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Abstract

Models explaining the characteristic depletion of High Field Strength Elements (HFSE) relative to elements of similar
compatibility in subduction zone magmas invoke either (1) the presence of HFSE-rich minerals in the subduction regime or (2)
a selectively lower mobility of HFSE during subduction metasomatism of the mantle. In order to investigate the properties of
HFSE in subduction regimes closer, we performed high precision measurements of Nb/Ta, Zr/Hf, and Lu/Hf ratios together with
'75H1/'7"Hf analyses on arc rocks from Kamchatka and the western Aleutians. The volcanic rocks of the Kamchatka region
comprise compositional end members for both fluid and slab melt controlled mantle regimes, thus enabling systematic studies
on the HFSE mobility at different conditions in the subarc mantle. Hf—Nd isotope and systematic Zr/Hf and Lu/Hf covariations
illustrate that Zr—Hf and Lu are immobile in fluid-dominated regimes. Hf—Nd isotope compositions furthermore indicate the
presence of “Indian” type depleted mantle beneath Kamchatka, as previously shown for the Mariana and Izu—Bonin arcs. In
addition to a depleted mantle component, Hf—Nd isotope compositions enable identification of a more enriched mantle wedge
component in the back-arc (Sredinny Ridge) that most likely consists of mantle lithosphere. The ratios of Nb/Ta and Zr/Hf are
decoupled in rocks from fluid-dominated sources, indicating that Nb and Ta can be enriched in the mantle by subduction fluids
to a small extent. In contrast to the fluid-dominated regime in Central Kamchatka, the budget of HFSE and Lu in rocks from the
Northern Kamchatka Depression and in adakitic rocks from the western Aleutians is significantly affected by slab melts that
originate from subducted oceanic crust. Compositions of the rocks with the highest slab melt components in their source (St/
Y>30) provide no evidence that either Nb/Ta or Zr/Hf ratios are fractionated at a globally significant scale during melting of
subducted oceanic crust. Subduction processes are therefore an unlikely candidate to explain the terrestrial Nb—Ta paradox (i.e.,
the subchondritic Nb/Ta ratios in all accessible terrestrial silicate reservoirs).
© 2004 Elsevier B.V. All rights reserved.
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Hf) display a characteristic depletion relative to the
rare earth elements (REE) and large ion lithophile
elements (LILE) (e.g., [1]) despite their similar
compatibility during mantle melting. This depletion
is the consequence of mass flux processes from the
subducting plate to the subarc mantle. Most arc
magmas originate from the subarc mantle wedge
(e.g., [2]) which is enriched by fluids and melts
from subducted oceanic crust and overlying pelagic
sediments. At present-day temperature gradients in
the Earth’s mantle, old subducted oceanic crust
typically dehydrates. In contrast to older models,
arguing that old oceanic crust tends not to reach
the solidus (e.g., [3]) more recent models [4] suggest
that oceanic crust as old as 80 My can reach the
solidus. There is general consensus that melting of
subducted basaltic crust occurs in regions where very
young (<5 My) and hot oceanic crust subducts
[5,6]. Subducted pelagic sediment has a lower soli-
dus than oceanic crust and can melt in present day
subduction regimes (e.g., [7]). Some recent studies
(e.g., [1,8]), have concluded that HFSE exhibit
“conservative” behavior during element transfer at
the slab-mantle wedge interface; that is, the abun-
dances of HFSE in arc rocks reflect those in the
mantle wedge. In contrast, LILE and light REE
(LREE) have ‘“nonconservative” properties in sub-
duction zones due to their higher mobility relative to
HFSEs in slab-derived fluids (e.g., [8,9]). More
recent experimental evidence (e.g., [10,11]), howev-
er, indicates that the mobility of HFSEs during slab
dehydration probably approaches that of LREEs and
LILEs at increasing pressures and solute contents of
the fluids. These constraints would require the pres-
ence of amphibole [12,13] or a residual titanate
phase, most likely rutile [10,11], in the sources of
arc magmas that selectively retain the HFSE. Models
that invoke HFSE depletion by titanium phases in the
sources of arc magmas therefore focus on rutile-bearing
eclogite or garnet amphiblolite in deep subducting
slabs (e.g., [11,14,15]). This is because rutile is unsta-
ble during peridotite melting in the mantle wedge
because of its high solubility in basaltic melts [16].
Besides pure mass balance calculations (e.g.,
[8]), recent approaches to assess the mobility of
HFSEs in subduction zones centered on combined
76HE/'7Hf and "*Nd/"**Nd isotope systematics in
arc rocks (e.g., [17—19]). In subduction fluids, Nd

as mobile LREE is expected to be much more
mobile relative to the ‘“conservative” Hf. Both
isotope ratios would be decoupled in this case,
and the pristine Hf isotope compositions of the
mantle wedge would remain unmodified. The pos-
sible change of Nd isotope ratios in arc rocks would
cause a shift from the global '"°Hf/'""Hf—"**Nd/'**Nd
array where Hf and Nd isotope ratios are well
correlated. Such a decoupling of Nd from Hf
isotope ratios is indeed observed for intraoceanic
arcs in the W. Pacific [18,20]. In contrast to the
model of [18] who, on the basis of the Western
Pacific data, argued for a conservative behaviour of
Hf, the mobility of Hf in slab derived fluids was
recently proposed in several studies (e.g., [19,21]
and references therein). [19] argued for addition of
Hf to the mantle wedge by slab derived melts and
fluids because of systematic changes in Hf isotope
composition along arc-back-arc traverses in W.
Pacific intraoceanic arcs. In arc systems, where
sediments contribute a significant portion of the
trace element inventory (e.g., Antilles, Sunda-
Banda) it is commonly accepted that significant
amounts of Hf in the volcanic rocks derive from
the sediments and not from the mantle wedge (e.g.,
[17,19]). Possible mechanisms include (1) addition
of Hf by melts derived from subducted sediments or
(2) shallow level crustal contamination.

Whereas the mobility of Hf (and Zr) in subduc-
tion zones has now been studied, the geochemical
properties of Nb—Ta are yet little constrained. Re-
cent models (e.g., [22—26]) have mostly employed
Nb abundances and Nb/Ta ratios in subduction
rocks to assess the possible mobility of Nb and
Ta. The apparent overlap of Nb concentrations and
Nb/Ta ratios with compositions of mid ocean ridge
basalts (MORB) has been used in favour of a
“conservative” model. As in MORB, an observed
positive correlation between Nb/Ta ratios and Nb
concentrations was interpreted as reflecting variable
degrees of mantle depletion that is controlled by
different Dy,/Dr, in clinopyroxene (e.g., [22,27,
28]). In alternative models (e.g., [12,23,25]) corre-
lations of Nb/Ta ratios with more mobile elements
were taken as evidence that the budget of Nb and
Ta might be at least partially controlled by subduc-
tion components. A further assessment of these two
contrasting models was long hampered by the limi-
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ted availability of Nb—Ta data of sufficient precision
and accuracy.

Here we present a coherent HFSE data set for a
well-characterized suite of subduction-related volca-
nic rocks from Kamchatka and the western Aleutians
[6,29,30]. Together with '"*Hf/'’"Hf isotope compo-
sitions the data set includes Nb/Ta, Zr/Hf, and Lu/Hf
ratios that were analyzed at high precision and accu-
racy by multiple-collector inductively coupled plasma
source mass spectrometry (MC-ICPMS) using isotope
dilution [31,32]. In combination with Hf—Nd isotope
systematics, the HFSE ratios are used to constrain the
mobility of HFSE during subduction zone processes.
This approach exploits the near identical geochemical
properties of the element pairs Nb—Ta and Zr—Hf
[33]. Because of these similar properties, very few
petrogenetic processes are capable of fractionating the
Zr—Hf and Nb-Ta pairs. Recent improvements in
analytical techniques revealed variations of Nb/Ta
and Zr/Hf ratios by up to 40% in different terrestrial
silicate reservoirs ([34] and references therein).
Amongst other hypotheses, the observed variations
have been attributed to subduction processes involv-
ing rutile or amphibole [35—-37]. Using the HFSE data
for the Kamchatka/Aleutian rocks, we attempt (1) to
assess differences in HFSE mobility during slab
melting and dehydration and (2) to identify different
source mineralogies. The Kamchatka—western Aleu-
tian arcs are ideally suited for this purpose because (1)
they display compositional end members for both slab
fluid-and slab melt-dominated regimes in the subarc
mantle and (2) subducted sediments play an insignif-
icant role [6,30].

2. Geological setting and geochemistry

The Kamchatka arc is divided into three segments
[38,39] of which the two southern segments from 51°
to 57°N are presently active. Along the southern two
segments, the Pacific Plate presently subducts beneath
the Asian plate (Fig. 1). At 56°N, volcanism extends
ca. 200 km across the arc. At ca. 57°N, the Kam-
chatka collision zone is intersected by the western
Aleutian arc at an angle of ca. 90°. Beneath the
western Aleutian arc (Komandorsky region) plate
movement occurs in oblique strike-slip mode ([6]
and references therein). Between 54° and 55°N, the
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Fig. 1. Map of the Kamchatka and western Aleutian arc systems.
Eastern volcanic front (EVF), central Kamchatka depression
(CKD), northern central Kamchatka depression (NCKD), Sredinny
Ridge (SR).

Hawaii—Emperor seamount chain (OIB) subducts
beneath the Kamchatka arc. Samples examined in this
study are calc-alkaline rocks from an arc traverse at
56°N [30] and from the Northern segment of the
Central Kamchatka Depression (NCKD), located ad-
jacent to the junction between the Kamchatka and
Aleutian arcs at 57°N. Additional Aleutian samples
include adakitic to calc-alkaline rocks from the
Komandorsky basin [6] and one adakite from Adak
Island in the central Aleutians [29].

Along the arc traverse at 56°N, active volcanoes
in Kamchatka are divided into three groups: Eastern
Volcanic Front (EVF), Central Kamchatka Depres-
sion (CKD) and Sredinny Ridge (SR) (Fig. 1), based
on their location and also defined by trace element
geochemistry [30,39]. Major element compositions
along the 56° arc traverse are mostly basaltic to
basaltic—andesitic with SiO, and MgO contents
ranging from 47 to 56 wt.% and 4-10 wt.% ([30],
Table 1). Two more differentiated (andesitic—dacitic)
samples from the EVF were also included to assess
the influence of differentiation processes on HFSE
systematics. Rocks of the EVF are interpreted to
originate from more depleted mantle wedge sources
than those of the CKD, as indicated by ratios of
conservative trace element such as Zr/Y [30,40]. In
the SR, the mantle wedge composition becomes
progressively enriched, as indicated from elevated



Table 1
Lu—Zr—Hf-Nb—Ta concentrations and Hf—Nd isotope compositions for the measured Kamchatka and W. Aleutian samples
Location Sample no.  Wt% '®Nd/'**Nd  eNd °Hf''Hf  eHf Zr Hf Nb Ta Lu Zr/Nb Zi/Hf Nb/Ta 7oL/ TTHE AeNd
MgO (Pearce)
EVF
Gamchen GAM-07 535 0513074+ 12 85 0.283220+10 159 53.47 1.588 1.09 0.0781 0.299 48.8 33.67 14.0 0.0267 1.4
Gamchen GAM-14 3.62 0512991+ 4 6.9 0.283212+ 14 155 54.00 1.658 0.719 0.0464 0.349 75.1 32.57 155 0.0299 2.8
Gamchen GAM-26 494 0.513085+12 87 0.283255+9  17.1 50.49 1.547 0.944 0.0682 0315 53.5 32.64 13.8 0.0289 2.0
Gamchen GAM-28 6.24 0.513033+6 7.7 0.283235+6 16.4 46.39 1.456 0.906 0.0552 0.273 51.2 31.86 16.4 0.0266 2.5
Kizimen KIZ-01 split 1 2.44 - - 0.283261 9 17.3 62.64 2.049 333 0.293 0.277 18.8 30.57 11.3 0.0192 -
Kizimen KIZ-01 split 1 2.44 - - - - 6226 2.045 3.29 0.290 0.276 18.9 30.44 11.3 0.0192 -
Kizimen KIZ-01 split2 244 0513107+ 10 9.1 0.283272+9 17.7 6297 2.047 3.35 0.291 0.274 18.8 30.77 11.5 0.0190 1.9
Kizimen KIZ-19 522 0513118 +13 9.4 0.283235+10 164 96.15 2.742 3.61 0.231 0.439 26.7 35.07 15.6 0.0227 0.9
Kizimen KIZ-24 4.16 0.513048+5 8.0 0.283247+7 16.8 81.17 2.356 2.73 0.201 0.347 29.8 34.44 13.6 0.0209 2.5
Kizimen Kiz-24/1 442 0513047+ 5 8.0 0.283251+9 16.9 79.63 2.301 2.51 0.167 0.371 31.7 34.62 15.1 0.0229 2.6
Shmidt SHM-01 8.07 0.513070+ 6 8.4 0.283262+9 17.3 68.16 1.986 1.33 0.102 0.357 51.4 3433 13.0 0.0255 2.4
Shmidt SHM-03 221 0513137+14 9.7 0.283292+9 184 57.20 1.633 0.940 0.0681 0.337 60.8 35.04 13.8 0.0293 1.8
Shmidt SHM-04 691 0.513032+4 7.7 0.283262+9 173 51.96 1.567 1.16 0.0804 0.290 447 33.15 14.4 0.0262 32
Komarov KOM-02/2 733 0513036+ 7 7.8 0.283231+10 162 77.86 2.276 1.35 0.0978 0.332 57.9 34.21 13.8 0.0207 2.4
Komarov KOM-06 820 0.513044+5 7.9 0.283211+8 155 64.79 1.931 1.16 0.0792 0.309 5.7 33.56 14.7 0.0227 1.8
CKD
Kluchevskoy — KLU-03 8.88 0.513080+ 6 8.6 0.283244+12 16.7 70.27 2.019 1.39 - 0.260 50.6 34.81 - 0.0183 1.8
Kluchevskoy — KLU-03 8.88 0.513104+10 9.1 0.283272+10 17.7 70.14 2.026 1.35 0.0925 0.260 51.8 34.61 14.6 0.0182 2.0
Kluchevskoy — KLU-06 833 0.513070+6 8.4 0.283275+13 17.8 72.80 2.100 1.38 0.0973 0.273 529 34.67 14.2 0.0184 2.7
Kluchevskoy — KLU-12 503 0.513102+6 9.1 0.283276+9 17.8 95.58 2.670 1.86 0.125 0.343 51.4 35.80 14.8 0.0182 2.1
Kluchevskoy — KLU-15 8.67 0.513109+7 9.2 0.283226+ 8 16.1 67.53 1.938 1.34 0.0890 0.284 50.5 34.85 15.0 0.0208 0.9
Ploskie Sopky 2330 797 0.513078+6 8.6 0.283236+7 164 69.87 2.071 1.44 0.0981 0.304 48.6 33.74 14.7 0.0208 1.7
Ploskie Sopky 3-90 7.84 0.513069+6 84 0283224+9  16.0 60.10 1.788 1.17 0.0770 0.243 51.2 33.61 152 0.0193 1.6
Tolbachik TOL-96-01 4.67 0513141 5 9.8 0.283267+9 17.5 2043 5211 5.16 0.360 0.518 39.6 39.21 14.3 0.0141 1.1
Tolbachik TOL-96-03 9.10 0.513081+5 8.6 0.283271+10 17.7 1184 3.175 292 0.197 0.364 40.5 37.30 14.8 0.0163 2.4
NCKD
Kharchinsky 8840 1.3 0.513095+12 89 0.283255+3 17.1 65.75 2.005 1.18 0.0764 0.224 55.8 32.79 15.4 0.0158 1.8
Zarechny 90093 104  0.513112+5 9.2 0.283253+10 17.0 62.23 1.899 1.16 0.0818 0.255 53.7 32.77 14.2 0.0190 1.4
Shiveluch 2569 7.01 0513114+ 8 9.3 0.283257+9 17.2 77.51 2213 1.86 0.125 0.246 41.6 35.02 14.9 0.0158 1.4
Shiveluch 2577 6.78 0.513138 £ 10 9.8 0.283258 £ 11 17.2 74.76 2219 1.37 0.0900 0.301 545 33.68 15.3 0.0192 1.0
Shiveluch 2581 8.18 0.513058+13 8.2 0.283246+8 16.8 76.84 2.199 1.75 0.119 0.244 43.9 34.94 14.7 0.0157 2.3
Shiveluch 2585 742 0513124+ 6 9.5 0.283248+£10 16.8 7531 2.161 1.72 0.111 0.242 43.9 34.84 15.4 0.0159 1.0
Shiveluch 5734 12,1 0.513059 8.2 0.283231+8 16.2 88.56 2.518 1.76 0.112 0.276 50.4 35.17 15.7 0.0156 1.9
Shiveluch SHIV-01-01 3.57 0.513157+6 10.1 0.283259+8  17.2 89.37 2.534 1.69 0.121 0.183 52.8 3527 14.0 0.0102 0.6
Shiveluch SHIV-01-05 5.61 0513138+ 13 9.8 0.283254+6 17.1 88.81 2.486 1.63 0.112 0.292 54.4 35.72 14.6 0.0167 0.9
Shiveluch SHIV-01-12 3.73 0513142+ 10 9.8 0.283259+9 17.2 9145 2.582 1.81 0.128 0.188 50.4 35.42 14.2 0.0104 0.9
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Location Sample no. Wt% 'SNd/'Nd eNd TCHE'VTHE eHf  Zr Hf Nb Ta Lu Z1/Nb Zr/Hf Nb/Ta 7oLu/ TTHE AeNd

MgO (Pearce)
SR
Achtang ACH-01 5.13 0513039+ 6 7.8 0.283184+6 146 117.6 3.040 5.76 0.369 0.285 20.4 38.70 15.6 0.0133 1.3
Esso ESO-08 6.51 0.513092+6 89 0283248+9  16.8 63.59 1.851 1.53 0.0967 0.236 41.6 34.36 15.8 0.0181 1.7
Ichinsky ICH-02 480 0.513046+7 8.0 0.283156+8 13.6 176.4 4.265 8.23 0.463 0.371 214 41.35 17.8 0.0123 0.5
Ichinsky ICH-05 7.38 0.512987+5 6.8 0.283110+8 12.0 1414 3.397 17.8 1.019 0.268 7.95 41.64 17.5 0.0112 0.7
Ichinsky ICH-10 8.64 0.512974+6 6.5 0.283152+8 134 1422 3.440 16.8 1.009 0.274 8.49 41.35 16.6 0.0113 1.9
Ichinsky ICH-69 6.94 0.513021+7 7.5 0.283192+4 149 1542 3.802 11.6 0.663 0.340 133 40.57 17.5 0.0127 1.8
W. Aleutians
Komandorsky —8-4-78 2.16 0513113 +10 93 0.283211+7 155 944 2.689 4.11 0.343 0.125 23.0 35.10 12.0 0.0066 0.4
Komandorsky —8-6-78 2.89 0.513093+10 89 0283225+10 16.0 86.5 2.316 3.20 0.271 0.123 27.1 37.34 11.8 0.0076 1.1
Komandorsky KCP/Y1 5.54 0513079+ 11 8.6 0283212+9 156 100.2 2.770 3.30 0.210 0.110 30.4 36.19 15.7 0.0057 1.1
Adak Island ~ ADK-53 5.58 0513089+ 11 8.8 0.283205+10 153 100.6 2.762 2.82 0.172 0.209 35.7 36.44 16.4 0.0107 0.8
Komandorsky V38/42Y3 4.44 0513087 +19 8.8 0.283235+11 164 157.6 4.111 3.26 0.190 0.0762 483 3833 17.2 0.0026 1.5
Reference samples
BB (n=11) - - - - 193+ 1.1% 4.83+08% 584+3.7% 342+1.7% 0232+1.1% 3.29+3.7% 39.9+0.7% 17.1 £3.5% 0.00680 +0.9% —
BIR-1 (n=6) - - - - 140+13% 0.581+1.5% 0.549+3.6% 0.0350+3.0% 0244+ 1.0% 252+22% 24.14+0.7% 15.8+2.8% 0.0600+1.0% —

MgO concentration and Nd isotope data in italics are from [6,30]. All other Nd isotope ratios marked with an asterisk were measured using the VG54 TIMS at ZLG Miinster. '“*Nd/'**Nd results were normalized to '“*Nd/'**Nd of 0.7219, an
average '*Nd/"**Nd value of 0.511860 was obtained for the La Jolla standard at the time of measurement. eHf values were calculated relative to a CHUR value of 0.282772 for 7*Hf/'7"Hf [93], &éNd are given relative to a CHUR value of
0.512638 [94]. Standard data for the BB, and BIR-1 basalts are given with 2¢ r.s.d.. Within the uncertainties of previously used methods, the HFSE and Lu concentration data obtained by isotope dilution compare well with recommended
values (see [32] and references therein) but are of much higher precision and accuracy.
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At the intersection of the Kamchatka and Aleutian
arcs, the subducting Pacific plate tears along the
junction of the two arc systems [42]. Volcanism in
the northernmost active Kamchatka volcanoes
(NCKD) is dominated by andesitic rocks interpreted
to contain a slab melt component (high Sr/Y, Fig.
2b). Major element compositions in the analyzed
NCKD samples range from 51 to 61 wt.% SiO,
and 3—12 wt.% MgO ([30] and unpublished data,
Table 1). The occurrence of adakitic melts (i.e.,
pristine melts from the subducting slab), however,
is restricted to the western Aleutians. Because the
subducting plate along the junction of the Aleutian
and Kamchatka arcs is old and relatively cold, the
presence of adakites in this region is explained by
melting along the edges of the torn subducting plate
[42]. Major element compositions in the analyzed W.
Aleutian samples (Komandorsky and Adak islands)
range from 56 to 66 wt.% SiO, and from 2 to 5
wt.% MgO ([6], Table 1). In particular the extremely
radiogenic eéNd (>+8) and the low *°"Pb/2**Pb
[6,30,39,43] rule out any significant addition of
melts from subducted pelagic sediment to the mantle
wedge. Likewise, shallow level crustal contamination
is probably insignificant, given the mafic nature of
the rocks (Fo# up to 92) and their MORB-like
isotopic compositions [30]. Trace element composi-
tions of NCKD and western Aleutian rocks therefore
allow valuable insights into melting of subducted
basaltic crust.

3. Methods and results

A total of 43 Samples along the arc transect at
56° (EVF, CKD, SR) and from the NCKD were
analyzed for their '"°Hf/'’"Hf isotope composition
and Lu—Zr—Hf-Nb—Ta concentrations (Tablel).
Major, trace element and Nd isotope compositions
are taken from [6,30], where a detailed description of
the sample suite is also given. Hf isotope and Lu—
Zr—Hf-Nb—Ta concentration measurements were
performed on the same (ca. 100 mg) split of sample
powder. For some samples, Nd and Sr isotope
compositions were additionally analyzed in the sam-
ple split. All results agreed with those of [6,30] to
better than 50 ppm. The full analytical procedure for
HFSE and Lu concentration measurements is de-

scribed in [31,32]. All samples were spiked using a
mixed "*"Ta—"*Hf—""°Lu—"*Zr tracer that was cal-
ibrated against >99.9% pure Ames metals. A Lu-rich
HREE fraction, Ta, Hf, and a quantitative Zr/Nb cut
were separated from the whole rock matrix by ion
exchange. The concentrations of Lu, Zr, Hf, and Ta
were measured by isotope dilution using the Isop-
robe MC-ICPMS at ZLG Miinster. The concentration
of Nb (monoisotopic) was measured as Zr/Nb
against a Zr/Nb standard prepared from >99.9% pure
Ames metals. The Nb concentration is calculated
from the measured Zr/Nb using the Zr concentration
obtained by isotope dilution. External precision and
accuracy as determined by multiple digestions of
different rock matrices (Table 1 and [32]) are better
than =+ 4% for Nb/Ta, + 0.6% for Zr/Hf, and + 1%
for Lu/Hf (all 2¢ r.s.d.). These reproducibilities are
also confirmed by replicate measurements of two
Kamchatka samples (KIZ-01, KLU-03, Table 1). Hf
isotope measurements at ZLG Miinster were per-
formed using the method described in [31]. After
normalization to a '"’Hf/'”’Hf of 0.7325 (exponen-
tial law), an average ''°Hf/'’’Hf value of 0.282140
was obtained for the Miinster AMES metal standard
that is isotopically indistinguishable from the JMC-
475 standard. All Hf isotope results in Tablel are
reported relative to a '"*Hf/'”"Hf value of 0.282160.
The external reproducibility for '"°Hf/'”"Hf was
+ 50 ppm (20).

Hafnium isotope compositions of the Kamchatka
rocks vary between +12 and +18 e-units. Rocks
from the EVF, CKD, and NCKD show little vari-
ation in their eHf (+15.5 to +18). Ratios for the
SR rocks (+12 to +17) extend to lower eHf,
consistent with a proposed OIB source component
in the mantle source of these magmas [30]. In eHf-
eNd space, the Kamchatka samples overlap with the
terrestrial mantle array (Fig. 3a). Many EVF sam-
ples, however, are displaced to lower eNd relative to
the trend defined by the CKD, NCKD and SR
samples, suggesting some selective addition of
slab-derived Nd to the mantle wedge beneath the
arc front. The western Aleutian samples are slightly
displaced from the Kamchatka array to lower ¢Hf
(+15 to +16.5) at the center of the broadly defined
MORB field (Fig. 3b).

With few exceptions in the EVF (Gamchen) and
SR (Ichinsky), the measured Nb/Ta and Zr/Hf ratios
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in the Kamchatka arc rocks and those of present day
MORB overlap ([44,45] and Fig. 4). Rocks of the
EVEF, CKD and NCKD display Nb/Ta ratios between
13 and 16.5, excluding one dacitic outlier (KIZ-01).
In contrast to these three suites, the SR samples
display higher Nb/Ta ratios up to 18. The Aleutian
samples display more variable Nb/Ta ratios of 11—
17. Measured Zr/Hf and '"°Lu/'""Hf ratios range
from 30.6 to 41.6 and from 0.002 to 0.030, respec-
tively. Along the arc traverse at 56°, both ratios are
inversely correlated (Fig. 4a), Lu/Hf decreases from
the EVF to the SR and Zr/Hf increases. Samples
from the western Aleutians are significantly displaced
from this array to lower Lu/Hf ratios. The NCKD
samples fall in an intermediate position between the
Aleutian and EVF samples. In all suites, Zr/Hf ratios
are also positively correlated with the Zr abundances
(Fig. 4b), suggesting that the effects of crystal
fractionation on incompatible trace element abundan-
ces and ratios are minor. No clear correlation is
observed between Nb/Ta and Zr/Hf ratios (Fig. 4c).
In samples with less than ca. 60 wt.% SiO,, neither
Nb/Ta nor Zr/Hf ratios are correlated with SiO, (not
shown). This confirms that both ratios are little
modified during crystal fractionation in basalts and
andesites, consistent with earlier observations [25,44].
Significantly lower Nb/Ta and Nb/La ratios in the
dacitic sample KIZ-01 (63.6% SiO,) can be explained
by fractionation of low-Mg amphibole that has Dyy/
D, and Dyy/Dr, of >1 [13], in marked contrast to
the dacitic W. Aleutian samples (8478, 8678, high
Nb/La at low Nb/Ta). Sample KIZ-01 is therefore
excluded in the discussion below because the Nb/Ta

Fig. 3. (a—b) ¢Hf vs. ¢eNd of Kamchatka and western Aleutian arc
rocks in comparison to other W. Pacific arcs and Pacific/Indian
MORB [18,19,46,77]. Discrimination lines between Pacific and
Indian MORB are those of [18,77], (c) éHf vs. Hf/Yb systematics in
comparison to global MORB, OIB and Pacific pelagic sediment
[18], (d) AeNdp; vs. ANd projection for the Kamchatka and
Aleutian arc rocks. Note that some adakitic samples from the
Aleutians display positive Hf anomalies, resulting in ANd below
— 0.2 (plotting off the diagram). Vectors indicate addition of fluids
derived from subducted pelagic/volcanogenic sediments and
Pacific OIB/MORB and are those of [18]. AeNdp; is calculated
relative to the Pacific/Indian mantle domain discrimination line of
[18]. Equations are AeNdp;=0.625¢Hf-¢Hf and ANd=[(Nd/Yb)-
100674+ L414logHIYO) I /] 18],
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Fig. 4. Plots of (a) Lu/Hf vs. Zr/Hf, (b) Zr vs. Zr/Hf, and (c) Nb/Ta
vs. Zr/Hf for the Kamchatka and western Aleutian samples in
comparison to MORB. Arrows indicate depletion trends as
predicted from experimental partitioning data (compatibility order
Nb<Ta<Zr<Hf<Lu, references in Fig. 7). MORB data are
combined high precision Nb/Ta, Zr/Hf and Lu/Hf data obtained
by isotope dilution ([34,45] and unpublished data).

and possibly the Zr/Hf ratios are different to those in
the parent melt.

4. Discussion
4.1. Hf-Nd isotope and element variations

A comparison of the Kamchatka/western Aleutian
arc rocks with other arc systems indicates that they are
comparable to other W. Pacific intraoceanic arcs (e.g.,
Mariana, Izu Bonin, Kermadec, Fig. 3a) in that they
display extremely “depleted” Hf isotope ratios, sim-
ilar to those of MORB [46]. In eHf vs. Hf/Yb space
(Fig. 3¢), all EVF and CKD samples overlap fields for
MORB (and NW Pacific arcs) whereas some NCKD
samples and the western Aleutian samples are dis-
placed to higher Hf/Yb at similar Hf isotope compo-
sitions. The higher Hf/Yb ratios are consistent with a
proposed slab melt component (high Hf/Yb) in the
sources of these magmas [30,39,42] by which Hf has
preferentially been added to the mantle wedge. As
there is no shift in '"°Hf/'”’Hf with increasing Hf/Yb
(Fig. 3c), both the mantle wedge and the source of the
slab melt component (in this case the subducting
Pacific plate) are implied to have similarly depleted
Hf isotope compositions. This is also observed for Nd
isotopes, where eNd in the CKD and NCKD cover the
same range. Because of the similar Hf—Nd isotope
compositions to the mantle wedge, coupled Hf—Nd
isotope compositions alone are therefore not suitable
tracers for slab-derived melts that originate from
subducted oceanic crust.

The signature of subducted sediment and OIB
mantle components are often geochemically similar
and may be difficult to distinguish (e.g., Marianas
[23.,47]). For the SR samples, eNd—¢Hf together with
eHf—Hf/Yb covariations (Fig. 3b—c) enable this dis-
crimination. In eHf—Hf/Yb space, eHf ratios of the SR
samples only decrease moderately with increasing Hf/
Yb, rather suggesting addition of an enriched OIB
source type mantle component. Addition of compo-
nents derived from pelagic Pacific sediment to the
mantle wedge would result in a more pronounced
decrease in ¢Hf (Fig. 3c). The moderate decrease of
eHf with increasing Hf/YDb could also be explained by
addition of a mixture of pelagic sediment and volca-
nogenic sediment (more radiogenic e¢Hf [18]) or by
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melts from subducted pelagic sediment that have
elevated Hf/Yb. Both cases appear to be unlikely in
the SR back-arc setting because the uniform, MORB-
like Pb isotope ratios along the 56° transect [30,43]
argue against pelagic sediment (elevated 2°’Pb/***Pb
would be expected).

Because the addition of components derived from
subducted pelagic sediment to the subarc mantle
wedge is deemed to be insignificant, the observed
Hf-Nd variations in the Kamchatka rocks can be
used to infer depleted mantle compositions beneath
the Kamchatka arc. Fig. 3d shows a plot of AeNdp,
vs. ANd for all analyzed Kamchatka samples. The
ANd value denotes the selective enrichment of Nd
relative to Hf in the mantle wedge by subduction
components. More positive values indicate a larger
Nd enrichment or a larger negative Hf anomaly in an
extended REE plot [18]. Both elements are little
fractionated during mantle melting because they have
a similar compatibility. In ¢éHf-¢Nd space, the
AeNdp; value denotes the offset of a sample from
the discrimination line between the Pacific and Indian
mantle domains proposed by [18]. Positive AeNdp
values indicate less radiogenic ¢éNd at a given &¢Hf.
The proposed isotopic boundary between the Pacific
and Indian mantle domains is based on the observa-
tion that MORBs from the Indian—Australian plate
generally display more unradiogenic ¢éNd than Pacific
MORBs at a given ¢Hf (see also Fig. 3b). [18] have
previously reported the presence of “Indian™ type
mantle domain in the mantle wedge beneath the Izu—
Bonin and Mariana arc systems which are located
south of the Kamchatka arc. As rocks in these two
arc systems, all of the examined Kamchatka samples
also plot above the discrimination line of [18] in the
Indian MORB field (Fig. 3b), implying that the
Kamchatka rocks all originate from “Indian™ type
mantle sources. The Aleutian samples are displaced
from the Kamchatka samples towards the Pacific
MORB field, most likely reflecting the contribution
of slab melts from the subducting Pacific plate. In
Fig. 3d, the lack of a systematic increase of AeNdp
with ANd in the EVF, CKD, NCKD, and SR rules
out any significant addition of subducted pelagic
sediment. The observed AeNdp,; vs. ANd relation-
ships rather suggest a predominant role of fluids
derived from subducted Pacific OIB or from a
mixture of Pacific MORB and subducted volcano-

genic sediment. Most importantly, samples with no
Nd enrichment (i.e., ANd ~ 0) still display positive
AeNdp/p, thus confirming the presence of Indian type
mantle beneath the Kamchatka arc.

The mantle wedge beneath Kamchatka is even
more depleted than MORB mantle which has tenta-
tively been attributed to the previous arc magmatism,
including extensive Plio-Pleistocene plateau ande-
sites [30]. Our combined Lu—Hf and '"°Hf/'""Hf
data can help to test this hypothesis and to estimate
both age and degree of depletion in the mantle
wedge. In subduction regimes, both Lu and Hf are
typical conservative elements as shown above for Hf
along the 56° traverse in Kamchatka suites. Lute-
tium, however, is more compatible during mantle
melting than Hf. Lu/Hf ratios decrease from the EVF
to the CKD, NCKD and SR, consistent with the
previously reported decrease in mantle depletion
from E to W (e.g., [30]). As the average degrees
of melting of all examined suites are similar ( ~ 5%
for the SR, ~ 10% for the CKD, ~ 20% for the
EVF [30]), the observed range of Lu/Hf fractiona-
tions ( ~ 200 %) cannot be caused by melting
processes alone that produced these magmas. Except
for the SR samples, there is no significant change in
7°Hf/'""Hf with the Lu/Hf ratios of the magmas.
Rocks of the SR show a decrease of '"*Hf/'”"Hf with
decreasing Lu/Hf and 1/Hf (not shown), indicating
admixture of a more enriched mantle component as
evident from eHf vs. Hf/Yb and Pb isotope system-
atics (Fig. 3c¢).

Similar '7°Hf/'7"Hf in the CKD, NCKD and EVF
magmas coupled with a 200% variation in the Lu/Hf
ratio indicate a young Lu/Hf fractionation event in the
mantle sources in addition to its MORB source-type
depletion. If the Lu/Hf ratios of the mantle sources are
calculated, these values can be used to estimate a
maximum age of Lu/Hf fractionation from the max-
imum spread of observed Hf isotope compositions.
This age corresponds to the age of the variable mantle
depletion observed across the Kamchatka arc. The
major source of uncertainty in such an approach is the
assumption that the different magma sources initially
all had the same Hf isotope composition. The possible
presence of garnet at lower pressures in hydrous
regimes [48], the melting model or the modal compo-
sitions of the mantle sources are of minor significance
in this case. The Lu/Hf ratios of the mantle sources are
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therefore estimated from the measured Lu/Hf ratios in
the magmas (Fig. 5), assuming a simple batch melting
model and a garnet-free mantle residue (also indicated
from HREE abundances in the samples from the EVF-
SR traverse). In this case, the bulk partition coefficient
of the mantle source is approximated by that of
clinopyroxene. Partition coefficients used are those
of [49,50], covering the whole range of published

Dy /Dyy in hydrous and anhydrous regimes (e.g., [51]
and references therein). Following Fig. 5, the maxi-
mum depletion age is constrained to ~ 80—100 Ma,
suggesting that the regional gradient in mantle deple-
tion was indeed established in Late Tertiary to Early
Pleistocene time, when large volumes of flood basalts
were erupted in Kamchatka.

Altogether, eNd—eHf constraints indicate that Nd
was added to the sources of some Kamchatka magmas
(in particular beneath the EVF), whereas Hf was
conservative. The Hf—Nd isotope composition of the
mantle wedge beneath Kamchatka is similar to that of
the “Indian” type mantle domain. A previously iden-
tified additional enriched mantle component, compa-
rable to that of OIB or enriched lithospheric mantle can
be confirmed in the source of the SR magmas. Hf—Nd
isotope compositions in the magmas of the NCKD and
western Aleutians are a mixture of those from the
subducting Pacific plate and mantle wedge material.

4.2. Properties of Zr—Hf and heavy rare earth
elements (HREE)

Covariations of Zr—Hf and HREE enable a further
assessment of the subduction zone mobility of Zr, Hf,
and Lu. It is claimed from mass balance calculations
for other fluid-dominated intraoceanic arc regimes (e.g.
Marianas, Izu Bonin, South Sandwich, and N Toga
Kermadec arcs [23,52,53]) that the HREE exhibit
conservative properties, i.e., that they are not enriched
by subduction components. A conservative behaviour
of the HREE is also evident for most suites of the
Kamchatka arc. Except for the NCKD and western
Aleutian rocks, most analyzed suites display similar
ranges of HREE concentrations that are up to a factor
of 3 lower than those of N-MORB. The similarity of
HREE abundances also indicates similar conditions of
partial melting and degrees of fractionation for all
analyzed Kamchatka samples (following [30,54]). This
is also supported by a coupled increase of Zr concen-
trations with Zr/Hf ratios (Fig. 4b). If the magmas
melted and crystallized under very different conditions,
the element abundances of Zr and Hf would shift
whereas the Zr/Hf ratio would be little modified.

In Lu/Hf vs. Zr/Hf space (Fig. 4a), the Kamchatka
samples from the EVF, CKD and SR form an inverse-
ly correlated array. The NCKD and western Aleutian
magmas are displaced from this array to lower and
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three samples from the EVF (Shmidt, Gamchen) to
slightly higher Lu/Hf ratios. The major Lu/Hf vs. Zr/
Hf array confirms a relative compatibility order of
Zr<Hf<Lu during clinopyroxene (and garnet) con-
trolled mantle melting (e.g., [49,55,56]). The more
hydrous melting conditions in the subarc mantle
wedge therefore do not appear to change the relative
compatibility order of the three elements with respect
to an anhydrous mantle (e.g., [44,56]). It is further-
more confirmed that all three elements behaved con-
servatively because any selective addition of Zr, Hf, or
Lu to the mantle wedge by subduction components
would displace a sample suite from this array. A very
important observation is, however, that in Lu/Hf vs.
Zr/Hf space (Fig. 4a), most Kamchatka samples are
displaced to systematically lower Lu/Hf ratios than the
global MORB array. As the Kamchatka samples
overlap with compositions of global MORB in Zr
vs. Zr/Hf space (Fig. 4b) and in Hf vs. Zr/Hf space
(not shown), the difference between both magma
types is clearly caused by a systematic deficit of Lu
in the Kamchatka magmas. The Lu deficit cannot be
attributed to the higher degrees of partial melting in
the Kamchatka mantle wedge (10—20%) because at
Dy/Dze e >1, an even larger depletion in Zr—Hf
abundances relative to MORB would be expected.
Likewise, systematically different degrees of mantle
depletion in the sources of MORB and the Kamchatka
arc rocks can also be ruled out. In this case, both
groups should be clearly distinguishable in their Lu/
Hf and Zr/Hf ratios because the two ratios are in-
versely correlated during mantle melting (Fig. 4a). In
fact, the Kamchatka samples cover ca. 2/3 of the
entire range in Zr/Hf and Lu/Hf ratios that are dis-
played in global MORB. Consequently, the Lu deficit
is the consequence of higher Dy /Dy, ii¢ during melt-
ing of the Kamchatka mantle wedge compared with
MORB melting. The higher Dy /Dy, i can be caused
by (1) a higher Dy /Dy, ur in hydrous melting regimes
or (2) by a higher average depth of the melting
column, involving larger amounts of residual garnet
and high pressure clinopyroxene. Experimental evi-
dence indicates that the Dy /Dy, ur for clinopyroxene
in mafic systems overlap between anhydrous (Dp,/
Dyp=1.7-2.7 [49,50,57]) and hydrous regimes (Dy /
Dyr=1.8-3.2 [51]). Hence, the critical parameter is
the higher average depth of the melting column
beneath Kamchatka, where the lithosphere is thicker

than above MORB sources. At higher average melt-
ing depths, proportionally larger amounts of high
pressure clinopyroxene or garnet (higher Dy,/Dyy,
e.g., [50,55,58]) are involved during melting. This
model is confirmed by the high Cag, and Nag in
Kamchatka magmas [30] that are explained by the
high crustal thickness (ca. 30 km [59]). Consistent
with this explanation, we find that three samples
from the Shmidt and Gamchen volcanoes, where the
mantle wedge (and the melting column) is shallower
(only 100 km [30]), overlap with global MORB in
Lu/Hf vs. Zr/Hf space.

The NCKD and western Aleutian magmas are
displaced to lower Lu/Hf ratios from the array de-
fined by all other Kamchatka suites in Fig. 4a.
Samples from the western Aleutians display the
largest displacement. Together with high Sr/Y ratios
(Fig. 6a), the low Lu/Hf ratios in the NCKD melts
support previous models that, by analogy to the
western Aleutians, significant amounts of slab melts
were added to the sources of theses magmas
[30,39,42]. The characteristically high Sr/Y and low
Lu/Hf ratios in the slab melts originate from the
presence of eclogite or garnet-amphibolite in the
residual subducted oceanic crust where residual gar-
net retains the HREE and Y (e.g., [60—62]). Hence,
the observed displacement of the NCKD samples
from all other Kamchatka samples in Lu/Hf vs. Zr/
Hf space (Fig. 4a) reflects a contribution of Zr—Hf
from subduction components (adakitic melts). As
observed for '"°Hf/'"Hf (Fig. 3c), the Zr/Hf ratio
in the added adakitic melt must be similar to that in
the CKD/EVF magmas because only a small increase
of Zr/Hf with increasing Sr/Y is observed (Fig. 6b).

In summary, Zr, Hf, and the HREE all display
conservative properties in the fluid-dominated sub-
duction regime beneath Kamchatka, consistent with
carlier models (e.g., [8,9,18]). Combined Zr—Hf-
Lu systematics confirm a compatibility order of
Zr<Hf<Lu in hydrous melt regimes. D;,/Dy¢ in
the Kamchatka mantle wedge is higher than in the
mantle sources of MORB because of the higher
average depth of the melting column. In the mantle
regimes where slab melts are present (western
Aleutians, NCKD), the Zr—Hf-Lu budget is affect-
ed by the added slab melts. A similar Zr/Hf ratio in
the slab melt component to those of global MORB
(30—45 [44,45], however, rules out a significant
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fractionation of the Zr/Hf ratio during slab melting
processes.

4.3. Properties of Nb—Ta

The elements Nb and Ta are regarded as some of
the most immobile in subduction fluids (e.g., [1,8,9]).
Hence, Nb/Ta ratios in fluid-dominated subduction
rocks should only be controlled by the mantle wedge
composition. This is also supported by a previously
reported strong correlation of Nb/Ta ratios with Nb
concentrations in arc rocks (e.g., [22,24]). Because Nb
is more incompatible than Ta during clinopyroxene
controlled melting processes (Dny/Dry ca. 0.3—0.8 in
clinopyroxene, Fig. 7a), the observed correlation of
Nb/Ta ratios with Nb concentrations has been inter-
preted to reflect variable degrees of mantle wedge
depletion. If this is the case, then strong correlations
of Nb/Ta ratios with other depletion parameters (e.g.,
Zr/Nb, Zr/Hf, Lu/Hf) are also expected. However, in
Kamchatka rocks from the EVF, CKD, and NCKD,
Nb/Ta ratios are not correlated with Lu/Hf, Zr/Hf or
Zr/Nb ratios (e.g., Fig. 4c), showing that Nb/Ta is
controlled by a different process. Only the SR sam-
ples, where an enriched mantle component is present,
display higher Nb/Ta ratios at systematically lower Zr/
Nb ratios and higher Zr/Hf ratios. Altogether, these
observations imply that in the more enriched samples
(SR and partly CKD) the budget of Nb—Ta is con-
trolled by the mantle wedge. In the NCKD, western
Aleutians, and to a small extent in the EVF, some of
the Nb—Ta has been added to the mantle wedge by
slab-derived components. The amount of added Nb—
Ta, however, is only very small (up to a factor of ca. 2
relative to the mantle wedge contribution) as indicated
by the high Zr/Nb in the Kamchatka samples that are
comparable to those in MORB. This observation
indicates that the contribution of Nb—Ta by subduc-
tion components is relevant in (1) the samples that
originate from the most depleted mantle wedge (EVF)
and (2) the samples with sources where slab melts are
involved (NCKD, Aleutians).

From Nb/Ta ratios in samples where the Nb—Ta is
largely contributed by slab components, it is possible
to obtain insights into processes that may fractionate
Nb from Ta during slab dehydration and melting
processes. The fluid-dominated EVF rocks display
considerable Nb/Ta variations (13.0—16.4) of which
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the highest Nb/Ta ratios plot outside or at the upper
limit of the MORB field in Nb/Ta vs. Zr/Hf space
(Fig. 4c). If the lower Nb/Ta ratios (13—14) are
assumed to reflect mantle wedge compositions, the
Nb/Ta ratio in the added slab fluids must have been at
least 16. This minimum Nb/Ta estimate is still within
the range of present day MORB or OIB (MORB: 11—
16 [45]; OIB: 15—17 [63]) which constitute the major
source of subduction fluids beneath the Kamchatka
arc. Hence, there is no evidence from the EVF data,
that Nb was significantly fractionated from Ta during
dehydration of the subducted oceanic crust. In similar

fashion as above, the Nb/Ta compositions of the
NCKD and western Aleutian samples with the highest
amounts of added slab melt (i.e., high Sr/Y) can be
used to constrain the possible Nb/Ta fractionation
during slab melting. In high Sr/Y samples of these

two suites

(Sr/Y>30, Fig. 6), the Nb/Ta ratios span a

wide range between 11 and 17 (Fig. 6¢). Some of
these Nb/Ta ratios plot outside the range observed in
MORB (Fig. 4c) which constitutes the most likely

source of
contrast to

the slab melts. It is noteworthy that, in
Zr/Hf (Fig. 6b), there are clearly resolvable

groups of Aleutian samples with distinct Nb/Ta ratios
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(~ 12 and ~ 16, respectively, Fig. 6¢). The implica-
tions of this observation with respect to the petrolog-
ical processes active during slab melting are discussed
below.

The elevated Nb/Ta ratios (up to 18) found in rocks
from the SR can provide constraints on the origin of
the enriched mantle component beneath the Kam-
chatka bck-arc. As evident from Hf—Nd relationships,
the trace element enrichment is best explained by the
presence of either (1) an OIB-type asthenospheric
source or (2) older enriched mantle lithosphere. Re-
cent high precision measurements of Nb/Ta ratios in
OIBs revealed a range in Nb/Ta of 15—17 [63],
whereas magmas with a lithospheric mantle compo-
nent in their source may display substantially higher
Nb/Ta ratios (up to 19 [64]). Although the highest Nb/
Ta ratios in the SR magmas are only slightly outside
the OIB range, this tentatively suggests that subcon-
tinental mantle lithosphere is a magma source beneath
the Kamchatka back-arc region.

In summary, Nb/Ta systematics in the Kamchatka
rocks show that Nb and Ta can be transported to the
mantle wedge in both slab melts and fluids. In agree-
ment with previous observations, the transport of Nb—
Ta by slab fluids is rather limited and becomes only
evident in the case of extremely depleted mantle wedge
compositions. From the Kamchatka data, there is no
evidence that the Nb/Ta ratio is fractionated during slab
dehydration processes. There is, however, some indi-
cation that the Nb/Ta ratio may be fractionated during
slab melting. Nb/Ta ratios may serve as a useful
discriminant between plume and continental-litho-
sphere derived components in the sources of arc
magmas.

4.4. Petrologic control of Nb/Ta and Zr/Hf ratios
during slab melting and dehydration

Although arc magmas, MORB, and OIB have
different abundances of HFSE, their Nb/Ta and Zr/
Hf ratios are essentially identical. Any successful
petrological model for slab melting and dehydration
processes has to explain why these large concentration
differences are not linked to larger Nb/Ta and Zr/Hf
fractionations. A survey of published Nb—Ta and Zr—
Hf partition coefficients for minerals present in mantle
peridotite, eclogite, and garnet amphibolite is shown
in Fig. 7. Rutile, amphibole and, to a lesser extent,

garnet and clinopyroxene are capable of controlling
the Nb—Ta and Zr—Hf budget during melting and
dehydration of subducted oceanic crust. Trace element
budgets of eclogites and garnet amphibolites (e.g.,
[15,37,65—67]) confirm this observation and addition-
ally propose metamorphic zircon to constitute an
important host for Zr and Hf. All of these studies
have identified rutile as the major host for Nb and Ta.
Using the Kamchatka/Aleutian data, we evaluate the
relative importance of these minerals during slab
melting and dehydration processes. Any information
about the behaviour of the HFSE in subduction fluids
is restricted to Nb—Ta in the sources of the EVF
magmas. The Nb/Ta ratio in the subduction fluids
must be 16 or higher. Mineral-fluid partitioning
experiments (e.g., [11]) indicate that Dyu/Dr, in
garnet and clinopyroxene is <1, consistent with a
slightly elevated Nb/Ta ratio in slab fluids. There is
presently no consensus, however, on the Dyy/Dr, for
rutile-fluid systems for which both Dy,/D1,>1 and <1
were reported [14,68]. Hence, further experimental
data are required for an in-depth evaluation of fluid-
related processes. For the discussion of slab melting
processes, we focus on a subset of adakitic samples
from the W. Aleutians and the NCKD (Sr/Y>30)
where the HFSE budget is interpreted as being pre-
dominantly controlled by slab melt components.
With increasing Sr/Y between the NCKD and W.
Aleutian samples, the Zr/Hf ratios only show a slight
increase from ~ 35 up to 38 (Fig. 6b). Although the
Zr/Hf ratio in the source of the slab melts is not
precisely known, it can be assumed to be similar to the
average MORB value (ca. 32—38; [34,45] and [44]
corrected for spike bias, see [32]). The Zr/Hf ratios in
the slab melts are therefore indistinguishable from
those of average MORB, implying that the solidus
phases in the subducting plate have a bulk Dj/Dy¢
that is close to unity. Experimentally derived Dz,/Dy¢
for rutile/melt are ~ 0.6 to ~ 0.9 (e.g., [15,27]),
showing that rutile was not a major host for Zr—Hf.
For clinopyroxene and amphibole, experimentally
derived Dz,/Dyy for tonalitic (adakitic) systems are
<1 (references in Fig. 7). In garnet, the experimentally
derived Dy, /Dy are dependant on pressure and the
MgO content of the garnets, increasing from ~ 0.6 to
~ 1.7 with decreasing MgO content and pressure
(e.g., [51,69]). [55,70] used these experimental data
to model the composition of slab derived tonalitic
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melts as a function of the modal garnet/clinopyroxene
ratio in the eclogitic residue. At a modal ratio of
around 50:50, little fractionation of the Zr/Hf ratio is
expected because the contrasting Dz,/Dyy in clinopyr-
oxene and garnet cancel each other out. Hence the
observed lack of Zr/Hf fractionation in the western
Aleutian and NCKD samples relative to MORB is
well explained by a 50:50 mixture of residual clino-
pyroxene (alternatively amphibole) and garnet. Meta-
morphic zircon could also have controlled the Zr—Hf
budget (see also [67]). [71] report that except for
highly aluminous felsic melts zircon is not fractionat-
ing Zr/Hf ratios in magmatic systems.

In Nb/Ta vs Zr/Hf space (Fig. 4c) some of the
adakitic samples plot outside the MORB field, show-
ing that Nb can be fractionated from Ta to some extent
during melting processes in subducting oceanic crust.
Clinopyroxene and low-Mg garnet in tonalitic systems
are unlikely to produce this fractionation because they
have opposite Dny/Dr, that are close to unity (Fig. 7a
and [70]). Major candidates to fractionate Nb from Ta
in eclogites or garnet-amphibolites are residual rutile
[27,72] and low Mg-amphibole [13,37] (Fig. 7a).
Except for highly siliceous melts [73], the presence
of rutile on the solidus would cause higher Nb/Ta
ratios in coexisting melts. In contrast, low Mg-amphi-
bole in garnet-amphibolite would cause lower Nb/Ta
ratios in coexisting melts [13,37]. Nb/Ta ratios are
therefore a powerful discriminant to assess the relative
importance of amphibole and rutile during slab melt-
ing [37]. Fig. 8 illustrates the correlations of Nb/Ta
and Nb/La ratios with Zr/Sm ratios in the high Sr/Y
samples. Because of the high D Dggg in rutile [15],
Nb/La and Zr/Sm are expected to correlate positively
if rutile is in control whereas the presence of low Mg-
amphibole (high Dy\y/Dy, and low Dy/Ds,, [37])
would cause these ratios to be inversely correlated.
The negative correlation of Nb/Ta with Zr/Sm (Fig.
8a) in the NCKD and western Aleutian samples shows
that both end member assemblages are present in the
magma sources. This observation is consistent with
the slight increase of Zr/Hf with Sr/Y (Fig. 6b)
because Dz,/Dyy in rutile and amphibole are both
<1. A decrease of Nb/La with Zr/Sm in Fig. 8b,
however, indicates that the variation of the negative
HFSE anomalies is predominantly controlled by rutile
and not by amphibole. Some amphibole must be
present in all melt sources, however, because the
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Fig. 8. Plots of Nb/Ta vs. Zr/Sm (a) and Nb/La vs. Zr/Sm (b) for
samples with Sr/Y>30 where HFSE abundances are clearly
controlled by the slab melt component. Average MORB composi-
tions are after [78] (Nb/La, Zr/Sm) and [34,45] (Nb/Ta).

Aleutian and NCKD trends do not overlap with the
Nb/La and Zr/Sm of average MORB (Fig. 8b). The
apparently variable proportions of amphibole and
rutile in the sources of the slab melts may reflect
different P—T conditions, degrees of melting or dif-
ferent TiO, contents of the protoliths [70].

In summary, the Kamchatka end member case
provides some insights into the processes that de-
plete the HFSE in slab fluids where no mobility of
Zr—Hf and little mobility of Nb—Ta were observed.
Because a sediment component is absent in the
magmas, it can be shown that water-rich fluids and
their residual minerals in subducted oceanic crust do
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not fractionate the Nb/Ta ratio in a measurable way.
However, during melting of subducted oceanic crust,
amphibole and rutile are the predominant phases
controlling the Nb and Ta budget, causing small
but resolvable Nb/Ta fractionations. The budget of
Zr and Hf is best explained by ~ 50:50 assemblages
of clinopyroxene/amphibole and garnet or by meta-
morphic zircon.

5. Conclusions

High precision HFSE concentration data together
with Hf—Nd isotope relationships in Kamchatka arc
rocks provide the following constraints on the behav-
iour of HFSE during subduction zone processes:

(1) The isotope compositions of Hf and Nd in
Kamchatka arc rocks indicate that the “Indian
type” mantle domain is present in the NW.
Pacific region and forms the Kamchatka subarc
mantle wedge, similar as previously reported for
the Izu—Bonin and Mariana arcs [18].

(2) In the fluid-dominated subduction regime beneath
Kamchatka (EVF, CKD, SR), Lu, Zr, and Hf
behave conservatively, whereas small amounts of
the Nb—Ta were added by subduction fluids. The
amount added, however, is insignificant with
respect to typical mass balance calculations for
subduction systems that frequently rely on the
immobility of Nb.

(3) In the melt-dominated subduction regime beneath
Kamchatka (NCKD) and the western Aleutians,
all HFSE behave nonconservatively.

(4) From the Kamchatka data, there is no clear
evidence that Nb/Ta and Zr/Hf ratios are frac-
tionated at a globally significant scale during
subduction processes. The presence of residual
amphibole and rutile during slab melting may
cause some fractionation of Nb and Ta. Both
minerals, however, produce opposite fraction-
ation trends which might cancel each other out at
a global scale. Further high-precision measure-
ments of Nb/Ta and Zr/Hf ratios in Archean TTG
suites can help to test models that explain the low
Nb/Ta ratio of the continental crust (ca. 12 [74])
by the presence of amphibole in subducting
oceanic crust during Archean crustal growth

(e.g., [37]). At present, subduction processes
appear to be an unlikely explanation for the Nb/
Ta paradox, i.e., the observation that all accessible
silicate reservoirs on Earth display Nb/Ta ratios
that are below the chondritic ratio of 19.9 £ 0.6
[34]. The data therefore lend further support to the
experimental prediction that some of the Nb is
hosted by the Earth’s core [75]. The absence of
any resolvable Zr/Hf fractionation during slab
melting processes beneath Kamchatka confirms
that there is no globally significant fractionation
of this element ratio during subduction processes,
thus explaining the previously reported lack of Zr/
Hf fractionation during formation of continental
crust (e.g., [56,74]).
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