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Abstract 34 

Volatile-sensitive electrical soundings are becoming more widely adopted 35 

with large nationwide arrays currently being acquired globally. This boom in 36 

new data is despite a number of key uncertainties relating to the electrical 37 

responses of a wide range of minerals that make up crustal regions. 38 

Complications include the influence of mineral chemistry, hydrous or nominally 39 

hydrous phases, and oxygen fugacity on charge-carrying ion activity within a 40 

mineral substrate. Feldspars are the most abundant mineral group in the Earth’s 41 

crust, comprising about 60% of its mineral assemblages and are particularly 42 

prevalent within subduction zones and lower crustal sequences. These areas are 43 

known locations where ore systems are commonly rooted making them among 44 

the most widely studied regions in Earth. To date, few studies exist that cover the 45 

electrical behavior of the intermediate feldspar mineral albite. In order to help 46 

address some of these issues and complications we have undertaken electrical 47 

conductivity investigations on a single crystal of gem-quality albite from Nuevo 48 

Casas Grande, Chihuahua, Mexico. Electrical conductivity measurements using 49 

impedance spectroscopy were performed at a pressure of 1 GPa and over a 50 

temperature range of 373 – 1273 K in a multi-anvil high-pressure apparatus. 51 

Experiments were carried out using different metal electrodes; molybdenum, 52 

nickel, and rhenium to vary the oxygen fugacity during the experiments. FTIR 53 

measurements of the starting and final materials confirm that the initial samples 54 

are completely dry but absorb an average of 67 ppm H2O by mass during the 55 

experiments from the surrounding pressure medium materials. We observe no 56 

correlation in the amount of water absorbed in the feldspar to the oxygen 57 

fugacity under water undersaturated conditions.  Our investigations show that 58 
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the activation enthalpy increases from ~0.77 eV to ~1.0 eV from the nominally 59 

hydrous to the completely dry feldspar. The activation enthalpy decreases with 60 

increasing oxygen fugacity for comparable water contents. An oxygen fugacity 61 

exponent of -0.069 is calculated at the nominal water content measured in the 62 

experiment, indicating an electrical conductivity mechanism that also involves 63 

the mobility of hydrogen.  64 

 65 

Introduction & Background 66 

The use of magnetotelluric (MT) soundings as a mechanism for 67 

understanding the internal structure and processes within the Earth has become 68 

increasingly common since the mid-1950s. These soundings determine the 69 

resistivity of the Earth’s sub-surface by utilizing the natural variations in the 70 

Earth’s magnetic and electric fields. As an electrical geophysical method, MT is 71 

highly sensitive to volatile components known to enhance the electrical response 72 

of a geological system (Adetunji et al., 2015; Cherevatova et al., 2015b; Comeau 73 

et al., 2020a; Comeau et al., 2015; Selway, 2014; Selway et al., 2019; Selway et al., 74 

2020). It is therefore an incredibly useful tool in understanding a huge range of 75 

crustal and upper mantle processes including slab dehydration melting, partial 76 

melting of the lithosphere, the migration of brines and geothermal fluids, and 77 

long term magmatic migration in volcanic systems (Aizawa et al., 2014; Aizawa 78 

et al., 2009; Aizawa et al., 2005; Comeau et al., 2020a; Comeau et al., 2015; Díaz 79 

et al., 2012; Ingham et al., 2009). Earth materials encompass a wide range of 80 

electrical responses, ~10 orders of magnitude in most cases, and up to 22 orders 81 

in extreme instances (e.g. highly conductive sulfide ore zones near ultra-resistive 82 

quartz bodies). The bulk of the Earth is characterized by responses ranging from 83 
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highly resistive magmatic rocks (1x106 ohm) through to ultra-conductive 84 

massive sulfides (1x10-6 ohm) (Figure 1).  It is therefore logical that individual 85 

minerals and mineral family groups generally encompass a large range of 86 

electrical responses as well. This large variance in conductive responses, 87 

stemming from differing conduction mechanisms, makes the understanding of 88 

the measured substrate’s composition an integral prerequisite to the successful 89 

interpretation of MT.  90 

Feldspars are the most abundant minerals in the Earth’s crust, comprising 91 

about 60% of its mineral assemblages. Feldspars have a general formula CaxNa1-92 

xK1-xAl1+xSi3-xO8, where 0 < x < 1, in which Ca and Na form a ternary with K.  This 93 

ternary is defined primarily by a solid solution relationship between the albite 94 

(Na(AlSi3O8)), anorthite (Ca(Al2Si2O8)), and orthoclase (K(AlSi3O8) (K-feldspar)), 95 

end members. Andesine ((Ca, Na)(Al, Si)4O8), the focus of this study, is an 96 

intermediary feldspar formed by a solid solution of Ca and Na, residing in binary 97 

space between albite and anorthite. Therefore andesine, like most calcic and 98 

sodic feldspars, has limited K content. An important note for the reader is that 99 

although the name andesine is still used widely in literature, recent 100 

developments in the nomenclature in response to the IMA-CNMNC dominant-101 

valency rule means that the feldspar used in this study is classified as an albite 102 

using modern terminology (Bosi et al., 2019). Henceforth, we will refer to our 103 

samples as andesine or andesine feldspar as a matter of specificity to aid the 104 

reader, except for instances where we wish to refer to the composition generally 105 

as “albite”. In a geological context, andesine gains its importance from being the 106 

most common plagioclase feldspar in basalt and gabbro, which comprise ~70% 107 

of the earth’s crust as the key components of oceanic lithosphere, as well as 108 
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being a significant constituent in some other crustal rocks (i.e. anorthosites and 109 

amphibolites). Given this prevalence, knowledge of the physical and chemical 110 

properties of andesine is critically important in understanding the dynamics of 111 

the Earth’s crust and upper mantle, especially in the context of subduction 112 

processes such as slab dehydration and redox melting. 113 

Electrical conductivity measurements of crustal regions are usually 114 

obtained from magnetotelluric deep-sounding surveys (Adetunji et al., 2015; 115 

Aizawa et al., 2014; Aizawa et al., 2009; Aizawa et al., 2005; Bai et al., 2010; 116 

Cherevatova et al., 2015b; Comeau et al., 2020a; Comeau et al., 2020b; Comeau et 117 

al., 2015; Díaz et al., 2012; Heinson and White, 2005; Ingham et al., 2009; Kühn et 118 

al., 2014; Selway, 2014; Selway et al., 2019; Selway et al., 2020; Unsworth, 2010; 119 

Wannamaker et al., 2009). Complementary measurements of electrical 120 

conductivity determined in the laboratory are a necessity in modeling and 121 

interpreting field information from the magnetotelluric surveys. Several studies 122 

already report on the electrical conductivity of the various compositions of 123 

feldspathic minerals as well as their assemblages (Hu et al., 2015; Hu et al., 2014; 124 

Hu et al., 2011; Hu et al., 2013; Jones et al., 2004; Wang et al., 2014a). Through 125 

these experiments, as well as modeling, it has been established that electrical 126 

conductivity in feldspars occurs by alkali ion diffusion (i.e. via the cations Na+, K+, 127 

and Ca2+). Diffusion progresses either by an interstitial mechanism, if the size of 128 

the alkali ion present is small relative to the parent structure of the mineral, or 129 

through vacancy substitution.  Modeling results by Jones et al. (2004) have 130 

determined that in the albite and K-feldspar crystal structures, the Na+ and K+ 131 

ions move within the (010) plane. The concentrations and relative proportions of 132 

the different cations, Na+, K+, and Ca2+, will affect the electrical properties of 133 
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feldspar differently. Hu et al. (2013) has reported on the effect of the Na/(Na+K) 134 

ratio on the electrical conductivity and proposed a model to this effect. Still, no 135 

generalized model that can account for the effect of all cations present in a 136 

feldspathic system exists.  137 

From electrical conductivity measurements and models of lower crustal, 138 

dry and hydrous clinopyroxene, orthopyroxene, and plagioclase, (Yang et al., 139 

2012; Yang et al., 2011) have suggested that the high electrical conductivities 140 

observed in most regions in the lower crust can be explained without 141 

contributions from hydrous fluids, melts or graphite films. Yang (2012) has also 142 

suggested that oxygen fugacity is directly related to the feldspar water content. 143 

Within geological systems, oxygen fugacity, (𝑓𝑂2
), is expressed as the chemical 144 

potential of the oxygen (O2) component. Oxygen fugacity is therefore inherently 145 

linked to the ratio between the concentrations of ferrous and ferric iron 146 

(Fe3+/Fe2+), as Fe is generally the most abundant redox-variable element in most 147 

magmas (i.e. FeO and Fe2O3) (Anenburg and O’Neill, 2019; Foley, 2011; Frost, 148 

1991; Frost and McCammon, 2008). However, experimental systems such as 149 

single crystal measurements like those undertaken in this study are devoid of 150 

iron; therefore, the use of calibrated solid-state buffers is required. The range of 151 

buffers discussed in literature is immense and thus impossible to summarize 152 

within this contribution. Instead, we focus on undertaking our measurements at 153 

a range of 𝑓𝑂2
 conditions expected to exist at varying points in the Earth. 154 

Specifically, we look to emulate aspects of the study of (Yang, 2012) in the choice 155 

of including a reduced, intermediary, and oxidized external buffer. (Yang, 2012) 156 

undertook experiments utilizing the reduced iron-wüstite (hereafter referred to 157 

as IW), intermediate nickel-nickel oxide (Ni-NiO, hereafter NNO), and oxidized 158 

This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America. 
 The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press. 

DOI: https://doi.org/10.2138/am-2021-7836.  http://www.minsocam.org/

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



7 
 

hematite-magnetite (hereafter MH) buffers. In this contribution we have chosen 159 

to utilize solid-state metal buffers of similar 𝑓𝑂2
, namely the reduced 160 

molybdenum-molybdenum oxide (Mo-MoO2, MMO), the intermediate 𝑓𝑂2
 NNO, 161 

and the oxidized rhenium-rhenium oxide (Re-ReO2, RRO) buffer.  Each of these 162 

buffers, whilst not physically linked to a geological setting, are used to simulate 163 

conditions theorized to represent a range of geological conditions. Importantly, 164 

much of the information that informs 𝑓𝑂2
 conditions within the earth comes from 165 

a mix of sources including physical xenolith, peridotite massifs and magmatic 166 

studies (primarily via basalts), as well as theoretical, and experimental 167 

laboratory studies (Foley, 2011; Frost and McCammon, 2008). Thus the buffers 168 

chosen in this study were selected to encompass a range of settings from heavily 169 

reduced, emulating deep mantle and deep subduction values (MMO and IW 170 

(Yang, 2012) buffers), through the average oxidation state of the lithosphere and 171 

subduction zones (between FMQ and NNO), and heavily oxidized reproducing 172 

crustal processes such as some hydrothermal fluids and ore bodies (RRO and MH 173 

(Yang, 2012)). Importantly, the coupling of the water content to the 𝑓𝑂2
 174 

conditions has significant implications for processes such as dehydration and 175 

redox melting within subducting slabs, as well as at the base of continental crusts 176 

where granites and other silicic melts are likely to intrude. It is therefore 177 

important to investigate the effect of oxygen fugacity on the electrical 178 

conductivity in feldspars to provide further insight into the processes occurring 179 

during subduction. 180 

Given that electrical conductivity in feldspars is primarily by diffusion of 181 

alkali ions, the addition of water in the structure is expected to enhance the 182 

electrical conductivity (Hu et al., 2011; Maury, 1968; Wang et al., 2014a; Yang et 183 
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al., 2012),. Water can be incorporated in the feldspar structure as a hydroxyl ion 184 

or water molecule (Wright et al., 1996). Wang et al. (2014a) reports on the 185 

electrical conductivity in feldspar on hydrated samples and proposes a model 186 

that suggests a direct contribution of water to the electrical conductivity. 187 

Measurements by Ni et al. (2011) on dry and hydrous glasses, also suggest that 188 

water enhances electrical conductivity in glasses of feldspathic composition.  It 189 

should be noted, however, that given the amorphous nature of glasses, 190 

conduction in these systems is not analogous to that of crystalline substrates. In 191 

addition, (Behrens, 2021) showed that hydrous species in feldspar exist 192 

predominantly as OH groups and as small amounts of molecular H2O.  The water 193 

content is determined not only by the presence of water molecules, that may be 194 

accommodated at defects sites such as at alkali vacancy sites, but also by the 195 

water pressure, i.e. the water fugacity. Coupled substitution can occur where 196 

hydrogen and alkali ions are substituted for a silicon ion with the protons 197 

residing at interstitial sites. Oxygen fugacity can, in addition, control the OH- ion 198 

content, thereby having a strong influence on its electrical conductivity. 199 

Therefore, while it is well established that conduction in feldspars is 200 

primarily via the diffusion of alkali ions, and that water is likely to enhance 201 

conduction it is less clear what, if any, interplay between these two systems 202 

exists. Specifically in instances where hydration is well below the saturation 203 

point of feldspars, clarification is needed on which system, the ionic (i.e. alkali 204 

diffusion), or proton (i.e. H+ diffusion), is dominant or if some combination of 205 

both is present. In this paper, we aim to investigate the effect of nominal 206 

hydration on the electrical conductivity in Andesine feldspar under a range of 207 

oxygen fugacity conditions that are analogous to those within subduction zones 208 
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and crustal regimes. In order to determine the electrical conductivity response, 209 

we undertake a series of complex impedance measurements at 1 GPa (~30 km 210 

under continents or ~7 km under oceans) and temperatures to a maximum of 211 

1273 K. 212 

 213 

Experimental Details 214 

 All samples used in the experiments were cored from a single gem-quality 215 

andesine crystal obtained from Nuevo Casas Grande in Chihuahua (Mexico). The 216 

initial crystal was chemically homogenous (Ab49An48Or3) (Table 1) and optically 217 

clear with no visible fractures or alteration products. Though crystallographic 218 

orientation measurements were not carried out on the crystal, coring was done 219 

in the same direction for all the samples used so that the same crystal orientation 220 

would be used in all experiments. The samples measured about 2.0mm in 221 

diameter and 1.2mm in length. The schematic of the cell assembly used in the 222 

electrical conductivity experiments is shown in Figure 2 and is similar to that 223 

used in (Amulele et al., 2019). The sample was fitted into an alumina sleeve and 224 

was sealed between two metal electrodes at both ends. Metal electrodes have 225 

been used as solid oxygen buffers in laboratory electrical conductivity 226 

experiments at high pressures and temperatures, where evidence from scanning 227 

electron microscopy of the coexistence of the metal and its metal oxide confirms 228 

buffering (Dai and Karato, 2014; Dai et al., 2009). Molybdenum, nickel, and 229 

rhenium metal electrodes were used in separate experiments. Metal oxide 230 

buffers were selected to encompass a range of 𝑓𝑂2
conditions. Specifically, Ni-NiO 231 

encompassing -23 to -9 log 𝑓𝑂2
(~ +1 to +0.73 FMQ), Mo-MoO2 -30 to -13 232 

log 𝑓𝑂2
(~ -6.5 to -3.5 FMQ),  and Re-ReO2 -20 to -7 log 𝑓𝑂2

(~ +3.8 to +2.5 FMQ) 233 
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from 773 – 1373 K. The electrodes were stored in an oven at 393 K for at least a 234 

week before experiments and only those with a visible oxide coating were 235 

selected for use in experiments. Two Pt/Pt-10%Rh (S-type) thermocouples were 236 

connected at both ends to the electrodes. These served to measure temperature 237 

as well as complete the electrical conductivity path through the sample. Heating 238 

was achieved using a graphite furnace. The error in  temperature is taken to be 239 

approximately 50°C, and is based on the design and size of the pressure cell 240 

(Leinenweber et al., 2012).  18 mm truncated edge length (TEL) MgO-Cr2O3 241 

doped octahedra were used and were compressed within a cavity formed by 242 

eight, 11 mm TEL tungsten carbide anvils using a calibrated 500-ton multi-anvil 243 

high-pressure system. Effective pressure errors on experiments presented here 244 

are in the order of approximately ±0.5 GPa as expected for a multi-anvil 245 

apparatus not associated with a light source at working pressures of less than 10 246 

GPa ( Ito, 2007; and references therein; Dai and Karato, 2009; Frost et al., 2004). 247 

Before each conductivity experiment, the completed assembly was stored for at 248 

least 12 hours in oven at a temperature of 393 K to minimize the absorption of 249 

moisture from the assembly parts and ceramic cement to fill the gaps.  250 

Impedance spectroscopy measurements were carried out, over a frequency 251 

range of 10 Hz – 1 MHz, at 1 GPa, and over a temperature range of 373 to 1273 K 252 

using a 1260 Solatron Impedance Gain-Phase Analyzer.  The sample’s impedance 253 

at each temperature was determined from the complex plane (𝑍′ − 𝑍′′) 254 

impedance plots. The electrical conductivity was calculated at each temperature 255 

using the simple relation: 256 

𝜎 =
𝐿

𝑍′ ∙ 𝑆
(1) 257 
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where L is the length and S the cross-sectional area of the sample, both measured 258 

by a calibrated high-resolution Leica M205C optical microscope after sample 259 

polishing at the end of each experiment.  𝑍′ is the real part of the impedance, 260 

corresponding to the intersection of the electrical response with the real axis. 261 

Samples were polished on both sides down to thicknesses of less than 2 mm 262 

(Table 1) and unpolarized FTIR measurements carried out in transmission mode 263 

to quantify the water contents. A ThermoFisher iN10 FTIR spectrometer was 264 

used for this analysis. Spectra were collected over a frequency range of 3000- 265 

4000 cm-1 with a 4 cm-1 resolution and averaged over 128 scans. EPMA 266 

measurements were carried out using a Cameca SX100 probe on the run 267 

products to determine the elemental compositions. FTIR and EPMA 268 

measurements were also collected on the parent sample.  269 

 270 

Results 271 

 Figure 3 shows an optical image of MQ026 and SEM images of MQ046, 272 

MQ049 and MQ50, that have been sectioned and polished after the experiments. 273 

Apart from the decompression cracks observed, the samples are optically clear 274 

and chemically homogenous single crystals.  Table 1 shows results of 275 

experiments carried out, including results from EPMA and FTIR analysis both 276 

before and after the electrical conductivity measurements. The electrodes used 277 

to control oxygen fugacity during runs are also listed for each experiment. 278 

Although we did not analyze the metal oxide films at the electrodes after the 279 

experiments while carrying out SEM EDS  analysis, based on comparison with 280 

previous investigations of the chemical environment, pressure, temperatures 281 

(e.g. (Dai et al., 2016; Dai and Karato, 2014)) as well as from studied oxidation 282 
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kinetics of nickel (Rosa, 1982; Unutulmazsoy et al., 2017) we are confident that 283 

the systems were buffered at the respective oxygen fugacities.  Oxygen fugacity 284 

values for each metal-metal oxide buffer at ambient pressure (1 bar) are 285 

calculated from expressions obtained by (O'Neill, 1986; O'Neill and Pownceby, 286 

1993; Pownceby and O'Neill, 1994): 287 

Mo-MoO2: (O'Neill, 1986) 288 

−603,268 + 337.460 𝑇 − 20.6892 𝑇 ln 𝑇                       (2) 289 

Ni-NiO: (O'Neill and Pownceby, 1993) 290 

−478,967 + 248.514 𝑇 − 9.7961 𝑇 ln 𝑇                        (3) 291 

Re-ReO2: (Pownceby and O'Neill, 1994) 292 

−451,020 + 297.595 𝑇 − 14.6585 𝑇 ln 𝑇                       (4) 293 

The chemical formula of the Andesine is determined to be Ca0.5Na0.5Al1.5Si2.5O8. 294 

Na+ ions are the primary contributor to electrical conductivity (Hu et al., 2011; 295 

Maury, 1968; Wang et al., 2014a; Yang et al., 2012). The concentration from K+ 296 

ions is very low and does not significantly contribute to the electrical 297 

conductivity. The contribution from Ca2+ ions to electrical conductivity, on the 298 

other hand, has not been well documented yet but probably plays a greater role 299 

at temperatures above 1500K when desorption of Na has been known to take 300 

place (Campone et al., 1995). Elemental compositions taken after all the 301 

experiments are essentially the same as those in the parent crystal (Table 1). No 302 

loss of sodium or calcium to the alumina capsule is observed to take place from 303 

the samples, within the temperature range studied.  304 

The parent crystal used as the starting sample for all electrical 305 

conductivity measurements was analyzed prior to the experiments and 306 

displayed no discernable FTIR spectra, thus indicating it to be dry. FTIR spectra 307 
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from all the samples recovered from the electrical conductivity runs (Figure 4) 308 

show one broad peak centered around 3400 cm-1 indicating that water was 309 

absorbed by the sample from the surrounding pressure medium materials at 310 

high temperature during the experiment. The 3400 cm-1 peak is similar to that 311 

observed in most feldspars (Behrens, 2021; Johnson and Rossman, 2003; Yang, 312 

2012) and indicates multiple OH sites in the crystal structure (Yang et al., 2015). 313 

Molecular water also shows a broad peak about this frequency in some minerals 314 

(Kronenberg, 1994) but given that several temperature sweeps were carried out 315 

and the systems equilibrated, the water in the samples is believed not to be 316 

molecular but structural. The water contents of the recovered samples were 317 

calculated by applying Beer-Lambert’s law using the expression: 318 

𝐶𝑤 = ∫
𝐻(𝜐)

𝐼 ∙ 𝑡 ∙ 𝛾
𝑑𝜐

3700

3000

(5) 319 

where ∫ 𝐻(𝜐) 𝑑𝜐 is the absorption per cm integrated over the frequency range 320 

3000 – 3700 cm-1, I is the specific absorption coefficient of andesine from 321 

(Johnson and Rossman, 2003) (107,000 l mol-1 cm-2), t is the thickness of the 322 

sample and 𝛾 is the orientation factor (1.0). The recovered MQ026 sample 323 

contains the highest content of water while MQ046 contains the least (Table 1).  324 

Figure 5 shows the raw impedance spectra plotted in the complex plane 325 

at selected temperatures from experiment MQ046 which was buffered to RRO 326 

(other experiments spectra shown in Supplementary Figure 1). The spectra are 327 

fitted with an impedance-constant phase element (CPE) model which is able to 328 

cater for any distortions in the half circle. However, in cases where we do not 329 

obtain a good fit the intercept of the model with the 𝑍′axis is used to determine 330 
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the resistance (Karato and Wang, 2013). Electrical conductivity is related to the 331 

activation enthalpy through the Arrhenius equation: 332 

𝜎 = 𝐴 𝑒𝑥𝑝 (−
Δ𝐻

𝑅𝑇
) (6) 333 

were 𝜎 is the electrical conductivity, A is the pre-exponent factor, ∆𝐻 the 334 

activation enthalpy, R the ideal gas constant, and T the temperature. 335 

Two experiments, MQ046 and MQ049 were carried out using Re 336 

electrodes. FTIR measurements after the experiments show a nominal uptake of 337 

water in the sample from the assembly parts. Activation enthalpies of 1.0 eV and 338 

0.77 eV and were calculated from MQ046 and MQ049, respectively. Experiment 339 

MQ050 was carried out using Mo electrodes and 51 ppm wt. H2O was measured 340 

in the sample recovered from the experiment. An activation enthalpy of 0.81 eV 341 

was calculated from this experiment. In experiments MQ026 and MQ061, 342 

electrical conductivity measurements were carried out using Ni electrodes. In 343 

both experiments, an activation enthalpy of 0.78 eV was calculated. The same 344 

activation enthalpy is obtained despite the large variance in water contents 345 

measured in the recovered samples: 557 and 77 ppm wt. H2O, respectively. 346 

Figure 6 summarizes the Arrhenius relationships from all the experiments and 347 

also compares them with selected literature data (Hu et al., 2011; Maury, 1968; 348 

Wang et al., 2014a; Yang et al., 2012).  Figure 7 shows the relationship between 349 

the activation enthalpies and the water contents, with exception to the result 350 

from experiment MQ026.  We observe that the activation enthalpy increases 351 

with the decrease in water content and approaches 1.0 eV for dry Andesine. 352 

 353 

Discussion 354 
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In our investigations, FTIR measurements before and after the 355 

experiments show nominal uptake of water by the samples. Yang et al. (2012) 356 

also reported a lower activation enthalpy and higher conductivity with 357 

increasing water content in plagioclase. Electrical conductivity can be expressed 358 

as a function of water content and oxygen fugacity through the more general 359 

Arrhenius equation: 360 

𝜎 = 𝐴 ∙ 𝐶𝑤
𝑟 ∙ 𝑓𝑂2

𝑞 ∙ 𝑒𝑥𝑝 (−
∆𝐻

𝑅𝑇
) (7) 361 

where, Cw is the water content, 𝑓𝑂2
 is the oxygen fugacity and r and q are the 362 

water content and oxygen fugacity exponents, respectively. To estimate r we 363 

carried out regression analysis, simultaneously, on the parameters A, r and ∆𝐻 364 

using Equation (7) (taking 𝑓𝑂2

𝑞
 as 1), and the measured water contents, 𝐶𝑤 . The 365 

calculation of q is addressed in the context of the literature data below. In the 366 

nominally hydrated feldspar systems that we measured, we obtained values of r 367 

ranging between 0.52 and 0.81(Table 1).  368 

 Figure 8 shows the water content measured in the feldspar plotted as a 369 

function of oxygen fugacity, calculated at 1073 K. Our results are plotted over those 370 

from Yang (2012), which were determined under saturated hydrous conditions for 371 

each buffer. This demonstrates that our conductivity experiments were carried out in 372 

nominally hydrous systems well below the saturation limit for each buffer. Hence our 373 

experiments show a minimal effect on the water content in andesine as a function of 374 

oxygen fugacity. 375 

Figure 9 shows the relationship of the activation enthalpies obtained as a 376 

function of oxygen fugacity determined from experiments MQ049, MQ050, and 377 

MQ061. The choice of plotting only these three experiments is based on the 378 
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reason that the water contents measured in the three samples are comparable, 379 

within experimental error, whereas an order of magnitude increase in water 380 

content is observed in MQ026, while MQ046 remains essentially dry after the 381 

experiment. Based on the saturation point determined by Yang (2012) for the 382 

NNO buffer, experiment MQ026 represents a case where the sample was 383 

oversaturated. The fugacity values from each metal-metal oxide are obtained 384 

from expressions obtained by (O'Neill, 1986; O'Neill and Pownceby, 1993; 385 

Pownceby and O'Neill, 1994), and are calculated at 1 GPa. Our results show a 386 

decrease in the activation enthalpy with an increase in oxygen fugacity (from 387 

Mo-MoO2 to Ni-NiO to Re-ReO2 buffers). 388 

Experiments MQ049, MQ050, and MQ061 were also used to determine 389 

the value of the oxygen fugacity exponent, q, given in the electrical conductivity 390 

model (Figure 10). The electrical conductivity in andesine decreases with an 391 

increase in oxygen fugacity. An average oxygen fugacity exponent value of -0.069 392 

± 0.005 is calculated over the temperature range of 873 K – 1073 K. This value is 393 

obtained by averaging the slopes of each temperature profile in Figure 10 and is 394 

similar to that obtained by (Dai and Karato, 2014) for hydrous olivine in the 395 

upper mantle (q = -0.066). Additionally, our q value is close to that for hydrous 396 

wadsleyite (-0.058) in the mantle transition zone (Dai and Karato, 2009). 397 

According to Dai and Karato (2014), a value of q = -0.069 is consistent with a 398 

conductivity mechanism that involves protons.  Therefore, noting that the 399 

mobility of alkali ions is the dominant mechanism for electrical conductivity in 400 

feldspars (i.e. ionic conduction), at least two conduction mechanisms must be 401 

present, with the additional contribution being that of protons.  402 
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Defect chemistry of hydrous olivine and hydrous wadsleyite systems 403 

shows that the concentration of defects is related to the chemical environment, 404 

and can be expressed as (Dai and Karato, 2014): 405 

[𝑋] ∝ 𝑓𝐻2𝑂
𝑝 ∙ 𝑓𝑂2

𝑞 ∙ 𝑎𝑀𝑒𝑂
𝑠 (8) 406 

where p, q, and s are constants dependent on defect type, 𝑓𝐻2𝑂 is the water 407 

fugacity and a the activity of the metal oxide buffer. In a hydrous system where 408 

electrical conductivity is mainly attributed to interstitial mobility protons (H+), q 409 

≈ -⅛ and r  ≈ ¾ in Equation (7).  In the same way, within a hydrous system 410 

where electrical conductivity is attributed to alkali ions, especially when the role 411 

of water and alkali ions are interconnected through another defect site like the  412 

𝐴𝑙𝑂4
−site, such as the one presented here, the absolute value of q in both 413 

Equations (7) and (8) works out to be much lower. 414 

Hu et al. (2013) suggests that Ca increases the Na-Na ionic distance thus 415 

increasing the hopping energy and in retrospect the activation enthalpy. Jones et 416 

al. (2004), on the other hand, calculated a lower activation enthalpy for Na+ in K-417 

feldspar than for K+ in K-feldspar, concluding that a more open structure 418 

facilitates a lower energy migration pathway.  This is further supported by a 419 

recent study by Hergemoller et al. (2017) who demonstrated that self-diffusion 420 

of Na+ is ~1000 times faster than K+ in alkali feldspar even when the 421 

concentration of Na+ is only ~1/6 that of K+. Diffusion of alkali ions, and 422 

therefore electrical conductivity in an alkali dominated mineral, is heavily 423 

dependent on the concentration of ions within the lattice as explained by 424 

Hergemoller et al. (2017). A finding which lends further credence to the 425 

assertion that Na+ ions are the primary conduction mechanism in our system in 426 

part due to the low concentration of K+ ions (Na2O: K2O ≈ 11:1) within the lattice 427 
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for this sample and the larger ionic radii of K+ (K+= 152 pm > Na+= 102 pm ≈ 428 

Ca2+=100 pm (Shannon, 1976)).  Importantly, we do not consider Ca2+ in our 429 

model despite it being the dominant alkali ion (26.2 wt. %) as this is a twofold 430 

problem. Firstly, there are limited contributions that discuss Ca2+ as a charge 431 

carrier except for those that focus on clinopyroxene group minerals. Secondly, in 432 

our system and based on the results of (Campone et al., 1995), despite the 433 

similar ionic radii of Ca2+ to Na+ the temperatures under which our experiments 434 

were carried out will limit the activity of Ca2+ until Na+ desorption occurs at 435 

~1500 K. Therefore, we consider that at crustal pressures and temperatures the 436 

conductivity of feldspar group minerals will be primarily controlled by the 437 

mobility of Na+ ions. Comparing experiment MQ050 with that of Wang et al. 438 

(2014a), where the same pre-exponent factor is obtained in both, within 439 

experimental error, there is an increase in activation enthalpy from 0.81 eV to 440 

1.06 eV for a decrease in Ca concentration from 10.2 wt % to 0.2 wt. %, 441 

indicating that a more open structure enhances electrical conductivity. Note that 442 

there is a near factor of 2 drop in water content from Wang et al. (2014a) to 443 

MQ050.  444 

 445 

The implication for the Earth’s crust 446 

 Redox regimes within the Earth range from ~FMQ -5 at the base of the 447 

upper mantle through to ~FMQ +4 in some heavily oxidized mineral systems  448 

(Foley, 2011; Frost, 1991; Frost and McCammon, 2008). Most oceanic and 449 

subduction zone settings, however, encompass a much narrower range from 450 

~FMQ -2 through ~FMQ+1, making the NNO buffer the most appropriate for 451 

these settings. This is with the exception of deep subduction regions where the 452 
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range of 𝑓𝑂2
 values widen once more, suggesting that the MMO and IW buffers 453 

become more appropriate. MH and RRO buffers are extremely oxidizing and can 454 

be considered useful in understanding fluid processes within the crust, 455 

specifically hydrothermal and magmatic systems such as those that produce ore 456 

deposits (Richards, 2011; Richards, 2014; Richards, 2015; Wang et al., 2014b).  457 

Albite is the most abundant feldspar within crustal regions due, in part, to 458 

its significant distribution within the oceanic lithosphere (i.e. as a major 459 

constituent in basalts and gabbros).  The albite electrical conductivity model 460 

presented in this study may be useful in several ways. Specifically, in the 461 

monitoring of volcanic systems (Aizawa et al., 2014; Aizawa et al., 2009; Aizawa 462 

et al., 2005; Comeau et al., 2015; Díaz et al., 2012; Ingham et al., 2009); in 463 

understanding shallow structures such as crustal-scale brittle and ductile 464 

fracture zones (Comeau et al., 2020b; Karas et al., 2017; Ozaydin et al., 2018; 465 

Tank et al., 2018); in understanding deep earth structure and plumbing systems 466 

(Bai et al., 2010; Comeau et al., 2020a; Kühn et al., 2014; Unsworth, 2010; 467 

Wannamaker et al., 2009); in searching for resource zones (Cherevatova et al., 468 

2015a; Corseri et al., 2017; Heinson et al., 2006); as well as in (volatile sensitive) 469 

deep earth sounding studies (Adetunji et al., 2015; Cherevatova et al., 2015a; 470 

Selway, 2014). When coupled with the distribution of other feldspar minerals 471 

our conductivity data can elucidate the mechanism of conduction across a wide 472 

range of compositions and geological settings. An area of special interest would 473 

be the lower crust, which is known to be primarily composed of clinopyroxene, 474 

orthopyroxene, and plagioclase group minerals such as andesine (albite). 475 

Electrical conductivity results obtained from magnetotelluric field 476 

measurements of the lower crust fall within the range 10-4 – 10-1 S/m (Figure 1). 477 

This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America. 
 The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press. 

DOI: https://doi.org/10.2138/am-2021-7836.  http://www.minsocam.org/

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



20 
 

These are much higher values than laboratory measurements that have been 478 

obtained for typical crustal minerals and mineral aggregates such as quartz, 479 

amphibole, and micas (see (Amulele et al., 2019; Hu et al., 2018)).  The most 480 

likely mineral to influence the electrical conductivity of the lower crust is 481 

clinopyroxene given its high conductivity relative to other phases (i.e. olivine and 482 

andesine ), and its high volume fraction (~60%) increasing the likelihood of 483 

forming interconnected networks (Yang et al., 2011). Additionally, clinopyroxene 484 

is also able to accommodate a much higher hydrogen content than other crustal 485 

minerals such as quartz, although much less than minerals with hydroxyl groups 486 

in their structure such as micas and amphiboles. Laboratory measurements 487 

indicate that for clinopyroxene to have high electrical conductivity values, it only 488 

needs to contain a few tens to a few hundred ppm wt. H2O at lower crustal 489 

temperatures (Yang et al., 2011).  Conversely, our measurements indicate that 490 

the electrical conductivity of a naturally dry plagioclase feldspar can be low and 491 

only increases above 10-4 S/m when it is hydrated with as little as 50 ppm wt. 492 

H2O. These values imply a highly dry crust in certain regions of the Earth that 493 

may be dominated by plagioclase feldspars with regions of nominal hydration. 494 

Nevertheless, the contributions from the constituent minerals (clinopyroxene, 495 

orthopyroxene, and andesine ) as well as contributions from partial melts and 496 

graphite films must be taken into account. Each of these components has been 497 

considered extensively when modeling conductivities in the Earth’s crust and 498 

mantle, although most works focus on identifying individual contributors and no 499 

complete model for the lithosphere currently exists (Ingham et al., 2009; Jones, 500 

1992; Özaydın and Selway, 2020).  501 
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In summary, we have presented new data on the electrical conductivity 502 

and the likely conduction mechanisms in a single crystal of andesine at crustal 503 

pressures and temperatures. Our data highlights that at 1 GPa and temperatures 504 

ranging from 573 K to 1273 K the electrical conductivity of andesine feldspar 505 

increases with increasing water content from 10-4 to 10-1 S/m. The activation 506 

enthalpy decreases with increasing water content from ~1.0 eV for the 507 

completely dry feldspar to ~0.77 eV for samples with >50 ppm H2O. Activation 508 

enthalpy is also found to decrease mildly with increasing oxygen fugacity for 509 

comparable water contents. Given this moderate decrease it can be said that 510 

conductivity, expressed as log10 𝐴, increases with increasing oxidation (i.e. ReO < 511 

NNO < MMO). Finally, we report an oxygen fugacity exponent of -0.069 within 512 

the nominally hydrated experiments which, based on literature, indicates an 513 

electrical conductivity mechanism that involves the mobility of hydrogen as well 514 

as alkali ions. Our results are, therefore, of specific use in the modeling and 515 

interpretation of MT responses recorded within the initial stages of subduction 516 

down to depths of ~30 km into the lithosphere, where a slab would be hydrated, 517 

and within redox regime of the NNO buffer.   518 
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Figure Captions: 854 

Figure 1: Electrical conductivity ranges for i) Earth materials, ii) Major mantle 855 

minerals, iii) Crust and upper mantle (from MT sounding), iv) Analytical 856 

electrical response models . Fields labelled a) – e) are based on values from 857 

(Utada et al., 2003) and represent the range of electrical responses from the 858 

crust through to the deep mantle (including transition zone (TZ)) beneath the 859 

North Pacific where a) represents lithosphere (0 – 100 Km); b) the upper mantle 860 

(100 – 410 Km, olivine stable); c) upper TZ (410 – 550 km, wadsleyite stable); d) 861 

lower TZ (550 – 660 Km, ringwoodite stable); and e) lower mantle ( >660 Km). 862 

An upper and lower bound for each field for i) – iv) is given by a resistivity (ohm 863 

meter) and conductivity (S/m) with the bars colored across a gradient from red 864 

(conductive) to purple (resistive) illustrating electrical response relative to other 865 

materials. Data references: graphite (Duba and Shankland, 1982; Simpson and 866 

Bahr, 2005); sulfides (Fitzpatrick, 2006; Keller, 1966; Telford et al., 1990)); 867 

brines and geothermal fluids (Nesbitt, 1993); graphitic schist (Comeau, 2015); 868 

seawater ((Simpson and Bahr, 2005) (Comeau, 2015); partial melt (as 5% 869 

basaltic melt from 1000 – 1200°C) (Presnall et al., 1972; Tyburczy and Waff, 870 

1983; Waff, 1974); pure melt (basalt 1200°C) (Tyburczy and Waff, 1983; Waff, 871 

1974); weathered granite, sandstone and limestone (Comeau, 2015); igneous 872 

rocks (resistive bound 500°C, conductive bound 1000°C), basalt, gabbro and 873 

granite (Kariya and Shankland, 1983); olivine, wet (Lizarralde et al., 1995), dry 874 

(Duba et al., 1974; Hirsch et al., 1993; Xu et al., 1998); pyroxene (dry) (Xu and 875 

Shankland, 1999); Mid-Lower Continental Crust (MLCC) (Haak and Hutton, 876 

1986; Jones, 1992); Upper Continental Mantle (UCM) (Heinson and Lilley, 1993; 877 

Lizarralde et al., 1995); Upper Oceanic Mantle (UOM) (Schultz et al., 1993; 878 
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Simpson, 2002); Values for wet/dry pyroxenite (as Ol-websterite: ol 29%, opx 879 

41%, cpx 30%, grt 0%) and peridotite (as lherzolite: ol 60%, opx 31%, cpx 9%, 880 

grt 0% (0 – 100 km), and ol 60.6%, opx 28.4%, cpx 6%, grt 5% (100 – 200 km)  881 

were generated using the MATE program with wet values being modeled 882 

containing 100 ppm H2O (Özaydın and Selway, 2020). After (Fitzpatrick, 2006; 883 

Palacky, 1987; Simpson and Bahr, 2005) and (Comeau, 2015).  884 

 885 

Figure 2: A schematic of the electrical conductivity high-pressure temperature 886 

cell used in the multi-anvil experiments (Amulele et al., 2019) 887 

 888 

Figure 3:  Optical image of MQ026 and SEM images of MQ046, MQ049 and MQ50, 889 

sectioned and polished experimental run products. The samples were optically 890 

clear single gem-quality crystals of andesine. 891 

 892 

Figure 4: FTIR Spectra of nominally hydrous andesine obtained after electrical 893 

conductivity experiments at high pressure and temperature. Inset shows 894 

detailed view of spectra from experiments MQ046 (brown), MQ049 (red), 895 

MQ050 (blue), and MQ061 (green). 896 

 897 

Figure 5: Selected impedance spectra collected during the second temperature 898 

increase in experiment MQ046. The spectra are fitted with an impedance-899 

constant phase element model which is able to cater for any distortions in the 900 

half circle. However, in cases where we do not obtain a good fit the intercept of 901 

the model with the Z^'axis is used to determine the resistance (Karato and Wang, 902 
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2013). Impedance spectra for all experiments can be found in supplementary 903 

figure 1. 904 

 905 

Figure 6: Comparing Arrhenius plots obtained in experiments MQ026, MQ046, 906 

MQ049, MQ050 and MQ061 with literature data from (Hu et al., 2011; Maury, 907 

1968; Wang et al., 2014a; Yang et al., 2012) 908 

 909 

Figure 7: Relationship between the activation enthalpy and the water content 910 

from experiments MQ046, MQ049, MQ050 and MQ061, with exception of 911 

experiment MQ026 which had an order of magnitude higher water content. The 912 

red line shows the best fit model with the anchor point being MQ050. 913 

 914 

Figure 8: Water content measured in andesine as a function of oxygen fugacity, 915 

calculated at 1073 K. Comparison is made with the saturation curve determined 916 

by Yang (2012) for each buffer (black squares), showing that experiments 917 

presented here (red triangles) represent water undersaturated conductivity 918 

measurements. The blue triangle shows MQ046 (2.74 ppm H2O), and the green 919 

triangle shows the excluded MQ026 experiment which, for its buffer, is heavily 920 

oversaturated (NNO, 557 ppm H2O). 921 

 922 

Figure 9: Activation enthalpy as a function of oxygen fugacity in feldspar at 1 GPa 923 

 924 

Figure 10: The effect of oxygen fugacity on electrical conductivity in andesine at 925 

1.0 GPa, temperature range of 873–1073 K, and an average water content of ~67 926 

ppm wt. H2O for experiments MQ049, MQ050 and MQ061. 927 
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Table 1: A summary of experimental conditions and results from the experimental runs carried out 928 

Exp. 
T 

(K) 

Cycles1 
SiO2 Al2O3 Na2O K2O CaO 

Water content 

(ppm wt. H2O) 

ΔH 

(eV) 
Log10A r Electrodes 

Thickness 

(cm) 
 

Parent   56.7 27.2 5.6 0.5 10.2 Dry      

MQ026 573 - 1273 2 56.1 27.5 5.5 0.5 10.1 557 0.78 ±0.03 1.66 ± 0.70 0.81 ± 0.02 Ni-NiO 0.13 

MQ046 573 - 1273 2 56.2 27.5 5.6 0.5 10.1 2.74 1.00 ± 0.06 1.10 ± 0.96 0.00 ± 0.02 Re-ReO2 0.17 

MQ049 573 - 1273 2 56.2 27.6 5.6 0.6 10.1 72 0.77 ± 0.03 0.80 ± 0.70 0.66 ± 0.02 Re-ReO2 0.18 

MQ050 573 - 1173 2 56.2 27.6 5.7 0.5 10.1 51 0.81 ± 0.02 1.58 ± 0.69 0.77 ± 0.02 Mo-MoO2 0.13 

MQ0612 573 - 1273 2 N.D. N.D. N.D. N.D. N.D. 77 0.78 ± 0.07 1.05 ± 1.04 0.52 ± 0.02 Ni-NiO 0.16 

 Notes: 

1: Conductivity cycles comprise both a heating and a cooling phase within which conductivity was measured at 100 K intervals.  

2: Run product for MQ061 was lost in preparation for chemical analysis. We therefore assume the composition of MQ026 to be analogous. 

N.D.: Not Determined 

  929 
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Figure 1: Electrical conductivity ranges for i) Earth materials, ii) Major mantle minerals, iii) Crust and upper mantle (from MT sounding), 931 

iv) Analytical electrical response models . Fields labelled a) – e) are based on values from (Utada et al., 2003) and represent the range of 932 

electrical responses from the crust through to the deep mantle (including transition zone (TZ)) beneath the North Pacific where a) 933 

represents lithosphere (0 – 100 Km); b) the upper mantle (100 – 410 Km, olivine stable); c) upper TZ (410 – 550 km, wadsleyite stable); 934 

d) lower TZ (550 – 660 Km, ringwoodite stable); and e) lower mantle ( >660 Km). An upper and lower bound for each field for i) – iv) is 935 

given by a resistivity (ohm meter) and conductivity (S/m) with the bars colored across a gradient from red (conductive) to purple 936 

(resistive) illustrating electrical response relative to other materials. Data references: graphite (Duba and Shankland, 1982; Simpson 937 

and Bahr, 2005); sulfides (Fitzpatrick, 2006; Keller, 1966; Telford et al., 1990)); brines and geothermal fluids (Nesbitt, 1993); graphitic 938 

schist (Comeau, 2015); seawater ((Simpson and Bahr, 2005) (Comeau, 2015); partial melt (as 5% basaltic melt from 1000 – 1200°C) 939 

(Presnall et al., 1972; Tyburczy and Waff, 1983; Waff, 1974); pure melt (basalt 1200°C) (Tyburczy and Waff, 1983; Waff, 1974); 940 

weathered granite, sandstone and limestone (Comeau, 2015); igneous rocks (resistive bound 500°C, conductive bound 1000°C), basalt, 941 

gabbro and granite (Kariya and Shankland, 1983); olivine, wet (Lizarralde et al., 1995), dry (Duba et al., 1974; Hirsch et al., 1993; Xu et 942 

al., 1998); pyroxene (dry) (Xu and Shankland, 1999); Mid-Lower Continental Crust (MLCC) (Haak and Hutton, 1986; Jones, 1992); Upper 943 

Continental Mantle (UCM) (Heinson and Lilley, 1993; Lizarralde et al., 1995); Upper Oceanic Mantle (UOM) (Schultz et al., 1993; 944 

Simpson, 2002); Values for wet/dry pyroxenite (as Ol-websterite: ol 29%, opx 41%, cpx 30%, grt 0%) and peridotite (as lherzolite: ol 945 

60%, opx 31%, cpx 9%, grt 0% (0 – 100 km), and ol 60.6%, opx 28.4%, cpx 6%, grt 5% (100 – 200 km)  were generated using the MATE 946 
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program with wet values being modeled containing 100 ppm H2O (Özaydın and Selway, 2020). After (Fitzpatrick, 2006; Palacky, 1987; 947 

Simpson and Bahr, 2005) and (Comeau, 2015). 948 

  949 
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 951 
Figure 2: A schematic of the electrical conductivity high-pressure temperature cell used in the multi-anvil experiments (Amulele et al., 952 

2019)   953 
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MQ026 MQ046 

  

  
MA049 MQ050 

 

Figure 3:  Optical image of MQ026 and SEM images of MQ046, MQ049 and MQ50, sectioned and polished experimental run products. 954 
The samples were optically clear single gem-quality crystals of andesine. 955 
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 957 

Figure 4: FTIR Spectra of nominally hydrous andesine obtained after electrical conductivity experiments at high pressure and 958 

temperature. Inset shows detailed view of spectra from experiments MQ046 (brown), MQ049 (red), MQ050 (blue), and MQ061 (green).  959 
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 960 

 961 

Figure 5: Selected impedance spectra collected during the second temperature increase in experiment MQ046. The spectra are fitted 962 
with an impedance-constant phase element model which is able to cater for any distortions in the half circle. However, in cases where 963 

we do not obtain a good fit the intercept of the model with the 𝑍′axis is used to determine the resistance (Karato and Wang, 2013). 964 
Impedance spectra for all experiments can be found in supplementary figure 1. 965 
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 967 
 968 

 969 
Figure 6: Comparing Arrhenius plots obtained in experiments MQ026, MQ046, MQ049, MQ050 and MQ061 with literature data from (Hu 970 

et al., 2011; Maury, 1968; Wang et al., 2014a; Yang et al., 2012)  971 
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 972 

 973 
Figure 7: Relationship between the activation enthalpy and the water content from experiments MQ046, MQ049, MQ050 and MQ061, 974 

with exception of experiment MQ026 which had an order of magnitude higher water content. The red line shows the best fit model with 975 
the anchor point being MQ050. 976 
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 978 

 979 
Figure 8: Water content measured in andesine as a function of oxygen fugacity, calculated at 1073 K. Comparison is made with the 980 

saturation curve determined by Yang (2012) for each buffer (black squares), showing that experiments presented here (red triangles) 981 
represent water undersaturated conductivity measurements. The blue triangle shows MQ046 (2.74 ppm H2O), and the green triangle 982 

shows the excluded MQ026 experiment which, for its buffer, is heavily oversaturated (NNO, 557 ppm H2O).  983 
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 984 
Figure 9: Activation enthalpy as a function of oxygen fugacity in andesine at 1.0 GPa  985 
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 986 

 987 
Figure 10: The effect of oxygen fugacity on electrical conductivity in andesine at 1.0 GPa, temperature range of 873–1073 K, and an 988 

average water content of ~67 ppm wt. H2O for experiments MQ049, MQ050 and MQ061. 989 
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