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Abstract

The composition of continental subduction-zone fluids varies dramatically from dilute aqueous solutions at subsolidus

conditions to hydrous silicate melts at supersolidus conditions, with variable concentrations of fluid-mobile incompatible

trace elements. At ultrahigh-pressure (UHP) metamorphic conditions, supercritical fluids may occur with variable

compositions. The water component of these fluids primarily derives from structural hydroxyl and molecular

water in hydrous and nominally anhydrous minerals at UHP conditions. While the breakdown of hydrous minerals

is the predominant water source for fluid activity in the subduction factory, water released from nominally anhydrous

minerals provides an additional water source. These different sources of water may accumulate to induce partial melting

of UHP metamorphic rocks on and above their wet solidii. Silica is the dominant solute in the deep fluids, followed by

aluminum and alkalis. Trace element abundances are low in metamorphic fluids at subsolidus conditions, but become

significantly elevated in anatectic melts at supersolidus conditions. The compositions of dissolved and residual minerals

are a function of pressure-temperature and whole-rock composition, which exert a strong control on the trace element

signature of liberated fluids. The trace element patterns of migmatic leucosomes in UHP rocks and multiphase

solid inclusions in UHP minerals exhibit strong enrichment of large ion lithophile elements (LILE) and moderate

enrichment of light rare earth elements (LREE) but depletion of high field strength elements (HFSE) and heavy

rare earth elements (HREE), demonstrating their crystallization from anatectic melts of crustal protoliths. Interaction of

the anatectic melts with the mantle wedge peridotite leads to modal metasomatism with the generation of new

mineral phases as well as cryptic metasomatism that is only manifested by the enrichment of fluid-mobile incompatible

trace elements in orogenic peridotites. Partial melting of the metasomatic mantle domains gives rise to a variety of mafic

igneous rocks in collisional orogens and their adjacent active continental margins. The study of such metasomatic

processes and products is of great importance to understanding of the mass transfer at the slab-mantle interface

in subduction channels. Therefore, the property and behavior of subduction-zone fluids are a key for understanding of

the crust-mantle interaction at convergent plate margins.
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Findings
Introduction

Continental subduction zones are generally marked by the

occurrence of ultrahigh-pressure (UHP) eclogite-facies

metamorphic rocks (e.g., Chopin 2003; Liou et al. 2009;

Zheng 2012; Hermann and Rubatto 2014). These rocks

contain important records of physical and chemical

changes that occur at the slab-mantle interface in deep

subduction channel. While arc volcanics above oceanic

subduction zones are common and indirectly record the

composition of oceanic subduction-zone fluids and their

action on the mantle wedge (Stern 2002), so far, no arc

volcanics have been found above continental subduction

zones (e.g., Rumble et al. 2003; Zheng 2009, 2012). This

provides evidence for a difference in the nature of

crust-mantle interactions between the two types of

subduction zones. Traditionally, the composition of oceanic

subduction-zone fluids has been deciphered from the com-

position of arc volcanics (e.g., Tatsumi and Eggins 1995).

These rocks exhibit enrichment of large ion lithophile ele-

ments (LILE) and light rare earth elements (LREE) relative

to the primitive mantle and thus are generally attributed to
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slab dehydration and element transport at mantle depths of

80 to 130 km. However, the direct study of high-pressure

(HP) blueschist- and eclogite-facies metamorphic rocks

exhumed from subducted oceanic crust only provides

information about the mass transfer at shallow depths

of <80 km (e.g., Agard et al. 2009). On the other hand,

UHP eclogite-facies metamorphic rocks are prominent

in continental subduction zones, providing us with an

excellent target to directly study subduction-zone fluids

at subarc depths of >80 km (e.g., Zheng, 2009, 2012).

The transfer of crustal components in the form of fluids

at subduction zones occurs in several steps, and the agents

of mass transfer vary with time and space (e.g., Bebout

2007; Zheng 2012). While aqueous solutions are primarily

responsible for extraction of water-soluble incompatible

elements such as LILE from subducting crustal rocks

(e.g., Hacker 2008; Bebout 2014), hydrous melts play a

dominant role in mobilizing water-insoluble incompat-

ible elements such as LREE from the subducting rocks

(e.g., Hermann et al. 2006a; Zheng et al. 2011a). The

nature of subduction-zone fluids is dictated by dehydra-

tion and melting of crustal rocks under different physi-

cochemical conditions. The mobile agents migrate in

pervasive and channelized ways at the slab-mantle

interface, resulting in geochemical modification of both

slab crust and wedge mantle rocks (e.g., Zheng 2012;

Bebout 2013). Although we are not able to directly sample

pristine fluids from deeply subducted crustal rocks, work-

ing backwards from metamorphic, anatectic and mag-

matic products in UHP metamorphic terranes provides

insights into the geochemical property and behavior of

subduction-zone fluids at the subarc depths. This over-

view outlines our present understanding of continental

subduction-zone fluids and their implications for chemical

geodynamics (Additional file 1 presents the glossary for

the subduction factory).

Water in subduction-zone rocks

Water is a key component of subduction-zone rocks and

is present as two species: (1) molecular water (H2O) and

(2) structural hydroxyl (OH). The structural hydroxyl

occurs in hydrous minerals and the point defects of

nominally anhydrous minerals (NAMs). While hydrous

minerals are the major carrier of water in subducted

crustal rocks, NAMs carry trace amounts of water into

the mantle. In HP to UHP metamorphic rocks, the

molecular water occurs not only in the volume defects

of minerals as microscale to nanoscale fluid inclusions,

but also at the surface defects of mineral grains at grain

boundaries and crystal fractures. Pore fluids are a major

source of molecular water at subsolidus metamorphic

conditions in metasedimentary and metavolcanic rocks,

but it is scarce in metaintrusive rocks (Zheng, 2009, 2012).

There would be the transformation between structural

OH and molecular H2O with P-T changes in HP to UHP

metamorphic rocks.

With subduction of crustal rocks to mantle depths, the

majority of water is released in the form of molecular

water through breakdown of hydrous minerals. Significant

amounts of structural hydroxyl and molecular water are

also dissolved into NAMs with increasing pressure (Zheng

2009). The maximum solubility of water in the NAMs is

achieved at the maximum pressure during subduction to

mantle depths (Chen et al. 2011; Gong et al. 2013). During

the exhumation of deeply subducted crustal rocks, on the

other hand, the water in the NAMs is exsolved due to its

decreased solubility with decreasing pressure (Zheng 2009).

The liberated water may result in the formation of retro-

grade hydrous minerals in UHP rocks (Zheng et al. 2003).

If exhumation occurs at elevated temperatures, the hydrous

UHP minerals such as phengite may break down during

decompression, resulting in local anatexis of the UHP rocks

(Gao et al. 2012, 2013; Chen et al. 2013; Liu et al. 2013).

Subduction-zone fluids are categorized into three

types in terms of their H2O contents (e.g., Hermann et al.

2006a; Zheng et al. 2011a): (1) aqueous solution, which

contains less than 30 wt. % of solutes; (2) hydrous silicate

melt, which contains less than 35 wt. % of dissolved water;

and (3) supercritical fluid, which exhibits the complete

miscibility between aqueous solution and hydrous melt

with variable proportions between the two fluid phases.

The aqueous solution and the hydrous melt become

progressively miscible with increasing pressure, eventu-

ally giving rise to a supercritical fluid above the second

critical endpoint at UHP conditions (Manning 2004;

Hermann et al. 2006a; Mibe et al. 2011; Adam et al.

2014). In this region, the amount of solutes in the

supercritical fluid varies gradually as a function of pres-

sure and temperature (Hack et al. 2007), with a variety

of compositions between aqueous solution and hydrous

melt (Zheng et al. 2011a; Hermann and Rubatto 2014).

On the other hand, the solvus between aqueous solu-

tion and hydrous melt might be encountered during de-

compression of the supercritical fluid, resulting in the

separation into aqueous solutions and hydrous melts

(Zheng et al. 2011a). This may result in the precipita-

tion of mineral phases depending on the relative solubil-

ties of components before and after the phase separation.

The phase separation of supercritical fluids has been

directly observed in sophisticated in situ laboratory ex-

periments (Kawamoto et al. 2012). Field-based studies

suggested that some multiphase solid inclusions (MSI)

may be crystallized from the separated hydrous melts

(Ferrando et al. 2005; Frezzotti et al. 2007; Gao et al. 2012),

whereas metamorphic zircon and rutile in metamorphic

veins inside UHP eclogites may be grown from the

separated aqueous solutions (Xia et al. 2010; Zheng

et al. 2011b).
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During the subduction of crustal rocks, the aqueous

solution is generated not only by the prograde break-

down of hydrous minerals such as amphibole, biotite,

chlorite, lawsonite, muscovite, serpentine, and zoisite

with increasing pressure and temperature (e.g., Schmidt

and Poli 2003; Rupke et al. 2004, Spandler and Pirard

2013) but also by the exsolution of molecular water and

structural hydroxyl from NAMs (Zheng 2009). While

some of these hydrous minerals may be present in small

amounts in HP to UHP eclogites, some UHP eclogites

may contain neither of these hydrous minerals. Instead,

they contain hundreds to thousands of parts per million

(ppm) H2O within NAMs such as garnet and pyroxene,

not only as structural OH in point defects (Katayama and

Nakashima 2003; Xia et al. 2005; Katayama et al. 2006;

Chen et al. 2007; Sheng et al. 2007; Zhao et al. 2007a) but

also as molecular H2O in surface and volume defects (Su

et al. 2002; Xiao et al. 2002; Fu et al. 2003; Gao et al. 2007;

Ni et al., 2008; Zhang et al. 2008; Meng et al. 2009;

Mukherjee and Sachan 2009). Analyses of the total water

in NAMs yield the maximum water contents of about

2,500 ppm and about 3,500 ppm, respectively, in garnet

and omphacite at UHP conditions (Chen et al. 2011;

Gong et al. 2013). At pressures of the mantle transition

zone, 1.4 to 1.5 wt % H2O may occur in ringwoodite

included in a diamond (Pearson et al. 2014).

The dehydration of subducting crustal rocks may occur

at P-T conditions on and above the wet solidus (Figure 1),

resulting in anatexis of HP to UHP metamorphic rocks.

This has been observed in many UHP metamorphic rocks

where anatexis takes place at relatively high temperatures

due to breakdown of hydrous UHP minerals such as

phengite during decompression (Gao et al. 2012, 2013;

Chen et al. 2013; Liu et al. 2013). In a series of experi-

ments on the rheology of eclogite at 1,300 to 1,500 K and

3.0 GPa, on the other hand, Zhang et al. (2004) observed

partial melting of an eclogite that contained no hydrous

minerals but only H2O of up to 300 ppm in garnet, 1,000

to 1,300 ppm in omphacite and 3,000 to 4,000 ppm in

rutile. After the experiments, they measured almost no

OH in garnet and only 600 to 700 ppm H2O in ompha-

cite. This indicates the significant loss of water from

both garnet and omphacite, demonstrating that water is

preferentially enriched in hydrous melts. Likewise, minor

amounts of water in feldspar and quartz of the deep

continental crust may be accumulated in intergrain

boundaries to facilitate partial melting of granitoids at

temperatures hundreds of degrees below the dry solidus

(Seaman et al. 2013). Therefore, dehydration melting

can be caused not only by the breakdown of hydrous

minerals but also by the exsolution of structural hy-

droxyl from NAMs. In either case, water is highly

Figure 1 Metamorphic facies and stability fields of hydrous minerals under subduction-zone conditions. Metamorphism above the

coesite/quartz transition line is referred as ultrahigh-pressure (UHP) metamorphism, whereas metamorphism below the coesite/quartz transition line is

referred as high-pressure (HP) metamorphism. Dashed lines denote the geothermal gradients at 5°C/km and 15°C/km, respectively, in subduction

zones. Solid dark-red curves denote the wet solidi for basalt (Schmidt and Poli 1998) and granite (Holtz et al., 2001), with circles for the second critical

endpoints of the basalt-water system (after Mibe et al. 2011) and the granite-water system (after Hermann et al. 2006a). Mineral abbreviations: Amp,

amphibole; Chl, chlorite; Cld, chloritoid; Law, lawsonite; Zo, zoisite. Lithological abbreviations: GS, greenschist-facies; EB, epidote blueschist-facies; EA,

epidote amphibolite-facies.
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incompatible during partial melting of crustal and mantle

rocks.

The release of fluids is a key to physicochemical pro-

cesses at the slab-mantle interface in subduction channels.

As illustrated in Figure 1, this primarily depends on the

thermal structure of subduction zones. As documented by

phase equilibrium calculations (Peacock and Wang, 1999;

Kerrick and Connolly 2001a, 2001b), hot subduction at

high geotherms of >15°C/km results in significant dehydra-

tion at shallow depths of <60 km, with abundant occur-

rences of greenschist- to amphibolite-facies metamorphic

rocks but rare occurrences of arc volcanics above such hot

subduction zones. In the extreme case, partial melting of

subducting seafloor sediment is significant at upper

amphibolite- to granulite-facies conditions, but the pres-

sure is too low to induce partial melting of the mantle

wedge. In contrast, cold subduction at low geotherms

of 5 to 10°C/km leads to insignificant dehydration at

the shallow depths, with significant occurrences of HP

blueschist- to eclogite-facies metamorphic rocks and

arc volcanics above such cold subduction zones (Peacock

and Wang 1999). It is the cold subduction that leads to

the insignificant dehydration at the shallow depths but

the significant dehydration and anatexis at the subarc

depths >80 km. Continental subduction generally takes

place at low geotherms, yielding UHP metamorphic rocks

that provide direct samples for the study of subduction-

zone fluids at the subarc depths.

Composition of continental subduction-zone fluids

Experimental constraints

The solute composition of subduction-zone fluids is a func-

tion of the following three variables: (1) element solubility,

(2) temperature, and (3) pressure. The amount of water in

fluids is inversely correlated with that of solutes and thus

also changes as a strong function of pressure and

temperature. The major solutes are Si, Al, and alkalis (Na,

K) with minor amounts of Ca, Fe, and Mg (Hermann et al.

2013). While Al is not significantly fractionated during par-

tial melting, the aqueous solution preferentially dissolves Si

and is characterized by a positive spike in alkalis. The aque-

ous solution and the hydrous melt have different capacities

of dissolving and transporting trace elements during

subduction-zone processes (e.g., Hermann et al. 2006a;

Zheng et al. 2011a).

Figure 2 shows the experimentally determined concen-

tration of major and trace elements in aqueous solutions

and hydrous melts at HP to UHP conditions relative to

the pelitic protolith that has a common crustal compos-

ition (Additional file 2: Table S1). Upon water-rock inter-

action and hydration melting, water-soluble incompatible

trace elements such as LILE and U are preferentially

enriched in aqueous solutions; LREE and Th tend to enter

hydrous melts whereas heavy rare earth elements (HREE)

are highly enriched in residues. The trace element concen-

trations of aqueous solutions are at least an order of mag-

nitude lower than those of hydrous melts. However, the

common water-soluble or fluid-mobile elements like LILE

and LREE are not enriched in these fluids if residual

assemblages are enriched in phengite and allanite,

respectively. Uranium and Nb are more enriched in

the fluid phase compared to Th and Ta.

Although mineral assemblages in the crustal rocks of

mafic to felsic compositions are very different at low pres-

sures, they converge to a common paragenesis at UHP con-

ditions that is composed of coesite, garnet, clinopyroxene,

Figure 2 Experimentally determined element distribution of fluids normalized to the starting materials of pelitic composition. The

major and trace element compositions of the starting materials and the fluids produced at HP to UHP conditions are given in Additional file 2:

Table S1. Blue-green curves denote aqueous solutions, where data at 2.2 GPa are after Spandler et al. (2007); data at 2.5 to 4.5 GPa and 600 and

700°C are after Hermann and Spandler (2008) for major elements and Table S1 in Additional file 2 for trace elements from the same experiments.

Red-orange curves denote hydrous melts with data after Hermann and Rubatto (2009).
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phengite, and kyanite and accessory rutile, zircon, apatite,

and allanite or monazite (e.g., Schmidt et al. 2004a;

Hermann et al. 2006a; Schertl and O’Brien 2013). The

proportions of these UHP metamorphic minerals are a

function of whole-rock composition and P-T conditions,

which exert a primary control on the trace element

composition of coexisting fluid phases. LILE are pri-

marily controlled by phengite, and therefore, in K-rich

rocks containing high amounts of phengite, LILE are

not necessarily enriched in the aqueous solution with

respect to the dehydrated residue (Figure 2). In K-poor

rocks, on the other hand, phengite may completely

break down and thus no longer be a host mineral for

LILE. In this case, the liberated fluids are highly enriched

in LILE with respect to the dehydrated residue.

Garnet is a major host of HREE, resulting in deple-

tion of HREE in aqueous solutions and hydrous melts

(Figure 2). The major hosts for LREE, Th, and partly U

are allanite and monazite. As allanite and monazite

preferentially incorporate Th over U (Klimm et al. 2008;

Skora and Blundy 2012; Stepanov et al. 2012), the coexist-

ing fluid is characterized by a relative enrichment of U

over Th (Figure 2). Significant enrichment of Th is only

possible by allanite/monazite dissolution in hydrous melts

(Hermann 2002; Klimm et al. 2008; Stepanov et al. 2012).

On the other hand, U is a water-soluble element and very

susceptible to dissolution from crustal rocks into aqueous

solutions. Thus, the Th/U ratios of subduction-zone fluids

may provide a distinction between the aqueous solutions

and the hydrous melts at the slab-mantle interface in the

subduction channel.

Rutile is a major host of high-field-strength elements

(HFSE) such as Ti, Nb, and Ta. Zircon hosts Zr, Hf and

some U, and apatite is the main host for P (e.g., Hermann

2002; Hermann and Rubatto 2009). Rutile preferentially

incorporates Ta over Nb during hydration melting

(Schmidt et al. 2004b; Xiong et al. 2011a), with Nb/Ta

partition coefficients DNb/Ta < 1. In contrast, low-Mg

amphibole, biotite, and phengite preferentially incorporate

Nb over Ta during dehydration melting (Tiepolo et al.

2000; Green and Adam 2003; Stepanov and Hermann

2013), with Nb/Ta partition coefficients DNb/Ta > 1. Thus,

subduction-zone fluids with elevated Nb/Ta ratios can

form either by the breakdown of these hydrous minerals

or by the presence of residual rutile in UHP eclogites.

These results demonstrate that metamorphic dehydration

and partial melting at the subarc depths may cause

significant fractionation of trace elements with similar

geochemical characteristics.

Because hydrous minerals host a wide range of trace

elements, their presence and stability are a crucial factor

in dictating the redistribution of elements during dehydra-

tion and melting at deep subduction zones. So are nomin-

ally anhydrous minor and accessory minerals. However,

the stability of these minerals is highly influenced by

temperature-pressure, fluid property, and fluid/rock ratio.

As an accessory phase in the residue, for instance,

monazite can be exhausted at elevated fluid/rock ratios

at 800 to 900°C (Skora and Blundy 2010). Because the

solubility of essential mineral structural components

such as Ce in monazite increases exponentially with in-

creasing temperature, only small amounts of anatectic

melts are required to completely exhaust the accessory

phase at temperatures >1,000°C (Stepanov et al. 2012).

On the other hand, the dissolution of zircon into aque-

ous fluids can be significantly enhanced by the contempor-

aneous dissolution of Na-Al silicate components (Wilke

et al. 2012). Therefore, the composition of subduction-

zone fluids is dictated by the property of chemical reac-

tions with passing rocks, which exerts substantial influence

on the mobility of HFSE during subduction-zone meta-

morphism. Since supercritical fluids become available at

UHP eclogite-facies conditions (Figure 1), the dissolution

and transport of fluid-immobile incompatible trace

elements are possible at the slab-mantle interface in the

subduction channel (Zheng et al. 2011a).

Natural constraints

Due to the long journey from at least 100-km depth to

the Earth’s surface, direct samples of deep subduction-

zone fluids are not preserved in UHP metamorphic

rocks. Nevertheless, metamorphic veins and migmatic

leucosomes within UHP rocks can be used to retrieve

information about the composition of deep fluids. Ad-

vanced micro-analytical methods are applied to acquire

the geochemical composition of metamorphic and ana-

tectic veins in UHP metamorphic terranes (Zheng et al.

2008; Chen et al., 2012a, 2012b; Guo et al. 2012; Yu

et al. 2012; Song et al. 2014). This leads to a better un-

derstanding of the role of fluids for mass transfer at the

slab-mantle interface in subduction channels. In addition,

tiny MSI that are trapped within refractory minerals in UHP

rocks may derive from anatectic melts (Ferrando et al. 2005;

Malaspina et al. 2006; Gao et al. 2012, 2013; Liu et al. 2013),

providing insights into the property and composition of

deep subduction-zone fluids.

Metamorphic veins Generally, there are two types of

metamorphic veins in deeply subducted continental crust,

which are mainly formed at subsolidus conditions: (1)

felsic veins, which are primarily composed of variable

abundances of felsic minerals such as quartz, feldspar,

kyanite, and phengite with minor amounts of mafic min-

erals such as omphacite, garnet, zoisite, and amphibole

(e.g., Franz et al. 2001; Li et al. 2001, Li et al. 2004;

Zheng et al. 2007; Wu et al. 2009; Chen et al. 2012a;

Sheng et al., 2012, 2013) and (2) mafic veins, which are

usually composed of variable abundances of mafic minerals
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such as omphacite, epidote, zoisite, allanite, and garnet

with minor amounts of felsic minerals such as quartz and

kyanite (e.g., Gao et al. 2007; John et al. 2008; Zhang et al.

2008; Spandler et al. 2011; Guo et al. 2012). In addition,

the veins contain variable abundances of accessory minerals

such as rutile, zircon, and apatite. Chemical reaction of the

moving fluids with their host rocks scavenges various

components into the fluids. This leads to different types

of mineral parageneses for metamorphic veins in UHP

metamorphic rocks. As a consequence, there is a

significant variation in the composition of subduction-

zone fluids, sometimes with survival of relict minerals

from the fluid-scavenged rocks (e.g., Zheng et al. 2007;

Sheng et al. 2012, 2013).

Available analyses on whole-rock geochemistry of

metamorphic veins (Rubatto and Hermann 2003; Zhang

et al. 2008; Chen et al. 2012a; Guo et al. 2012) provide

evidence that many elements can be transported at least

over short distances of a few meters. Because the forma-

tion of metamorphic veins is closely associated with the

flow of aqueous solutions at subsolidus conditions,

dissolution-reprecipitation reactions at appropriate fluid/

rock ratios are necessary to produce various parageneses

of vein-forming minerals. This is particularly so in view

of the relatively low solubility of many major and trace

elements in aqueous solutions (Figure 2), providing fur-

ther evidence that dissolution-reprecipitation reactions

are important for vein formation. Thus, the veins

represent the material assemblages left behind from

the passing fluid phase. As such, compositional data of

metamorphic veins can be used to define the major

element composition of metamorphic fluids by taking

into account the solubility of vein minerals in aqueous

solutions. Likewise, they can be used to approximate

the trace element composition of metamorphic fluids

by taking into account the partition coefficients between

vein minerals and aqueous solutions.

Migmatic leucosomes and multiphase solid inclusions

In terms of their occurrence, composition, and age,

migmatic leucosomes and MSI inside UHP metamorphic

rocks can be inferred to represent the crystallized products

of anatectic melts during continental collision, whereas

restites are residues after partial melting and melt extrac-

tion. The majority of leucosomes and MSI have mineral

parageneses similar to granitic rocks, suggesting their

crystallization from felsic melts. Here, we refer the anatec-

tic melts as the least evolved melts that are not completely

separated from their parent rocks and thus experience the

lowest extent of crystal fractionation (Li et al. 2013). In

contrast, magmatic melts have evolved from different

batches of anatectic melts, not only with complete separ-

ation from their parent rocks but also with significant crys-

tal fractionation during their transport upward. Magmatic

fluids are those exsolved from the magmatic melts during

fractional crystallization at declined pressures. Studies of

experimental petrology for dehydration melting of crustal

rocks commonly produce melts with small ratios of melts

to residued minerals. Such experimental melts are petro-

logically buffered by the multiphase assemblage of resi-

dued minerals under HP to UHP conditions. Therefore,

they are petrologically more similar to the anatectic melts

rather than the magmatic melts.

Geochemical analyses of migmatic leucosomes from

UHP metamorphic terranes provide a proxy for the com-

position of anatectic melts (Zhang et al. 2008; Chen et al.

2012b; Yu et al. 2012; Gao et al. 2013; Liu et al. 2013;

Song et al. 2014). This is delineated by plotting the calc-

alkalinity index (MALI =NaO +K2O −CaO in weight per-

centage) against SiO2 content (Figure 3a) and Si/Al ratios

(molar SiO2/Al2O3) against (Na + K)/Al ratios [molar

(Na2O+K2O)/Al2O3] (Figure 3b). For example, leucosomes

inside UHP eclogites from North Qaidam (west-central

China) exhibit large variations in composition (Chen et al.

2012b; Yu et al. 2012; Song et al. 2014), with SiO2 = 57.49

to 78.38 wt %, Al2O3 = 12.46 to 20.60 wt %, MALI = −3.22

to 5.86 and A/CNK= 0.68 to 1.26, Si/Al = 2.39 to 5.34, and

(Na +K)/Al = 0.22 to 0.77 (Additional file 3: Table S2).

Despite the variation from tonalitic to granodioritic to gran-

itic, the composition of leucosomes is predominantly calcic

(Figure 3a). The leucosomes exhibit significant enrichment

of LILE and LREE but depletion of Nb, Ta, and HREE in

the primitive mantle-normalized spidergrams (Figure 4).

This generally resembles the distribution patterns of trace

elements in common arc volcanics (Kelemen et al. 2003).

Nevertheless, the leucosomes exhibit very large variations

in trace element ratios, e.g., from 24 to 1,950 for Sr/Nd and

from 0.21 to 25 for Th/U (Additional file 4: Table S3).

Restites provide complementary information to leuco-

somes on the composition of UHP melts. Garnet-rich

rocks in the diamond-facies gneisses of the Kokchetav

massif, Kazakhstan, display high MgO + FeO contents

and depletion of SiO2 and alkalis. These restites formed

at about 1,000°C and 5 GPa, have extreme depletion of

LREE and Th, moderate depletion of LILE, enrichment

of HREE, and highly variable Nb/Ta ratios, depending

on whether residual phengite or residual rutile dominate

the Nb/Ta in the restite (Stepanov et al. 2014). These

data permit to constrain the composition of extracted

melts as K-rich peraluminous granites with high LREE,

strongly fractionated REE patterns, and moderate HREE

and HFSE contents.

Some MSI are trapped in UHP minerals such as coesite,

diamond, and majoritic garnet (Stöckhert et al. 2001; van

Roermund et al. 2002; Scambelluri et al., 2008; Zhang et al.

2008), indicating that they were included as supercritical

fluids at UHP conditions. Different sizes of felsic MSI

in the garnet of UHP eclogites from the Dabie orogen
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(east-central China) exhibit very large variations in

composition (Gao et al. 2013), with SiO2 = 63.78 to

94.43 wt %, Al2O3 = 1.89 to 18.26 wt %, MALI = 0.19 to

15.21, A/CNK = 0.18 to 1.54, Si/Al = 2.86 to 42.40, and

(Na + K)/Al = 0.48 to 3.30 (Additional file 3: Table S2).

While large MSI tend to exhibit high alkali contents,

small MSI generally show high SiO2 contents. The ele-

vated SiO2 contents but highly variable Al2O3 contents

are attributable to the occurrence of almost single quartz

phase in the MSI. This is particularly so for the small MSI

that exhibit significantly higher Si/Al and (Na + K)/Al

ratios than the experimentally defined fields for hydrous

melts and supercritical fluids (Figure 3b), suggesting their

precipitation from fluids rich in silica and alkalis. Trace

element analyses of MSI in the garnet of Dabie eclogites

show patterns with depletion of HFSE but more enrich-

ment of LILE than LREE (Figure 5). These features are

comparable with those observed in the partial melting

Figure 3 Composition of crystalline products of anatectic melts in UHP metamorphic terranes (Additional file 3: Table S2). (a) MALI

index (Na2O + K2O − CaO) against SiO2 contents, where the boundaries for calcic, calc-alkalic, alkali-calcic, and alkalic fields are after Frost et al.

(2001). (b) Molar SiO2/Al2O3 ratios against molar (Na2O + K2O)/Al2O3 ratios, where open diamonds, stars, and circles denote the experimental data

for aqueous solution, hydrous melt, and supercritical fluid, respectively, used in Figure two of Hermann et al. (2013) for comparison. Data for

leucosomes in the UHP metamorphic rocks from North Qaidam are after Chen et al. (2012b), Yu et al. (2012), and Song et al. (2014), and those for

multiphase solid inclusions (MSI) in garnet of the UHP eclogites from the Dabie orogen are after Gao et al. (2013). Large MSI have a size of 24 to

160 μm that were directly sampled by the internal ablation method for the LA-ICPMS analysis, whereas small MSI have a size of <24 μm that were

sampled by the external ablation method with minor involvement of the host mineral (Gao et al. 2013).
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experiments (Figure 2). Nevertheless, the MSI also exhibit

very large variations in trace element ratios, e.g., from

0.37 to 1,333 for Sr/Nd and from 0.05 to 2.54 for Th/U

(Additional file 4: Table S3). The formation of MSI in

the garnet is attributed to dehydration melting due to

phengite breakdown in the eclogites during exhumation

(Gao et al. 2012, Gao et al. 2013; Liu et al. 2013).

Action of subduction-zone fluids

Accessary mineral records of trace element transport

Many field-based studies have indicated that the assump-

tion of HFSE immobility in fluids is not always valid at

subduction-zone metamorphic conditions. For example,

Ti minerals such as titanite, rutile, and ilmenite in Alpine

eclogitic veins are precipitated from metamorphic fluids

(e.g., Philippot and Selverstone 1991), and metamorphic

rutile is common in quartz-dominated veins hosted by

UHP eclogites in Dabie-Sulu (Xiao et al. 2006; Zhang et al.

2008; Zheng et al. 2011b) and Chinese Tianshan (Gao et al.

2007; John et al. 2008). These observations suggest that

metamorphic fluids can transport Ti at eclogite-facies

conditions at least over short distances of a few meters.

Combined with the generally low solubility of Ti in

aqueous solutions (Figure 2), this indicates that dissolution-

reprecipitation reactions must be involved in order to

dissolve and transport the HFSE from host eclogites for

rutile-bearing veining (Xia et al. 2010; Zheng et al.

2011a). While it is difficult to extract information about

element solubilities from metamorphic and anatectic

veins, important conclusions about trace element

fractionation can be obtained from accessory minerals.

LA-ICPMS analyses of Nb and Ta concentrations in

rutile are available for UHP eclogites and enclosed quartz

veins from the Dabie-Sulu orogenic belt (Xiao et al. 2006;

Zhang et al. 2008; Zheng et al. 2011b). In the case of large

rutile grains, profile analyses yield consistently lower Nb/

Ta ratios for internal domains than the continental crust,

whereas marginal domains exhibit significant variations

and elevations in Nb/Ta ratios (Figure 6a). In the other

case of different sizes of rutile grains, the analyses give

consistently higher Nb/Ta ratios than the continental crust

(Figure 6b). In either case, the increase of Nb/Ta ratios is

associated with the decrease of Ta contents, suggesting

preferential incorporation of Nb over Ta into the meta-

morphic rutile. This is in agreement with the experimental

observations showing that Ta is preferentially retained in

the residue with respect to Nb during metamorphic

dehydration and partial melting (Figure 2). In addition,

the breakdown of hydrous minerals such as low-Mg

amphibole, biotite, and phengite may have provided the

high Nb/Ta fluids for rutile growth (Gao et al. 2014).

Zircon grains of metamorphic origin frequently occur in

UHP eclogite-facies metamorphic rocks, exhibiting shapes

and structures that indicate significant dissolution of

protolith zircon and subsequent overgrowth of meta-

morphic zircon (e.g., Liati and Gebauer 1999; Rubatto

and Hermann 2003; Zheng et al. 2004, 2007; Sheng et al.

2012, 2013). This indicates significant action of fluids on

the protolith zircon at subsolidus to supersolidus condi-

tions (Zheng, 2009). Dissolution of the protolith zircon

becomes more efficient in supercritical fluids than in

aqueous solutions and hydrous melts (Xia et al., 2010).

This leads to metamorphic recrystallization of the protolith

zircon via the mechanism of dissolution-reprecipitation

(Figure 7). The resultant zircon domains commonly exhibit

a porous texture in CL images, a consistent enrichment of

trace elements such as LREE, HREE, and HFSE and nearly

concordant U-Pb ages for the major UHP metamorphic

Figure 4 Trace element spidergrams for migmatic leucosomes in the UHP metamorphic terrane of North Qaidam in China (Additional

file 4: Table S3). Black solid curves denote data from Dulan after Yu et al. (2012) and Song et al. (2014), and blue dash-dot curves denote data

from Xitieshan after Chen et al. (2012b). Data for the primitive mantle are after McDonough and Sun (1995).

Zheng and Hermann Earth, Planets and Space 2014, 66:93 Page 8 of 16

http://www.earth-planets-space.com/content/66/1/93



episode. Substantially, zircon is an excellent phase to

record the action of fluids because the U-Pb age, trace

elements, and O and Hf isotopes can be determined

within the same domain of single crystals (Chen et al. 2011;

Sheng et al. 2012, 2013).

During the subduction and exhumation of crustal rocks,

the new growth of metamorphic and anatectic zircons gen-

erally depends on the availability of fluids (Zheng 2009;

Xia et al. 2013). Likewise, the growth of metamorphic

and anatectic garnets is primarily dictated by the break-

down of hydrous minerals such as amphibole, biotite,

epidote, lawsonite, phengite, and zoisite at subsolidus

and supersolidus conditions, respectively (e.g., Baxter

and Caddick 2013; Li et al. 2014; Zhou et al. 2014). All

hydrous minerals are important hosts of given trace

elements in HP to UHP metamorphic rocks, but with

significant differences in trace element abundances.

As a consequence, the newly grown zircon and garnet

may acquire different concentrations of trace elements

due to the breakdown of different hydrous minerals.

So do the other minor and accessory minerals. Therefore,

the stability of hydrous minerals at the subarc depths is a

Figure 5 Trace element spidergrams for MS inclusions in garnet of UHP eclogite from the Dabie orogen, China (Additional file 4:

Table S3). (a) Large MS inclusions have a size of 24 to 160 μm that were directly sampled by internal ablation for the LA-ICPMS analysis. (b) Small

MS inclusions have a size of <24 μm that were sampled by external ablation with minor involvement of the host mineral. Black curves denote

the data from Gao et al. (2013), and blue curves denote the data from Liu et al. (2013). Data for the primitive mantle are after McDonough and

Sun (1995). The composition of small MS inclusions was reconstructed by minimizing the Fe content of single MS inclusions relative to the host

garnet in order to achieve the accurate estimate of its volume proportion relative to the ablated host garnet. This was based on the correct

identification of mineral phases in these small MS inclusions.
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key not only to the metamorphic dehydration and partial

melting but also to the partitioning of trace elements into

the metamorphic and anatectic minerals.

Crust-mantle interaction in subduction channel

The mantle wedge above oceanic subduction channels

usually belongs to the part of the asthenospheric mantle,

which is hot (e.g., Stern 2002). In contrast, the mantle

wedge above continental subduction channels commonly

belongs to the part of the subcontinental lithospheric

mantle (SCLM), which is cold (e.g., Zheng et al. 2013).

This difference may be the reason why continental sub-

duction zones generally have lower geotherms than the

hot oceanic subduction zones. It is the low geotherms for

HP blueschist- to eclogite-facies metamorphism (Figure 1)

that results in the insignificant release of aqueous solutions

Figure 6 Plots of Nb/Ta ratios against Ta contents in rutile from UHP eclogite and enclosed quartz veins (Dabie-Sulu, China). (a) Large

rutile grains in eclogite (#27a-1) and its enclosed quartz vein (#27b-1) from the Sulu orogen (data from Xiao et al. 2006). (b) Small rutile grains in

eclogites and enclosed kyanite-quartz veins from the Sulu orogen (pair 1, data from Zhang et al. 2008) and the Dabie orogen (pair 2, data from

Zheng et al. 2011b). Also shown are Nb/Ta ratios for the primitive mantle (McDonough and Sun 1995) and the continental crust (Rudnick and

Gao 2003).

Figure 7 Trace element discrimination diagrams of metamorphosed zircons from UHP metamorphic rocks. The metamorphic recrystallization

proceeds via the mechanisms of solid-state transformation (SST), replacement alteration (RA), and dissolution reprecipitation (DR), respectively. (a) Plot

of (Yb/Gd)N versus (La/Sm)N, and (b) plot of Hf versus Nb + Ta. The zircon grains are from low-T/UHP metagranite in the Dabie orogen (Xia et al. 2010).

The chondrite element values are after Sun and McDonough (1989).
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during the subduction of crustal rocks at shallow

depths of <80 km (Kerrick and Connolly 2001a, 2001b).

As a consequence, there is insignificant loss of fluid-

mobile incompatible trace elements from low-T/HP

eclogites (Spandler et al. 2003, 2004; Miller et al. 2007;

Xiao et al. 2012, 2013). In this regard, naturally exposed

HP eclogite-facies rocks cannot serve as the target to

investigate the fluid-assisted element mobility at subarc

depths of 80 to 130 km, because they would be ex-

humed before attending the UHP metamorphic condi-

tions (Agard et al. 2009). Instead, UHP eclogite-facies

rocks are a sound target for this purpose. As such, the

liberation of fluids at mantle depths of >80 km is a key

to supra-subduction-channel (SSC) arc volcanism.

Dehydration of crustal rocks becomes prominent during

their cold subduction to the subarc depths, where these

rocks may be heated to 730 to 950°C at the slab-mantle

interface (Hermann and Spandler 2008; Plank et al. 2009;

Syracuse et al. 2010; Cooper et al. 2012). This also results

in local dehydration melting, which is recorded by

anatectic leucosomes, restites, and MSI in UHP meta-

morphic rocks (Zheng et al. 2011a; Gao et al. 2012,

2013; Chen et al. 2012b, 2013; Yu et al. 2012; Liu et al.

2013; Song et al. 2014; Stepanov et al. 2014). Fluids

released from deeply subducting crustal rocks provide

metasomatic agents for mass transfer at the slab-mantle

interface in subduction channels (Figure 8a). Reaction of

the fluids with the mantle wedge peridotite generates

metasomatic mantle domains (metasomes) that are re-

sponsible for the enrichment of fluid-mobile incompatible

trace elements in arc volcanics (Zheng 2012; Spandler and

Pirard 2013; Adam et al. 2014).

Orogenic peridotites are common in many UHP ter-

ranes (Brueckner and Medaris 2000; Nimis and Morten

2000; Zhang et al. 2000), providing us with an excellent

target to study the reaction of subduction-zone fluids with

the mantle wedge at the slab-mantle interface in subduc-

tion channels (Scambelluri et al. 2007; Zheng 2012).

According to the occurrence of crustal derivatives in the

orogenic peridotites, two types of crustal metasomatism

may take place at mantle depths (Zheng 2012). One is

modal metasomatism that is indicated by the presence

of new mineral phases such as serpentine, chlorite,

amphibole, phlogopite, apatite, carbonate, sulfide, titan-

ite, ilmenite, and zircon, which are absent in primitive

and depleted mantle sources. The metasomatic prod-

ucts may occur in serpentinized to chloritized perido-

tites or in pyroxenites and hornblendites. The new

mineral phases are mineralogically and geochemically

distinguishable from primary peridotite minerals. The

other is cryptic metasomatism that is indicated by the

absence of such new mineral phases but the enrichment

of fluid-mobile incompatible trace elements such as

LILE and LREE relative to HFSE and HREE. In the extreme

case, only enrichment of highly incompatible water-soluble

trace elements (e.g., LILE) occurs in orogenic peridotites,

similar to the product of fluid metasomatism in forearc

settings above oceanic subduction zones.

In association with variable occurrences of new mineral

phases, variable enrichment of LILE and LREE in orogenic

peridotites is prominent due to the crustal metasomatism

(Brueckner et al. 2002; Malaspina et al. 2006, 2009;

Scambelluri et al. 2006; Zhao et al. 2007b; Zhang et al.

2011). Both newly grown and relict zircon domains have

been observed in orogenic peridotites (Katayama et al. 2003;

Figure 8 Schematic diagrams of the crust-mantle interaction in

a continental subduction channel and the formation of SSC

magmatic rocks. (a) The continental crust is subducted to mantle

depths of >80 km, contributing incompatible major and trace

elements to the SCLM wedge for crustal metasomatism. (b) Partial

melting of the ultramafic to mafic metasomes and their underlying

UHP crustal rocks yields mafic, intermediate, and felsic melts,

respectively, for synexhumation and postcollisional magmatism.

The difference in the composition of magmatic rocks is attributed

to different extents of melt-peridotite reaction at the slab-mantle

interface, where there is a jelly-sandwich structure in which a weak

layer composed of metamorphic, anatectic and metasomatic rocks

(the jelly) is sandwiched between the overlying mantle wedge and

the underlying subducted crustal slab (Zheng et al. 2013).
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Song et al. 2005; Zhang et al. 2005, 2011; Hermann et al.

2006b; Zheng et al. 2006, 2008; Liati and Gebauer 2009;

Xiong et al. 2011b). This indicates that both the chem-

ical transport of dissolved Zr and the physical transport

of crustal zircon xenocrysts by either metamorphic

fluids or anatectic melts have taken place at the slab-

mantle interface in subduction channels (Zheng 2012).

While U-Pb ages for the newly grown zircon directly

date the metasomatic event, its Lu-Hf isotope compos-

ition is primarily inherited from the metasomatic agent

and thus has little to do with the composition of the

overlying lithosphere. The survival of protolith zircon

in the orogenic peridotites suggests that the crustal

metasomatism beneath the mantle wedge would have

proceeded at kinetically limited conditions, and thus it

did not achieve the thermodynamic equilibrium between

crustal and mantle components.

Both aqueous solutions and hydrous melts are likely

involved in the SSC metasomatism (Figure 8a). The

former is commonly indicated by serpentinization and

chloritization in orogenic peridotites, whereas the latter

is generally recorded by pyroxenite and hornblendite in

association with orogenic peridotite (Zheng 2012). The

hydrous melts may originate from two types of contin-

ental crustal sources, one is the metagranite and other is

the metasediment. Low-degree partial melting of the

UHP crustal rocks yields alkaline igneous rocks of felsic

composition (Zhao et al. 2012), and it is also a key to

geochemical differentiation of subducted crustal rocks,

because it can result in significant enrichment of melt-

mobile incompatible trace elements relative to melt-

immobile compatible trace elements in hydrous melts

(McKenzie 1989). In contrast, high-degree partial melting

of the deeply subducted continental crust gives rise to

postcollisional granitoids (Zhao et al. 2007c).

Reaction of the mantle wedge peridotite with the

felsic melts can create a variety of metasomatic rocks

that range from mafic to ultramafic compositions,

depending on the extent of melt-peridotite reaction in

subduction channels (Zheng 2012). Olivine-poor meta-

somes may undergo partial melting upon heating,

giving rise to various mafic igneous rocks in continental

collision orogens (Zhao et al. 2013). Even andesitic

melts could be produced by partial melting of a given

mafic metasome that is generated by reaction of abun-

dant felsic melts with the SSC peridotite (Chen et al.

2014). Therefore, various melts from basaltic to granitic

compositions could be produced by partial melting of

the metasomes in the mantle wedge and its under-

lying slab-mantle interface (Figure 8b). The crustal

components in the metasomes can be identified in a

series of diagrams plotting Ba/Th, Sr/Rb, (87Sr/86Sr)i, and

εNd(t) values against (La/Yb)N values for mafic igneous

rocks (Zhao et al. 2013; Chen et al. 2014). Similar

diagrams are used to distinguish between metabasalt- and

metasediment-derived melts in the SSC mantle source

of continental basalts (Xu et al. 2014). These differ

from oceanic arc basalts in which only the sediment-

derived melt is isotopically inferred in their SSC mantle

sources (e.g., Schiano et al. 1995; Elliott et al. 1997;

Eiler et al. 2007; Turner et al. 2011).

Prospects for the future

Great advances have been made in the past two decades

on the geochemistry of continental subduction-zone

fluids. This is primarily achieved by natural observations

of exhumed UHP eclogite-facies metamorphic rocks in

collisional orogens in addition to experimental investiga-

tions of metamorphic dehydration and partial melting at

subduction-zone P-T conditions. While metamorphic and

anatectic veins in UHP rocks directly record mineral

precipitation from these fluids, orogenic peridotites and

pyroxenites provide an indirect record of transferring the

crustal signal for various elements into the SCLM wedge.

As such, continental deep subduction also delivers raw

materials to the subduction factory. The crustal metasoma-

tism at the slab-mantle interface in the subduction channel

generates new mineral phases in orogenic peridotites, but

it is critical to unambiguously distinguish between primary

and secondary peridotite minerals. Therefore, we are still

on the way to answer the following fundamental questions

in subduction-zone processes: (1) How do mineral solubil-

ity and element partitioning change along the paths of sub-

duction and exhumation at mantle depths of >80 km? (2)

How do aqueous solutions, hydrous melts, and supercrit-

ical fluids respectively react with the mantle wedge perido-

tite to generate different composition of metasomes? (3)

What is the role of subduction-zone fluids at the slab-

mantle interface in dictating the composition of SSC mafic

igneous rocks?

The property and behavior of deep subduction-zone

fluids are substantial to the mass transfer at the slab-

mantle interface in subduction channels. This is also a

particularly important challenge because the fluids medi-

ate the recycling of crustal components into the mantle

and the reworking of the crust itself. Continental deep

subduction triggers metamorphic dehydration and partial

melting at the slab-mantle interface, but it did not create

juvenile crust like arc volcanics above oceanic subduction

zones. Nevertheless, partial melting of the SSC ultramafic

metasomes gives rise to mafic igneous rocks in collisional

orogens. The geochemical differentiation through dehy-

dration melting and melt-peridotite reaction in continen-

tal subduction zones generally resembles that in oceanic

subduction zones. However, this represents a different

type of recycling of the continental crust compared to

the more common recycling of terrigenous sediment

in oceanic subduction zones. Partial melting of the
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continental SSC ultramafic metasomes also represents a

different way of crustal growth and crust-mantle inter-

action with element fractionation from that in the much

better studied case of arc volcanism above oceanic

subduction zones. Therefore, it is of great significance to

investigate comprehensively UHP metamorphic rocks and

their associated assemblages such as ophiolites, perido-

tites, and pyroxenites in order to unravel the geochemical

behavior of fluids and element recycling in the subduction

factory.
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