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Some island arc basalts (IAB) showNd\\Hf isotopic decoupling, which can be attributed to higher mobility of Nd
over Hf in melts released from subducted slab and subsequent metasomatism in the mantle wedge. If the same
mechanism applies, Sr\\Nd isotopic decoupling should be common in typical IAB, but in fact it is not the case. In
order to investigate this problem,we carried out a systematic study on theHabahemafic dykes at ~360Ma,which
emplaced in the south margin of the Chinese Altai due to the northward subduction of the Junggar Ocean. These
dykes can be subdivided into four types based on distinct geochemical compositions and spatial distribution.
Type-I mafic dykes in the southern area are enriched in light rare earth elements (LREE) and Th with positive
Pb anomaly. They have high initial 87Sr/86Sr (0.7088–0.7095), 206Pb/204Pb (17.971–18.034), 207Pb/204Pb
(15.526–15.551) and 208Pb/204Pb (37.860–37.991) ratios and exhibit Nd\\Hf isotopic decoupling with high εHf
(t) (+9.5−+12.1) and low εNd(t) values (+3.5−+3.9). Thus Type-I mafic dykes are interpreted as originating
from a depleted mantle source metasomatized by melts from subducted sediments. Type-II mafic dykes in the
western segment of central area are depleted in LREE and Th but enriched in Ba, Sr and Pb. They show high pos-
itive εNd(t) (+6.5 − +8.1) and εHf(t) (+13.4 − +15.4) values with relatively low initial 87Sr/86Sr
(0.7040–0.7049), 206Pb/204Pb (17.715–17.839), 207Pb/204Pb (15.484–15.495) and 208Pb/204Pb (37.739–37.797)
ratios, which would be derived from the partial melting of a depleted mantle source with input of fluids from
subducted sediments. Type-III mafic dykes in the eastern segment of central area are enriched in LREE with
weakly positive Pb anomaly. They show low initial 87Sr/86Sr (0.7036–0.7038), 206Pb/204Pb (17.871–18.001),
207Pb/204Pb (15.485–15.491) and 208Pb/204Pb (37.610–37.642) ratios and have high positive εNd(t)
(+6.7−+6.9) and εHf(t) (+14.6−+14.8) values, which are interpreted as products of partial melting of a de-
pletedmantle source refertilized bymelts from the subducted oceanic crust. Type-IVmafic dykes in the northern
area are also enriched in LREE but show significantly positive Pb anomaly with intermediate (87Sr/86Sr)i ratios
(0.7068–0.7070), low εNd(t) values (+0.7 − +1.0), high εHf(t) values (+5.5 − +7.8), and high initial
206Pb/204Pb (18.001–18.402), 207Pb/204Pb (15.522–15.553) and 208Pb/204Pb (38.163–38.299) ratios, thus
interpreted as originating from a depletedmantle sourcewith the involvement ofmelts released from subducted
sediments. Type-I mafic dykes have similar Nd-Hf-Pb isotopic compositions with Type-IV mafic dykes but show
higher (87Sr/86Sr)i ratios, indicating that the melts and fluids from subducted sediments at shallower depth pos-
sess high Sr/Nd ratios because of breakdown of plagioclase. Involvement of such melts and fluids can explain
Sr\\Nd isotopic decoupling for the southernmafic dykes of this study, as themodern analogue of fore-arc basalts
and boninites in the Izu-Bonin-Mariana arc and Western Java, which have higher 87Sr/86Sr ratios than those in
typical IAB. Consequently, melting of the residual subducted sediments at the sub-arc depth will generate low
Sr/Nd fluids and melts, which can account for the Sr\\Nd isotopic coupling of the typical IAB and Type-IV
mafic dykes of this study.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

The subduction zone is one of the most important site for geochem-
ical fractionation on Earth (Elliott et al., 1997). Island arc basalts (IAB)
are characterized by the enrichment of light rare earth elements
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(LREE) and large ion lithophile elements (LILE) and depletion of high
field strength elements (HFSE),which are resulted from complicated in-
teraction between the mantle wedge and subducted slab (altered oce-
anic crust (AOC) and associated sediments) (e.g., Woodhead et al.,
2001). In subduction zone, relatively oxidized and volatile-rich crustal
materials are drawn into the deep mantle and undergo dehydration
and melting at depth. Fluids and hydrous melts released from the
subducted slab will promote melting of the mantle wedge via lowering
the solidus of peridotite. Volatiles, LILE and LREE preferably released
from the subducted plate into the mantle wedge are carried up by arc
magmas to the overlying crust, atmosphere, or oceans, which is impor-
tant for the geochemical evolution and growth of the continental crust
(Grove and Christy, 2012). In contrast, HFSE (Nb, Ta, Zr and Hf) and
heavy rare earth elements (HREE) are mostly retained in the residual
subducted slab (Hermann and Rubatto, 2009), which ultimately influ-
ences the chemical composition of the deepmantle. Such chemical frac-
tionation process also results in decoupling between some pairs of
isotopic systems in IAB, such as Nd and Hf isotopes (e.g., Chauvel
et al., 2009). Indeed, the Nd\\Hf isotopic decoupling of IAB can be ex-
plained by different mobilities of Nd and Hf during subduction (Todd
et al., 2010). Due to the higher mobility of Nd than Hf during the partial
melting of subducted sediments (Skora and Blundy, 2010), the melts
from subducted sediments can have high Nd/Hf ratios and modify the
Nd isotopic composition more significantly than the Hf isotope in the
mantle wedge (Todd et al., 2010), which can result in Nd\\Hf isotopic
decoupling in IAB (e.g., Chauvel et al., 2009; Todd et al., 2010).

It is a general consensus that the mobility of Sr is much higher than
that of Nd in both fluids and melts (e.g., Defant and Drummond, 1990;
Hermann et al., 2006; Kessel et al., 2005). Therefore, the subducted
slab should release high Sr/Nd fluids or melts into the mantle wedge,
which should result in Sr\\Nd isotopic decoupling in IAB, as in the
case of Nd\\Hf isotopic decoupling. However, Sr\\Nd isotopic data of
IABs suggest that they commonly plot along or even below the mixing
line between the depleted mantle source and the subducted sediments
(Nielsen and Marschall, 2017), indicating that Sr\\Nd isotopic
decoupling is missing in subduction zone. In order to circumvent the
problem related to high Sr/Nd ratio in fluids/melts, Nielsen and
Marschall (2017) recently proposed that the melts and fluids from
subducted slab cannot account for the formation of arc lavas and that
the subducted sediments may rise as diapirs (high-pressure mélange)
into the mantle wedge and then melt to form arc magmas. This model
excludes the dehydration and melting of subducted slab, which can
avoid the fractionation between Sr and Nd during subduction, but
strongly contradicts the consensus that IAB are mainly formed through
fluxing melting of the mantle wedge with the input of fluids and
Fig. 1.Diagrams of 87Sr/86Sr vs. 143Nd/144Nd for the Cenozoic island arc basalts (IAB) and fore-ar
Mariana (IBM) arcs. (a) the IBM arcs, IAB (SiO2=45–53wt%) and boninite are from the PetDB d
FAB and IAB are all from Sendjaja et al. (2009).
hydrous melts from subducted slab. Therefore, it is worth of further in-
vestigation on why Nd\\Hf isotopic decoupling is common but Sr\\Nd
isotopic decoupling is insignificant for IAB.

It is suggested that the involvement of subducted components in the
mantle wedge varies from the fore-arc to back-arc, as shown by the
cross-arc geochemical variations of arc rocks (Labanieh et al., 2012;
Sendjaja et al., 2009). The compiled data show that the fore-arc basalts
and high-Ca boninites from the Izu-Bonin-Mariana arc and theWestern
Java have an overall higher 87Sr/86Sr ratios than those of typical IAB
(Fig. 1). This suggests that the input components at shallow depth in
the fore-arc possibly have higher Sr/Nd ratios than those at deeper
depth in the sub-arc, corresponding to distinct fractionation between
Sr and Nd at different depths in subduction zone. In this study, we car-
ried out systematic geochemical and isotopic analyses for a group of
mafic dykes from the Chinese Altai to decipher the mechanism of frac-
tionation between Sr and Nd during the slab subduction.

The Chinese Altai is located in the southwestern part of the Central
Asian Orogenic Belt (CAOB; Fig. 2a; Jahn et al., 2000) and underwent
large-scale arc magmatism in the middle Paleozoic (Fig. 2b) as a result
of the northward subduction of the Junngar Ocean, a segment of the
Paleo-Asian Ocean (Kröner et al., 2017; Xiao et al., 2004, 2015). The
middle Paleozoic subduction induced significant mafic magmatism in
the Chinese Altai (Cai et al., 2010). These mafic rocks have wide range
of geochemical compositions due to extensive metasomatism in their
mantle sources with input of different subducted components, includ-
ing fluids and melts from subducted sediments or subducted oceanic
crust (Yu et al., 2017). A group of mafic dykes intruded into the Devo-
nian Habahe igneous complex in southern margin of the Chinese Altai
(Fig. 2c; Cai et al., 2010; Yu et al., 2017). The mafic dykes in the south
have high εNd(t) values (from +7.7 to +8.1) and are characterized by
LILE enrichment and LREE depletion with high Ba/La ratios, which
were derived from the partial melting of the depleted mantle
refertilized by fluids from subducted sediments. In contrast, the mafic
dykes in the north are characterized by LREE enrichment and Nd\\Hf
isotopic decoupling with high εHf(t) (from +5.5 to +7.8) and low
εNd(t) (from +0.7 to +1.0) values, which were likely originated from
a depleted mantle source metasomatized by melts from subducted
sediments (Yu et al., 2017). Therefore, the Habahe mafic dykes might
record the processes of diverse geochemical fractionation during the
multi-stage dehydration and melting of subducted slab in a small area.
In this study, we report bulk-rock major and trace elements and Sr-
Nd-Hf-Pb isotopes for the Habahe mafic dykes systematically sampled
from south to north (Fig. 2c). By integrating these analyses with previ-
ously published data (Cai et al., 2010; Yu et al., 2017), we describe the
elemental fractionation and consequent isotopic decoupling in
c basalts (FAB) from theMariana andWestern Java arcs and boninites from the Izu-Bonin-
atabase (http://www.petdb.org), and FAB fromReagan et al. (2010); (b) theWestern Java,

http://www.petdb.org


Fig. 2. (a) Simplified regionalmap showing the known extent of the CAOB. (b) Geological map characterizing the tectonic framework of the Chinese Altai (revised fromHuang et al., 2020;
Li et al., 2019; Sun et al., 2008; Zhang et al., 2017). (c) Simplified geological maps of the Habahe complex showing rock types and sample locations for four types of mafic dykes in the
Habahe complex (Yu et al., 2017). Location and strike of the Habahe mafic dykes are based on Cai et al. (2010) and field observation.
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subduction zone associated with multi-stage dehydration and melting
of subducted slab, which are crucial for understanding themass transfer
from the subducted slab to the mantle wedge.

2. Geological setting and sample description

The Chinese Altai is located in the southwestern CAOB (Fig. 2a) and
is bounded by the Erqis Fault in the south, separating from the Junggar
terrane (Fig. 2b). The region is commonly envisaged as an early Paleo-
zoic active continental margin or accretionary complex and underwent
prolonged subduction from ~470Ma to ~330Ma (Xiao et al., 2004). The
Chinese Altai was subdivided into six tectonic units based on lithology
and Nd isotope of granite, which had been described in previous litera-
tures in details (e.g. Wang et al., 2009; Windley et al., 2002). The Devo-
nian arc magmatism is significant in the Chinese Altai, including
voluminous granites covering approximately 40% outcropping area of
the region, and some mafic rocks that mainly outcropped in the south-
ern Chinese Altai (Fig. 2b). The arc magmatism has significantly en-
hanced the proportion of juvenile materials in the crust of the Chinese
Altai, as evidenced by a sharp increase of zircon εHf(t) values in the Pa-
leozoic sedimentary rocks (Sun et al., 2008, 2009).

The Habahe igneous complex in the northeastern Habahe town is
composed of fine-grained biotite granite (381 ± 4 Ma to 359 ± 4 Ma),
gabbroic rocks (369 ± 3 Ma), diorite and tonalite (371 ± 3 Ma),
which emplaced into the Devonian sequence and were exposed in an
area of ~450 km2 (Fig. 2c, Yu et al., 2017, 2019). The Habahe mafic
dykes outcropped in an area extending ~30 km from the south to the
north (Fig. 2c) and vertically intruded into the Habahe complex and
the surrounding country rocks (Fig. 3). They generally show NE-NEE
striking (Cai et al., 2010) and have widths ranging from 0.5 m to 5 m
(Fig. 3). Cai et al. (2010) conducted U\\Pb age analyses on the Habahe
mafic dykes and obtained an age of 375.5 ± 4.8 Ma. However, these
dykes possibly intruded later since they cut through the tonalite
(371 ± 3 Ma; Yu et al., 2019) and the gabbroic rocks (369 ± 3 Ma; Yu
et al., 2017). Samples collected in this study are mostly massive and
aphanitic (Supplementary Fig. S1).

3. Analytical methods

All the analyses were performed at the State Key Laboratory of Iso-
tope Geochemistry (SKLaBIG), Guangzhou Institute of Geochemistry,
Chinese Academy of Sciences (GIG-CAS). Analytical procedure and con-
ditions of zirconU\\Pb dating,major and trace elemental and Sr-Nd-Hf-
Pb isotopic analyses are principally similar to those described by Yu
et al. (2017).

3.1. Zircon U\\Pb dating

Zircon U\\Pb analyses of the Habahe mafic dykes and granodiorite
were carried out using the Cameca IMS 1280HR ionmicroprobes. A sec-
ondary standard zircon Qinghu (Li et al., 2013) were analyzed once
every five or six spots as unknown to monitor the reliability of the
whole procedure, yielding a weighted mean age of 159.2 ± 1.8 Ma
(n = 8), identical to the recommended value of 159.5 ± 0.2 Ma (Li
et al., 2013). Data reduction was carried out using Isoplot/Ex 3.6 soft-
ware (Ludwig, 2008).

3.2. Whole-rock major and trace elements

Whole-rock major element concentrations were analyzed using a
Rigaku RIX 2000 X-ray fluorescence spectrometer (XRF) with analytical
uncertainties between 1% and 5%. Trace element analyses were con-
ducted by Perkin-Elmer Sciex ELAN 6000 ICP-MS after acid digestion
of samples in high-pressure Teflon vessels. The USGS and Chinese



Fig. 3. Field photographs showing (a) Type-I mafic dykes intruding into the upper crustal metasedimentary rock; (b) Type-II mafic dyke cutting biotite granite; (c) Type-III mafic dyke
intruding into granodiorite, and (d) Type-IV mafic dykes cutting tonalite.
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National standards AGV-2, GSR-1, GSR-2, GSR-3, BHVO-2, W-2a and
SARM-4 were chosen for calibrating element concentrations of the ana-
lyzed samples. Analytical precision of the REE and other incompatible
element analyses is typically 1%–5%.
3.3. Whole-rock Sr-Nd-Hf-Pb isotopes

Whole-rock Sr, Nd, Hf and Pb isotopic analyses were determined on
a subset of whole-rock sample powder by a Neptune plus MC-ICP-MS.
All chemical preparations were performed on the specially designed
class-100 work benches inside a class-1000 clean laboratory.

For Sr, Nd, Hf and Pb isotopes, powder of a sample was weighted
(about 80 mg, 200 mg for Hf less than 1 ppm into two capsules) into a
7 ml round bottom SavillexTM Teflon screw-top capsule. One drop pu-
rified water was added to make sample wet. Then, mixed concentrate
HF-HNO3 (1–2 ml) was added and the capsule screw-top cap was
closed. The capsule was placed into a steel-jacketed bomb for 48 h in a
furnace under 190 °C. For Pb isotope, the total procedural blank was
less than 0.4 ng. Samples were doped with Tl, and mass discrimination
was corrected using a certified 203Tl/205Tl ratio of 0.418922. During the
period of analysis, repeated analyses of National Institute of Standards
and Technology Standard Reference Material 981 yielded
206Pb/204Pb = 16.9325 ± 5 (2σ), 207Pb/204Pb = 15.4859 ± 6 (2σ),
and 208Pb/204Pb = 36.6825 ± 18 (2σ). Measured 87Sr/86Sr,
143Nd/144Nd and 177Hf/176Hf ratios were normalized to 86Sr/88Sr =
0.1194, 146Nd/144Nd = 0.7219 and 179Hf/177Hf = 0.7325, respectively,
using the exponential law. The analyzed reference standards (BHVO-
2) and duplicated analyses are compiled in Supplemental Table 1.
4. Analytical results

The zircon U\\Pb age, whole-rock major and trace element and the
Sr-Nd-Hf-Pb isotope data of the Habahe mafic dykes are presented in
the Supplemental Tables 2–4.

4.1. Zircon U\\Pb age

Although large samples (N5 kg) of the Habahe mafic dykes were se-
lected for zircon separation, only 20–30 grains were picked up from
samples HB15–10 and HB15–32, respectively. To constrain emplace
age of other dykes, zircons of granodiorite (sample HB15–227) that
was cut by mafic dykes (Fig. 3c) were also analyzed. The analytical re-
sults of two mafic dyke samples and one granodiorite sample are pre-
sented in Supplemental Table 2.

Seventeen zircons from sample HB15–10 were analyzed and show
variable Th (22–1741 ppm) and U contents (89–3759 ppm) and Th/U
ratios (0.11–0.81). Eight grains show nebulous zoning and have high
U contents (264–3759 ppm) with variable Th/U ratios (0.11–0.81),
which gave relatively old 206Pb/238U ages from 417 ± 6 Ma to 468 ±
7Ma (Fig. 4a). Because themafic dyke intruded into theDevonian strata
(Fig. 2c, 3a), these grains are interpreted as inherited zircons, and were
possibly captured from the crust during the emplacement of mafic
magma. The other nine zircons are stubby and have strong oscillatory
zoning on CL images (Fig. 4a). These zircons have low U
(89–996 ppm) with overall high Th/U ratios (0.24–0.57) and show rel-
atively coherent young 206Pb/238U ages (from 357 ± 8 Ma to 366 ±
7 Ma), yielding a weighted mean 206Pb/238U age of 361 ± 4 Ma
(MSWD= 0.20; Fig. 4a), which is interpreted as the crystallization age.



Fig. 4. Concordia diagrams showing theweightedmean ages of zircons from (a) HB15–10
(mafic dyke), (b) HB15–32 (mafic dyke), and (c) HB15–227 (granodiorite) with
uncertainties at the 1σ.
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Twelve zircons from sample HB15–32 show variable Th/U ratios
(0.21–1.48) and have Th and U contents ranging from 35 to 1456 ppm
and from 164 to 1381 ppm, respectively. Spot 09 on inherited core of
a rounded zircon exhibits old 207Pb/206Pb age of 1633 ± 5 Ma. Spots
01, 04, 06 and 10 on inherited cores with slightly rounded termination
show relatively old 206Pb/238U ages from 420 ± 6 Ma to 455 ± 7 Ma
(Fig. 4b), which are all interpreted as inherited zircons because the
mafic dykes cut through the biotite granite of 381 ± 4 Ma (Yu et al.,
2019; Fig. 3b). Spot 03 gave a relatively young 206Pb/238U age of
340 ± 6 Ma, which is possibly due to the disturbance of the U\\Pb iso-
topic systemduring a later thermal event. The other six analyses formed
a cluster and yielded a weighted mean 206Pb/238U age of 359 ± 5 Ma
(MSWD = 0.85; Fig. 4b), which is interpreted as the crystallization
age of the sample.

Zircons from granodiorite sample HB15–227 show oscillatory zon-
ing (Fig. 4c) and have variable Th (55.1–369 ppm) and U contents
(92.8–382 ppm) with high Th/U ratios from 0.59 to 0.97 (Supplemental
Table 2). All U\\Pb dating results are concentrated on concordia and
yielded a weighted mean 206Pb/238U age of 363 ± 5 Ma (MSWD =
0.067; Fig. 4c), which is interpreted as the crystallization age.

4.2. Whole-rock compositions

Whole-rock major and trace elements and Sr-Nd-Hf-Pb isotopes of
the Habahe mafic dykes are presented in Supplemental Tables 3 and 4.
The Habahe mafic dykes can be broadly subdivided into four types,
from the south to the north, according to their distinctive geochemical
and isotopic characteristics.

4.2.1. Type-I mafic dykes
Type-I mafic dykes, collected from the southern area (Fig. 2c), have

intermediate MgO (4.56–5.81 wt%) and low Al2O3 (15.4–16.5 wt%),
CaO (5.09–8.42 wt%) and K2O (0.06–0.21 wt%) contents, with low
K2O/Na2O and high FeOT/MgO ratios, belonging to the low-K tholeiitic
series (Fig. 5). They show enrichment of LREE, Rb, Th and U and are de-
pleted in Nb, with weakly positive Eu anomalies (δEu = 1.01–1.11) on
chondrite-normalized REE and significantly positive Pb and Sr anoma-
lies on primitive mantle-normalized multi-elements variation diagram
(Fig. 6a, b).

Type-I mafic dykes are characterized by the highest initial 87Sr/86Sr
ratios (0.7088–0.7095) of the studied samples and have positive εNd
(t) (+3.5 − +3.9) and εHf(t) values (+9.5 − +12.1), with moderate
initial 206Pb/204Pb (17.971–18.034), 207Pb/204Pb (15.526–15.551) and
208Pb/204Pb (37.860–37.991) ratios (Fig. 7).

4.2.2. Type-II mafic dykes
Type-II mafic dykes, sampled from the western segment of central

area (Fig. 2c), have high MgO contents (6.44–9.10 wt%) and high Mg#

values (0.57–0.63). These samples have tholeiitic compositions
(Fig. 5e) and exhibit low K2O contents with low K2O/Na2O ratios. They
show enrichment of LILE (e.g., Sr, Ba, U and Pb) and depletion of LREE
and Th (Fig. 6c, d).

Type-II dyke samples show low initial 87Sr/86Sr (0.7041–0.7048),
206Pb/204Pb (17.715–17.839), 207Pb/204Pb (15.484–15.495) and
208Pb/204Pb (37.739–37.797) ratios, but have highly positive εNd
(t) (from+6.5 to+8.1) and εHf(t) (from+13.4 to+15.4) values (Fig. 7).

4.2.3. Type-III mafic dykes
Type-III mafic dykes, sampled from the eastern segment of central

area (Fig. 2c), are basaltic to andesitic in composition and have high
MgO contents (5.25–6.49 wt%) and high Mg# values (0.63–0.66;
Fig. 5). These samples have low K2O contents with low FeOT/MgO and
K2O/Na2O ratios, which belong to a low-K Calc-alkaline series (Fig. 5).
They show weakly negative Eu anomaly (0.90–1.00) and enrichment
of LREE with high [La/Yb]N values (2.46–4.59) (Fig. 6c). These dykes
are also characterized by enrichment of Ba, Rb, Pb, Th and U and deple-
tion of Nb and Ti on primitive mantle-normalized multi-elements vari-
ation diagram (Fig. 6d).

Type-III mafic dykes have low initial 87Sr/86Sr (0.7036–0.7038),
206Pb/204Pb (17.871–18.001), 207Pb/204Pb (15.485–15.491) and
208Pb/204Pb ratios (37.610–37.642) with highly positive εNd(t) (from
+6.7 to +6.9) and εHf(t) (from +14.6 to +14.8) values (Fig. 7).

4.2.4. Type-IV mafic dykes
Type-IV mafic dykes in the northern area (Fig. 2c) have been previ-

ously reported by Cai et al. (2010) and Yu et al. (2017), which show in-
termediate contents of MgO (4.66–5.02 wt%). These dykes are enriched



Fig. 5.Harker diagrams of (a) Al2O3 vs.MgO, (b) CaO vs.MgO, (c) Na2O vs.MgO, (d)MgO vs. SiO2, (e) FeOT/MgO vs. SiO2, and (f) K2O vs. SiO2 for theHabahemafic dykes. Published data for
the Devonian mafic rocks in the Chinese Altai (CA) are compiled in Supplemental Table 6.

6 Y. Yu et al. / Lithos 362–363 (2020) 105465
in Th and LREE, but depleted in Nb and Ti and show positive Sr and Pb
anomalies (Fig. 6a, b).

Type-IV mafic dykes have variable (87Sr/86Sr)i (0.7068–0.7070) ra-
tios, positive εNd(t) (from +0.7 to +1.0) and εHf(t) values (from +5.5
to +7.8) and are characterized by high initial 206Pb/204Pb
(18.001–18.402), 207Pb/204Pb (15.522–15.553) and 208Pb/204Pb
(38.163–38.299) ratios (Fig. 7; Yu et al., 2017).

5. Discussion

5.1. Emplacement of the Habahe mafic dyke

Type-I and -II mafic dykes (361 ± 4 Ma and 359 ± 5 Ma, respec-
tively) show slightly younger age than the Habahe gabbro (369 ±
3 Ma; Yu et al., 2017), indicating their later emplacement. Type-IV
mafic dykes intruded into the Habahe gabbro and tonalite (371 ±
3 Ma; Yu et al., 2019), denoting that these dykes emplaced after
370 Ma. In addition, Type-III mafic dykes cut through granodiorite
with age of 363 ± 5 Ma (Fig. 4c), indicating their formation later than
the Habahe gabbro. Therefore, the field relationships and geochronol-
ogy data suggest that the mafic rocks in the Habahe complex emplaced
in two stages, i.e. ~370Ma (gabbroic rocks) and ~360Ma (mafic dykes).
Given the similar NE-NEE striking direction for the sampled mafic
dykes, we suggest that these dykes were formed during the same sub-
duction event at ~360 Ma.

It is hard to constrain the emplacement temperature and pressure of
the Habahe mafic dykes because of their lack of phenocrysts (Fig. S1).
However, the field relationship of these dykes suggests their emplace-
ment at the upper crustal level. Type-Imafic dykes intruded into theDe-
vonian sedimentary strata (Fig. 3a) which underwent low grade



Fig. 6. Chondrite-normalized REE patterns and primitive mantle-normalized trace elements variation diagrams for the Habahe mafic dykes. Chondrite and PM values are from Sun and
McDonough (1989) and McDonough and Sun (1995), respectively.

Fig. 7. Spatial variations (Latitude) of (a) (87Sr/86Sr)i, (b) εNd(t), (c) εHf(t), (d) (206Pb/204Pb)t, (e) (207Pb/204Pb)t, and (f) (208Pb/204Pb)t for the Habahe mafic dykes.
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greenschist metamorphism, consistent with the emplacement of the
upper crustal level. Type-II mafic dykes cut the Devonian biotite granite
(Fig. 3b) thatwas intruded by tonalite (371±3Ma; Yu et al., 2019). The
tonalite (371 ± 3 Ma) emplacing into the upper crustal level
(1.5–2.1 kbar; Yu et al., 2019) was cut by Type-IV mafic dykes
(Fig. 3d), indicating that both Type-II and -IV mafic dykes also intruded
into the upper crust. Type-III mafic dykes cut granodiorite (Fig. 3c) that
consists of amphibole, biotite, plagioclase andquartz. LowAl2O3 content
of amphiboles (5.80–7.00 wt%; unpublished data) suggests that the
granodiorite and Type-III mafic dykes also intruded into the upper
crust level (b3 kbar).

Type-I and -II mafic dykes contain some inherited zircons, indicating
input of some crustal materials during the magma evolution. Since
crustal materials are commonly characterized by high K2O, significant
crustal assimilation can be excluded due to the low K2O contents in
theHabahemafic dykes (Fig. 5f). In addition, these samples all have pos-
itive εHf(t) values (Fig. 7c) and show poor correlations between K2O
contents and Sr, Nd, Pb and Hf isotopes (Fig. 8), consistent with negligi-
ble assimilation of isotopically distinct crustal materials during mag-
matic evolution. Therefore, the Habahe mafic dykes should mostly
preserve the Sr, Nd, Hf and Pb isotopic compositions of their mantle
source.

5.2. Multiple dehydration and melting of subducted slab

5.2.1. Mantle source characteristics
Most petrogenetic models for typical IAB require mainly two source

components: the mantle wedge and the subducted slab (including AOC
and overlying sediments). The subducted slab commonly undergomul-
tiple stage dehydration and melting during its descent, which continu-
ously releases fluids and melts to metasomatize the overlying mantle
wedge. In the middle Paleozoic, the northward subduction of the
Junggar oceanic plate triggered significant arc magmatism in the Chi-
nese Altai (Sun et al., 2008; Wang et al., 2009; Xiao et al., 2004). The
Fig. 8.Diagrams of (87Sr/86Sr)i, εNd(t), εHf(t), (206Pb/204Pb)t, (207Pb/204Pb)t and (208Pb/204Pb)t ve
on the isotopic compositions of the Habahe mafic dykes. CC = crustal contamination; FC = fra
spatial variations of Sr, Nd, Hf and Pb isotopic compositions for the
Habahe mafic dykes suggest that their mantle source had been
metasomatized by different components from the subducted slab
(AOC and sediments). Chemical composition of the oceanic crust can
be modified by various alteration processes, from its formation near
the spreading center to its consumption at the subduction zone (Hauff
et al., 2003; Kelley et al., 2003). Comparison of the altered basalts near
the subduction zone with the unaltered mid-ocean ridge basalt
(MORB) suggests that Sr and Pb isotopes of the AOC can be easily
changed by seawater alteration and hydrothermal alteration due to
high mobility of Rb, Sr, U and Pb in fluids (e.g., Hauff et al., 2003;
Hoernle, 1998). On the other hand, hydrothermal alteration show insig-
nificant influence on Nd\\Hf isotopic systems because Sm, Nd, Lu and
Hf are relatively immobile during the seafloor alteration (Chauvel
et al., 2009; Hauff et al., 2003; Kelly et al., 2003). Thus, the initial Nd
and Hf isotopic data for the AOCwill mostly reflect the Nd and Hf isoto-
pic compositions of its source (Hauff et al., 2003). The modern
subducting sediments (GLOSS), dominantly consisting of terrigenous
materials (76 wt% terrigenous, 7 wt% calcium carbonate, 10 wt% opal
and 7 wt% mineral-bound H2O; Plank and Langmuir, 1998), are sug-
gested to have geochemical and isotopic compositions similar to the
upper continental crust, e.g. with low εNd(t) and εHf(t) values
(Chauvel et al., 2009; Hauff et al., 2003; Plank and Langmuir, 1998).

The Habahe mafic dykes are enriched in LILE and depleted in HFSE,
suggesting significant input of LILE from the subducted slab to the over-
lying mantle wedge, but HFSE and HREE might be preserved in garnet,
rutile and zircon residues of the subducted slab (Foley et al., 2000;
Hermann and Rubatto, 2009; Johnson, 1998). Thus, the components
from subducted slab cannot significantly change the mantle wedge in
HREE and HFSE compositions, which can be used to determine the
pre-subduction composition of mantle wedge. Although the inherited
zircons may decrease 176Hf/177Hf ratios, the studied mafic dykes all
have positive εHf(t) values (Fig. 7c), indicating their origination from a
depleted mantle source. The Habahe mafic dykes all show flat heavy
rsus K2O for the Habahemafic dykes, showing insignificant effect of crustal contamination
ctional crystallization.
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REE (HREE) patterns and lowEr/Yb ratios (b1.1; Fig. 6),which precludes
the involvement of garnet during themelting of theirmantle source and
the evolution of their parentmagmas. Inmaficmelt system, Zr, Nb and Y
all behave as highly incompatible elements, and thus, the fractional
crystallization of pyroxene and olivine has negligible influences on Zr/
Y and Nb/Y ratios for mafic magma (Dunn and Sen, 1994; Green et al.,
2000). Indeed, the Habahe mafic dykes have uniform Zr/Y and Nb/Y
ratios similar to MORB (Supplementary Fig. S2). Therefore, the pre-
subductionmantlewedge in the Chinese Altai possibly had geochemical
and Sr, Nd, Hf and Pb isotopic compositions similar to the depleted
mantle (DM).

5.2.2. Identification of the components derived from subducted slab

5.2.2.1. Fluids and melts from subducted sediments. The Habahe mafic
dykes show large and systematic variations in Sr, Nd and Pb isotopic
compositions, which indicates the involvement of different components
from the subducted slab in their mantle source. Type-I and -IV mafic
dykes are characterized by significantly positive Pb anomaly (Fig. 6), rel-
atively low εNd(t) values and high 208Pb/204Pb ratios (Fig. 7), which sug-
gests that the involved components were probably derived from
subducted sediments instead of from subducted oceanic crust that com-
monly has high εNd(t), extremely low Pb and low 208Pb/204Pb ratios
(Chauvel et al., 2009; Elliott et al., 1997; Hickey-Vargas et al., 2008). In
addition, Type-I and -IV mafic dykes are enriched in LREE and Th,
denoting that the involved components from subducted sediments are
in the form of melts because LREE and Th are immobile in fluids
(Hermann et al., 2006). Since LREE and Th are mainly hosted by mona-
zite and/or allanite in subducted sediments, breakdown of these min-
erals during melting of subducted sediments can result in enrichment
of LREE and Th in melts (Fig. 6; Hermann et al., 2006; Todd et al.,
2010). Type-I and -IV mafic dykes also have high La/Yb and low Ba/La
ratios (Fig. 9), indicating that the melts from subducted sediments are
enriched in LREE relative to LILE and HREE. LILE, such as Ba and K, in
the subducted sediments are mainly hosted by phengite, while the
HREE are buffered by garnet (Hermann and Rubatto, 2009; Spandler
and Pirard, 2013; Todd et al., 2010). Depletion of Ba and HREE for
type-I and -IV mafic dykes suggest residual phengite and garnet during
themelting of subducted sediments,which can also explain the lowK2O
content and low K2O/Na2O ratio of these mafic dykes. Therefore, Type-I
and -IV mafic dykes were derived from the partial melting of the de-
pleted mantle wedge that had been refertilized by the melts from
subducted sediments.

Type-II mafic dykes also exhibit significantly positive Pb anomaly
(Fig. 6d), consistent with incorporation of the components from
subducted sediments. However, they are enriched in Ba and U but de-
pleted in LREE and Th, with high Ba/La and low La/Yb ratios (Fig. 9),
which implies that LREE and Th were potentially not mobilized from
subducted sediments by the involved agents. In general, LREE and Th
are quite mobile in the melt. On the other hand, the fluids from
subducted sediments can mobilize LILE at relatively low temperature
(b600 °C) (Kessel et al., 2005; Spandler et al., 2007), while monazite
and allanite are still stable to retain LREE in subducted sediments
(Hermann and Rubatto, 2009; Spandler et al., 2007). Therefore, Type-
II mafic dykes would be derived from mantle source metasomatized
by fluids from subducted sediments.

5.2.2.2. Melts from subducted oceanic crust. Type-III mafic dykes have
high MgO and high Mg# and show enrichment of Th and LREE with
high La/Yb ratios (Fig. 6a), indicating that the input components should
be in the form of melts because Th and LREE are mobile elements in
melts (Hermann and Rubatto, 2009; Todd et al., 2010). In general, the
melts from subducted oceanic crust have depleted Nd\\Hf isotopic
compositions and cannot significantly change the Nd\\Hf isotopic bud-
get of the mantle wedge (Chauvel et al., 2009; Hauff et al., 2003). The
high positive εNd(t) and εHf(t) values for Type-III mafic dykes suggest
that the input melts in themantle source were derived from subducted
oceanic crust instead of from subducted sediments that generally pos-
sess low εNd(t) and εHf(t) values (Chauvel et al., 2009; Hauff et al.,
2003; Plank and Langmuir, 1998). This can also account for insignificant
Pb anomaly and low 208Pb/204Pb ratios of Type-III mafic dykes because
of low Pb contents and low 208Pb/204Pb ratios in AOC (Chauvel et al.,
2009; Elliott et al., 1997; Hickey-Vargas et al., 2008). Since mica is ab-
sent during the melting of subducted oceanic crust (Kessel et al.,
2005; Klimm et al., 2008), Ba will be released from the oceanic crust
(Hermann and Rubatto, 2009), which can explain high Ba/La ratios of
Type-III mafic dykes (Fig. 9). Therefore, Type-III mafic dykes were de-
rived from the partial melting of depleted mantle source with input of
melts from subducted oceanic crust.

5.2.3. Mechanism for dehydration and melting of subducted slab
The Habahe mafic dykes in a small area (Fig. 2c) show spatial varia-

tions in geochemistry due to input of different components from
subducted slab into the mantle source, suggesting a sharp change of
thermal status of the subducted slab in short distance, which would
be due to dehydration and melting of a hot slab subducted beneath
the Chinese Altai during the middle Paleozoic (Niu et al., 2006; Yu
et al., 2017). The ridge subduction during the middle Paleozoic in the
Chinese Altai was proposed to account for the high-temperature meta-
morphism, large scale felsic magmatism and rapid addition of juvenile
materials in the crust of the Chinese Altai (Jiang et al., 2010; Sun et al.,
2009; Windley et al., 2007; Xiao et al., 2015). Indeed, melting of
subducted slab is a typical process during ridge subduction (DeLong
et al., 1978; Johnston and Thorkelson, 1997) because the subducted
slab is young and hot as it is located near the oceanic ridge (Defant
and Drummond, 1990; DeLong et al., 1978). Furthermore, a slab win-
dow may be developed during the ridge subduction because the ridge
spreading ceased and unzipped progressively to form a gap
(Thorkelson and Breitsprecher, 2005). As close to the slab window,
there is a sharp increase of temperature for subducted slab due to as-
cending of hot sub-slab asthenospheric mantle (Thorkelson and
Breitsprecher, 2005). Therefore, the Habahe mafic dykes could be
magmatism associated with the middle Paleozoic ridge subduction in
the Chinese Altai.

5.3. Chemical fractionation due to dehydration and melting of subducted
slab

The Devonian subducted slab in the Chinese Altai underwent multi-
ple stages of dehydration and melting (Yu et al., 2017). The fluids and
melts from the subducted slab have distinctive elemental and Sr, Nd,
Hf and Pb isotopic compositions (Figs. 6, 7), corresponding to different
chemical fractionation processes, which can be deduced by the coupling
or decoupling of Sr, Nd, Hf and Pb isotopes in studied samples.

5.3.1. Nd\\Hf isotopic decoupling in the subduction zone
Nd\\Hf isotopic decoupling was prevailed in metasedimentary

rocks, granites and mafic rocks in the Chinese Altai during the middle
Paleozoic (Huang et al., 2020; Yu et al., 2017; Zhang et al., 2017),
whichmight be induced by differentmechanisms. For example, Nd\\Hf
isotopic decoupling of S-type granite in the Chinese Altai was likely
caused by insufficient dissolution of zircon in disequilibrium melting
process (Zhang et al., 2017). But the decoupled Nd\\Hf isotopic feature
of themiddle Paleozoic mafic rocks was attributed to higher mobility of
Nd than Hf during themelting of subducted sediments (Yu et al., 2017).
The metasedimentary rocks and granites in the Chinese Altai may in-
herit the Nd\\Hf isotopic features of the mantle source because they
contain large amount of materials from the mantle-derived magmas
(Huang et al., 2020; Yu et al., 2017).

Both Type-I and -IVmafic dykes in this study were derived from the
partial melting of mantle source with input of melts from subducted
sediments (Fig. 9), and thus show decoupled Nd\\Hf isotopes similar



Fig. 9. Diagrams of (a) La/Yb vs. Ba/La, (b) εNd(t) vs. Ba/La and (c) (87Sr/86Sr)i vs. Ba/La for
the Habahe mafic dykes. The Devonian mantle wedge is assumed as the depleted mantle
(DM) from Salters and Stracke (2004) (Supplemental Table 5). The Devonian subducted
sediments (SSD) in the Chinese Altai are represented by the sedimentary rocks in the
Chinese Altai as accretionary complex (Supplemental Table 5). Altered oceanic crust
(AOC) is represented by N-MORB from Sun and McDonough (1989). Dehydration and
melting conditions of the subducted sediments and basaltic oceanic crust are
summarized in Supplemental Table 5.
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to the IABs in the hot arcs (Fig. 10a). Since these mafic dykes have low
K2O content (Fig. 8), excluding significant crustal assimilation, their
decoupled Nd\\Hf isotopic features should not be induced by involve-
ment of crustal materials but inherited frommantle source. In addition,
Type-I and -IV mafic dykes all show high positive εHf(t) values, indicat-
ing insignificantmodification of Hf isotopes in themantle sources by the
components from subducted sediments. In fact, Hf can be retained by
zircon that usually behaves as residual mineral during the melting of
subducted sediments (Todd et al., 2010). Furthermore, breakdown of
monazite can result in high Nd/Hf ratios in the melt, which can intro-
duce more Nd than Hf into the mantle wedge, resulting in the
decoupling between Nd and Hf isotopes in the mantle sources for
Type-I and -IV mafic dykes (Fig. 10a). In contrast, melts from subducted
oceanic crust would inherit the depleted Nd\\Hf isotopic compositions,
and both Nd and Hf tend to be immobile in fluids. As a result, the melts
from subducted oceanic crust and the fluids from subducted sediment
cannot significantly alter Nd and Hf isotopes of the mantle wedge (Yu
et al., 2017). Therefore, Type-II and -III mafic dykes show coupled and
depleted Nd\\Hf isotopic feature (Fig. 10a).
5.3.2. Sr\\Nd and Sr\\Pb isotopic decoupling during melting of subducted
sediments

Type-I and -IV mafic dykes show similar Nd, Hf and Pb isotopes but
distinctive Sr isotope (Fig. 7). Type-Imafic dykes have higher (87Sr/86Sr)
i ratios than Type-IV mafic dykes and plot on the mixing line between
the depleted mantle and the high Sr/Nd and Sr/Pb melts (melt-1 in
Fig. 10), indicating that the mantle source for Type-I mafic dykes had
been refertilized by the materials with more radiogenic Sr. Due to the
high mobility of Sr in melts (Skora and Blundy, 2010), more radiogenic
Sr can be transferred from the subducted sediments into the mantle
wedge. Sr is commonly buffered by Ca-bearing minerals in subducted
sediments, such as plagioclase (DSr

plagioclase = 4.4; Bacon and Druitt,
1988), apatite (DSr

apatite = 2.1; Watson and Green, 1981) and zoisite
(DSr

zoisite=2.56; Feineman et al., 2007). Among them, apatite and zoisite
are accessory minerals, while plagioclase is abundant in the modern
subducting sediments (Plank and Langmuir, 1998) and would be the
most important mineral buffering Sr. The melting of subducted slab
commonly occurs under water-saturated conditions due to the break-
down of hydrosilicates (e.g., Zheng et al., 2016). Under water-
saturated melting conditions, the plagioclase in subducted sediments
might be broken down completely at relatively high pressure
(e.g., N7 kbar; Beard and Lofgren, 1991),which results in high Sr content
of melts. On the other hand, Nd and Pb will be retained in subducted
sediments by monazite (Klimm et al., 2008) and garnet (Stadler et al.,
1998) that can survive at relatively high pressure. Therefore, the melts
derived from subducted sediments with plagioclase breakdown will
have high Sr/Nd and Sr/Pb ratios, indicating a process similar to the for-
mation of adakite (Defant and Drummond, 1990). The incorporation of
high Sr/Nd and Sr/Pb melts will modify the mantle wedge more signif-
icantly on Sr isotope than on Nd and Pb isotopes, which can result in
decoupling betweenSr andNd isotopes and between Sr andPb isotopes,
such as the case of Type-I mafic dykes in this study (Fig. 10).

In contrast, Type-IV mafic dykes have lower (87Sr/86Sr)i ratios than
Type-I mafic dykes, show coupled Sr\\Nd or Sr\\Pb isotopes and plot
on the mixing lines between the depleted mantle and the low Sr/Nd
and Sr/Pb melts derived from subducted sediments (Fig. 10). Sr content
in the melt is controlled by the Sr concentration of the source and the
partition coefficient between the melt and residual phases. Low Sr
melts can be generated by partialmelting of sourcewith residual plagio-
clase (Fig. 11b), which is themajormineral hosting Sr in subducted sed-
iments. However, Type-IV mafic dykes emplaced in the north of Type-I
mafic dykes, indicating that the subducted sediments were melted at
higher pressure due to the northward subduction of the Junggar
Ocean underneath the Chinese Altai. If so, plagioclase cannot be a resid-
ual phase in subducted sediments because both high water content and
high pressure will promote its breakdown (Beard and Lofgren, 1991).
Therefore, we suggest thatmore Sr thanNd and Pb had been transferred
from subducted sediments into the overlying mantle wedge during the
early stage melting, as shown by high Sr/Nd and Sr/Pb ratios for melts
input into the mantle source for Type-I mafic dykes (Fig. 10). After sig-
nificant extraction of Sr, remelting of the residual low Sr subducted sed-
iments at deeper depthwould generate the low Srmeltswith low Sr/Nd
and Sr/Pb ratios (Fig. 10; Supplemental Table 5), whichmight carry less
radiogenic Sr into the mantle wedge, explaining the low (87Sr/86Sr)i ra-
tios and insignificant Sr\\Ndand Sr\\Pb isotopic decoupling for Type-IV
mafic dykes in the Chinese Altai (Fig. 10).



Fig. 10. Diagrams of (a) εHf(t) vs. εNd(t), (b) εNd(t) vs. (87Sr/86Sr)i, (c) (207Pb/204Pb)t vs. (87Sr/86Sr)i and (d) (208Pb/204Pb)t vs. (87Sr/86Sr)i for the Habahe mafic dykes. Hf isotopic
compositions for the Devonian subducted sediments (SSD) and mantle wedge (DM) are calculated based on the terrestrial array (εHf(t) = εNd(t) × 1.55 + 1.21; Vervoort et al., 2011)
and assuming εNd(t) = −5.8 and +7.5, respectively. Pb isotopic compositions for the Devonian mantle wedge and subducted sediments are shown in Supplementary Fig. S3. Melt-1
and melt-2 represent the melts from the subducted sediments in two subduction stages. Dehydration and melting conditions of the subducted sediments are compiled in
Supplemental Table 5. “cold arc” includes IAB from the Mariana, Kermadec and New Zealand arcs. “hot arc” is represented by the Sunda, Banda, Lesser Antilles and Luson arcs. Data of
IAB are from the PetDB database (http://www.petdb.org).
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Type-IIImafic dykes show low (87Sr/86Sr)i ratios, suggesting that the
melts from subducted oceanic crust had low 87Sr/86Sr ratios (Fig. 10b)
and may have not significantly altered the Sr isotopes of mantle
wedge. Type-II mafic dykes have higher (87Sr/86Sr)i ratios than Type-
III mafic dykes with similar εNd(t) values (Fig. 10b), suggesting that
the fluids from subducted sediments had relatively high Sr/Nd ratios
and carried more radiogenic Sr than unradiogenic Nd into their mantle
source (Fig. 10b) because Sr is moremobile than Nd in fluids (Hermann
et al., 2006; Kessel et al., 2005).

5.4. Missing of Sr\\Nd isotopic decoupling in subduction zone

This study shows that with continuous northern subduction of the
Junggar Ocean in the middle Paleozoic, fluids and melts were released
from the subducted slab and the mantle wedge was modified by such
reagents at different subductiondepths. At the shallowdepthof subduc-
tion,melts and fluids from the subducted sediments have high Sr/Nd ra-
tios due to breakdown of plagioclase at shallow subduction depth
(Fig. 11), which modified Sr isotope more significantly than Nd isotope
of the mantle wedge and caused Sr\\Nd isotopic decoupling of Type-I
and -II mafic dykes (Fig. 10b). Melts from the subducted sediments
were released in two separate stages. Because Sr was mainly extracted
by the melts in the early subduction stage, the second stage melts had
low Sr/Nd ratios and resulted in coupled Sr\\Nd isotopic feature for
Type-IV mafic dykes (Fig. 11d). Melts from the subducted oceanic
crust have inherited depleted Sr-Nd-Hf-Pb isotopic compositions and
led to insignificant Sr-Nd-Hf-Pb isotopic decoupling for Type-III mafic
dykes.

Typical IABs are generally characterized by insignificant Sr\\Nd iso-
topic decouplingwith plotting below themixing line between theman-
tle wedge and melts/fluids derived from subducted sediments (melt-1/
fluid-1 in Fig. 12), suggesting negligible chemical fractionation between
Sr and Nd during subduction. This phenomenon was once referred as
evidence for thephysical diapirs of subducted sediments (high-pressure
mélange) into the mantle wedge (Nielsen and Marschall, 2017). Type-
IV mafic dykes in this study also have insignificant Sr\\Nd and Sr\\Pb
isotopic decoupling (Fig. 10). However, these dykes show significant
Nd\\Hf isotopic decoupling (Fig. 10a), which indicates that theirmantle
source had been metasomatized by the melts from subducted sedi-
ments. It has been proved that subducted slab will undergo a series of
metamorphism or partial melting before sinking to the sub-arc mantle
depth (80–160 km) (e.g., Grove and Christy, 2012; Zheng et al., 2016).
At a shallow depth (e.g., pressure b 7 kbar), pore-water will be released
from subducted slab due to compression. Both Sr and Nd would not be
significantly mobilized at this stage due to their very low partition coef-
ficient between fluid and rocks (Dfluid/rock values) (4.5E-5 for Sr, and
2.728E-06 for Nd; Mutter et al., 2014). As pressure and temperature in-
crease, the fluids can be further released by the metamorphic dehydra-
tion of subducted slab (such as the decomposition of clay minerals or
other hydrosilicates) (Fig. 11a). At this stage, plagioclase would be un-
stable and metamorphosed into jadeite and quartz (Fig. 11a). Since
the composition offluid is controlled by the crystal chemistry of residual

http://www.petdb.org


Fig. 11. (a) Pressure-temperature (P-T) diagram formetamorphic faces under subduction-zone conditions, illustrating the range of slab surface P-T conditions (orange lines; Syracuse et al.,
2010). The experimentally determined melting curve for H2O-saturated ocean crust (Liu et al., 1996) (purple curve) and sediment (dark yellow curve; Nichols et al., 1994) were also
denoted. (b) Diagram of εNd(t) vs. (87Sr/86Sr)i shows the mixing trends between the depleted mantle wedge and the fluids and melts from subducted sediments. The detailed melting
processes of subducted sediments are compiled in Supplemental Table 5. (c) Cartoon shows petrogenesis of the Habahe mafic dyke due to northward subduction of the Junggar Ocean
beneath the south margin of the Chinese Altai in the Devonian. (d) Cartoon characterizes metasomatism of the mantle source for the Habahe mafic dykes with input of different
components from subducted slab (AOC and sediments). I, II, III and IV in (c) and (d) represent Type-I, II, III and IV mafic dykes.
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phases (Stalder et al., 1998), breakdown of plagioclase can elevate Sr
content in fluids (Fig. 11b). The melting of subducted slab at shallow
depth can occur in modern hot arcs (Labanieh et al., 2012; Syracuse
et al., 2010), whichmight also result in the complete breakdown of pla-
gioclase due to the highwater contents, as shown by Type-I mafic dykes
in this study. Therefore, Sr could be fractionated fromNd during the de-
hydration and melting of a subducted slab at the fore-arc depth, gener-
ating high Sr/Nd fluids andmelts (Fig. 11b). The input of such fluids and
melts will transfer more radiogenic Sr from the subducted sediments
into the mantle wedge, resulting in Sr\\Nd isotopic decoupling and
high 87Sr/86Sr ratios in the resultant arc magmas (Fig. 11b; 12).

High-Ca boninites are considered to be derived from the partial
melting of lherzolite in the mantle wedge fluxed by fluids from
subducted slab at the fore-arc depth (b1 GPa; König et al., 2010). The
boninites from the Izu-Bonin-Mariana arc have higher 87Sr/86Sr ratios
than the typical IABs (Fig. 1), indicating that the fluids from subducted
slab at fore-arc depth have higher Sr/Nd ratios. Similarly, the fore-arc
basalts have higher 87Sr/86Sr ratios than the typical IABs in the Mariana
arc and Western Java, which is also consistent with the involvement of
high Sr/Nd fluids and melts in the mantle source at the fore-arc depth
(Fig. 1). Therefore, chemical fractionation between Sr andNd in the sub-
duction zone might predominantly occur at the fore-arc. On the other
hand, the IABs from representative arcs mostly plot along the mixing
line between the mantle wedge and melts/fluids from the low Sr/Nd
subducted sediments (melt-2/fluid-2 in Fig. 12). The low Sr/Nd ratios
for the subducted sediments at sub-arc depth may be resulted from
the loss of more Sr than Nd at the fore-arc, as explicated in this study.
The model calculation suggests that if the subducted sediments lose
5% Nd as sinking to sub-arc depth, ca.75%–93% Sr will be required to
leave from the subducted sediments to account for the Sr\\Nd isotopic
compositions of the IABs in most arcs (Fig. 12). These results resemble
to the conclusion shown by Type-I and -IV mafic dykes in this study,
which suggests that the subducted sediments in the Chinese Altai lost
ca. 80% Sr at thefirst stagemeltingprocess (Supplemental Table 5). Con-
sequently, the fluids andmelts produced by dehydration andmelting of
subducted sediments at a sub-arc depthwill havemuch lower Sr/Nd ra-
tios than those at the fore-arc and thus have a smaller effect on fraction-
ating Sr from Nd. The input of such components might not produce
significant Sr\\Nd isotopic decoupling in the mantle wedge, which ex-
plains why the typical IAB from most arcs in the world, as well as
Type-IV mafic dykes in this study, do not have significant Sr\\Nd isoto-
pic decoupling.

6. Conclusions

The Chinese Altai underwent northward subduction of the Junggar
Ocean in the middle Paleozoic and the mantle wedge experienced ex-
tensive metasomatism with input of fluids and melts from subducted
sediments and melts from oceanic crust. This process is documented
by spatial compositional variations of the Habahe mafic dykes that
crop out successively from south to north.

Type-I and -IVmafic dykeswere all derived from themetasomatized
mantle sourcewith input of two differentmelts from two stagesmelting
of subducted sediments at different subduction depth. Type-I dykes
show decoupled Sr\\Nd isotopic features due to input of high Sr/Nd
melts at the first stage melting of subducted sediments with the break-
down of plagioclase at shallow subduction depth. The coupled Sr\\Nd
isotopic feature of Type-IV dykes was resulted from input of low Sr/Nd



Fig. 12.Diagrams of εNd(t) vs. (87Sr/86Sr)i for island arc basalts (IAB) of the representative arcs.Melt-1/fluid-1 are generated bymelting and dehydration of subducted sediments andmelt-
2/fluid-2 represent themelts/fluids from subducted sediments with significant loss of Sr at sub-arc depth. Themantlewedge is represented by the depletedmantle (DM) from Salters and
Stracke (2004). The data of IAB and subducted sediments (SSD) of the representative arcs are from the PetDB database (http://www.petdb.org) and Plank and Langmuir (1998),
respectively. Dehydration and melting conditions of the subducted sediments for these arcs are as Fig. 8.
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melts from the second stage melting of subducted sediments which
underwent significant loss of Sr in the early subduction stage. This
mechanism can also explain higher 86Sr/87Sr for fore-arc basalt and
boninite than IAB, indicating that fractionation between Sr andNd dom-
inantly occurs at the fore-arc.

Type-III mafic dykes were originated from the depleted mantle
source metasomatized by melts from subducted oceanic crust. The de-
pleted Sr-Nd-Hf-Pb isotopic compositions of these samples suggest in-
significantmodification of their mantle source in these isotope systems.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.lithos.2020.105465.
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