal or ver-
tical differences points to a long-term stable balance of Nd and
Hf input sources to the Pacific Ocean. The two main factors
controlling this balance have been: (i) advection of water
masses from the Southern Ocean, and (ii) erosion and supply of
Nd and Hf from young circum-Pacific island arcs. The impor-
tance of the latter (radiogenic) end member for the Nd and Hf
isotopic composition of the North Pacific is corroborated by the
results of a simple box model. The results from this model,
along with the new data from this study, strongly support the
view that island arcs have been a very important source in the
global Nd and Hf budget. It is suggested that either small
riverine systems, or exchange between particles and seawater at
the ocean margins, or a combination of both, have been the
main pathways for supplying arc-derived Nd and Hf to Pacific
deep water. The simple box model also clearly demonstrates
that dust must have been a minor component of the dissolved
Nd and Hf budgets in the North Pacific, since calculated
amounts of dust dissolution for Nd and Hf are less than 3.4%
for both elements.

In general, the Nd and Hf isotope systems have been closely
coupled in the Pacific Ocean at least during the past 14 Myr.
There are, however, two examples from our data set and two
examples from the literature, where this has not been the case.
Although we are able to offer a possible interpretation for one
of these cases, future studies are needed to better understand the
mechanisms governing the Hf isotopic composition of seawater
and its (de)coupling from Nd isotopes.
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