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Abstract
Eclogite is potentially an important constituent in local regions in the deep crust and upper mantle. The electrical conductivity 
of omphacite and garnet in eclogite has been measured at 1 GPa and 350–800 °C with pre-annealed OH-bearing samples. 
The conductivities were determined using a piston–cylinder apparatus and a Solartron-1260 Impedance/Gain Phase Analyser 
in the frequency range of  106–1 Hz. The sample water contents show almost no change before and after the experimental 
runs. The conductivity of both omphacite and garnet increases with temperature, and the activation enthalpy is ~ 82 kJ/mol 
for omphacite and 90 kJ/mol for garnet, which is nearly independent of water content in each mineral. The conduction is 
probably dominated by protons, and for both minerals, the conductivity increases linearly with water content, with a water 
content exponent of ~ 1. These data are used to model the bulk conductivity of an eclogite with different water contents and 
modal compositions. In combination with reported data, the conductivity of the eclogite is similar to that of typical granulites 
above 600 °C, but is much larger than that of olivine, assuming small to moderate water contents. This would mean that the 
contribution of eclogites, if present, to the electrical structure of the deep continental crust cannot be easily separated from 
that of granulites, and that the regional enrichments of eclogites in the upper mantle may cause high electrical anomalies. 
The results also provide information for the electrical property of orogen-related thickened deep crust where eclogites may 
be locally abundant, e.g., in the Dabieshan region and the Tibet plateau. At mantle depths, eclogitized portions of subducted 
slabs are usually of very low conductivities as suggested by geophysical observations, implying small water contents in the 
constitutive omphacite and garnet and the limited ability of these minerals in recycling water into the deep mantle.
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Introduction

There are lines of evidence favoring the regional enrich-
ments of eclogites inside the Earth. First, the recycling of 
crustal materials by subduction could cause the presence of 
eclogite in the deep crust and upper mantle, as commonly 
documented for exhumed ultrahigh-pressure (UHP) terrane 
rocks from continental–continental collision regions (Aus-
trheim 1991). Second, the prograde metamorphism of granu-
lites in the thickened deep crust can lead to the formation of 

eclogites, and the delamination of such crust may have been 
an important mechanism in losing crustal materials into the 
mantle and in producing an intermediate composition of the 
bulk continental crust (Kay and Mahlburg-Kay 1991). Third, 
some eclogites, especially those of xenoliths captured by 
kimberlites, may form by the accumulation of melts and/
or the interaction of depth-derived melts with peridotites 
(Anderson 2007), although a general consensus on the petro-
genesis has not been reached (Jacob 2004). Consequently, 
eclogite may affect greatly the electrical structure and other 
physical properties of regional zones in the deep crust and 
upper mantle. This topic has not received much attention, in 
spite of considerable efforts that have been contributed to 
the possible role of eclogites in producing some geochemi-
cal features of deep-seated samples (e.g., Yaxley and Green 
1998).

Eclogite consists mainly of omphacite and garnet. 
Although nominally anhydrous, these minerals commonly 

Communicated by Jochen Hoefs.

 * Xiaozhi Yang 
 xzyang@nju.edu.cn

1 State Key Laboratory for Mineral Deposits Research, School 
of Earth Sciences and Engineering, Nanjing University, 
Nanjing 210023, People’s Republic of China

http://orcid.org/0000-0001-7164-3247
http://crossmark.crossref.org/dialog/?doi=10.1007/s00410-019-1593-3&domain=pdf


 Contributions to Mineralogy and Petrology (2019) 174:57

1 3

57 Page 2 of 15

contain some water as OH groups bound in the lattice, and 
the water contents could be more than ~ 1500 ppm  H2O 
(Katayama and Nakashima 2003; Xia et al. 2005; Katayama 
et al. 2006; Sheng et al. 2007). These contents are virtu-
ally the highest in nominally anhydrous minerals (NAMs) 
derived from the crust and upper mantle (Ingrin and Skogby 
2000). On the other hand, it has been established that the 
electrical property of NAMs is greatly enhanced by even 
trace amounts of water (Karato 1990; Huang et al. 2005; 
Wang et al. 2006; Yoshino et al. 2008, 2009; Dai and Karato 
2009; Poe et al. 2010; Yang et al. 2011, 2012; Yang and 
McCammon 2012; Zhao and Yoshino 2016). Therefore, the 
electrical conductivity of water-bearing omphacite and gar-
net in eclogite, and thus of eclogite itself, and especially the 
dependence on water content deserve a thorough study for 
insights into the fine structure of the deep crust and upper 
mantle. However, this has so far not been reported.

In this study, we have in situ determined the electrical 
conductivity of water-bearing omphacite and garnet in 
eclogite at high-pressure and high-temperature conditions, 
and we have paid particular attention to addressing the quan-
titative dependence of conductivity on water content. We 
show that, given other conditions, the conductivity of these 
minerals increases greatly with increasing water content. We 
then model the bulk conductivity of eclogite as a function of 
water content and modal mineral composition. The results 
are important for understanding the electrical structure of 
the deep crust and upper mantle (at least in local zones) and 
the recycling of water into the mantle by omphacite and 
garnet in subducted eclogites.

Experiments and analytical methods

Samples

The electrical property of Earth materials is sensitive to 
the constitutive species, in particular those important in 
charge transfer, and the prevailing thermodynamic factors 
such as temperature. Instead, the tectonic settings (or locali-
ties) where the materials are obtained have no impact on 
the electrical behavior given other conditions. Thus, a fresh 
eclogite sample from Weissenstein, Münchberger Gneiss 

Massif (Germany), was chosen as the starting material; note 
that the eclogite outcrops in that region were related to slab 
subduction and exhumation (Franz et al. 1986). The eclogite 
consists of medium-grained omphacite and garnet, as well 
as < 1% (by volume) phengite and other accessory miner-
als. Eclogites from the world, either of terrane or xenolith 
forms, commonly contain impurities such as hydrous phases, 
fluid/mineral inclusions and/or grain boundary melts, which 
affect strongly the analyses of conductivity. In addition, the 
distribution of water (OH species) is highly heterogeneous 
even within sub-grain scales in the dominant omphacite and 
garnet in natural eclogites, which was possibly caused by 
limited mobilities and interactions of fluids with the eclog-
ite minerals (Xia et al. 2005; Sheng et al. 2007). Therefore, 
natural eclogites are not suitable for direct measurements of 
the conductivity and especially the quantitative dependence 
on water, for which a priority is the equilibrium distribu-
tion of the species (including water). This would be more 
meaningful if we consider that, for conductivity runs at high 
pressure, the samples are very small and the core drillings of 
natural eclogites could lead to biased sampling concerning 
the mineral mixing/textures, which adds further complexity 
to the work.

We thus adopted the following strategy: first, omphacite 
and garnet grains were separated from the starting eclogite; 
second, omphacite and garnet samples were pre-annealed for 
different water contents; third, the conductivity of ompha-
cite and garnet and the effect of water were quantitatively 
determined; last, the bulk conductivity of eclogite as a 
function of water content was modeled. This approach has 
been frequently used in recent years for documenting the 
electrical property of a rock consisting of different minerals 
(e.g., Xu et al. 2000b; Yang et al. 2012; Zhao and Yoshino 
2016). The key, or the prerequisite, of this approach is that 
the studied minerals are chemically in equilibrium concern-
ing their major/minor element. The starting eclogite was 
mechanically crushed, and high-quality grains of ompha-
cite and garnet were carefully separated by hand picking 
under a binocular microscope. The hand-picked grains were 
usually 100–700 μm. The composition of each mineral is 
homogeneous (Table 1) and is representative of omphacite/
garnet in natural eclogites (especially Fe that affects greatly 
the conductivity of dry minerals: see below), according to 

Table 1  Composition of 
omphacite and garnet in the 
starting eclogite

Data are the average of multi-points analyses on different grains, assuming all Fe as FeO, and data in italics 
are the standard deviation

Minerals SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O Total

Omphacite 55.64 0.07 11.38 4.27 0.02 8.44 12.98 7.31 < 0.01 100.11
0.16 0.03 0.35 0.28 0.02 0.17 0.40 0.24 < 0.01

Garnet 37.64 0.03 22.73 26.55 0.74 6.81 5.63 0.03 < 0.01 100.16
0.20 0.02 0.12 0.36 0.08 0.17 0.32 0.02 0.01
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available data for terrane and xenolith eclogites from the 
world (“Appendix”). Homogenization of the grain water 
content and the preparation of samples with different water 
contents were conducted by H annealings at elevated condi-
tions. Since omphacite and garnet in natural eclogites com-
monly contain some water (Katayama and Nakashima 2003; 
Xia et al. 2005; Katayama et al. 2006; Sheng et al. 2007), 
only OH-bearing samples were prepared.

The H annealings were carried out with the hand-picked 
mineral grains in an end-loaded piston–cylinder press, 
using Ni capsules (outer diameter, 5.0 mm; inner diam-
eter, 4.2 mm; length, 10.0 mm) plus a few weight (wt.) 
percent distilled water. The capsule became mechanically 
sealed upon compression in the press. Through this, oxygen 
fugacity (fO2) in the experiments was buffered by Ni–NiO 
(Ni + H2O = NiO + H2). The annealings were performed at 
650–700 °C and 1–3.5 GPa for a long duration of 150–180 h. 
The content and the homogeneous distribution of water in 
the annealed grains of each sample were carefully exam-
ined by Fourier-transform infrared (FTIR) spectroscopy. 
The grains were then crushed and ground into powder, usu-
ally ~ 30 to 80 μm in size, with an agate mortar and pestle 
under alcohol. The powder was dried in an oven and cold-
pressed into a cylinder of ~ 1.7 mm in length and 3.0 mm in 
diameter for subsequent conductivity runs, which yielded a 
dimension factor, the ratio of sample length to cross-section 
area (L/S, see below) of ~ 240. It has been experimentally 
shown that, for lattice conduction in silicate minerals, the 
effect of grain size is negligible for a size > 5 μm, which is 
typical in the Earth’s interior (Yang and Heidelbach 2012). 
Therefore, the results of our experiments on fine powder 
materials can be applied directly to the deep Earth.

FTIR spectroscopy

The species and content of water in the omphacite and garnet 
samples prior to and after the conductivity experiments were 
analyzed by FTIR spectroscopy. For omphacite that is opti-
cally anisotropic, the pre-annealed samples were analyzed by 
polarized measurements along three orthogonal directions 
of a polished crystal for each sample, as suggested by Shuai 
and Yang (2017). For omphacite after conductivity runs 
which are characterized by very small grains and for cubic 
garnet, the water contents were measured by unpolarized 
analyses of > 15 randomly oriented crystals in each sample, 
of which the average was used to calculate the content fol-
lowing the work of Qiu et al. (2018).

Transmission FTIR spectra were obtained using a Hype-
rion 2000 microscope coupled to a Bruker Vertex 70 V spec-
trometer. Instrumental and analytical details were as follows: 
a Globar source, a Ge–KBr beam splitter, a liquid nitrogen 
cooled mercury–cadmium–telluric (MCT) detector, a square 
aperture of 60 × 60 μm, a resolution of 4 cm−1, and a total 

of 128 scans for each spectrum. A wire-grid Ze–Se polar-
izer was used to produce polarized IR radiation. Fractures 
were avoided, and the FTIR measurements were usually 
performed on optically clean areas. For the analyses, the 
optics were always kept under vacuum for the spectrom-
eter and were continuously purged by purified  CO2− and 
 H2O-free air for the microscope. A baseline correction was 
applied to each spectrum with a spline fit method, and the 
total absorbance was integrated in the range of ~ 3700 to 
3200 cm−1.  H2O contents of the studied samples were esti-
mated by employing the mineral-specific integral absorption 
coefficients reported for omphacite and garnet in eclogite 
(Katayama et al. 2006). The uncertainty of  H2O contents is 
less than 10% relative for the polarized analyses (Shuai and 
Yang 2017), and is within 10–20% relative for the unpolar-
ized analyses (Qiu et al. 2018).

Impedance measurements

Usually, eclogites form at > 1 GPa and over a range of tem-
perature. Natural eclogites, e.g., due to the subduction and 
exhumation of slabs, can be present from the shallow crust 
(1 to several bars) to the deep mantle (> 3 GPa). It has been 
shown that pressure has a small effect on the conductivity of 
silicate minerals (e.g., Xu et al. 2000a; Dai and Karato 2009; 
Poe et al. 2010). Consequently, the conductivity measure-
ments were carried out at 1 GPa with an end-loaded pis-
ton–cylinder press. By this, relatively large samples could 
be used, and the uncertainty of sample dimensions could be 
greatly reduced (note that the smaller the sample, the greater 
is the uncertainty from sample distortions/sample–electrode 
contacts).

Because of the semi-conductor behaviors of Earth materi-
als at elevated conditions, their conductivity should be ana-
lyzed by impedance spectroscopy. The impedance spectra 
were measured with a Solartron 1260 Impedance/Gain Phase 
Analyser, by frequency sweeping from  106 to 1 Hz at 0.5 V 
applied voltage. The assembly design, Fig. 1, follows that in 
our previous work (Yang et al. 2011, 2012; Yang 2012; Yang 
and Heidelbach 2012; Yang and McCammon 2012; Li et al. 
2016, 2017; Liu et al. 2019).

In brief, a double-capsule design was employed, includ-
ing a U-shape Ni capsule in which the sample enclosed by a 
highly resistive, soft and hexagonal boron nitride (BN) cap-
sule, two Pt electrodes, Ni–NiO buffer pairs and an S-type 
thermocouples were carefully placed. Subduction zones are 
in general oxidizing (Frost and McCammon 2008), so we 
used the Ni–NiO buffer. Ni electrodes were not employed, 
because the formation and occurrence of NiO powder along 
the sample–electrode interfaces would block charge transfer 
and affect conductivity analyses. Pt reacts with Fe at high 
temperature, leading to gradual Fe loss in minerals if the 
run duration is long; however, it has been shown by Yang 
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et al. (2011) that, for conductivity runs at < 1000 °C and 
with short run durations (~ 1 min per impedance analysis), 
the reaction is insignificant (supported also by the reproduc-
ible conductivities between different heating–cooling cycles: 
see below). BN itself does not affect the redox state, but the 
reaction of BN with  O2, by 4BN + 3O2 = 2B2O3 + 2N2, yields 
reduced conditions. This reaction is important when  O2 is 
abundant (e.g., in air) and at long durations beyond ~ 1000 °C 
(Wendlandt et al. 1982). For conductivity runs with the rela-
tively sealed design of Fig. 1 and at low temperature, BN 
plays a negligible role in redox buffering, evidenced by the 
careful  Fe3+ analyses on Fe-containing samples so that their 
 Fe3+/Fe2+ ratios are well buffered (Yang et al. 2011, 2012; 
Yang and McCammon 2012). Therefore, the double-capsule 
design helps to maintain sample geometry and produces a 
closed chamber upon gradual hot pressing (note that BN 
has very low permeability for molecular water and hydroxyl 
ions). This is helpful in minimizing sample distortions, buff-
ering fO2 in the system, and avoiding the diffusion of graph-
ite (heater) through pressure media into samples.

Before sample assembly, the  Al2O3 parts were pre-heated 
at 1000 °C for 4 h to remove absorbed water, and during 
assembly no cement/glue was used to immobilize the vari-
ous parts to avoid volatile releasing at elevated temperatures. 

After the assembly was finished, it was heated in an oven at 
136 °C for ~ 24 h, and after the assembly was loaded into the 
press and the pre-set pressure was reached, the sample was 
heated at ~ 200 °C for a few hours and then heated to ~ 500 
to 600 °C for various durations. The impedance spectra were 
recorded in different heating–cooling cycles. The measure-
ments were conducted at 350–800 °C, to minimize the diffu-
sion loss of water in the samples. After conductivity runs, the 
recovered samples were polished for optical examinations and 
FTIR analyses. A representative cross section of a recovered 
sample is shown in Fig. 2. In general, the Ni–NiO pairs were 
present, and the sample distortions were usually negligible. 
The absolute sample dimensions changed after the runs, but 
the changes are expected to be small to negligible after the 
compression at 1 GPa and the pre-heating to 500–600 °C in the 
first heating cycle. The effective length (L) and cross-sectional 
area (S) of the recovered samples, by taking into account the 
contact between the sample and electrodes, were used to obtain 
the conductivity (σ) by σ = L/SR, where R is the resistance by 
fitting the impedance arc in the high-frequency range as com-
monly used in the community (see below). As argued in our 
early work, the uncertainty is < 20 °C for temperature and is 
usually < 10% relative for the final conductivity (Yang et al. 
2011, 2012; Yang 2012; Yang and McCammon 2012).

Results

Representative FTIR spectra of the pre-annealed omphacite 
and garnet samples are present in Fig. 3, and the spectra gen-
erally show H-related absorption bands at 3700–3000 cm−1. 

Fig. 1  Sample assembly for electrical conductivity measurements. 
A shielding Ni foil was located between the sample and (graphite) 
heater

Ni wire

Pt

BN
Al O2 3

Ni foil

Ni capsule1 mm

Fig. 2  A representative recovered sample after conductivity run 
(B174, garnet). Different colors of the sample are due to different 
grain sizes and sample loss during polishing



Contributions to Mineralogy and Petrology (2019) 174:57 

1 3

Page 5 of 15 57

For omphacite, the dominant bands centered at ~ 3465, 3500 
and 3620 cm−1, and for garnet, the most significant band was 
observed at ~ 3630 cm−1 plus small shoulder peaks at ~ 3600 
and 3660 cm−1. These are typical of OH groups in natural 
omphacite and garnet (Katayama and Nakashima 2003; Xia 
et al. 2005; Katayama et al. 2006; Sheng et al. 2007). The 
 H2O contents are ~ 85, 150 and 290 ppm for the pre-annealed 
omphacite samples, and are ~ 40 and 100 ppm for the pre-
annealed garnet samples. The  H2O contents of the samples 
after conductivity runs show nearly no change (Table 2), 
in particular when the uncertainty is considered. It is thus 
reasonable to expect that any obvious changes in the compo-
sition of other major/minor elements, which are much more 
sluggish than H, are unlikely in the runs. Representative 
impedance spectra of the samples are illustrated in Fig. 4. 
The spectra usually show an arc in the high-frequency range 
and a short tail in the low-frequency range, although the tail 
is sometimes not obvious at low temperature. The general 
features of the spectra are consistent with available reports 
for various silicate minerals (Huebner and Dillenburg 1995; 
Huang et al. 2005; Romano et al. 2006; Wang et al. 2006; 

Yoshino et al. 2008, 2009; Dai and Karato 2009; Poe et al. 
2010; Yang et al. 2011, 2012; Yang 2012; Yang and Hei-
delbach 2012; Yang and McCammon 2012; Li et al. 2016, 
2017; Zhao and Yoshino 2016). The high-frequency arc is 
commonly attributed to grain interior lattice conduction, and 
the short tail is usually ascribed to interactions between the 
sample and electrodes (electrode effects).

Electrical conductivity (σ) of silicate minerals at elevated 
conditions can be described by the Arrhenius equation:

where A0 is a pre-exponential constant, ΔH is the activation 
enthalpy, R is the gas constant and T is temperature (K). In 
the initial heating, the conductivity analyses were sometimes 
influenced by residual moisture and/or non-equilibrium 
issues in the system, producing data deviating from those in 
subsequent heating–cooling cycles and not obeying Eq. (1) 
as observed in similar studies (Yang et al. 2011; Yang and 
Heidelbach 2012; Li et al. 2016, 2017; Liu et al. 2019). The 
affected data were excluded. The measured conductivities 

(1)� = A0 ⋅ exp
(

−
ΔH

RT

)

,

a b c

ed

Fig. 3  Representative FTIR spectra of pre-annealed omphacite and 
garnet samples. a–c Polarized spectra for omphacite along three 
orthogonal directions of each same crystal (X′, Y′ and Z′) and d, e 

unpolarized spectra for garnet (different grains). The spectra were 
normalized to 1 cm thickness and vertically offset. Omp omphacite, 
Grt garnet
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are much greater than the assembly background conductivity 
(Fig. 5), as assessed in our early work (Yang et al. 2011). The 
conductivity data of the samples and their fittings are shown 
in Fig. 5, and the parameters by fitting the data to Eq. (1) are 
summarized in Table 2. The data are reproducible between 
different heating–cooling cycles of each sample, suggesting 
the absence of system hysteresis and the negligible role of Fe 
loss from sample to Pt. The activation enthalpy is 81–84 kJ/
mol for omphacite and ~ 90 kJ/mol for garnet. The results 
demonstrate that, in general, the conductivity increases with 
increasing temperature/water content, agreeing well with 
available reports for other NAMs (Huang et al. 2005; Wang 
et al. 2006; Yoshino et al. 2008, 2009; Dai and Karato 2009; 
Poe et al. 2010; Yang et al. 2011, 2012; Yang 2012; Yang 
and McCammon 2012; Zhao and Yoshino 2016).

Concerning the OH-bearing omphacite/garnet, the 
measured conductivity is actually the sum of two differ-
ent parts: σ = σdry + σH, where σdry is the conductivity of the 
mineral at dry status and σH is the conductivity dominated 
by water (Huang et al. 2005; Wang et al. 2006; Yoshino 
et al. 2008, 2009; Dai and Karato 2009; Poe et al. 2010; 
Yang et al. 2011, 2012; Yang and McCammon 2012; Zhao 
and Yoshino 2016). Usually, σdry is much smaller than σH 
at low temperature (see “Conduction mechanism”), so that 
σ can be approximated by σH. For a quantitative evaluation 
of the influence of water on the conductivity, the data are 
further processed by:

where A is a constant, CH is water content, r is a factor linked 
to the nature of charged H species, and ΔHH is activation 
enthalpy. This assumes that the conduction in both the OH-
bearing omphacite and garnet is dominated by water (H, see 

(2)� = A ⋅ Cr
H
⋅ exp

(

−
ΔHH

RT

)

,

below). It should be noted that r is physically different from 
the water content exponent in the solubility law that is used 
to describe water dissolution in NAMs, and cannot be used 
to predict the mechanism of water incorporation (e.g., Huang 
et al. 2005; Wang et al. 2006; Yoshino et al. 2008; Dai and 
Karato 2009; Poe et al. 2010; Yang et al. 2011, 2012; Yang 
and McCammon 2012; Zhao and Yoshino 2016). Parameters 
by multi-linear regression fittings of all the data of each min-
eral to Eq. (2) are given in Table 2. The activation enthalpy 
is ~ 82 and 90 kJ/mol for omphacite and garnet, respectively, 
and the exponent r is ~ 1 for both minerals.

Conduction mechanism

In the Arrhenius plots of the measured conductivities, the 
slope is indicative of activation enthalpy, and the difference 
in slopes would imply different conduction mechanisms. The 
absence of any apparent changes or kinks in the slope of our 
measured data for omphacite or garnet suggests the absence 
of any changes in the conduction mechanism of each run. 
The virtually same activation enthalpy (slope) of each min-
eral at different water contents would then indicate that, for 
each mineral, the electrical conduction was dominated by the 
same mechanism. For OH-absent (dry) minerals containing 
 Fe2+ and  Fe3+, the conduction is usually attributed to small 
polarons, e.g., by the hopping of electron holes between  Fe2+ 
and  Fe3+. For OH-present (wet) minerals containing  Fe2+ 
and  Fe3+, small polarons related to Fe and protons related to 
OH groups both contribute to bulk conductivity. Because of 
the high mobility of H, the contribution of proton conduc-
tion is usually more significant than that of small polaron 
conduction (especially at relatively low temperature), as 
argued for other NAMs (Yoshino et al. 2008, 2009; Dai and 
Karato 2009; Poe et al. 2010; Yang et al. 2011, 2012; Yang 

Table 2  Summary of samples and fitting parameters

Sample  H2O contents were rounded to the nearest 5 ppm. L/S represents the ratio of the effective length to cross-sectional area of the recovered 
samples (the initial L/S is ~ 240, see text). Parameters were obtained by linear fittings for each run and multi-linear fittings for all data of each 
mineral

Run no. ppm  H2O L/S  (m−1) log10 log10 r ΔH (kJ/mol) ΔHH (kJ/mol)

Initial Final (A0 (S/m)) (A (S/m))

Omphacite
 B185 85 80 269 1.38 ± 0.24 84 ± 4
 B149 150 160 216 1.52 ± 0.14 82 ± 2
 B145 290 300 290 1.75 ± 0.12 81 ± 2

Multi-linear fitting 3.51 ± 0.11 1.10 ± 0.04 82 ± 1
Garnet
 B167 40 45 226 1.80 ± 0.17 90 ± 3
 B174 100 95 245 2.26 ± 0.12 91 ± 2

Multi-linear fitting 4.37 ± 0.24 1.07 ± 0.09 90 ± 2
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and McCammon 2012; Zhao and Yoshino 2016). Therefore, 
the electrical transfer in our samples is controlled mainly 
by protons.

Our data demonstrate that, for each mineral, the activa-
tion enthalpy of proton conduction is nearly independent of 
water content (Fig. 5). This agrees well with recent observa-
tions and arguments for proton conduction in other NAMs 
(Yoshino et al. 2008, 2009; Yang et al. 2011, 2012; Yang and 
McCammon 2012; Zhao and Yoshino 2016; Li et al. 2017). 
Poe et al. (2010) have observed similar independence for 
wet olivines with less than ~ 800 ppm  H2O, however, their 
H-enriched samples (> 1000 ppm  H2O) show much smaller 

activation enthalpies. The dependence of activation enthalpy 
on water content in the wet olivines of Poe et al. is inconsist-
ent with the independence of wet olivine to 1800 ppm  H2O 
observed by Yoshino et al. (2009), and it seems that the 
H-enriched olivines of Poe et al. undergo significant dehy-
dration, which had affected their measurements (Yoshino 

R

CPE

1 MHz 1 Hz 1 Hz

R

CPE
1 MHz 1 Hz

1 MHz
1 Hz1 Hz

a

b

Fig. 4  Representative complex spectra for a omphacite (B145) and 
garnet (B174). Z′ and Z″ are the real and imaginary parts of the com-
plex impedance, respectively. The frequency decreases along the Z′-
axis from left (1 MHz) to right (1 Hz). An equivalent circuit of a sin-
gle R-CPE circuit element, a resistor R and a constant phase element 
(CPE) in parallel, was used to fit the spectra in the high-frequency 
range. The short tail in the low-frequency region and the offset from 
the origin were not included. Inset in b shows the spectra at 700 and 
800 °C. The numbers close to the spectra are temperatures in °C

a

b

Fig. 5  Electrical conductivity of a omphacite and b garnet. Lines are 
from linear regression of measured data. Water contents (ppm  H2O) 
of the samples are also shown, including those in parentheses. Com-
piled data: Y12, Yang and McCammon (2012) for mantle augite at 
1 GPa; Y11, Yang et al. (2011) for lower crustal diopside at 1 GPa; 
Z16, Zhao and Yoshino (2016) for mantle diopside at 1.5 GPa; D09, 
Dai and Karato (2009) for majorite garnet at 8 GPa [the conductivity 
data of Zhao and Yoshino (2016) show change in conduction mecha-
nism at higher temperatures, and only their data at low temperatures 
due to proton conduction were compiled]. Background conductivity 
of the assembly was taken from Yang et al. (2011)
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et al. 2009; Yang 2012). In sharp contrast, the activation 
enthalpy of small polaron conduction in dry Fe-containing 
minerals decreases progressively with increasing Fe con-
tent (Romano et al. 2006; Yang et al. 2011, 2012; Yang and 
McCammon 2012; Zhao and Yoshino 2016; and references 
therein). The microscale mechanism of charge transfer might 
differ between proton conduction and small polaron conduc-
tion; however, the physical background has not been well 
understood. One likely model is related to the lattice posi-
tion of the charge carriers, e.g., H occurs as point defects 
vs. Fe occupies structural sites. For small polaron conduc-
tion, the smaller activation enthalpy at elevated Fe contents 
might be accounted for by the enhanced transfer of electron 
holes between  Fe2+ and  Fe3+, e.g., due to the enhanced con-
nectivity of Fe atoms at higher Fe concentrations. For pro-
ton conduction, protons are attached to lattice O atoms by 
hydrogen bonds. In this case, protons may jump between 
any neighboring O, so that the level of lattice protonation 
is probably independent of the spatial relationship between 
the O atoms. This may produce the observed independence 
of activation enthalpy on water content. The mechanism of 
H incorporation in the structure may offer some help; how-
ever, it is not clear if all H species in a mineral contribute 
to conduction and if their contribution is equal (see below). 
Moreover, a direct link between H incorporation and H con-
duction appears absent: the former involves the occupation 
of interstitial positions (e.g.,  H2O) and/or the (coupled) sub-
stitution for other cations (e.g.,  H+), while the latter may be 
linked to the jump of H between different sites regardless of 
the incorporation mechanism.

For H conduction in the studied omphacite and garnet, 
it is unclear if the independence of activation enthalpy 
on water content is still valid at very H-rich conditions, 
because of the challenges in synthesizing those samples 
and in conducting conductivity runs due to easier H dehy-
dration under otherwise comparable conditions. However, 
similar independence has been reported for proton conduc-
tion in majorite garnet with up to ~ 420 ppm  H2O (Dai and 
Karato 2009), wadsleyite with up to ~ 12,000 ppm  H2O 
(Yoshino et al. 2008), olivine with up to ~ 1800 ppm  H2O 
(Yoshino et al. 2009) and diopside (clinopyroxene) with 
up to ~ 2000 ppm  H2O (Zhao and Yoshino 2016). It is thus 
reasonable to expect similar results for the omphacite and 
garnet with small to moderate water contents. The activa-
tion enthalpy of proton conduction in omphacite and garnet, 
~ 80 to 90 kJ/mol (Table 2), is much smaller than that of 
proton diffusion in clinopyroxene and garnet, 120–330 kJ/
mol (Ingrin and Blanchard 2006). The different activation 
enthalpies between these transport processes are consistent 
with the arguments documented for other NAMs (Huang 
et al. 2005; Wang et al. 2006; Yoshino et al. 2008, 2009; 
Dai and Karato 2009; Poe et al. 2010; Yang et al. 2011, 
2012; Yang 2012; Yang and McCammon 2012; Zhao and 

Yoshino 2016). Very likely, the mobility of H is different 
between conduction and diffusion experiments. This would 
imply that, for NAMs, the experimentally measured H dif-
fusion coefficients cannot be simply used to estimate the 
conductivity due to H conduction. The exponent r is ~ 1 for 
both omphacite and garnet, agreeing with recent studies for 
H conduction in other NAMs (e.g., Yang et al. 2011, 2012; 
Yang and McCammon 2012; Zhao and Yoshino 2016; Li 
et al. 2017). In contrast, few early studies reported r of ~ 0.7 
(Huang et al. 2005; Wang et al. 2006), which may have been 
related to relatively large uncertainties in those experiments. 
The r value of ~ 1 does not necessarily mean that all H in 
the lattice contributes equally to conduction. Instead, it may 
simply imply that the amount of charged H is proportional 
to the bulk water content.

Comparison with available work

In Fig. 5, the conductivities of OH-bearing clinopyroxene 
(diopside and augite) and garnet (majorite garnet) samples 
from previous studies were compiled for a comparison with 
our data of omphacite and garnet in eclogite. For conveni-
ence, only samples with comparable water contents are 
considered.

For clinopyroxene with similar  H2O contents (Fig. 5a), the 
conductivity is similar between crustal diopside in granulite 
(Yang et al. 2011) and mantle augite (Yang and McCammon 
2012). In contrast, the conductivity of omphacite, although 
much larger than that of mantle diopside in peridotite (Zhao 
and Yoshino 2016), is smaller. For each of these samples, 
the bulk conductivity includes the contribution from conduc-
tion by both small polarons and protons, although the role 
of the latter is more significant. The conductivity runs of 
these studies were carried out at similar pressures, 1 and 1.5 
GPa. Accordingly, the difference in conductivity between 
these samples is linked to their different total Fe contents 
(expressed as the equivalent amount of FeO), e.g., ~ 4.27% 
for the omphacite (Table 1), 2.20–2.60% for the mantle diop-
side (Zhao and Yoshino 2016), and 8.20–8.40% for the crus-
tal diopside and mantle augite (Yang et al. 2011; Yang and 
McCammon 2012). The yielded activation enthalpy differs 
slightly between these minerals, e.g., ~ 82 kJ/mol for ompha-
cite (Table 2), 86–98 kJ/mol for mantle diopside (Zhao and 
Yoshino 2016), and ~ 70 kJ/mol for crustal diopside and 
mantle augite (Yang et al. 2011; Yang and McCammon 
2012). The spectral shapes and frequency position of OH 
groups are different between omphacite, augite and diopside 
(Skogby et al. 1990). This would imply different H point 
defects between these minerals, which may cause different 
activation enthalpies if the mobility differs between differ-
ent H sites.
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For garnet with similar  H2O contents (Fig. 5b), the con-
ductivity is similar between the eclogite garnet (1 GPa and 
total-Fe content of ~ 26.55% FeO: this study) and majorite 
garnet (8 GPa and total Fe content of ~ 7.42% FeO: Dai and 
Karato 2009). The effect of pressure is very small; there-
fore, the similarity in conductivity would not be modified by 
applying pressure corrections, according to Xu et al. (2000a) 
and Dai and Karato (2009). Because Fe affects profoundly 
the conductivity of dry Fe-bearing minerals, the similar con-
ductivity between these two garnets at a similar  H2O content 
cannot be caused by their very different Fe contents, but 
may be linked to the significant role of water in enhanc-
ing the conductivity. The activation enthalpy differs slightly 
between these garnets, e.g., ~ 90 kJ/mol for the eclogite gar-
net (Table 2) and 70 kJ/mol for the majorite garnet (Dai and 
Karato 2009). The FTIR spectra are very different between 
these samples, e.g., narrow bands at ~ 3500 to 3700 cm−1 for 
the eclogite garnet in this study vs. broad bands at ~ 3000 to 
3800 cm−1 for the majorite garnet in Dai and Karato (2009). 
Similar to the arguments above for clinopyroxene, the dif-
ferent activation enthalpies of proton conduction between 
these wet garnets may have been produced by their different 
H species.

The discussions above further imply that the conductivity 
of NAMs is greatly affected not only by  H2O content, but 
also by the bands and patterns of OH groups in the miner-
als. For studies on the H-enhanced conductivity of NAMs, 
considerable efforts have been expended on the possible 
role of water content, in particular for the comparison of 
the conductivity of a mineral between different reports, and 
less attention, if any, has been paid to the different H species 
(e.g., olivine with > 20 OH bands). It appears that different 
OH bands and patterns in a mineral could lead to differ-
ent electrical properties given other conditions, and that the 
conductivity data obtained for a sample demonstrating OH 
bands not typical of that mineral may not be simply applied 
to Earth’s interior.

Bulk conductivity of eclogite as a function 
of water content

To model the bulk conductivity of a rock consisting of sev-
eral minerals and/or to quantitatively compare the conduc-
tivity between different minerals, a critical issue that must 
be taken into account is whether an equilibrium partition-
ing of elements between these minerals is acquired. Since 
the starting omphacite and garnet were separated from the 
same eclogite derived from the deep Earth, it is reasonable 
to argue that their major/minor elements are in equilib-
rium. Considering the mechanism of proton conduction in 
omphacite/garnet and the parameters in Table 2, the con-
ductivity of these minerals can be modeled for a range of 

temperature and water contents (Fig. 6). The conductivity is 
similar between these minerals, given that the water contents 
are either the same or (especially) of equilibrium partition-
ing (assuming a  H2O content of 100, 400 and 800 ppm for 
omphacite: see below for the water partitioning). These are 
crucial for modeling the bulk conductivity of the eclogite at 
different  H2O contents.

The modeling was carried out by considering the follow-
ing: (i) the variation in the content of elements other than 
H is not considered, because the electrical conductivity of 
NAMs is more sensitive to H and because the contents of 
major/minor elements of omphacite and garnet in the stud-
ied eclogite are moderate when compared to eclogites from 
the world (in particular Fe: “Appendix”); (ii) the volume 
proportions of omphacite and garnet are variable between 
natural eclogites, and we consider two extreme fractions, 
70% omphacite + 30% garnet, for an omphacite-rich model 
and 30% omphacite + 70% garnet for a garnet-rich one; 
(iii) the accessory phases, such as phengite, rutile and/or 
inclusions as observed in natural eclogites, are excluded, 
because of their very minor amounts (despite their primary 
or secondary origin) and/or their isolated but not connected 
occurrence in the matrix (thus contributing little, if any, to 
the bulk conductivity); (iv) the partition coefficient of water 
in natural eclogites reported by Katayama et al. (2006), ~ 0.2 
between garnet and omphacite (DGrt/Omp), is adopted; and 
(v) the fabrics and mineral textures are not considered (see 
also below), because garnet is cubic and OH-bearing clino-
pyroxene is of negligible electrical anisotropy (Yang 2012), 

Fig. 6  A comparison of conductivity due to proton conduction in 
omphacite and garnet at different water contents. The plots were 
based on Eq.  (2) and the parameters in Table  2, with  H2O contents 
assumed to be 100, 400 and 800 ppm for omphacite (red lines) and 
the same  H2O contents (blue dashed lines) or equilibrium partitioning 
of  H2O (green dashed lines, DGrt/Omp = 0.2) for garnet
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which would not cause anisotropic conductivities by the 
mineral alignments, and because the conductivity is similar 
between omphacite and garnet under otherwise comparable 
conditions (Fig. 6).

With these considerations, the bulk conductivity is mod-
eled by the Hashin–Shtrikman upper (σHS+) and lower (σHS−) 
bounds (Hashin and Shtrikman 1963):

where σ1,2 and f1,2 are the conductivities and volume 
proportions of the two constituents, respectively. The 
Hashin–Shtrikman bounds offer the narrowest restrictions on 
the bulk property of a two-phase composite in the absence 
of geometrical information. We assume small to moderate 
water contents for the modeling, e.g., 100, 400 and 800 ppm 
 H2O for omphacite and 20, 80 and 160 ppm  H2O for garnet 
(Fig. 6), respectively, and the results are shown in Fig. 7. 
Given the mineral fractions, the upper and lower bounds are 
similar to each other under otherwise identical conditions, 
supporting the assumption that mineral textures do not affect 
the results. With increasing temperature, the upper and lower 
bounds become progressively closer (Fig. 7). In general, the 
bulk conductivity increases with increasing  H2O content in 
the constitutive omphacite and garnet (and thus eclogite).

The electrical conductivity of eclogite (rock) samples has 
been measured using impedance spectroscopy (Bagdassarov 
et al. 2011; Guo et al. 2014; Dai et al. 2016). The sample of 
Guo et al. (2014) consisted of 30% accessory phases, 30% 
omphacite and 40% garnet, and the conductivities, which are 
much larger than the values from other reports and from our 
modeling (Fig. 7), show a change in the conduction mecha-
nism at ~ 400 °C. The starting rock of Guo et al. was not a 
typical and fresh eclogite, and the data were excluded from 
further discussion. Our modeled bulk conductivity of eclog-
ite with 400–800/80–160 ppm  H2O for omphacite/garnet is 
similar to that of a wet eclogite (with unknown  H2O content) 
reported by Bagdassarov et al. (2011). The contents of major/
minor elements (especially Fe) in the constitutive minerals are 
similar between these eclogites, and we expect comparable 
 H2O contents of minerals in Bagdassarov et al., assuming that 
their analyses were not affected by impurities (such as hydrous 
minerals) in their sample. Dai et al. (2016) have measured the 
conductivity of a ‘dry’ eclogite with similar mineral major/
minor element contents as in our sample: their conductivities 
fall between our samples with 100/20 and 400/80 ppm  H2O 
for omphacite/garnet; however, their sample was actually not 
dry (see their Fig. 2). Therefore, our bulk conductivity data 
are not inconsistent with those of rock eclogites in available 
studies, where the  H2O contents and the effect of  H2O on con-
ductivity were not quantified. Our data can thus be applied 

(3)
�HS+,HS− = �1,2 + f2,1 ⋅ [(�2,1 − �1,2)

−1 + f1,2
/

(3 ⋅ �2,1)]
−1,

to the Earth’s interior, because the minerals are moderate in 
major/minor element contents and are small to moderate in 
water contents. This would make more sense if we consider 
the more significant influence of water on the conductivity of 
NAMs than that of other species, e.g., a very small change 
in  H2O content on ppm levels vs. a very large change in Fe 
content on wt % levels.

upper mantle 
anomaly
lower crust 
anomaly

eclogitized
slab

upper mantle 
anomaly
lower crust 
anomaly

eclogitized
slab

Fig. 7  Bulk conductivity of eclogite for a modal composition of a 
70% omphacite + 30% garnet and b 30% omphacite + 70% ompha-
cite. The assumed  H2O contents were 100, 400 and 800  ppm for 
omphacite and 20, 80 and 160  ppm for garnet, respectively, with a 
partition coefficient (DGrt/Omp) of 0.2 (see text for details). Gray areas 
denote the modeled conductivity of pyroxene-rich mafic granulites 
and feldspar-rich felsic granulites (Yang et  al. 2012) and of mantle 
olivine with 40–100  ppm  H2O (Yang 2012), with an exponent r of 
1 for the modeling. Resolved conductivity ranges of the deep crust, 
upper mantle and eclogitized slabs are illustrated. Data sources: B11 
(wet eclogite), Bagdassarov et al. (2011) at 2.5 GPa; Y12 (mafic/fel-
sic granulite), Yang et al. (2012) at 1 GPa; Y12 (wet olivine), Yang 
(2012) at 1 GPa; G14 (wet eclogite), Guo et  al. (2014) at 1.5 GPa; 
D16 (dry eclogite), Dai et al. (2016) at 2 GPa; X00 (dry olivine), Xu 
et al. (2000a) at 4 GPa; SEO3-IW (dry olivine), Constable (2006)
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Implications for deep electrical property 
and deep water recycling

At 700–900  °C, the conductivity of the eclogite is 
 10−3–10−1  S/m for a  H2O content of 100–800  ppm in 
omphacite and 20–160 ppm in garnet (Fig. 7). Therefore, 
the conductivity of eclogite is quite high at small to mod-
erate  H2O contents. Eclogite can be locally abundant in the 
deep crust and upper mantle, and accordingly the water-
related conductivity could offer important constraints on 
the deep Earth, by combining with the electrical properties 
of other dominant materials in the deep crust and upper 
mantle. It should be further noted that, since omphacite 
and garnet are in general richer in Fe in subduction-related 
terrane eclogites than in volcano-related xenolith eclogites 
(“Appendix”), the discussion would be more meaningful 
for subduction-involved tectonic settings.

The lower crust in the continental regions is dominated 
by granulite, consisting mainly of clinopyroxene (diopside 
but not omphacite), orthopyroxene and plagioclase. Yang 
et al. (2012) have demonstrated that, for moderate con-
centrations of major/minor element and structural water 
(e.g., 400 ppm  H2O for pyroxenes and 250 ppm  H2O for 
plagioclase and equilibrium partitioning of elements), the 
conductivity of pyroxene-rich mafic granulites and plagi-
oclase-rich felsic granulites is ~ 10−3 to  10−1 S/m at deep 
crustal conditions, much greater than previous estimates. 
Given other conditions in the deep crust, the conductiv-
ity of eclogites with a  H2O content of 400–800 ppm in 
omphacite and 80–160 ppm in garnet is broadly similar to 
that of granulites (Fig. 7). This appears more reasonable if 
we consider that the  H2O contents of minerals in the deep 
crustal granulites (xenoliths) range usually from a few tens 
to hundreds of ppm (Yang et al. 2008). Therefore, the con-
tribution of eclogites, if present, to the electrical nature 
of the deep crust cannot be easily separated from that 
of granulites. The lower crust in many continental areas 
is characterized by high conductivity of  10−3–10−1 S/m 
(Shankland and Ander 1983; Hyndman and Shearer 1989; 
Glover 1996), which is similar to the conductivity of OH-
bearing eclogites and granulites at potential conditions. 
Therefore, the dominance of granulites/eclogites with 
reasonable mineral compositions may account for many 
of the geophysically observed conductivity properties of 
the deep crust.

In particular, our results may place some constraints 
on the electrical structure of the thickened deep crust 
below orogens. The Dabieshan region in central China is 
a typical UHP metamorphic belt, where crustal materi-
als was subducted to > 80 km depths and then returned to 
crustal levels (Zheng 2008). Exhumed terrane eclogites, 

with  H2O contents of usually a few tens to ~ 1000 ppm in 
the constitutive omphacite and garnet (Xia et al. 2005; 
Sheng et al. 2007), are widely found in that region. Mag-
netotelluric surveys have reported high conductivities of 
 10−3–10−1 S/m at ~ 20 to 45 km depths in many of the 
Dabieshan areas, along with low-conductivity zones of 
 10−4–10−3 S/m (Xu et al. 2016). The high-conductivity 
zones could be reasonably accounted for by the local 
enrichments of eclogites according to our data (Fig. 7) 
and/or the dominance of granulites (Yang et al. 2012). In 
contrast, the very resistive zones may indicate the local 
absence of abundant water-rich eclogites or the very low 
prevailing temperature, e.g., < 600 °C (Fig. 7). Similarly, 
high conductivities of usually  10−3–10−1 S/m have been 
resolved at ~ 40 to 90 km depths beneath the Tibetan Pla-
teau (Wei et al. 2001), where the Indian-Asian plate colli-
sion has resulted in significant crustal thickening. Eclogite 
terranes have been found in Tibet, and they could occur 
at depths up to ~ 100 km (Giese et al. 1999). The presence 
of locally abundant eclogites in the Tibetan deep crust 
may produce the resolved high conductivity. Studies on 
the water contents of eclogite minerals in Tibet and the 
regional temperature profiles may provide further con-
straints on this issue.

The upper mantle is dominated by peridotite consisting 
mainly of olivine, orthopyroxene and clinopyroxene (diop-
side but not omphacite), and olivine is the most abundant 
mineral. Pyroxenes are usually isolated in peridotite, con-
tributing very little to bulk conductivity, and therefore, oli-
vine determines greatly the electrical structure of the upper 
mantle. The conductivity of both dry olivine and wet olivine 
with potential water contents in the upper mantle is usually 
below ~ 10−3 S/m (Xu et al. 2000a; Constable 2006; Yang 
2012; Gardés et al. 2014), which is lower than the geophysi-
cally resolved high conductivity of  10−2–10−1 S/m at ~ 50 to 
150 km depths (Shankland et al. 1981; Evans et al. 2005). 
The conductivity of OH-bearing eclogite is greater by orders 
of magnitudes than that of olivine, depending on the  H2O 
content (Fig. 7). Therefore, the local presence of eclogites in 
the upper mantle may cause regional high conductivity. By 
comparison with olivine, the local presence of only a small 
amount of eclogites, e.g., with a volume fraction of several 
to ~ 10% depending on temperature and  H2O content, would 
raise the regional bulk conductivity to  10−2–10−1 S/m, and 
the required volume proportion would be even less if the 
eclogites have higher  H2O and Fe contents in the constitutive 
minerals. However, if the locally enriched eclogites are only 
on the scale of several meters to kilometers, they might not 
be detected by the present magnetotelluric techniques due 
to insufficient spatial resolution.
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Subduction is important for transferring crustal materials 
into the deep Earth. During deep subduction, the subducted 
slabs would experience a series of complex reactions and 
phase changes. At shallow depths, the breakdown of hydrous 
phases such as amphibole, chlorite and serpentine would 
release fluids, which escape rapidly from the system due to 
their low density and/or interact with the surrounding wall-
rocks (e.g., Manning 2004). The released  H2O may cause 
high conductivities in the overlying mantle wedges (Reynard 
et al. 2011; Manthilake et al. 2015). However, the resultant 
electrical anomalies are likely a transient phenomenon, since 
 H2O is very buoyant and the system is in fact not closed 
(i.e., fluids cannot be maintained for long durations). The 
residual crustal materials in the slabs would convert into 
eclogite via the so-called eclogitization. The subduction of 
eclogites has been considered as an important mechanism 
in recycling water into the deep mantle, partly due to the 
high  H2O contents of up to > 1000 ppm in the constitutive 
omphacite/garnet as found for exhumed terrane eclogites 
(Katayama and Nakashima 2003; Xia et al. 2005; Katayama 
et al. 2006; Sheng et al. 2007). The electrical conductivity 
of subducted slabs has not been well resolved. However, 
magnetotelluric models have often assumed that eclogitized 
slabs at > 80 km depths are highly resistive, and the conduc-
tivity, which is orders of magnitudes smaller than that of the 
overlying mantle wedges and the surrounding normal man-
tle, is ~ 10−4 to  10−3 S/m. This assumption has been verified 
by electromagnetic studies (Chave et al. 1991) and has been 
widely adopted by recent studies (e.g., McGary et al. 2014; 
Kapinos et al. 2016). At the relevant depths, the potential 
temperature of the eclogitized slabs is usually 600–900 °C 
only (Manning 2004; McGary et al. 2014). In combination 
with the conductivity data (Fig. 7), we suggest that the  H2O 
contents of omphacite and garnet in the deep-subducted 
eclogite (e.g., beyond 80 km depth) should be very small, 
e.g., < 400 ppm for omphacite and < 80 ppm for garnet for 
moderate compositions in their major/minor element.

This would imply that the recycling of water into the deep 
mantle by omphacite and garnet in subducted eclogites is 
not that efficient as considered previously, and that the high 
 H2O contents of omphacite and garnet in terrane eclogites 
may have been produced by later H enrichments during 
their exhumation to the surface, e.g., by exchange with sur-
rounding fluids. Such reactions may have further caused 
the heterogeneous distribution of water in sub-grain scales 

of minerals in exhumed terrane eclogites (Xia et al. 2005; 
Sheng et al. 2007). It follows that, if this is the case, the 
recycling of water into the deep Earth would be controlled 
by other water carriers such as hydrous phases including the 
dense hydrous magnesium phases (DHMS), providing that a 
significant amount of water has indeed been recycled by sub-
duction over geological scales. The persistence of hydrous 
assemblages in subducted slabs is critical for solving this 
problem. With subduction, some hydrous phases break down 
and release  H2O and new hydrous minerals might form, e.g., 
phlogopite and DHMS that are stable at greater depths than 
serpentine and amphibole which are important water carriers 
in the slabs at relatively shallow depths. The formation of 
hydrous minerals requires water-saturated (or at least water-
abundant) conditions over a reasonable period. This require-
ment is, however, hard to satisfy, because the subducted slab 
and the released  H2O are usually not in a closed system. This 
actually raises open questions about whether new hydrous 
minerals could form at greater depths and whether they are 
of significant amounts. If the newly formed hydrous phases, 
if any, are only of a very small amount in subducted slabs, 
their ability to recycle water into the deep Earth would 
be very limited. Attention should be paid not only to how 
deep hydrous phases are stable, but also to how many their 
amounts are possible. This is beyond the scope of this study, 
and further work is required for clarifying these important 
issues.
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Appendix

End-member proportions of omphacite and garnet in eclog-
ites from available reports and the starting minerals of this 
study are shown in Fig. 8. Among the various elements in 
dry pyroxenes and garnet, Fe affects greatly the conductiv-
ity of pyroxenes and garnet, and the composition of Fe is 
particularly emphasized in the plots. In general, omphacite 
and garnet are more abundant in Fe in terrane eclogites than 
in xenolith eclogites.
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