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Abstract 18 

High-conductivity anomalies of 0.1–1 S/m are widely distributed in the mid-lower crust of 19 

the Tibetan Plateau. Dehydration of amphibole-bearing rocks may play an important role in 20 

explaining these anomalies. To survey the anomalies’ origin, therefore, the electrical 21 

conductivities of amphibole-bearing samples, containing varying amphibole content, are measured 22 

at 1.5 GPa and 600–1300 K. Our experiments show that dehydration melting occurs at about 1100 23 

K. Proton conduction and ionic conduction dominate the conduction mechanisms before and after 24 

dehydration melting, respectively. The dehydration melting of felsic rocks, containing 25 vol% of 25 

amphibole, is unable to account for the high-conductivity anomalies of 0.1–1 S/m. In contrast, the 26 

dehydration melting of garnet amphibolite, with an amphibole content higher than 60 wt%, can 27 

enhance the bulk conductivity to higher than 0.1 S/m under the lower-crust conditions beneath the 28 

Tibetan Plateau. The melt fraction of the garnet-amphibolite is estimated to be 3.8–36 vol% in the 29 

partial molten region based on a cube-model simulation. 30 

 31 

Plain Language Summary 32 

The origin of high-conductivity anomalies within the mid-lower crust of the Tibetan Platear is a 33 

long-standing controversial issue. High conductive phases, including brine-bearing aqueous fluids, 34 

melts, graphite, and metal sulfides, have been proposed to be present in this region to explain the 35 

high conductivity anomalies. In view of the high surface heat flow, especially, in the southern 36 

Tibetan Plateau, partial melting likely prevail in the lower crustal condition. In this study, we 37 

conducted a series of high-temperature and high-pressure experiments and in-situ measured the 38 

electrical conductivity of garnet-amphibolites (main rock type in this region) with different 39 

contents of amphibole. Our experiments show that dehydration melting of garnet amphibolite can 40 
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contribute the conductivity comparable to the high conductivity anomalies. The melt fraction of 41 

garnet-amphibolites was determined to be higher than 3.8 vol% in the partial molten region based 42 

on a geometric model.  43 

Key words: Electrical conductivity, amphibolite, dehydration melting, high-conductivity 44 

anomalies, Tibetan Plateau, crust 45 

1 Introduction 46 

Geophysical observations have confirmed that high-conductivity layers (0.1–1 S/m) are 47 

widely distributed in the mid-lower crust of the Tibetan Plateau (Nelson et al., 1996; Wei et al., 48 

2001; Unsworth et al., 2005; Le Pape et al., 2012). These high-conductivity layers are usually 49 

combined with the feature of low velocity (Shapiro et al., 2004; Hacker et al., 2014). Many 50 

experiments have been conducted to establish the origin of these low-velocity–high-conductivity 51 

zones (LV-HCZs) within the Tibetan crust. Nevertheless, the possible origin is a long-standing 52 

and controversial issue. Electrical conductivities of typical crustal rocks, such as granulite (Fuji-ta 53 

et al., 2004), gabbro (Kariya & Shankland 1983), quartzite (Shimojuku et al., 2012), and granite 54 

(Olhoeft, 1981), have been proved to be much lower than the high-conductivity anomalies. 55 

Furthermore, the electrical conductivity of hydrous “clinopyroxene + plagioclase” model is high 56 

enough to explain the high-conductivity anomalies in the Tibetan Plateau (Yang & Keppler, 2012). 57 

Therefore, high-conductivity materials with good connectivity are expected to exist in these LV-58 

HCZs. Metallic minerals, such as iron and copper sulphide, and graphite films can be easily ruled 59 

out due to the limited spatial distribution and low stability at geological time-scales (Yoshino & 60 

Noritake, 2011). 61 
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Aqueous fluids and melts are characterized by high conductivity, which can reduce the 62 

velocity in solid rock. Therefore, LV-HCZs within the mid-lower crust of the Tibetan Plateau are 63 

usually comprised of partial melts, either mantle-derived (Roger et al., 2000; Tapponnier et al., 64 

2001) or crustal-derived partial melts (Wang et al., 2016), or aqueous fluids (Makovsky & 65 

Klemperer 1999), or a combination of aqueous fluids and partial melts (Li et al., 2003). Previous 66 

experimental studies have shown that small amounts of NaCl solution can strongly enhance the 67 

bulk conductivity to the geophysically observed conductivity anomalies (Guo et al., 2015). 68 

However, a brine-bearing, crustal-rock model is only applicable in regions with a low geotherm. 69 

The mid-lower crust of the Tibetan Plateau has undergone amphibolite-to-granulite-facies regional 70 

metamorphism and anatectic melting (Zhang et al., 2015). A partial melting model is likely to 71 

prevail with the aid of released water from hydrous minerals. Deep crustal xenoliths in the Tibetan 72 

Plateau indicate that amphibolites, and garnet amphibolite in particular, are important rock types 73 

in the lower crust of Tibet (Hou et al., 2017; Kang et al., 2019). Sufficiently abundant regionally 74 

aligned lattice orientation of amphibole in these rocks may be the principal contributor to the 75 

seismic anisotropy (Ozacar & Zandt, 2004; Ji et al., 2015; Tatham et al., 2008). Partial dehydration 76 

melting of amphibolite and garnet amphibolite under lower crustal conditions is a potential 77 

candidate model for explaining seismic anisotropy and is also the origin of LV-HCZs in the mid-78 

lower crust of the Tibetan Plateau. However, it has not been experimentally examined. 79 

In the present study, we measured the electrical conductivity of amphibole-bearing samples, 80 

containing varying contents of amphibole, at 1.5 GPa and 600–1300 K. Our experiments show that 81 

the dehydration of garnet amphibolite can enhance its bulk conductivity to values comparable to 82 

those of high-conductivity anomalies in the mid-lower crust of the Tibetan Plateau, and calibration 83 

shows that melt fraction of 3.8% and 36% can account for the high conductivity anomalies of 0.1 84 
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and 1 S/m, therefore, presenting a new model to explain the origin of these high-conductivity 85 

anomalies in the mid-lower crust of the Tibetan Plateau. 86 

2 Experimental Methods 87 

Four types of samples, Amp25-Pl, Amp100, Grt-Amp80 and Grt-Amp60, are used as the 88 

starting materials for the electrical conductivity measurements. A fresh natural amphibole-89 

plagioclase gneiss (D17T87, collected from Qushui within the Lhasa block), consisting of 90 

plagioclase (55 vol%), quartz (10 vol%), amphibole (25 vol%), clinopyroxene (5 vol%), and 91 

accessory minerals (5 vol%, including ilmenite, zircon, and rutile), was ground into a fine powder 92 

with a grain size of less than 20 μm. The powder mixture was hot-pressed in an unsealed Mo 93 

capsule at 1.5 GPa at 873 K for 24 h using a piston cylinder press to prepare an Amp25-Pl sample. 94 

Another natural garnet amphibolite sample (16LZWX2, collected from the eastern Himalayan 95 

syntaxis) was used to prepare samples of Amp100, Grt-Amp80, and Grt-Amp60. Garnet and 96 

amphibole grains were separated from it using a vibrating sifter and were further ground into 97 

powders with a grain size of less than 20 μm. All powders were baked at 393 K in a vacuum stove 98 

before being hot-pressed to extract moisture absorbed from the air. Then, the carefully prepared 99 

powders of amphibole (100 wt%), garnet-(20 wt%)-amphibole-(80 wt%), and garnet-(40 wt%)-100 

amphibole-(60 wt%) were individually hot-pressed at 1.5 GPa at 873 K for 24 h. The sintering 101 

process, without detectable phase changes checked by scanning electron microscope (SEM), made 102 

the sample machinable and more dense. All hot-pressed samples were then shaped into cylinders 103 

2 mm in diameter and 1 mm in length by an ultrasonic drilling machine.  104 

A Walker-type Rockland 1000-ton apparatus installed at the State Key Laboratory of 105 

Geological Processes and Mineral Resources, China University of Geosciences, was used in the 106 

high-temperature and high-pressure experiments. Eight WC anvils, each with a truncated edge 107 
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length of 15 mm, were used as second-stage anvils. A Cr2O3-doped MgO octahedron with an edge 108 

length of 25 mm was used as the pressure medium. A detailed cell design has been discussed 109 

elsewhere (Li et al., 2018). The difference is that we used a BN capsule rather than a single-crystal 110 

quartz capsule in this study. The objective of this work is to assess the effect of the dehydration 111 

melting of an amphibole-bearing sample on its bulk conductivity. To avoid water escaping from 112 

the cell assembly, conductivity measurements should be conducted in a closed system, in principle. 113 

However, this is impractical because of the difficulty in sealing in water using an insulating 114 

material. Despite a single-crystal quartz together with a thick-disk Au electrode can provide a 115 

closed environment, the quartz capsule is not in chemical equilibrium with the sample. As a result, 116 

a hexagonal BN capsule was used instead in this study. We should note that the use of BN capsule 117 

in the experiment will cause weight percent level of boron to incorporate into the hydrous melt 118 

and part of water may escape during the high P-T conductivity measurements. 119 

Electrical conductivity measurements were performed using a Solartron 1260 impedance 120 

gain-phase analyzer, operating at a 1 V amplitude alternating current and at frequencies of 106–121 

10−1 Hz. Electrical conductivities of the samples were obtained using the equation σ=l/(s·R), where 122 

l, s, and R denote sample length (m), sample section area (m2), and sample resistance (Ω), 123 

respectively. A typical conductivity measurement of the Grt-Amp sample was performed as 124 

follows: The sample was pressurized to 1.5 GPa at room temperature. The sample was then heated 125 

from 600 or 700 K to 1300 K in 50 K intervals. If dehydration melting occurs, the bulk conductivity 126 

strongly increases due to fluid effects (Chen et al., 2018; Manthilake et al., 2015). Sample 127 

conductivity, therefore, was measured at least twice at each temperature, with a 10-minute interval, 128 

to monitor the onset of dehydration. The conductivities were measured from 1300 to 600 K in 50 129 

K intervals. Then, the sample was re-heated to 1300 K and kept at that temperature for 1 or 2 h. 130 
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Finally, the sample was quenched by cutting off the power supply to preserve the sample texture 131 

at a high temperature.  132 

The textures of the recovered samples were observed using a Quanta2000 scanning electron 133 

microscope (FE-SEM); and the chemical compositions of each phase were analyzed using a JXA-134 

8100 electron microprobe with an accelerating voltage of 15 kV, a beam current of 20 nA, and a 135 

beam size of 1–5 μm for mineral analysis. The melt fraction was estimated by counting the area 136 

fraction of the melts of the recovered samples using Image-J software. For melt analysis, the beam 137 

current and beam size were 10 nA and 7–10 μm, respectively.  138 

 139 

3 Experimental Results 140 

Figure 1 shows the electrical conductivity of the Amp25-Pl sample as a function of time 141 

(minute). The conductivity became stable after sintering of the sample at 900 K for 40 minutes 142 

(R1040). This process can efficiently eliminate the effect of absorbed moisture on conductivity 143 

measurements. When the temperature was increased to 1100 K, the conductivity increased slowly 144 

and continuously at each experimental temperature. This indicates the onset of dehydration melting 145 

of the sample; however, the dehydration effect on conductivity in the sample is much weaker than 146 

that in phengite (Chen et al., 2018). The slow increase in conductivity after the onset of dehydration 147 

melting is possibly due to the fact that the hydrous melt in this study contains more viscous boron 148 

component, which reduces the mobility of electrical charge carriers in the melt. To achieve texture 149 

equilibrium, we increased the temperature to, and maintained it at, 1300 K for 12 h. The electrical 150 

conductivity decreased by 0.15 S/m during this sintering process. In another two experiments 151 

(R1055, R1056), we sintered the samples at 1250 K and 1200 K for 12 h, respectively, and then 152 
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acquired the impedance spectra of the samples. The logarithmic conductivity of Amp25-Pl samples 153 

at 1300 K is highest, but it is just 0.1 S/m higher than that at 1200 K (Table 1).  154 

Three experiments on the garnet-amphibolite system, containing 100, 80, and 60 wt% 155 

amphibole were performed at temperatures of up to 1300 K at 1.5 GPa. Figure 2 shows the 156 

electrical conductivity of Amp100 as a function of reciprocal temperature. We acquired the 157 

impedance spectra during several heating-cooling cycles. The data are very consistent before 158 

heating the sample to 1000 K. There was no abrupt change in electrical conductivity until 1300 K 159 

despite previous phase equilibrium experiments showing that the dehydration melting of garnet 160 

amphibolite occurs at 1123 K at 1.5 GPa (Wang et al., 2019; Ye et al., 2021). During cooling of 161 

the sample from 1300 K to 950 K, its logarithmic conductivity decreased linearly with increasing 162 

reciprocal temperature. The relationship between the sample’s electrical conductivity and its 163 

temperature can be expressed by the Arrhenius formula: 164 

            σbulk = σ0 exp(−ΔH /kT)           (1)  165 

where σ0 is the pre-exponential factor (S/m), ΔH is the activation enthalpy (eV), k is the Boltzmann 166 

constant (J/K), and T is the absolute temperature (K). The activation enthalpy dramatically 167 

decreased from 0.85 at 1300–950 K to 0.055 eV at 900–600 K. The distinctive low activation 168 

enthalpy at 900–600 K is attributed to the water exsolution from the melt during cooling of the 169 

sample. The electrical conductivities in the final heating path were slightly lower than those 170 

obtained in the previous cooling path, indicating only small amount of water escaped from the cell 171 

assembly.  172 

For the Grt-Amp80 sample, there was no conductivity jump due to the dehydration melting 173 

of the amphibole during heating of the sample. In the following cooling path from 1300 K, there 174 

are two distinct activation enthalpies (see the supporting information Figure S1). The change in 175 
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slope may correspond to crystallization (Yoshino et al., 2010) together with the water exsolution 176 

from the melt with descending temperatures. The activation enthalpy (1.06 eV) of the garnet-177 

amphibole sample in the high-temperature region is slightly higher than that of the polycrystalline 178 

amphibole. In contrast, the activation enthalpy (0.50 eV) in the low-temperature region is much 179 

lower than that of the polycrystalline amphibole, indicating that most of the water is stored in the 180 

sample during cooling. The conductivities of Grt-Amp60 are almost consistent with those of Grt-181 

Amp80 for a given temperature, but the crystallization temperature of the melt is 50 K higher (see 182 

the supporting information Figure S2).  183 

Figure 3 shows representative textures of the samples after conductivity measurements. For 184 

the Amp25-Pl sample, the run products after being annealed at 1300 K and 1.5 GPa for 12 h include 185 

garnet, clinopyroxene, ilmenite, plagioclase, and melt. Incongruent melting of amphibole 186 

(hornblende, Hbl) produces melt, clinopyroxene, and garnet, while quartz and plagioclase are 187 

progressively consumed (Figures 3a–3c).  188 

Hbl + Qtz → Melt + Grt + Cpx + Ilm             (2) 189 

Hbl + Pl → Melt + Grt + Cpx + Ilm              (3) 190 

As a result, the quartz and amphibole are completely consumed, while the plagioclase is saved as 191 

a residual mineral. The melt distribution is heterogeneous, and most melts are limited to the rim 192 

of the sample (Figure 3c). The melt fraction varies from 6.7 vol% at 1300 K to 6.5 vol% at 1250 193 

K, and to 5.9 vol% at 1200 K. Ilmenite occurs as inclusions in the garnet, indicating the fast growth 194 

rate of the garnet. The chemical compositions of each mineral are listed in Table 2. The melt is 195 

andesitic in composition and is rich in water (12.6–23.7wt%, 𝑐𝑐H2O = 100% − 𝑐𝑐total). The SiO2 196 

content varies from 53.54 wt% to 56.97 wt%, independent of temperature. The melt compositions 197 

are characterized by a high Al2O3 content (19.56–21.8 wt%) and low MgO (2.79–3.76 wt%) and 198 
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K2O (0.42–0.47 wt%) contents. Small rounded pores are observed in the melt, which should be 199 

filled with water at high pressure. 200 

For the Grt-Amp samples, observation of the texture of the recovered sample shows that 201 

dehydration melting of amphibole produces garnet, clinopyroxene, melt, ilmenite, and quench 202 

orthopyroxene (Figures 3e, 3f, 3h, and 3i). 203 

Hbl → Melt + Grt + Cpx + Il                  (4) 204 

One to two hours annealing of the sample at 1300 K and 1.5 GPa dehydrated the amphibole 205 

completely. Similar to that of the Amp25-Pl sample, the melt distribution for the Grt-Amp sample 206 

was heterogeneous, and the melt concentrated at the rim of the sample. The melt segregation of 207 

the partial melts during short runs using multi-anvil press was probably due to the thermal gradient 208 

and /or stress gradient in the furnace assemblies, which is also reported by previous study 209 

(Takahashi & Scarfe, 1985). The melt fractions for Amp100, Grt-Amp80, and Grt-Amp60 were 210 

52.0 vol%, 12.4 vol%, and 9.0 vol%, respectively. Melt can be divided into three types. Melta 211 

existed in the rim of the sample, in which few quench phases occurred. Meltb was separated from 212 

melta by a clear boundary, and needle-like quench orthopyroxene mainly existed in meltb (Figure 213 

3f) and was typically formed by the quenching of melts at high temperature. Meltc was situated far 214 

from the boundary of the sample and coexisted with clinopyroxene and garnet. These melts are 215 

also distinguishable by their chemical composition. Melta had the lowest silica content (47.45 216 

wt%), followed by meltb and meltc (Table 3). The silica content of melts decreases with increasing 217 

annealing temperature, consistent with previous studies of the phase equilibrium experiments 218 

(Qian & Hermann, 2013; Wang et al., 2019; Ye et al., 2021). The relatively low silica content in 219 

this study, compared with that of the phase equilibrium experiments may be explained as the higher 220 

annealing temperature used in this research. It is also found that the silica content of the melt 221 
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decreases with increasing melt fraction of the samples. The water content of melts, defined as total 222 

weight percent deficiency, yields values of 9.83–20.00 wt%. The melts in the rim of the sample 223 

has the highest water content. The estimation of water content for all the samples should be 224 

exaggerated due to the incorporation of boron into hydrous melt at high P-T conditions. For 225 

example, water content of melt of Amp100 sample can be roughly calculated to be 8.2 wt% by 226 

mass balance, given that the density of solid phase is the same as 3.5 g/cm3, the density of hydrous 227 

melt is 2.8 g/cm3, and that all the dehydrated water was dissolved in the melt. The calculated value 228 

of 8.2 wt% by mass balance is similar to the water content (9.83 wt%) of meltc, which is far from 229 

the BN capsule, indicating that boron has diffused into the melt. Consequently, we selected the 230 

water content of meltc, 9.83 wt%, for further discussing in Figure 8. As hydrogen is more active 231 

than boron in the melt. If some amount of boron was dissolved in the melt, the viscosity would 232 

increase and lower the conductivities. That is, if there is no contamination from boron, the 233 

measured bulk conductivity should be higher. 234 

Representative impedance spectra are shown in Figure S3. The spectra contain a slightly 235 

distorted semicircle at frequencies higher than 1000 Hz followed by a small “tail” at frequencies 236 

of 1000–0.1 Hz. The semicircle represents the electrical signal of the sample, and the small “tail” 237 

represents the electrode reaction (Roberts & Tyburczy, 1991). The radius of the impedance arc 238 

decreases with increasing temperature, indicating a semi-conductor behavior of the sample. The 239 

equivalent circuit of the sample is composed of two resistance-(R)-constant-phase-element-(CPE) 240 

parallel circuits connected in series. There is no strong shrinkage of the impedance arc, even at 241 

temperatures higher than the dehydration temperature of amphibole (around 1100 K), as has been 242 

observed during the dehydration of phengite (Chen et al., 2018). The good single-arc fitting of the 243 

sample resistance at temperatures higher than 1100 K indicates that the melt and the solid phases 244 
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behave in a parallel manner, and that the electrical conductivity of the melt dominates in the bulk 245 

conductivity of the sample. 246 

4 Discussion 247 

4.1 Comparison with Previous Studies 248 

In a previous study, Wang et al. (2012) reported that the electrical conductivity of amphibole-249 

bearing rocks dramatically increases at 800 K and 0.5–1 GPa (Figure 4). They proposed that 250 

dehydration of amphibole associated with the oxidation of iron from ferrous to ferric iron 251 

contributed to this conductivity jump, rather than the released free fluid. The activation enthalpy 252 

was strongly enhanced from 0.66–0.69 eV to 3.31–3.39 eV due to this dehydration mechanism. 253 

This abnormally large activation enthalpy is difficult to explain either by the proton conduction 254 

mechanism or the small polaron conduction mechanism. In the latter study, Hu et al. (2018) found 255 

a remarkable increase in the electrical conductivity of a single amphibole crystal at 843 K and 0.5–256 

2 GPa (Figure 4), which was explained by the dehydrogenation of amphibole associated with the 257 

oxidation of iron from ferrous to ferric iron. However, the activation enthalpy decreased slightly 258 

after dehydrogenation of amphibole, which is completely different from what was reported by 259 

Wang et al. (2012). In contrast, Zhou et al. (2011) found that the electrical conductivity of natural 260 

amphibole-bearing rocks (amphibole content, 58 vol%) did not change rapidly at temperatures 261 

below 973 K. The activation enthalpy lies between 0.71 and 0.75 eV.  262 

The findings in the present study are consistent with those of Zhou et al. (2011), in terms of 263 

before the dehydration melting of amphibole. Like Zhou et al., we did not observe a significant 264 

change in slope at low temperatures. The electrical conductivity of the sample containing 265 

amphibole higher than 60 wt% was consistent with that reported by Wang et al. (2012) and higher 266 
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than that reported by Hu et al. (2012), at temperatures less than 750 K, respectively. At 267 

temperatures higher than 900 K, the electrical conductivity of the sample containing amphibole 268 

higher than 60 wt% was comparable to that reported by Hu et al. (2018) and lower than that 269 

reported by Wang et al. (2012). The activation enthalpy was 0.59 and 1.05 eV, which is similar to 270 

that reported by Hu et al. (2018) and Wang et al. (2012), before dehydration or dehydrogenation 271 

of the amphibole. The inconsistencies in conductivity among different studies may result for 272 

several reasons. Water fugacity may be a key reason, except for pressure, conductivity anisotropy, 273 

and chemical composition of the starting material. A cell-assembly structure for conductivity 274 

measurement is usually invalid when closed conditions are required. As a result, the sample is 275 

always measured under low water fugacity. Such a chemical condition will reduce the stability of 276 

hydrous minerals. For example, Perrillat et al. (2005) reported that the temperature stability of 277 

antigorite under low water fugacity was reduced by 50–100 K, and its dehydration kinetics were 278 

much faster compared with those under water-saturated conditions. Recently, Guo et al. (2022) 279 

reported the partial dehydration of brucite single crystal, with a low water fugacity, at temperatures 280 

300 K lower than those determined by phase equilibrium experiments. The BN capsule and MgO 281 

capsule used in this study and in the study by Zhou et al. (2011), respectively, may provide better 282 

closed conditions, in contrast with the Al2O3 capsule used by Hu et al. (2018) and Wang et al. 283 

(2012), which will cause a high waterer fugacity during high-temperature annealing of the sample. 284 

We propose that the abrupt changes in conductivity, as reported by Hu et al. (2018) and Wang et 285 

al. (2012), at relatively low temperatures, are due to the partial dehydration of amphibole under 286 

low water fugacity conditions. This partial dehydration is slow and does not destroy the crystal 287 

structure of the amphibole over a short experimental time scale. 288 
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4.2 Conduction Mechanism 289 

The conduction mechanism for amphibole-bearing rocks varies with temperature. Before the 290 

dehydration of the amphibole at 1100 K and 1.5 GPa, the electrical conductivity of amphibole-291 

bearing rocks was dominated by the electrical conductivity of the amphibole itself, which is 292 

supported by the dependence of the bulk conductivity on the amphibole content in the sample 293 

(Figure S4). The main conduction mechanism for amphibole is likely to be proton conduction, for 294 

which the activation enthalpy is usually less than 1 eV. Proton conduction in hydrous minerals 295 

with a layered structure usually occurs through a hydrogen-bond-type interaction between an 

 

′ H  296 

(extrinsic hydrogen vacancy) and any adjacent OH-. Proton transfer can be expressed by: 297 

  

 

′ H + OH− →OH− + ′ H                    (5)            298 

where H′ corresponds to a defect proton (H vacancy forms in the hydroxide lattice, chemically O2-299 

), and OH- is the hydroxyl ion. A detailed discussion is reported elsewhere (Guo & Yoshino, 2013; 300 

2014). A small polaron conduction mechanism may exist, but it is unlikely to be the dominant 301 

conduction mechanism at the low temperatures of our experiment; this is supported by the small 302 

activation enthalpy.  303 

When the dehydration melting of amphibole begins, ionic conduction in the hydrous melt 304 

becomes prevalent in the sample. Despite the melt’s being rich in water, protons may not figure 305 

significantly as electric charge carriers. Hydrogen mainly exists in the form of H2O molecules in 306 

melts, or H2 under extremely reducing conditions (Behrens et al., 2004). Both of these forms are 307 

neutral species. The contribution of water in the melt to the bulk conductivity probably mainly 308 

arises from the increased mobility of alkali ions in the hydrous melt (Gaillard, 2004). Previous 309 

studies show that the migration of light alkali ions (e.g., Na+ and Li+) in silicate melts dominates 310 

ionic conduction (Gaillard & Iacono-Marziano, 2005; Ni et al., 2011). The activation enthalpies 311 
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(0.59–1.05 eV) of the samples containing hydrous melts in this study are similar to those of pure 312 

hydrous melts containing more than 6.3 wt% H2O (Ni et al., 2011). In our study, therefore, we 313 

conclude that Na+ transport dominates ionic conduction after dehydration melting of the amphibole 314 

occurs. 315 

4.3 Geological Implication 316 

Dehydration melting of amphibolite rocks can enhance the bulk conductivity to 1 S/m (Figure 317 

5), which is the highest value observed in the crust of the Tibetan Plateau. Whether the model of 318 

the dehydration melting of amphibolite is responsible for the origin of LV-HCZs in the crust of 319 

the Tibetan Plateau or not requires the fulfillment of the following conditions: The first is that 320 

amphibolite dominates the rock type in the region where LV-HCZs exist. The second is that the 321 

temperature is high enough to initiate the dehydration melting of the amphibolites. 322 

Amphibolite is one possible candidate for the genesis of adakite-like rocks, which are 323 

widespread in the postcollisional orogenic setting of the Lhasa block of the Tibetan Plateau 324 

(Lustrino et al., 2011; Wang et al., 2005; Wang et al., 2018), and which correspond to the phase 325 

equilibrium experiments (Qian & Hermann, 2013; Wang et al., 2019; Ye et al., 2021). The proof 326 

of xenoliths in Tibetan shoshonitic magmas (Hou et al., 2017) also supports the hypothesis that 327 

amphibolite is the main rock type in the lower crust of the Tibetan Plateau. Furthermore, deformed 328 

garnet amphibolite could be responsible for the strong seismic anisotropy that occurs in the mid-329 

lower crust of the Tibetan Plateau (Tatham et al., 2008; Ji et al., 2015). The driving force for the 330 

deformation of amphibolite is likely to be the corner flow in the overlying mantle wedge induced 331 

by the subduction of the Indian lithospheric slab (Wu et al., 2019). Hence, amphibolite is a rock 332 

type that competes strongly with the generally accepted granulite in the mid-lower crust of the 333 

Tibetan Plateau. 334 
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The temperature beneath the Tibetan Plateau is not well known. However, the surface heat 335 

flow is extremely high (Francheteau et al., 1984; Hu et al., 2000), and hot springs are 336 

comprehensively found in South Tibet, indicating that the temperature of the Tibetan crust may be 337 

high. In the northern Lhasa terrane, the estimated temperature is as high as 1073 K at a middle-338 

crust depth due to the seismic detection of the α-β quartz transition (Mechie et al., 2004). In a 339 

recent study, Fu et al. (2019) calculated the temperature at 1.5 GPa to be higher than 1100 K (up 340 

to 1350 K) based on the data of thermal conductivity measurements, assuming the heat flow and 341 

the radiative heat production to be 80 mW/m2 and 1.21 μW/m3, respectively. Phase equilibrium 342 

experiments have revealed that the dehydration melting of amphibolites starts at nearly 1123 K at 343 

1.5 GPa (Wang et al., 2019). Consequently, dehydration melting of amphibolite is likely to occur 344 

in the geotherm of the Tibetan lower crust. 345 

The temperature of dehydration melting inferred from the conductivity measurements of 346 

amphibole-bearing samples at 1.5 GPa in this study was about 1100 K (Figure 5). The bulk 347 

conductivity of garnet amphibolite containing 60 wt% amphibole was as high as 0.1 S/m at 1200 348 

K. Given that conductivity is measured in an open system, some water may have escaped during 349 

measurement. The bulk conductivity of 0.1 S/m should be underestimated due to the enhancement 350 

of water on the melt conductivity. The high-conductivity anomalies of 0.1–0.3 S/m present at a 351 

depth of 50 km beneath Qiangtang Terrane (Wei et al., 2001; Le Pape et al., 2012) can be explained 352 

by the dehydration melting of garnet amphibolite with an amphibole content higher than 60 wt%. 353 

The highest conductivity anomaly of 1 S/m beneath eastern Tibet and in the Yarlung Tsangpo 354 

Suture Zone in southern Tibet (Wei et al., 2001) is difficult to be explained by the dehydration 355 

melting of amphibolite, which requires an amphibole content as high as 100 wt%. Dehydration 356 

melting of felsic gneiss with a low concentration of amphibole is difficult to explain the high 357 
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conductivity of 0.1 S/m even at 1300 K. In contrast, dehydration melting of the basic lower crustal 358 

rock, such as garnet amphibolite, is more likely to be responsible for the high-conductivity 359 

anomalies. Partial dehydration of amphibole, as found by Wang et al. (2012) and Hu et al. (2018), 360 

seems to contribute to an electrical conductivity of around 0.1 S/m or more, even at low 361 

temperatures. However, the partial dehydration process is not the final state at equilibrium due to 362 

the high temperature characteristics in the lower crust of the Tibetan Plateau. 363 

To quantitatively determine the melt fraction needed to explain the 0.1–1 S/m high-364 

conductivity anomalies, we use a Maxwell-Wagner (MW) model to fit the experimental data of 365 

Amp100, Grt-Amp80, and Grt-Amp60 under isothermal conditions (1300 K) and to calculate the 366 

conductivity of the hydrous melt. The Maxwell-Wagner model is suitable for the case that a grain 367 

boundary shell of phase 1 surrounding a spherical grain of phase 2 (Figure 6). It gives the following 368 

expression for complex conductivity: 369 

𝜎𝜎𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 𝜎𝜎𝑚𝑚
2𝜎𝜎𝑚𝑚+𝜎𝜎𝑠𝑠−2(1−𝑥𝑥𝑚𝑚)(𝜎𝜎𝑚𝑚−𝜎𝜎𝑠𝑠)
2𝜎𝜎𝑚𝑚+𝜎𝜎𝑠𝑠+(1−𝑥𝑥𝑚𝑚)(𝜎𝜎𝑚𝑚−𝜎𝜎𝑠𝑠)

          (6) 370 

where 𝜎𝜎𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 is the bulk conductivity, 𝜎𝜎𝑚𝑚 is the conductivity of melt, 𝜎𝜎𝑠𝑠 is the conductivity of solid 371 

phase, and 𝑥𝑥𝑚𝑚 is the melt fraction. We counted the melt fraction in the rim part, which included 372 

the pure melt (melta) in the rim and the melt (meltb) coexisting with quenched Opx. The 373 

composition of meltb should be similar to that of melta because the quenched Opx should be 374 

dissolved in meltb before being quenched. Figure 7 shows the measured bulk conductivity versus 375 

the measured melt fraction together with the fitting result using the MW model. MW fitting yields 376 

values of 3.86 S/m and 7.13E-3 S/m for the melt and the solid phase, respectively, at 1300 K and 377 

1.5 GPa. As the natural melt distribution in the deep Earth can be better simulated by cube model, 378 

which assumes that cubic grains are surrounded by a melt layer with a uniform thickness dependent 379 

on the melt fraction and the conductivities of the solid phases are negligibly small, we again 380 
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calculated the bulk conductivities through a cube model simulation. The bulk conductivity (σbulk) 381 

is given by: 382 

m
3

2

bulk ])1(1[ σσ Φ−−=                 (7)  383 

where Φ is the melt fraction in volume. The bulk conductivities obtained from these two models 384 

are very similar when the melt fraction is higher than 1%. To account for the high conductivity 385 

anomalies of 0.1 and 1 S/m at 1300 K and 1.5 GPa, melt fractions of 3.8% and 36% are necessary, 386 

respectively. It should be noted that some water may escapes from the system and the dissolved 387 

boron component will restrain the bulk conductivity of the sample (viscosity increases due to the 388 

dissolved boron in the melt). Therefore, the melt fractions of the partial molten region in the mid-389 

lower crust of the Tibetan Plateau should be lower than the current calibrated ones.  390 

One challenge of using the dehydration melting model of amphibolite is how the buoyant 391 

hydrous melt to retain within the mid-lower crust. The dihedral angle of a possible solid-solid-392 

fluid system plays a key role in this challenge. If the dihedral angle was more than 60°, the fluid 393 

would not form an interconnected network and might be trapped as interstitial fluid in the solid 394 

phase. Experimental data shows that the dihedral angle is larger than 60° for upper-mantle 395 

peridotite (Mibe et al., 1999), pyroxene-rich rocks (Watson & Lupulescu, 1993), and eclogite 396 

(Mibe et al., 2003) under the conditions comparable to ours. This means that the fluid phase can 397 

be well retained at depth of interest. It may be argued that low connectivity will inevitably lead to 398 

a low conductivity. However, in case of the mid-lower crust of Tibetan Plateau, the large-scale 399 

flow of lower crust (Bai et al., 2010), resulted from the ongoing collision of the Indian and Asian 400 

continents, will generate the channel-like melt distribution (Holtzman et al., 2003), which can 401 

cause the high conductivity parallel to the extension direction and the conductivity anisotropy 402 

(Zhang et al., 2014).  403 

javascript:;
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As different types of igneous rocks are all discovered in the Tibetan Plateau, we compared 404 

the conductivities of hydrous melts in this study with those of hydrous rhyolitic, andesitic and 405 

basaltic melts in previous studies. Figure 8 shows the electrical conductivity of different types of 406 

melts versus NBO/T values (the number of nonbridging oxygen ions per tetrahedrally coordinated 407 

cation, indicating the degree of depolymerization). The electrical conductivity of the andesitic melt 408 

with higher NBO/T (Guo et al., 2017) is higher than that of rhyolitic melt with lower NBO/T (Guo 409 

et al., 2016), indicating higher degree of depolymerization leads to a lower viscosity, and therefore 410 

greater ion mobility and high conductivity. The conductivity versus the NBO/T in this study seems 411 

to follow this trend despite the water content, not well constrained, is a little higher. In contrast, 412 

the conductivity of basaltic melt with highest NBO/T (Ni et al., 2011) is lowest, which is against 413 

the depolymerization consideration. The reason may be resulted from the pressure difference, the 414 

compositional difference in melts, and/or inapposite extrapolation of the data from high 415 

temperature to low temperature. If we believe the relationship between conductivity and NBO/T, 416 

the basaltic melt, the products of high degree partial melting of the crustal rock, is more conductive 417 

and therefore more easily to contribute to the high conductivity anomalies within the crust of the 418 

Tibetan Plateau. 419 

5 Conclusions 420 

In this study, the electrical conductivities of amphibole-bearing samples were measured by 421 

means of complex impedance spectroscopy at 1.5 GPa and 600–1300 K. The dehydration melting 422 

of (garnet-) amphibolite with an amphibole content as high as 60 wt% at around 1100 K, which is 423 

defined by electrical conductivity measurements, enhances the bulk conductivity to a value 424 

comparable to the high-conductivity anomalies of 0.1 S/m observed in the mid-lower crust of the 425 

Tibetan Plateau. Consequently, a model that uses the dehydration melting of amphibolite is as 426 
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successful as models that use fluid, graphite film, and sulfide in explaining these high-conductivity 427 

anomalies. In particular, in regions where the surface heat flow is high, the dehydration melting 428 

model is likely to be successful and can explain both the high conductivity and the low velocity 429 

anomalies in the mid-lower crust of the Tibetan Plateau. The estimated melt volume fractions of 430 

the partial molten region are 3.8–36 vol%, accounting for the high-conductivity anomalies of 0.1–431 

1 S/m arising from a cube-model simulation. 432 
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 623 

Figure captions 624 

Fig. 1 Electrical conductivity of Amp25-Pl as a function of time. Temperatures at which the 625 

electrical conductivities are measured are shown in the figure. Above 1100 K, the electrical 626 

conductivity increases with time, indicating the partial dehydration initiates. 627 

https://doi.org/10.1016/j.gsf.2020.03.008
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 628 

Fig. 2 Electrical conductivity of polycrystalline amphibole (Amp100) as a function of reciprocal 629 

temperature. Electrical conductivities are measured during several heating–cooling cycles. After 630 

the onset of dehydration melting, the activation enthalpy decreases from 0.85 eV in the high-631 

temperature region to 0.055 eV in the low-temperature region. The extremely low activation 632 

enthalpy at 900–600 K is due to the exsolution of water from the melt. 633 

 634 

Fig. 3 Representative textures of the recovered samples. The run products of the sample containing 635 

25 vol% amphibole (Amp25-Pl) include Grt, Cpx, Pl, quench Opx, melt, and Il (a, b, and c). The 636 

run products of the polycrystalline amphibole (Amp100) include Grt, Cpx, quench Opx, and melt 637 

(d, e, and f). The melt can be divided into a, b, and c types due to the differences in distribution, 638 

paragenesis, and chemical composition. For the garnet amphibolite (Grt-Amp60), the run products 639 

are similar to those of Amp100, except that the melt fraction is lower (g, h, and i). Abbreviation: 640 

Amp, amphibole; Grt, garnet; Pl, plagioclase; Cpx, clinopyroxene; Opx, orthopyroxene. 641 

 642 

Fig. 4 Comparison between the electrical conductivities of amphibole-bearing rocks in this study 643 

and those of other studies at temperatures below 1000 K. Symbols with colors represent the data 644 

in this study. The black solid lines, dashed lines, dotted lines, and dashed-dotted lines represent 645 

the data from the other studies. The numbers are the activation enthalpies. HDLSL18, Hu et al., 646 

2018. WGYK12, Wang et al., 2012. 647 

 648 

Fig. 5 Comparison between the electrical conductivities of amphibole-bearing samples with 649 

varying amphibole content in this study and the high-conductivity anomalies in the mid-lower 650 
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crust of the Tibetan Plateau. The symbols represent the data in this study. The different lines 651 

represent the data from previous studies. The yellow region represents the high-conductivity 652 

anomalies observed beneath the Tibetan Plateau. The grey region indicates the temperatures at 653 

which the dehydration melting of amphibole occurs. HDLSL18, Hu et al., 2018. WGYK12, Wang 654 

et al., 2012. 655 

 656 

Fig. 6 The geometry of Maxwell-Wagner (MW) model. The MW model is suitable for the case 657 

that a grain boundary shell of phase 1 surrounding a spherical grain of phase 2. 658 

 659 

Fig. 7 MW model fitting of the experimental results of (Grt-) amphibolite and cube model 660 

simulation at 1300 K and 1.5 GPa. The numbers indicate the melt fractions accounting for the 661 

high-conductivity anomalies (yellow region) in the mid-lower crust of the Tibetan Plateau. 662 

 663 

Fig. 8 Relationship between the electrical conductivities of hydrous melts at 1300 K and 1.5 GPa 664 

(2 GPa for basalt) and the number of nonbridging oxygen ions per tetrahedrally coordinated cation 665 

(NBO/T). NBO
T

= O2−×2−T×4
T

, where O2- represents the total number of O2- in mole, T is the total 666 

number of Si4+ and Al3+ in mole. The water content of meltc, with a lowest boron contamination 667 

from the capsule, was used for comparison in this study. GZBN16, Guo et al., 2016; GLNM17, 668 

Guo et al., 2017; NKB11, Ni et al., 2011. 669 

 670 

Table 1. Experimental conditions and results. 671 

 672 

Table 2. Major element compositions (wt%) of residual major minerals. 673 
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Table 3. Chemical composition of the melts. 675 
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Figure 1 687 
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Figure 2 699 
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Figure 3 711 
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Figure 4 721 
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Figure 5 733 
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Figure 6 745 
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Figure 7 764 
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Figure 8 776 
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Table 1. Experimental conditions and results. 787 

 788 

*We counted the fraction of melts defined as melta and meltb in table 3 789 

Abbreviations: Amp, amphibole; Pl, plagioclase; Grt, garnet; Cpx, clinopyroxene; Opx, 790 

orthopyroxene 791 

 792 

 793 

 794 

 795 

 796 

 797 

 798 

 799 

 800 

 801 

 802 

 803 

 804 

 805 

Expt. no. Sample P 
(GPa) 

T 
(K) 

logσ 
(S/m) 

σ0 
(S/m) ΔH (eV) 

σm 
(S/m) 

Melt fraction 
(vol%) Run products 

R1040 Amp25-Pl 1.5 1300 -1.41 - - - 6.7 Grt-Cpx-Pl-quench 
Opx-melt 

R1055 Amp25-Pl 1.5 1250 -1.47 - - - 6.5 Grt-Cpx-Pl-quench 
Opx-melt 

R1056 Amp25-Pl 1.5 1200 -1.51 - - - 5.9 Grt-Cpx-Pl-quench 
Opx-melt 

R1094 Amp100 
1.5 1300-950  2663 0.85 

3.47 

43.2* Grt-Cpx-Quench 
Opx-melt 1.5 900-600  0.13 0.055 

R1105 Grt-Amp80 1.5 
1300-1050  3045.09 1.06 

11.5* Grt-Cpx-Quench 
Opx-melt 1050-700   

 0.50 

R1106 Grt-Amp60 1.5 
1300-1100  2421.03 1.05 

7.5* Grt-Cpx-Quench 
Opx-melt 1100-800  10.80 0.54 
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Table 2. Major element compositions (wt%) of residual major minerals. 806 

 Amp Grt  Amp Cpx Pl  Grt  Pl 

Run No. Starting material 
(16LZWX2)  Starting material 

(D17T87)  R1040 R1055 R1056 R1094 R1105 R1106  R1040 R1055 R1056 

N 5 5  5 5 5  6 5 5 5 5 6  6 8 5 

SiO2 42.40 38.12  49.05 50.80 54.92  38.27 38.26 38.09 39.47 39.85 37.14  56.48 55.96 57.29 

TiO2 0.72 0.01  1.27 0.50 0.01  0.63 0.98 1.61 2.07 0.84 0.44  0.03 0.08 0.01 

Al2O3 14.93 20.61  6.54 3.21 27.73  20.55 20.41 19.97 19.90 19.76 20.84  27.66 26.75 26.86 

FeO 16.33 28.02  12.55 11.87 0.21  24.99 24.19 22.40 21.21 22.06 26.05  0.31 0.36 0.33 

MnO 0.00 2.00  0.12 0.33 0  0.53 0.48 0.43 0.37 1.02 3.06  0.01 0.01 0.00 

MgO 10.35 4.10  15.05 12.96 0.01  6.25 6.19 6.35 8.45 7.45 4.46  0.02 0.17 0.02 

CaO 9.00 5.20  11.17 20.87 10.52  7.62 7.72 8.85 8.31 7.43 6.37  8.75 9.64 8.97 

Na2O 2.83 0.05  0.85 0.34 5.32  0.09 0.07 0.11 0.07 0.57 0.05  6.27 5.62 6.18 

K2O 0.34 0.00  0.29 0.00 0.20  0.01 0.00 0.00 0.01 0.07 0.00  0.22 0.17 0.35 

Cr2O3 0.00 0.00  0.10 0.00 0.04  0.01 0.02 0.00 0.03 0.02 0.04  0.00 0.00 0.00 

Total 96.90 98.11  96.99 100.88 98.96  98.94 98.32 97.83 99.89 99.07 98.45  99.75 98.77 100.01 

Total O= 23 12  23 6 32  12 12 12 12 12 12  32 32 32 

Si 6.33 3.06  7.15 1.90 10.00  3.01 3.01 3.01 3.02 3.09 2.98  10.17 10.19 10.29 

Ti 0.08 0.00  0.14 0.01 0  0.04 0.06 0.10 0.12 0.05 0.03  0.00 0.01 0.00 

Al 2.63 1.95  1.12 0.14 5.95  1.90 1.89 1.86 1.79 1.80 1.97  5.87 5.74 5.68 

Fe 2.04 1.88  1.53 0.37 0.03  1.64 1.59 1.48 1.36 1.43 1.75  0.05 0.05 0.05 

Mn 0.00 0.14  0.01 0.01 0  0.04 0.03 0.03 0.02 0.07 0.21  0.00 0.00 0.00 
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Mg 2.31 0.49  3.27 0.72 0  0.73 0.73 0.75 0.96 0.86 0.53  0.00 0.05 0.00 

Ca 1.44 0.45  1.75 0.84 2.05  0.64 0.65 0.75 0.68 0.62 0.55  1.69 1.88 1.73 

Na 0.82 0.01  0.24 0.02 1.88  0.01 0.01 0.02 0.01 0.09 0.01  2.19 1.98 2.15 

K 0.07 0.00  0.05 0.00 0.05  0.00 0.00 0.00 0.00 0.01 0.00  0.05 0.04 0.08 

Cr 0.00 0.00  0.01 0.00 0.01  0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 

Total 15.71 7.97  15.29 4.00 19.98  8.01 7.98 7.98 7.97 8.01 8.02  20.02 19.94 19.98 

807 
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 808 

Table 2/continued 809 

Minerals Cpx   Opx 

Run No. 
R104

0 

R105

5 

R105

6 

R109

4 

R110

5 

R110

6 

 R104

0 

R105

5 

R105

6 

R109

4 

R110

5 

N 2 4 5 5 3 5  3 3 5 5 5 

SiO2 51.07 51.39 51.73 45.78 50.61 49.25  51.24 51.45 51.82 51.46 52.07 

TiO2 0.42 0.32 0.31 1.20 0.78 0.95  0.20 0.17 0.17 0.78 0.50 

Al2O3 3.15 1.42 1.54 10.84 6.91 5.51  0.64 0.65 0.69 4.72 6.46 

FeO 10.88 8.97 9.04 15.81 13.79 14.75  21.93 21.38 21.72 15.40 15.85 

MnO 0.38 0.41 0.42 0.17 0.20 0.36  0.87 0.80 0.87 0.23 0.59 

MgO 14.82 13.64 13.64 11.63 12.53 12.47  20.86 21.50 21.40 23.26 20.03 

CaO 16.75 21.88 21.60 11.05 13.39 13.31  0.92 0.94 0.87 2.50 2.93 

Na2O 0.65 0.38 0.41 1.76 1.43 1.21  0.03 0.02 0.00 0.17 0.53 

K2O 0.01 0.00 0.00 0.13 0.03 0.02  0.00 0.00 0.00 0.04 0.07 

Cr2O3 0.00 0.00 0.00 0.05 0.05 0.03  0.00 0.00 0.00 0.13 0.10 

Total 98.14 98.41 98.70 98.42 99.73 97.86  96.69 96.92 97.56 98.69 99.13 

Total O 6 6 6 6 6 6  6 6 6 6 6 

Si 1.93 1.95 1.96 1.75 1.89 1.89  1.98 1.98 1.98 1.89 1.91 

Ti 0.01 0.01 0.01 0.03 0.03 0.03  0.01 0.00 0.00 0.02 0.01 

Al 0.14 0.06 0.07 0.49 0.30 0.25  0.03 0.03 0.03 0.20 0.28 

Fe 0.34 0.29 0.29 0.51 0.43 0.47  0.71 0.69 0.69 0.47 0.49 

Mn 0.01 0.01 0.01 0.01 0.01 0.01  0.03 0.03 0.03 0.01 0.02 

Mg 0.84 0.77 0.77 0.66 0.70 0.71  1.20 1.23 1.22 1.27 1.09 

Ca 0.68 0.89 0.88 0.45 0.54 0.55  0.04 0.04 0.04 0.10 0.12 

Na 0.05 0.03 0.03 0.13 0.10 0.09  0.00 0.00 0.00 0.01 0.04 

K 0.00 0.00 0.00 0.01 0.00 0.00  0.00 0.00 0.00 0.00 0.00 

Cr 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 

Total 4.01 4.02 4.01 4.04 4.00 4.00  4.00 4.00 4.00 3.99 3.96 

 810 

 811 
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Table 3. Chemical composition of the melts. 812 

Run 

No. 
 R1040 R1055 R1056  R1094  R1105  R1106 

Sample  Amp25-Pl  Amp100  Grt-Amp80  Grt-Amp60 

Melt  Melt Melt Melt  Melta Meltb Meltc  Melta Meltc  Melta Meltc 

number  5 5 7  5 5 5  5 5  5 5 

SiO2  56.65 56.97 53.54  47.45 47.50 48.47  48.41 48.99  51.58 55.55 

TiO2  0.92 1.33 1.09  2.69 2.85 2.97  1.54 2.03  1.28 2.31 

Al2O3  21.81 19.56 21.04  16.90 17.65 18.04  18.54 17.91  19.11 17.26 

FeO  4.62 4.78 5.87  11.28 11.93 13.85  11.51 14.09  9.06 11.64 

MnO  0.11 0.14 0.13  0.18 0.18 0.12  0.51 0.33  0.71 0.25 

MgO  2.79 3.61 3.76  7.61 7.23 4.04  5.98 4.06  5.11 2.40 

CaO  7.95 8.46 10.26  10.21 9.46 8.12  9.21 8.27  8.45 6.08 

Na2O  4.71 4.71 3.84  3.19 2.76 3.19  3.78 3.56  4.10 3.35 

K2O  0.42 0.44 0.47  0.45 0.43 1.20  0.50 0.76  0.59 1.16 

Cr2O3  0.00 0.00 0.01  0.03 0.02 0.01  0.02 0.00  0.00 0.00 

Total  85.96 87.36 76.32  80.00 85.05 90.17  81.84 86.02  80.99 87.14 

H2Od  14.04 12.64 23.68  20.00 14.95 9.83  18.16 13.98  19.01 12.86 

aMelt appears in the rim of the sample, in which no quench Opx occurs. 813 

bMelt is separated from melta by a clear boundary. Quench Opx coexists with meltb. 814 

cMelt coexists with Cpx and Grt. 815 

dWater content is calculated as 100%-ctotal. These values should be overestimated due to the 816 

dissolved boron in the melt, which cannot be well quantitatively determined by EPMA. For 817 

example, water content of melt of Amp100 sample can be roughly calculated to be 8.2 wt%, similar 818 

to the water content (9.83 wt%) of meltc, by the mass balance. Meltc, far from the BN capsule and 819 

showing the lowest water content, can better constrain the water content without boron 820 

contaminations. 821 

 822 
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