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2

32 Abstract 

33 The development of seismo-electric exploration techniques relies critically upon the strength of the 

34 seismo-electric conversion. However, there have been very few seismo-electric measurements or 

35 modelling on shales, despite shales accounting for the majority of unconventional reservoirs. We 

36 have carried out seismo-electric measurements on Sichuan Basin shales (permeability 0.00147 – 

37 0.107 mD), together with some comparative measurements on sandstones (permeability 0.2–60 mD). 

38 Experimental results show that the amplitudes of the seismoelectric couplingcoefficient in shales are 

39 comparable to that exhibited by sandstones, and are approximately independent of frequency in the 

40 seismic frequency range (<1 kHz). Numerical modelling has also been used to examine the effects of 

41 varying (i) dimensionless number, (ii) porosity, (iii) permeability, (iv) tortuosity, and (v) zeta 

42 potential on seismo-electric conversion in porous media. It was found that while changes in 

43 dimensionless number and permeability seem to have little effect, seismoelectric coupling coefficient 

44 is highly sensitive to changes in porosity, tortuosity and zeta potential. Numerical modelling suggests 

45 that the cause of the seismo-electric conversion in shales is enhanced zeta potentials caused by clay 

46 minerals, which are highly frequency dependent. This is supported by a comparison of our numerical 

47 modelling with our experimental data, together with an analysis of seismo-electric conversion as a 

48 function of clay mineral composition from XRD measurements. The sensitivity of seismo-electric 

49 coupling to the clay minerals suggests that seismo-electric exploration may have potential for the 

50 characterization of clay minerals in shale gas and shale oil reservoirs.

51

52 Keywords:  Seismo-electric conversion, shales, frequency-dependence, porosity, permeability, 

53 tortuosity 

54
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3

55 1 Introduction

56 Seismo-electric conversion occurs when the passage of an elastic wave through an aqueous fluid 

57 saturated porous medium causes that fluid to move, and where the resulting fluid movement 

58 separates charge such that an electrical potential is developed across the medium (e.g., Haines et al. 

59 2007; Glover, 2012a; 2012b). Seismo-electric effects occur in all aqueous fluid-filled porous media, 

60 including sandstones and shales. Laboratory experiments (e.g., Glover & Déry 2010; Peng et al. 

61 2016; Schakel et al. 2011a; 2011b; Zhu et al. 2008; 2013; 2015; Wang et al. 2015a, b; 2016) of 

62 electro-kinetic and seismo-electric coupling conducted in sandstones indicate that a relative strong 

63 seismo-electric conversion can be generated in sandstones, especially when the pore fluid salinity is 

64 low (Walker & Glover 2018). Currently, there is a good and growing body of experimental 

65 measurements on sandstones, limestones, sands and glass beads. By contrast, there has been less 

66 seismo-electric research on shales. The strength of seismo-electric conversion in shales, and the 

67 parameters which control it, remain uncertain. 

68 Thompson & Gist (1993) first presented the results of seismo-electric profiling to detect the signals 

69 generated at interfaces between high permeability water sands and low permeability shales at depths 

70 of up to 300 m. In their study, the media on each side of the interface produced a strong electric 

71 contrast as well as different rock properties, which together enhanced the seismo-electric conversion. 

72 However, the specific influences of shale on seismo-electric conversion were either not studied or 

73 were not reported. Numerical modelling of seismo-electric processes for a similar interface was 

74 carried out by Revil et al. (2015). In their study, the seismo-electric wavefield induced at the 

75 shale-sand interface during the passage of a seismic P-wave was also characterized by the difference 

76 in electrical conductivity between the shale and the sandstone layers. Meanwhile, modelling of the 

77 seismo-electric properties of a sand channel surrounded by clay (Haines & Pride 2006) and clay 

78 lenses embedded in sandstone (Kröger et al. 2009) have also indicated that the seismo-electric 

79 method can detect clay or shale interfaces as well as interbedded layers and lenses of clays and 

80 sandstones. In addition, Jougnot et al. (2010) studied the streaming potential coupling coefficient of 

81 clay rocks as a function of saturation experimentally and showed that the coupling coefficient was a 

82 power law function of the relative water saturation.

83 Field measurements have also suggested that electric signals induced by seismic waves through 

84 seismo-electric coupling may be used to image the subsurface boundaries of sand and clay layers 

85 (Butler et al. 1996; 2002; Thompson et al. 2007; Dupuis et al. 2009; Glover & Jackson 2010). The 

86 sparse experimental and field data suggest that shale exhibits a sizeable electric coupling coefficient. 

87 However, since no authoritative value is currently available, numerical modelling studies assume a 

88 significant electric coupling coefficient for shales. 
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4

89 Clay minerals are a major component of shales. They are known to have a strong impact on the 

90 hydraulic and electrical properties of rocks (e.g., Arulanandan 1969; Alali 2007; Santiwong et al. 

91 2008). Consequently, it is expected that the fraction of clay minerals will also exert a partial control 

92 on the seismo-electric properties of shales. The processes leading to seismo-electric conversion occur 

93 in the electric double layer (EDL) (Shaw 1992; Pride 1994; Glover 2015) which forms at the 

94 solid-fluid interface in porous media. Theoretical developments (Revil & Glover 1997; 1998; Revil 

95 et al. 1999) have shown that the size of the Stern potential developed at the mineral-fluid interface 

96 depends upon the composition of the mineral grains and fluid (Leroy & Revil 2004; Tournassat et al. 

97 2009; 2013; Leroy et al. 2015). Since the surface charge controls the Stern zeta potential, which, 

98 together with the rock microstructure, controls the streaming potential coefficient (Glover & Déry 

99 2010; Glover 2012; Li et al. 2016), there is a functional link between clay minerals and 

100 seismoelectric coupling coefficient (Revil et al. 2005; Peng et al. 2018b). It is known that the phase 

101 due to induced polarization and Maxwell Wagner polarization (MWP) is very strong in shales 

102 (several hundreds of milliradians), which plays an important role in the seismoelectric coupling 

103 coefficient (Leroy and Revil, 2009; 2015). This effect is not accounted for in the Pride (1994) model, 

104 which was formulated for silica-based rocks. Furthermore the Pride model does not take account of 

105 the Stern Layer which can contain the majority of counterions. This creates a strong frequency 

106 dependent complex conductivity because of induced polarization. Consequently, the Pride model 

107 should be considered to represent the bottom limit of possible frequency-dependence in shales.

108 Another difficulty is that many of the models developed for describing both steady-state (Glover et 

109 al. 2012b; Walker & Glover 2014; 2018) or frequency-dependent (Peng et al. 2019; Glover 2018) 

110 electro-kinetic coupling measurements make the assumption that the EDL is thin compared to the 

111 pore size. This has been a restriction since the first models (Glover et al. 1994; Revil & Glover 1995) 

112 and provides difficulties for porous media with either small pores (such as shales), or medium to 

113 large pores when the pore fluid has very low salinities. In practice, the latter effect is not observed 

114 because mineral-fluid equilibrium ensures that sufficiently low salinities cannot be attained in rocks 

115 (Walker & Glover 2014). Instead, it is the pore microstructure that dominates the low salinity 

116 behaviour of streaming potential coupling (Glover et al. 2012b; 2018). The effect of the assumption 

117 is that rocks with very small pores will have their pore space dominated by the EDL, and any 

118 coupling will subsequently be limited, leading to measured coupling coefficients that are less than 

119 would have occurred if the rock had been composed of larger pores. In this work we implement a 

120 modification which allows thick double layers to be modelled (Kozak & Davis 1987).

121 In this paper, we present experimental measurements of seismo-electric conversion for 14 shale 

122 samples and 5 sandstone samples, the latter of which are primarily included for comparison. In 

123 addition, we have compared the differences in seismo-electric coupling between sandstones and 

124 shales by carrying out limited numerical modelling of the seismo-electric coupling as a function of 
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5

125 frequency using Pride’s (1994) equation with no MWP and Stern Layer component. Importantly, 

126 both experimental results and modelling show that the intensity of the seismo-electric conversion in 

127 the low-permeability shale is comparable to that produced in high-permeability sandstones. However, 

128 we acknowledge that new modelling will be necessary to extend the Pride (1994) model to include 

129 Stern Layer/Maxwell-Wagner effects before the experimental measurements can be fully accounted 

130 for.

131

132 2 Theory

133 Coupling between the acoustic field and electromagnetic fields of porous media depends on the 

134 existence of the electric-double layer (EDL), which is formed at the solid-fluid boundary in the pore 

135 space of porous media. The EDL includes a diffuse layer, which is electrically polarised, having 

136 unequal concentrations of positive and negative ions. Only the part of the diffuse layer closest to the 

137 mineral surface will be immobile, while the remainder will remain capable of flow. The propagation 

138 of seismic waves in the fluid-filled porous media causes movement of mobile fluids relative to the 

139 solid matrix (Glover et al. 2012b). Consequently, ions in the electrically neutral bulk fluid are moved 

140 together with electrically unbalanced ions in the mobile part of the diffuse layer. The resulting 

141 separation of charge leads to the development of a streaming potential, and a streaming 

142 counter-current which flows to balance the induced charge separation. The transient current flow is 

143 capable of generating electro-magnetic waves at discontinuous boundaries. Also the seismoelectric 

144 coupling coefficient L(ω) is developed to describe the coupling between the seismic and 

145 electromagnetic fields (Pride 1994; Haartsen & Pride 1997; Haines et al. 2007; Jouniaux & Zyserman 

146 2016). 

147 Pride (1994) derived the governing equations of the seismo-electric conversion for saturated porous 

148 media expressing the frequency-dependent seismo-electric coupling coefficient as

149 , (1)𝐿(𝜔) = 𝐿0[1 ― 𝑖𝜔𝜔𝑐𝑚 ∗
4 (1 ― 2

𝑑𝛬)
2

(1 ― 𝑖3/2𝑑𝛿)
2

]
―1/2

150 where, L0 is the low frequency seismo-electric coupling coefficient,  is the skin depth, ,  𝛿 =
𝜂𝜔𝜌𝑓 𝜂

151 is the pore fluid viscosity,  is the density of the pore fluid,  is the Debye length,  is the 𝜌𝑓 𝑑
152 characteristic length scale of the pores (Johnston et al. 1987). It should be noted that Pride model 

153 does not account for surface conductivity in the Stern layer band hence does not include induced 

154 polarization (IP) effects. 
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6

155 In Equation (1) the transition frequency, c, separating low-frequency viscous flow and 

156 high-frequency inertial flow, is given by 

157 ,  (2)𝜔𝑐 =
𝜙𝜂𝛼∞𝜌𝑓𝑘0

158 where  is the porosity,  is the steady-state permeability of the porous medium, and  is the  𝑘0

159 tortuosity of the pore space. 

160 The tortuosity is a term used to describe the sinuosity and interconnectedness of the pore space as it 

161 affects transport processes through porous media. Tortuosity has no simple or universal definition 

162 (Clennell 1997). We may understand the tortuosity in a simplified but not comprehensive way that 

163 the tortuosity of a pathway is defined as the ratio of the length of the pathway to the distance 

164 between the ends of it (Epstein 1989). There are many models for tortuosity estimation including 

165 hydraulic models (αh), electric models (αe) and diffusive models (αd). Values for hydraulic 

166 electrical and diffusional tortuosity are in general different from one another. Electrical tortuosity is 

167 defined in terms of conductivity whereas hydraulic tortuosity is usually defined geometrically, and 

168 diffusional tortuosity is typically computed from temporal changes in concentration (Clennell 1997). 

169 Usually, it is considered that αd ≈ αe < αh holds (Saomoto & Katagiri 2015; Thanh et al. 2019). 

170 In this paper, we use the α to represent tortuosity and consider α = αd = αe. Another definition 

171 was made by Glover (2009) in his physical interpretation of the cementation exponent, m as the rate 

172 of change of connectedness (G) of a porous medium with porosity () and connectivity (), as 𝑚 =  

173  , where the tortuosity is the inverse of the connectivity, αe=1/
𝑑2𝐺𝑑𝜒𝑑𝜙

174 Each of the models for tortuosity are a function of porosity despite of the difference between their 

175 background concepts (Saomoto & Katagiri 2015). The electrical tortuosity can be expressed as αe= 

176   m (David 1993; Glover 2012), where m is the cementation exponent. We do not use this equation 

177 to obtain the tortuosity in this work because it introduces a new unknown parameter m into the 

178 calculations. Similar expressions of tortuosity exist which are based on the experimental data. 

179 Bruggeman (1935) defined αe=α, with α usually chosen as 0.5, valid for packs of grains of 

180 porosity    this particular definition infers that m=1.5 for packs of glass beads, a result which 

181 has been validated. In this work we have used the modified Weissberg model (Boudreau 1996) to 

182 calculate the tortuosity

183  . (3)𝛼∞ = 1 ― 2.02𝑙𝑛(𝜙)

184 This relationship is an empirical equation which shows the best least-squares fits to experimental 

185 data. 
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7

186 The Pride (1994) model contains a dimensionless number (m), which we relabel as m* in order not to 

187 confuse it with the cementation exponent. The dimensionless number m* is given by (Pride 1994; 

188 Walker & Glover 2010)

189 ,  (4)𝑚 ∗ =
𝜙𝛼∞𝑘0
𝛬2

190 The value of m* is assumed to be 8 for sandstones (Pride 1994), and 12 if shale is modelled as a 

191 layered porous medium (Johnson et al. 1987). It should be noted that for most geological media the 

192 pore fluid is sufficiently saline for the Debye length to be much smaller than the characteristic length 

193 scale (i.e.,  << ). However, the pore size of shales may be comparable to the thickness of the 𝑑
194 double layer, hence, the thick double layer approximation have been developed. The assumption of 

195 thin double layer has been extended to account for thicker double layers, which still allows 

196 significant simplifications to be made (Kozak & Davis 1987).

197 The low-frequency seismoelectric coupling coefficient L0 can be written as

198  , (5) 𝐿0 = ― 𝜙𝛼∞𝜀𝑓𝜁𝜂 [1 ― 2
𝑑𝛬]

199 where  is the zeta potential, Ɛf  represents the fluid permittivity. If <<  , L0 can be simplified to𝑑
200 , (6) 𝐿0 = ― 𝜙𝛼∞𝜀𝑓𝜁𝜂
201 which is a statement of the classical Helmholtz-Smoluchowski equation (e.g., Glover 2012).

202

203 3 Experimental Measurement

204 3.1  Experimental Methodology 

205 The apparatus we have used to measure seismo-electric conversion in shale is shown in Figure 1. 

206 Both the seismo-electric and acoustic signals are collected by this apparatus, which operates in a 

207 water tank (Peng et al. 2017; 2018a). A compressional wave transducer (Panametrics-NDT V101, 

208 central frequency 0.5 MHz) produces acoustic waves, which propagate across a sample (4 cm×4 

209 cm×2 cm). These waves induce transient pressure differences across the sample, which give rise to 

210 the seismoelectric coupling in the sample.

211 The transient pressures at each side of the sample (P1 and P2) are measured by transient pressure 

212 transducers (also Panametrics-NDT V101), which are placed on each side of the rock sample. The 

Page 7 of 84 Geophysical Journal International

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



8

213 transient pressure difference ΔP (ΔP=P1-P2) is amplified by a pre-amplifier (Olympus Ultrasonic 

214 Preamplifier 5660c) and monitored using an oscilloscope (Agilent Technology DSO6012A). 

215 The transient seismoelectric voltage signals at each side of the sample are measured by two 

216 non-polarising Ag/AgCl electrodes (V1 and V2). These electrodes cover the entirety of two opposite 

217 faces of the sample (i.e., each are 4 cm×4 cm in area) and are 0.1 cm thick. The electrodes are placed 

218 between the pressure transducers and the sample, and are positioned 0.1 cm away from the sample 

219 surface to avoid the surface conductivity in our experiments. The instantaneous seismo-electric  

220 potential ΔV is the instantaneous difference between these two potential measurements 

221 (ΔV=V1-V2). 

222 The seismoelectric coupling coefficient L(ω) calculated by the amplitude of the seismo-electric 

223 signals (V1) divided by the acoustic pressure difference (V1/ΔP) (Zhu et al. 2013, 2015). The 

224 instantaneous ratio of ΔV/ΔP is the experimental value of the streaming potential coefficient of the 

225 rock sample (Zhu et al. 2008). In the experimental procedure we improve the signal to noise ratio of 

226 the measured seismoelectric signals (V1 and V2) by stacking 1024 measured values . 

227

228 Figure 1. Schematic diagram of the seismo-electric apparatus. The wave source, sample and all transducers 

229 and electrodes are placed in a water tank.

230

231 In this work we have measured 14 samples of shale from the Sichuan Basin in China. Measurements 

232 were made both parallel and perpendicular to the observed bedding plane to provide L(ω) in the two 
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9

233 directions, as shown diagrammatically in Figure 2. We used X-ray diffraction techniques to obtain 

234 the composition of the shale samples. The samples have a characteristic porosity less than 5% (Deng 

235 et al. 2015) and permeability of approximately less than 1 mD (Fu 2017). The shales have variable 

236 composition with 17%wt. to 29%wt. of various clay minerals together with variable amounts of 

237 quartz, K-feldspar and plagioclase feldspar. Full data on this shale samples are available in Table 1.

238

239 Figure 2. Schematic diagram of shale rock samples. The symbols SE(0°) and SE(90°) represent the 

240 seismo-electric measurements parallel and perpendicular to shale bedding, respectively.

241

242 We have also measured 5 samples of sandstone from a tight gas reservoir in northwest China. These 

243 sandstones have a characteristic porosities and permeabilities in the ranges 1% to 13.7% and 0.235 

244 mD to 58.7 mD, respectively. The sandstones have variable composition with 59.3%wt. to 71.4%wt. 

245 of quartz together with variable amounts of feldspar, calcite and muscovite, and less than 5%wt. of 

246 clay minerals (wt represents the mass percentage). Full data on the sandstone samples are provided in 

247 Table 2.

248 Table 1. Parameters of the shale samples

Sample Porosity

0°

Permeability 

(mD)

90°

Permeability 

(mD)

Mean 

Permeability 

(mD)

Quartz

(%)

K-Feldspar

(%)

Plagioclase 

(%)

Dolomite 

(%)

Clay

(%)

Calcite

(%)

TOC

(%)

Shale 1 0.0442 0.00074 0.00686 0.00380 61.6 12.4 3.5 - 22.5 - 3.61

Shale 2 0.0247 0.000442 0.00946 0.00495 72.1 7.4 2.6 - 17.9 - 4.01

Shale 3 0.0429 0.000894 0.00205 0.00147 58.9 11.7 4.6 - 24.8 - 3.60

Shale 4 0.0365 0.00300 0.211 0.107 73.7 6.0 1.9 - 18.4 - 4.63

Shale 5 0.0494 0.00120 0.0148 0.00800 57.3 12.3 1.6 - 28.8 - 3.96

Shale 6 0.0145 0.000257 0.00195 0.00110 41.4 7.9 1.9 30.0 18.8 - 3.81

Shale 7 0.0124 0.00130 0.00170 0.00150 36.2 6.4 2.0 36.3 19.1 - 3.04
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10

Shale 8 0.0360 0.000760 0.00264 0.00170 73.3 3.5 3.0 - 20.2 - 3.40

Shale 9 0.0400 0.000491 0.00571 0.00310 67.7 7.4 2.6 - 24.3 - 4.05

Shale 10 0.0410 0.00091 0.00449 0.00270 68.6 6.2 2.4 - 22.8 - 4.00

Shale 11 0.0130 0.00172 0.00256 0.00214 67.7 6.9 2.5 - 22.9 - 3.30

Shale 12 0.0320 0.00151 0.00233 0.00192 48.0 14.8 5.1 4.9 23.2 4 0.88

Shale 13 0.0170 0.00278 0.00506 0.00392 76.1 3.9 2 - 18.0 - 5.02

Shale 14 0.01800 0.00067 0.00253 0.00160 30.1 6.8 1.3 45.0 16.8 - 0.81

249 Note: Permeability is Klinkenberg-corrected permeability, average permeability of shale means the average 

250 permeability tested parallel (0°) and perpendicular (90°) to shale bedding. The porosity is effective porosity 

251 acquired by helium porosimetry measurements with the gas volume method. TOC = Total Organic Carbon.

252

253

254 Table 2. Parameters of the sandstone samples

Sandstone 

samples
Porosity

Permeability

(mD)

Quartz

(%)

Feldspar

(%)

Calcite

(%)

Muscovite

(%)

Clay

(%)

Sandstone 1 0.0621 0.914 64.9 27.4 2.8 2.5 2.4

Sandstone 2 0.124 11.4 71.4 23.6 1.1 1.8 2.1

Sandstone 3 0.137 58.7 64.2 30.2 1.3 1.7 2.6

Sandstone 4 0.0390 10.1 59.3 28.5 4.5 3.5 4.2

Sandstone 5 0.0100 0.235 68.8 26.1 1.8 1.4 1.9

255 Note: Permeability is Klinkenberg-corrected permeability. The porosity is effective 

256 porosity acquired by helium porosimetry measurements with the gas volume method. 

257 All the samples are saturated with NaCl concentration by vacuuming for 8 hours, so that 

258 the solution and the fluid in pore space of samples are fully mixed, and then the samples 

259 stand for one day to keep the stability of the whole sample and fluid system before 

260 measurements.

261 3.2 Experimental Results

262 Figure 3 shows a direct comparison of the measured seismoelectric signals for three shale samples 

263 and three sandstone samples of varying porosity and permeability together with a reference trace 

264 with no seismic source present. 

265 In the absence of a sample (Trace 1) no seismo-electric signal is present but with an interference 

266 signal in Trace 1 at the starting moment, this is in accordance with Wang et al. (2020) observed in 

267 their experiments. The seismo-electric signals appearing in other 6 traces are those where a sample 

268 has been applied, demonstrating that the observed transient electric signals are due to seismo-electric 

269 conversion in the rock samples under the excitation of acoustic pressure. This observation is 

270 confirmed by calculating the expected arrival time of the seismo-electric signal. In these experiments 

271 the source-sample distance was 6±0.1 cm and the pressure wave velocity in the water is about 1500 
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11

272 m/s. Consequently, a seismoelectric signal would be expected to occur 40±0.67 s after the source 

273 pulse. In these experiments the measured electric potential arrived at 39.04±0.5 s, where the 

274 uncertainty reflects the spread of measurements and the experimental uncertainty, and this is the one 

275 way travel-time of the pressure wave from the source to the sample.

276 In Figure 3 the size of the seismo-electric signal increases with the increasing porosity and 

277 permeability for sandstones. For example, the seismo-electric coupling is relatively weak for 

278 Sandstone 1 (k=0.914 mD), but larger for the sandstone samples which have higher permeabilities. 

279 On this basis, one might expect the amplitude of the seismo-electric signals of the much lower 

280 permeability shales (0.00147 to 0.00495 mD) to be extremely small and perhaps unmeasureable. 

281 However, that is not the case. Figure 3 shows seismo-electric signals for shales of 0.00495 mD 

282 permeability (Shale 2; Trace 6) with amplitudes as large as those for samples with permeabilities 4 

283 orders of magnitude larger (58.7 mD; Sandstone 3; Trace 4). In summary, although the magnitude of 

284 the seismoelectric signals is related to porosity and permeability for both sandstones and shales, the 

285 seismoelectric signals of shales are comparable to those of the sandstones even though the shales 

286 have much lower permeabilities. 

287

288 Figure 3. The measured seismoelectric signals (V1) of sandstones and shales at T=25oC, in water and with a 

289 source-sample distance of 6 cm. The floating y-axis scale refers to all traces and is relative to the baseline of 

290 each trace. The permeability, k, and porosity, , of each sample is also given.

291

292

293 We hypothesize the existence of some other characteristic that enhances seismo-electric conversion 

294 in shales so they can provide comparable seismo-electric signals’ amplitudes despite the shales 

295 having permeabilities approximately 5 orders of magnitude smaller than the sandstones. 
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296 The experimental measurements show that the amplitude of the induced seismo-electric signal is also 

297 dependent on anisotropy. Figure 4 shows the seismo-electric signals measured in each of two 

298 orthogonal directions on 3 shale samples (Figure 4a) and on 3 sandstones (Figure 4b). In this 

299 experiment the distance between the acoustic source and the rock sample was 8±0.1 cm. Taking the 

300 acoustic velocity in water to be about 1500 m/s, as before, predicts the seismo-electric conversion 

301 signal to arrive at about 53.33±0.67 s. Experimentally measured value, which can be read from 

302 Figure 4 was 52.5±0.5 s. 

303

304 Figure 4. The seismoelectric signals of (a) 3 shale samples, and (b) 3 sandstone samples. The signals 

305 measured parallel to the shale bedding (red line) are much larger than those measured perpendicular to the 

306 shale bedding (in-filled black line) in the case of the shales, but there is no difference for the sandstones.

307

308 In Figure 4a the measurements for shale samples made parallel to bedding (SE( ), red line) and 0°

309 vertical to the shale bedding (SE( ), in-filled black line) are different, with the measurements 90°

310 parallel to the shale bedding (red line) being significantly larger than those measured perpendicular 
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311 to the shale bedding (in-filled black line). Clearly, the anisotropy of the shale has a measureable 

312 effect on the strength of seismo-electric conversion. This contrasts with the situation for sandstones. 

313 For sandstones measured in this work (Figure 4b), no bedding was observable. Consequently, the 

314 two orthogonal measurements given in the figure, though made perpendicular to each other, are not 

315 related to a bedding plane. These two measurements behave in the same way and have the same 

316 intensity. Consequently, it might be said that measurements of the amplitude of the seismo-electric 

317 signals in the sandstones exhibit isotropic seismo-electric conversion, as would be expected.

318

319 Figure 5. The frequency spectra of seismoelectric signals for the 3 shale samples whose data appear in Figure 

320 4.

321

322 Analysis of the frequency spectra of the induced seismoelectric signal has been carried out for all 

323 shale samples and for both directions of measurement. Figure 5 shows the seismoelectric signal 

324 frequency spectra for those sample traces shown in Figure 4. In all cases the modal frequencies of the 

325 spectra correspond approximately to the frequency of transmitting transducer (0.5 MHz). For 

326 measurements parallel to the bedding the modal peak falls in the range 0.5±0.008 MHz. By contrast, 

327 the frequency spectra of seismoelectric signals made perpendicular to bedding exhibit smaller 

328 amplitudes, as also seen in Figure 4, and are broader, with a modal peak value which falls in the 

329 broader range 0.5±0.05 MHz. The process which broadens the spectra for measurements made 

330 perpendicular to the bedding in shales is not currently known.

331 Most of the experimental results conform to what might been expected. The most interesting 

332 unexplained observation is that seismoelectric coupling, while it clearly depends on porosity and 

333 permeability for both shales and sandstones, is equally strong for shales than for sandstones even 

334 though shales have a much lower permeability. We have carried out numerical modelling of the 

335 Pride (1994) theory of frequency-dependent seismo-electric conversion in porous media in order to 
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336 try to understand the effect. Numerical modelling has also been carried out to ascertain whether it is 

337 possible to model our experimental measurements on both shales and their corresponding 

338 sandstones. An associated objective was to understand the sensitivities of the amplitude and phase of 

339 the generated seismoelectric signals to a number of important rock parameters, including porosity, 

340 permeability, tortuosity, zeta potential and dimensionless number occurring in Equation (1).

341 4 Numerical modelling 

342 4.1 Modelling methodology

343 This section is dedicated to examining how the frequency dependence of the seismo-electric 

344 coupling coefficient L(ω) depends on major rock parameters. In order to do this the 

345 Helmholtz-Smoluchowski (Equation (6)) and the Pride (Equation (1)) relationships have been 

346 implemented in the frequency domain using numerical modelling with Matlab.  

347 The Helmholtz-Smoluchowski relationship for Csp0 (Equation (6)) and the Pride relationship for L(ω) 

348 (Equation (1)) imply that there are many factors affecting the seismo-electric conversion. These 

349 include the transition frequency , the Debye length , the skin depth , the characteristic length 𝜔𝑐 𝑑 𝛿
350 scale of the pores , the dimensionless number m*, porosity ϕ, permeability , tortuosity  and 𝑘0 𝛼∞
351 zeta potential . 𝜁
352 In this work we assume the Debye length  of shale and sandstone in NaCl solution are the same, 𝑑
353 equal to 3.0709×10-6 m, and can be written as (Debye & Hückel 1923) 

354  , (7)𝑑 =  
𝜀𝑓𝑘𝐵𝑇2000𝑁𝑒2𝐼𝑓

355 where  is the absolute permittivity of the fluid,  is Boltzmann’s constant, T is absolute 𝜀𝑓 𝑘𝐵
356 temperature,  is the Avogadro's number defined as N=6.022×1023 in molarity, e is the electric  𝑁
357 charge, and If is the ionic strength ( ), where Zi is the ionic valence ( Z = 1 for an NaCl 𝐼𝑓 =  

1

2
∑𝑛𝑖 = 1

𝑐𝑖𝑧2𝑖
358 solution),and Ci is the molar concentration of the ions in the fluid. For a NaCl solution, If = C, where 

359 C is the fluid concentration. This assumption remains valid providing the temperature and salinity of 

360 the pore fluid remains unchanged. We also assume that the skin depth  ( ) for shale and 𝛿 𝛿 =
𝜂𝜔𝜌𝑓

361 sandstone are also identical (i.e., the same pore fluid with the same density and viscosity is present in 

362 both rocks). Hence, we present numerical modelling results for the variation of frequency-dependent 

363 eismo-electric coupling coefficient L(ω) as a function of frequency and m*, porosity, permeability, 

364 tortuosity and zeta potential.
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365 In addition to the variables examined by numerical modelling, there are also some variables which 

366 are either fundamentally constant or that we have held constant for the purposes of the modelling. 

367 These values are shown in Table 3.

368 Table 3. Parameters used in numerical modelling of frequency-dependent seismo-electric coupling 

369 coefficients.

Parameters

S
y
m

b
o
l

Values used in modelling Unit

Fluid viscosity 𝜂1 0.001 N.s/m2

Fluid concentration C 1 × 10―5 mol/L

Water density 𝜌𝑓1 1000 kg/m3

Absolute temperature 𝑇1 298 K

Ion concentration 𝑁1 6.022 × 1023 ions/m3

Charge of an electron 𝑒1 1.602 × 10―19 C

Boltzmann’s constant 𝑘𝐵1 1.381 × 10―23 J/K

Fluid permittivity 𝜀𝑓1 80 × 8.854 × 10―12 F/m

Sample permittivity 𝜀𝑟1 4 × 8.854 × 10―12 F/m

Tortuosity 𝛼∞ [2, 4, 6, 8, 10] -

Porosity 𝜙 [0.0001, 0.001, 0.05, 0.1, 0.5] -

Permeability 𝑘0 [0.001, 0.01, 1, 50, 1000] mD

The dimensionless number m* [6, 8, 12, 14, 18] -

the characteristic length scale of the 

pores
 [0.01, 0.05, 0.1, 0.3, 1] μm

Zeta potential 𝜁 [0.01, 0.1, 1, 10, 100] mV

370 1Zhu et al. (2015)

371 4.2  The effect of dimensionless number

372 The dimensionless number m* describes the geometric characteristics of pore space and consists 

373 only of the pore-space geometry terms (Equation (4)). Figure 6 shows the effect of the dimensionless 

374 number m* on seismo-electric coupling coefficient L(ω). Values of m*=8 and m*=12 are the 

375 characteristic for sandstone and shale (Johnson et al. 1987). We chose to model m*=6, 8, 12, 14, 18 

376 to see the influence of dimensionless number m* on L(ω) and including the accepted values of m* 

377 for sandstone and shale. In modelling L(ω) as a function of frequency and m*, porosity, 

378 permeability, tortuosity and zeta potential were all kept constant, with ϕ=10% (0.1), k0=10 mD, 

379 α=3, and ζ=-40 mV.

380
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381

382 Figure 6. The effect of varying the dimensionless number m* on modelled frequency-dependent L(ω), with 

383 =10% (0.1), k0=10 mD, =3, and =-40 mV all held constant. The two bold curves m*=8 and 

384 m*=12 are the reported values for sandstone and shale, respectively (Johnston et al. 1987), the solid 

385 line (a) and dashed line (b) are the amplitudes and the phases of the L(ω), respectively.

386

387 Figure 6 clearly shows that the amplitude and phase of the seismo-electric coupling coefficient are 

388 independent of m* when the frequency is lower than 100 kHz. Above this frequency an increase in 

389 m* shifts the dispersion in the L(ω) to lower frequencies, decreasing the critical frequency. However, 

390 the effect is small. For example, at 1000 kHz the difference in amplitude of the seismo-electric 

391 coupling coefficient resulting from the change of dimensionless number from m*=8 to m*=12 is only 

392 about 6×10-11. Hence, the dimensionless number has a little influence on the seismo-electric coupling 

393 over a large frequency range (0-1000 kHz). One interpretation of this phenomenon is that the 

394 seismo-electric coupling coefficient is not affected by large scale microstructure and disorder in a 
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395 porous medium (Charlaix et al. 1988). However, it is possible that other mechanisms might give rise 

396 to frequency-dependence at low frequencies such as Stern plane polarization.

397

398 Figure 7. The effect of changing porosity on (a) the amplitude, and (b) the phase of the frequency-dependent 

399 L(ω) as a function of frequency. Other parameters, m*=10, k0=10 mD, =3, and =-40 mV held constant.

400

401
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402 4.3  The effect of porosity 

403 When modelling the effects of porosity we have to cover a wide range of values. The porosity of 

404 conventional sandstones is generally in the range 5% to 30% (0.05 to 0.30). By comparison shales 

405 may have an even wider range of porosities, from Sichuan shales which have values less than 5% 

406 (Deng et al. 2015) to some gas shales with porosities approaching 30% (0.30). Consequently, we 

407 have carried out modelling from 0.01% to 50% (0.0001 to 0.5) in order to capture all possible values. 

408 During the modelling L(ω) as a function of frequency and porosity, the dimensionless number, 

409 permeability, tortuosity and zeta potential were all kept constant, with m*=10, k0=10 mD, =3, and 

410 =-40 mV.

411 Figure 7 shows how varying the porosity of the porous medium affects the amplitude and phase of 

412 the frequency-dependent seismo-electric coupling coefficient. The range of modelled values is so 

413 great that the results for the smaller porosities are shown on an expanded scale in the inset of the 

414 figure. It is clear that values of the amplitude of the L(ω) are very small (<5×10-11) for porous media 

415 whose porosity is less than 5% (purple line). As porosity increases there is an increase in the 

416 amplitude of the L(ω) by about 3.5 orders of magnitude (from about 1×10-12 to just under 5×10-9) as 

417 well as an increase in the critical frequency from about 1 kHz for =0.0001 (0.01%) to about 10 

418 MHz for =0.5 (50%). Hence, the numerical modelling results indicate that porosity has a strong 

419 effect on the amplitude of low frequency seismo-electric coupling as well as the frequency at which 

420 dispersion occurs. 

421 4.4  The effect of the characteristic length scale of the pores ()

422 Figure 8 is the image analysis of scanning electron microscopy from the shale samples in the 

423 southern Sichuan Basin (Wang et al. 2014). The shale in Longmaxi formation in Sichuan Basin is 

424 mainly composed of intergranular pores, inter-crystalline pores, organic matter pores and fossil 

425 interpores. The first four pore types belong to inorganic type, while the latter two pore types are 

426 organic type.

427 The pore size in the shale samples from Sichuan Basin is mainly from nanometer to micrometer scale. 

428 The matrix pore size is generally less than 2 μm, and its main pore length is in the range of 0.1-1 μm. 
429 The pore size of organic matter is mostly from 0.01 μm to 0.3 μm. The pore morphology is mainly 

430 round, elliptical and irregular and the pore characteristics of Sichuan shale are similar to the Barnett 

431 shale in North America (Wang et al. 2014; Zhang et al. 2014; Liu et al. 2019).

432 Consequently, we have carried out modelling for characteristic length scale of the pores () covering 

433 the entire range of observed length scales, viz. 0.01 μm, 0.05 μm, 0.1 μm, 0.3 μm, 1 μm, in order to 

434 examine the effect of altering the length scale of pores on the seismo-electric coupling. Figure 9 

435 shows the effect of the characteristic length scale of the pores in numerical results. The red curve 
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436 corresponds to the smallest pore size (0.01μm), and shows the smallest seismo-electric coupling 

437 coefficients. The low frequency seismo-electric coupling coefficient increases as pore length scale 

438 increases, seeming to reach a limiting behaviour. Increasing the value of pore length reduces the 

439 value of the critical frequency, producing dispersive behavior at lower frequencies as the pore scale 

440 increases. This corresponds with structures at larger pore scales causing lower frequency (longer 

441 period) dispersion, from which we infer a dispersive process with a fixed mobility or transport rate.

442

443 Figure 8. Image analysis of scanning electron microscopy from the shale samples in the southern Sichuan 

444 Basin. (a) Microfractures filled with organic matter, (b) inter-granular pores of quartz, (c) inter-granular pore 
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445 after argon ion polishing, (d) inter-crystalline pores, (e) pores of organic matter, (f) internal pores of graptolite 

446 (Wang et al., 2014).

447

448 Figure 9. The effect of changing pore length on (a) the amplitude, and (b) the phase of the 

449 frequency-dependent L(ω). Other parameters, =10% (0.1), =3, and =10 mD held constant.

450

451 4.5  The effect of permeability

452 Numerical modelling has also shown that the frequency-dependent seismo-electric coupling 

453 coefficient depends upon permeability in a complex way. Modelling has been carried out for five 

454 values of permeability as a function of frequency. The modelled numerical values of permeability are 

455 100 nD, 10 D, 1 mD, 50 mD and 1 D, while keeping the dimensionless number, porosity, tortuosity 

456 and zeta potential constant at m*=10, =10% (0.1), =3, and =-40 mV. This range of 
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457 permeabilities covers most sandstones and shales, with most conventional reservoir sandstones 

458 falling in the range 50 mD<k0<1 D, tight sandstones and carbonates falling in the range 50 

459 D<k0<50 mD, and most shales having k0<10 D and usually in the hundreds of nanodarcies. The 

460 permeability of Sichuan shale is less than 1 mD (Fu 2017). 

461

462 Figure 10. The effect of changing permeability on (a) the amplitude, and (b) the phase of the 

463 frequency-dependent L(ω). Other parameters, m*=10, =10% (0.1), =3, and =-40 mV held constant.
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464

465 The numerical modelling results displayed as Figure 10 show that, for the sandstone permeabilities 

466 (k0=1 D, 50 mD; red line, green line, respectively), the amplitude of the seismo-electric coupling 

467 coefficient is independent of frequency at frequencies below about 1 kHz, which is also indicated by 

468 the phase of the seismo-electric coupling coefficient being close to zero for these frequencies. The 

469 amplitude of this low frequency behaviour depends very little on permeability, sharing the same 

470 value. Dispersion occurs at higher frequencies with the critical frequency occurring at about 10 kHz 

471 for k0= 1 D and increasing to about 200 kHz for k0=50 mD. The same pattern continues into the tight 

472 clastic rock range of permeabilities (k0=1 mD, 10 D; black line, brown line, respectively) and then 

473 for the shale permeability range (k0=100 nD; blue line), with the range of frequency independent 

474 behavior increasing, the value of the critical frequency increasing and surpassing 10 MHz, and 

475 seeing a small decrease in the amplitude of the seismo-electric coupling coefficient for the lowest 

476 permeabilities.

477 This behavior is important as it implies that the strength of seismo-electric coupling in shales is not 

478 affected by their low permeabilities, sharing approximately the same value of seismo-electric 

479 coupling coefficient as rocks with permeabilities 7 orders of magnitude larger (providing they share 

480 the same values of dimensionless number, porosity, tortuosity and zeta potential). Such behavior 

481 accords well with our experimental results, and confirms that the similar measured seismo-electric 

482 coupling coefficient for shales and sandstones is relatively independent of their very different 

483 permeabilities, but rather controlled by their porosities which are different, but not to the same 

484 degree that the permeabilities vary.

485 4.6  The effect of tortuosity 

486 Tortuosity also affects both the amplitude and the phase of the seismo-electric coupling coefficient, 

487 as shown in Figure 11. We have carried out numerical modelling of the amplitude and phase of the 

488 seismo-electric coupling coefficient for 5 values of tortuosity (=2, 4, 6, 8, 10) while keeping the 

489 other parameters constant (m*=10, =10% (0.1), k0=10 mD, and =-40 mV). This range of 

490 tortuositys is equivalent to a range of cementation exponents of m=1.2 to 2 for a porous medium of 

491 10% porosity, according to the relationship = m (Glover 2012).

492 The amplitude of the seismo-electric coupling coefficient is independent of frequency at low 

493 frequencies and undergoes dispersion at higher frequencies. The value of the low frequency 

494 (steady-state) seismo-electric coupling coefficient is very sensitive to changes in tortuosity, 

495 decreasing from about 1.4×10-9 to 0.3×10-9 as the tortuosity increases from 2 to 10. The onset of 

496 dispersive behaviour is also sensitive to tortuosity, but less so than the steady-state seismo-electric 

497 coupling coefficient. If we take critical frequency as a measure of the frequency at which dispersion 
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498 occurs, the critical frequency decreases from about 2 MHz to about 300 kHz as tortuosity increases 

499 from 2 to 10.

500

501 Figure 11. The effect of changing tortuosity on (a) the amplitude, and (b) the phase of the 

502 frequency-dependent L(ω). Other parameters, m*=10, =10% (0.1), =10 mD, and =-40 mV held constant.

503
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504 The variation of L(ω) with tortuosity has implications for measurements made on shales. Shales 

505 generally have higher values of tortuosity, which would be expected to lead to a lower strength of 

506 seismo-electric coupling, and for a smaller frequency range. However, given that the critical 

507 frequency for a tortuosity of 10 is as high as 300 kHz, this restriction is very unlikely to be important 

508 as it is much higher than seismic frequencies.

509 4.7  The effect of zeta potential 

510 Zeta potential strongly affects the amplitude of the seismo-electric coupling coefficient but has no 

511 effect on its phase, as shown in Figure 12. Numerical modelling of the amplitude and phase of the 

512 seismo-electric coupling coefficient has been carried out for 5 values of zeta potential from -0.01 mV 

513 to -100 mV in order of magnitude steps, while keeping all other parameters constant (m*=10, =10% 

514 (0.1), =10 mD, and =3). This range of zeta potentials covers almost the entire range of values 

515 measured experimentally (Walker & Glover 2018), where the maximum zeta potential value is about 

516 -150 mV and the minimum is about -2 mV.

517 Once again the amplitude of the seismo-electric coupling coefficient is independent of frequency at 

518 low frequencies and undergoes dispersion at higher frequencies. The value of the low frequency 

519 (steady-state) seismo-electric coupling coefficient is approximately linearly sensitive to changes in 

520 tortuosity, increasing over 4 orders of magnitude from about 2×10-13 to almost 2.5×10-9 as the zeta 

521 potential also increases by four orders of magnitude, from -0.01 mV to -100 mV. 

522 Unlike the other variables examined in our modelling, varying the zeta potential has no effect on the 

523 critical frequency. This is expected since the zeta potential does not occur in the 

524 frequency-dependent terms in Equation (1). 

525 The numerical modelling confirms the expectation that the zeta potential is critical to the control of 

526 the steady-state seismo-electric coupling coefficient, defining its low frequency behaviour, but has 

527 no role in controlling the frequencies at which dispersion occurs as characterised by the critical 

528 frequency. 

529 4.8  Low frequency behaviour

530 The seismoelectric coupling coefficient is a function of frequency but only at high frequencies. The 

531 value of the constant, low frequency behavior depends strongly on porosity, tortuosity and zeta 

532 potential, but very little on permeability, and is independent of the dimensionless number. This 

533 behaviour is consistent with Equation (6), which describes the low frequency behavior of the L(ω). 

534 However, Figure 8 shows that there is a slight dependence of L(ω) on permeability for very low 

535 permeabilities. This may be due to the assumption <<   breaking down as  becomes very small 𝒅
536 in low permeability shales. Consequently, we may expect that the low permeability may also reduce 

537 the strength of seismo-electric coupling in shales.
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538

539 Figure 12. The effect of changing zeta potential on (a) the amplitude, and (b) the phase of the 

540 frequency-dependent L(ω). Other parameters, m*=10, =10% (0.1), =10 mD, and =3 held constant.

541
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542 Examination of the variables controlling the seismo-electric coupling coefficient L(ω) in this section, 

543 leads us to recognize that for most relevant frequencies, porosity, tortuosity and zeta potential are 

544 most important. However, the porosity of the Sichuan shales is low in this work, and their tortuosity 

545 is high (Chen et al. 2015). Both of these observations conspire to reduce the strength of 

546 seismo-electric coupling. That seismo-electric coupling is at least as great as that found in sandstones 

547 is observed experimentally implies, therefore, that the shales must exhibit a higher zeta potential. 

548 Furthermore, such an enhanced zeta potential should be related to the mineralogical composition of 

549 the rock. This hypothesis is explored in the last section of this paper.

550 Typical shale values (say, m*=12, =5% (0.05), k0=0.005 mD, =2.66 (= (1-2.02ln0.05)1/2 = 

551 2.66, and =-100 mV) lead to a low-frequency seismo-electric coupling coefficient of 

552 approximately 1.344×10-9 at 100 Hz. This value represents a strong seismo-electric effect which 

553 can explain the experimental observations (Figure 3) described earlier in this paper. We have 

554 carried out further numerical modelling matched to the experimental conditions in order that the 

555 modelling results can be compared directly with the experimental measurements. This work is 

556 described in the next section.

557 4.9  High frequency behaviour

558 At higher frequencies dispersion occurs, reducing the amplitude of the L(ω) and increasing its phase 

559 ultimately to /2 radians. The frequency at which this behavior occurs is characterized by a critical 

560 frequency, which is defined as the frequency where the phase angle is /4 radians. Figures 6 to 10 

561 show clearly that all of the variables tested in this work except the zeta potential affect the critical 

562 frequency, sometimes by several orders of magnitude. This is consistent with Equation (1) which 

563 contains all of the variables except the zeta potential in the frequency-dependent part of the equation. 

564 However, and remembering that we were careful to ensure that our input variables covered the whole 

565 range expected for conventional and unconventional reservoir rocks, the critical frequencies are so 

566 high that they occur several orders of magnitude above those frequencies encountered in practical 

567 exploration seismology. The frequency range of seismo-electric exploration is determined by the 

568 seismic and acoustic source. The source frequency of seismic exploration is mainly less than 1000 

569 Hz, and the emission frequency of acoustic source used in well logging is mainly in the range of 

570 2~20 kHz. The seismic source and well logging acoustic source are both used as the source in 

571 seismo-electric exploration, hence, the frequency range for the seismo-electric exploration will not 

572 exceed 20 kHz. Consequently, it is unnecessary to use frequency-dependent L(ω) when dealing with 

573 seismo-electric applications except when the characteristic frequency exceeds at least 20 kHz.

574 5.  Comparing numerical results with experimental data

575 We have compared the frequency-dependent amplitude of the seismoelectric coupling coefficient 

576 L(ω) of sandstone and shale samples obtained experimentally earlier in this paper with results from 
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577 numerical modelling of the Pride (1994) model but constrained by independently obtained sample 

578 characteristics such as porosity, permeability, tortuosity etc. The porosities and permeabilities were 

579 measured in the laboratory. The calculation parameters are shown in Table 4.

580 The zeta potential of solid porous materials is difficult to measure experimentally. It requires the 

581 measurement of the seismoelectric coupling coefficient, and then calculation of the zeta potential 

582 assuming that the Helmholtz-Smoluchowski equation is valid (Walker et al. 2014). Consequently, in 

583 many applications empirical relationships between the zeta potential and the pore fluid salinity are 

584 used. 

585 Pride and Morgan (1991) first produced an empirical fit of zeta potential  to pore fluid salinity C 

586 using 35 data points. They obtained the relationship of the form

587 , (8)𝜁 = 𝑎 + 𝑏𝑙𝑜𝑔10(𝐶)
588 with a = -8 mV and b=26 mV, which was later found to arise from a theoretical model for ζ (Revil & 

589 Glover 1997; 1998; Revil et al. 1999a) if a number of simplifying assumptions applied. These were 

590 (i) that the pH of pore fluid was approximately 7, (ii) that the pore fluid is a Na+ or K+ symmetric 

591 electrolyte, (iii) that the influence of H+ and OH− ions on the ionic strength of the solution saturating 

592 the pores could be neglected (Revil & Glover 1997), and (iv) that direct adsorption of K+ and Na+ 

593 ions upon the silica surface could also be neglected. Consequently, it was implied that the rock 

594 would be a sandstone. Recently a fit has been implemented on a very large dataset of sandstones 

595 (1253 measurements) (Walker & Glover 2018), which confirms Equation (8) and provides a = 

596 -3.505 ± 28.823 mV and b=11.33 ± 4.06 mV. The uncertainty of a and b is because the values 

597 obtained are for an aggregation of different samples and rock types at uncontrolled pH.

598 However, good relationships of the form of Equation (8) for silica-based rocks, and despite the fact 

599 that Equation (8) can be derived from EDL equations for silica-based rocks, it cannot be assumed 

600 that an equation of this form will be valid for shales, where the presence of stern-plane polarization 

601 in clays is an important additional factor. Figure 13 shows 13 measurements of the zeta potential in 

602 shales saturated with NaCl and KCl solutions from four sources together with a best fit of Equation 

603 (8). The combined datasets shows a considerable scatter, and it is not possible to say that Equation 

604 (8) is indicated by the data. If Equation (8) is fitted to the shale data, we obtain a=19.14± 24.32 mV, 

605 b=21.07 ± 8.17 mV, with the coefficient of determination R2=0.874, and is shown by the red line in 

606 Figure 13. Many more measurements on shale are required before we can even say that Equation (8) 

607 is a valid empirical approximation let alone define its parameters.

608 Figure 14 shows the numerical and experimental amplitude of the seismoelectric coupling coefficient 

609 L(ω) of sandstones and shale samples as a function of frequency. The experimental data includes an 

610 assessment of uncertainty for each measurement based on the propagation of experimental 
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611 uncertainties associated with the measurement of the transient seismoelectric potential and transient 

612 pressure differences. In each case the experimental measurements agree fairly well with the 

613 numerical modelling, indicating that, while not ideal, a model based on the Pride (1994) approach 

614 captures the features of the experimental data well. 

615

616 Figure 13. Zeta potential of shales (orange line). The symbols are experimental values of zeta potential measured 

617 on shale and clay minerals extracted from previous research for which pH= 6-7.

618

619 The fits shown in Figure 14 show that the amplitude of the seismoelectric coupling coefficient for 

620 shales is of comparable size and sometimes surpasses that of the sandstones despite the low 

621 porosities and permeabilities exhibited by the shales. This phenomenon depends upon the shales 

622 having larger zeta potentials. Indeed, the modelling shown in Figure 14 uses an imposed zeta 

623 potential function for shales that results in greater zeta potentials than the zeta potential function 

624 imposed for the sandstones (see Table 4) for all values of fluid concentration less than 0.02482 

625 mol/dm3. At the fluid concentration used for the experiments and the modelling (10-5 mol/dm3) the 

626 zeta potential for the shale modelling is 1.622 times larger than that used for the sandstone 

627 modelling.

628 6.  Seismo-electric coupling and clay mineralogy

629 Since the experimental and modelling results given in this paper strongly suggest that shales exhibit 

630 a larger zeta potential, we have examined their mineralogical composition. Analysis of the 

631 mineralogical composition of the 14 samples of Sichuan Basin shale used in this work was carried 

632 out by X-ray diffraction (XRD). 
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Table 4. The input parameters used in numerical modelling of frequency-dependent seismoelectric coupling coefficients of shales and sandstones

Parameters

S
y
m

b
o
l

Values of shale

used in modelling

Values of sandstone

used in modelling
Unit

Fluid concentration C 1 × 10―5 mol/dm3

Tortuosity 𝛼∞ 𝛼∞ = 1 ― 2.02𝑙𝑛(ϕ) -

Sample Porosity 𝜙 0.0442, 0.0247, 0.0429, 0.0494, 0.0365 0.137, 0.124, 0.0621, 0.0390, 0.0100 -

Sample Permeability 𝑘0 0.00380, 0.00495, 0.00147, 0.008, 0.107 58.7, 11.4, 0.914, 10.1, 0.235 mD

Dimensionless number m* 12 8 -

Zeta potential 𝜁 𝜁 = 19.14 + 21.07𝑙𝑜𝑔10(𝐶) 𝜁 = 3.505 + 11.33𝑙𝑜𝑔10(𝐶) mV

Note. The value for C, , and k0 were measured in the laboratory. The value of k0 was Klinkenberg-corrected and obtained using an 

ultra-low-permeability measuring instrument (PDP-200). The values for other parameters are from Zhu et al. (2015) and shown in 

Table 3.
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633

634 The main minerals composing the shales measured in this report were quartz, plagioclase, K-feldspar 

635 and a range of clay minerals, including kaolinite, illite and smectite. Figure 15 shows the relationship 

636 between the contents of non-clay and clay minerals, total organic carbon (TOC) and the 

637 seismo-electric signals obtained parallel and perpendicular to bedding. The non-clay components of 

638 the Sichuan shales are predominantly quartz with smaller amounts of K-feldspar and plagioclase 

639 feldspar. Figure 15a indicates that there is no clear relationship between the seismo-electric 

640 conversion and the weight fraction of any of the minerals indicating that their presence has no 

641 influence over the zeta potential of the rock or the resulting seismo-electric coefficient. 

642 The seismo-electric coefficient is, however, sensitive to the clay composition. Figure 15b shows that 

643 the amplitude of the seismo-electric signal increases approximately 60% (from 16±4 mV to 27±4 

644 mV) when the clay mineral fraction increases from 16.8%vol. to 28.8%vol. This indicates that 

645 seismo-electric coupling is strongly influenced by the clay content, increasing with the increases in 

646 the clay mineral fraction, and implying that the zeta potential also increases significantly as clay 

647 content increases.

648 Zeta potential is directly related to the amount and distribution of the charges at the solid-liquid 

649 interface, and characterizes the electric double layer. Shale has the mechanism of generating surface 

650 charge (Müller 1996; Fosu-Duah et al. 2016). The surface potential of clay minerals is large 

651 compared to that of other reservoir rock-forming minerals such as quartz, calcite and dolomite. So a 

652 higher clay mineral fraction will lead to higher surface potentials, thus producing a higher zeta 

653 potential (Leroy & Revil 2009; Fosu-Duah et al. 2017). Consequently, the close relationship between 

654 increasing clay content and increasing seismo-electric conversion indicates that clay mineral-fluid 

655 interactions are the main cause of high zeta potentials and leads to strong seismo-electric conversions 

656 in clay-rich shales. 

657 Figure 16 shows the effects of the main components of the clay minerals on seismo-electric (SE) 

658 conversion. In our samples the content of kaolinite in the clay is low (0-4%) and there is no evidence 

659 for the seismo-electric coupling coefficient depending on the amount of kaolinite in the sample 

660 (Figure 16a). There is a substantially greater contribution of mixed illite/smectite, up to about 60%, 

661 but here too there is no convincing evidence that this clay structure affects the seismo-electric 

662 coupling (Figure 16c). Illite is present in the samples in amounts ranging from 25% to 69%, and as 

663 the illite content increases within this range seismo-electric conversion increases by approximately 

664 75% from 16 mV to 28 mV (Figure 16b). This strong functional dependence seems to show that the 

665 presence of illite is the main control on the zeta potential in shales. 

666
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667

668 Figure 14. Seismo-electric coupling coefficient as a function of frequency for (a) sandstones, and (b) shale 

669 samples. The symbols are the experimental values of L(ω) which are obtained by taking the arithmetic mean 

670 of L(ω) values obtained parallel and vertical to the shale bedding measured at 1 kHz, 10 kHz and 500 kHz. 

671 The error bars represent an uncertainty of about ± 5%. The curves represent modelled seismo-electric coupling 

672 coefficient using the Pride theory represented by Equation (1).

673
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674 We hypothesise that the difference in the efficacy of different clay minerals with regard to 

675 seismo-electric coupling is due to differences in their specific surface areas. Kaolinite has a low 

676 specific surface area (4 – 16 m2/g (Bhattacharyya & Gupta 2009)) and hence provides low zeta 

677 potentials that cause only small seismo-electric coupling, while Illite has a much higher specific 

678 surface area (about 83 m2/g according to Macht et al. (2011)). There was no Montmorillonite in our 

679 samples, but the specific surface area of this clay (346 m2/g according to Macht et al. (2011)) that it 

680 is likely that it would have an extremely large zeta potential and consequent seismo-electric  

681 coupling coefficient. 

682 7.  Seismo-electric coupling and TOC

683 The organic carbon component of rocks is expressed by the total organic carbon (TOC) measurement. 

684 The value of TOC is expected to be negligible or low in sandstones, but raised in shales because the 

685 organic component of some shales provide a source of hydrocarbons and some are exploitable as 

686 shale oil and shale gas resources. The lower limit of TOC for gas shales in the USA is considered to 

687 be between 2% and 3% (Rezaee & Rothwell 2015; Lu et al. 2012), while some US plays have TOC 

688 values extending to 10% (Rezaee & Rothwell 2015). Since the presence of organic carbon is likely to 

689 interfere with water-wet flow pathways, we hypothesise that it is possible, even likely, that the 

690 effectiveness of seismo-electric coupling will decrease as TOC increases. Assuming that the main 

691 applications of seismo-electric methods will be in conventional, non-conventional and shale oil and 

692 gas plays, the dependence of the seismo-electric coupling on TOC is important.

693 We have carried out TOC measurements on our shale samples. All but two of our samples have a 

694 TOC in the range 3% to 5%, which makes them potential gas shales. The exceptional two samples 

695 had a low TOC, less than 1%. Figure 15c shows the seismo-electric coupling coefficient as a 

696 function of TOC. Considering samples with TOC>1% (i.e., those points in the box), the 

697 seismo-electric coupling coefficient is inversely proportional with respect to TOC, as hypothesised. 

698 At present the cause of the behaviour is not clear. It may be that the presence of kerogen either 

699 decreases the porosity of the sample or increases its tortuosity. Either of these effects will lead to a 

700 reduction in seismo-electric coupling, as indicated by Equation (6). Indeed, it is most likely that both 

701 effects occur because processes that tend to reduce the porosity of rocks also lead to their tortuosity 

702 increasing. It is also possible that the zeta potential is decreased for organically-rich shales. It has 

703 been observed that the zeta potential is diminished in organoclays due to the formation of 

704 inner-sphere complexes (Zacur et al. 2011, 2015).

705

706

707
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708

709 Figure 15. The amplitude of seismo-electric signals versus (a) the fraction of non-clay minerals (quartz, 

710 plagioclase, K-feldspar), (b) the fraction of clay minerals and (c) the fraction of TOC (total organic matter). 

711 The y-axis is the amplitudes of the seismo-electric signals measured by electrode V1. The measured data have 

712 error bars which are all about ±4 mV.
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713 Figure 16. The influence of kaolinite, illite and illite/smectite mixed-layer on seismo-electric coupling. The 

714 x-axis is the percentage of minerals in the clay mineral. The y-axis is the amplitudes of the seismo-electric 

715 signals measured by electrode V1. The measured data have error bars which are all about ±4 mV. (a) Kaolinite, 

716 (b) Illite, and (c) Mixed Illite/Smectite.
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717 8.  Discussion

718 In this paper, we focused on what caused the strong seismo-electric conversion in low permeability 

719 shale and the influencing factors of seismo-electric conversion in shale. 

720 We obtained the relationship between the seismo-electric conversion and clay minerals in shale, but 

721 the relationship in sandstones containing clay (shaly sand etc) need to be further studied. The 

722 increase of clay will increase the seismoelectric coupling coefficient. We think that no matter 

723 whether the clay is in shale or dispersed in sandstone, it will enhance seismo-electric conversion. 

724 Hence, the clay contents increase in sandstone will also increase the value of seismoelectric coupling. 

725 However, the relationships in shale and sandstones may be not the same. Because the structure of 

726 shale and sandstones are totally different, with shale having a much more anisotropic structure. In 

727 addition, the mineralogical components of sandstone and shale are different and will give rise to 

728 differences in the zeta potential. The zeta potential data of shale in the literature (Figure 13) is 

729 relatively small, so the empirical formula fitting out is not comprehensive. Proper zeta potential data 

730 of shale need to exclude the influence of surface conductivity, and the types of solutions should be 

731 the same, so there is not much data. Further work should carried out to both increase the size of the 

732 shale dataset and improve the seismo-electric model to include those aspects not included in the 

733 present model.

734 Further experimental measurements of seismo-electric conversion are needed. In this paper, we only 

735 examined NaCl solution as the experimental pore fluid. Further experiments changing the type of 

736 pore fluid (e.g., oil/water mixtures, pore fluids with different concentrations, saturations and 

737 compositions) may improve our knowledge of the fluid effects on seismo-electric conversion. In 

738 particular, experiments with multiphase pore fluids are needed to examine if it is possible to obtain 

739 seismo-electric signals induced at oil/water and gas/water interfaces; an ability which would help 

740 identify the oil/gas target and monitor its production using seismo-electric techniques. This paper 

741 reports seismo-electric anisotropy. A fuller study of this may provide parameters which are useful in 

742 characterizing the reservoir quality of the rock. This paper has also revealed a link between 

743 seismo-electric conversion, clay mineralogy and TOC, all of which need fuller study in order to fully 

744 characterize the processes that are occurring with the goal of using them to predict reservoir rock 

745 properties from remote seismo-electric measurements in the field. 

746 We recognize that the experiments presented here can be improved upon. There would be a 

747 particular benefit in characterizing the experimental samples more fully, with additional 

748 measurements to determine the CEC and specific surface areas of the samples. Fuller analysis would 

749 be possible if the frequency-dependent complex conductivity of the samples were known such that 

750 phase lags, surface conductivities and the formation factors of the samples could be calculated. Also, 

751 the estimate of the tortuosity of the medium can also be obtained through the formation factor 
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752 (Clennell 1997; Jougnot et al. 2009), which will greatly reduce the uncertainty of influencing factors 

753 in this study. However, the samples have been used to measure other parameters after the 

754 seismoelectric measurements, such as TOC, test of shale elastic parameters and mineral component 

755 content tests, which had destroyed the samples, so we are not able to retrieve the conductivity data.

756 The relationship between the seismoelectric coupling and shale anisotropy need to gain a deep 

757 insight in future. In the comparison of numerical simulation and experimental results, the values of 

758 the seismoelectric coupling coefficients are the average value of parallel bedding and vertical 

759 bedding of shale, which is to simplify the result analysis. In fact, it is easy to find out from the results 

760 of this paper (Figure 5, Figure 15, Figure 16) that the amplitude of the seismoelectric signals of 

761 parallel bedding and vertical bedding are different. The signals’ amplitudesof parallel bedding are 

762 larger than those of vertical bedding, which may be mainly related to the anisotropy of shale. Some 

763 may say it may be caused by the permeability anisotropy of shale, but we can see from the results of 

764 this paper that permeability is not the main factor that caused the strong seismo-electric conversion in 

765 shale. The permeability of shale in Sichuan Basin is less than 1 mD (Fu 2017). Comparing the curves 

766 below 1 mD (blue, orange and black curves) in Figure 10a, we can see that the three curves almost 

767 share the same seismo-electric value in a large range of frequency (<106 Hz). The seismo-electric 

768 conversion in the low permeability shale can be considered as a quasi-static behavior, there is little 

769 frequency dispersion, the seismo-electric conversion remains unchanged with the increasing 

770 frequency. Hence, the effect of permeability on seismo-electric conversion is not that great in shale, 

771 and the observed differences in seismoelectric signals measured parallel and perpendicular to 

772 bedding are not caused by the permeability anisotropy. That is to say, the difference of 

773 seismo-electric conversion in different directions of shale reflects the anisotropy of shale. We can 

774 call this phenomenon the seismo-electric anisotropy of shale. We all know that shale anisotropy can 

775 be reflected by elastic waves, while it is first proposed that shale anisotropy can be reflected by 

776 seismo-electric conversion. This needs to be confirmed and studied in detail. 

777 Finally, we recognize that although much has been gained by comparing our experimental 

778 measurements with a model based on the Pride (1994) equation, that equation does not fully describe 

779 shales and that future work must expand the numerical model to include processes occurring in the 

780 Stern layer and which lead to Maxwell-Wagner and Interfacial polarization.

781 9.  Conclusions

782 This paper investigates the characteristics of seismo-electric conversion in shales using experimental 

783 measurements and analytical modelling.

784 Experimental measurements have shown that the passage of acoustic waves through samples of 

785 sandstones and shales results in the generation of a seismoelectric voltage signal whose amplitude 
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786 and phase is a function of frequency and which can be characterized by a seismo-electric coupling 

787 coefficient. Experimental results show that the amplitude of the seismoelectric coupling coefficient 

788 in shales is comparable to that exhibited by sandstones. Furthermore, anisotropy which arises from 

789 bedding in the shales results in anisotropy in the amplitude of the seismoelectric signals.

790 Numerical modelling has been used to examine the effects of varying five parameters in the Pride 

791 (1994) model of seismo-electric conversion in porous media. The parameters investigated were (i) 

792 dimensionless number, (ii) porosity, (iii) permeability, (iv) tortuosity, and (v) zeta potential. Each of 

793 these parameters has different effects on the magnitude of the low frequency behaviour of the 

794 seismoelectric coupling coefficient and/or the frequency at which dispersive behaviour occurs as 

795 characterised by the critical frequency. While changes in dimensionless number and permeability 

796 seem to have little effect, seismoelectric coupling coefficient is highly sensitive to changes in 

797 porosity, tortuosity and zeta potential. Numerical modelling suggests that the cause of the 

798 seismo-electric conversion in shales, which otherwise have low porosities and permeabilities, is 

799 enhanced zeta potentials caused by clay minerals. Comparison of numerical modelling with the 

800 experimental data has supported that conclusion together with an analysis of seismo-electric 

801 conversion as a function of clay mineral composition.

802 Numerical modelling has also shown that the frequency-dependent behaviour can be safely ignored 

803 for most natural porous media because it occurs only at frequencies much higher than those 

804 encountered in conventional seismology (usually >10 kHz).

805 The sensitivity of seismo-electric coupling to the content of clay minerals and the TOC in shale 

806 suggests that seismo-electric exploration may have future potential for the characterization of clay 

807 minerals in conventional reservoirs as well as in characterising shale gas and shale oil reservoirs. 
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