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ABSTRACT

This study presents a method for measuring the electrical conductivity of porous rock materials in situ under a shallow Earth crust envi-
ronment simulated according to temperature, confining pressure, and liquid water saturation in a high-temperature autoclave. The sample
was first encased within a poly tetra fluoroethylene container with two Pt wires leading out and was then placed into the high-temperature
autoclave. The lead wires were connected to an external measurement system after passing through the autoclave sealing plug. The electrical
conductivity of sandstone was measured under different temperatures (30, 60, 90, 120, 150 °C), liquid water saturation levels (36%, 51%,
100%), and 2 MPa by using this method. The electrical conductivity of the sandstone samples increased with increasing temperature and also
increased as the level of water saturation increased. All the results agreed well with the Arrhenius relationship, Archie’s law, and previous
experimental study. This method can be used to measure other kinds of porous water-containing rocks, and the results can be applied in

geothermal/oil research.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0054892

I. INTRODUCTION

Measuring electrical conductivity of rocks is of critical impor-
tance for oil and mineral exploration.! Geoelectrical measurements
are a useful, nondestructive tool for characterizing porous rocks and
soils.” Its main interest lies in its sensitivity to key properties of
storage and transport in porous media.’

The characterization of rock materials embedded within the
Earth is essential for supporting engineering activities, such as exert-
ing the productivity of sandstone reservoir and enhancing the recov-
ery efficiency of oil/gas. In addition, the characterization of the
electrical conductivity of underground rock materials is of great
interest. For example, it can be used to study the pore structure char-
acter of reservoir rapidly and efficiently by introducing the electrical
conductivity data and provide a guarantee for the exploration and
exploitation.” On the other hand, it is a good survey method for

geothermal exploration, which cannot only explore the depth and
the fragmentation of the stratum but also predict the hydrous
property of the structures that contain thermal.®

However, the required measurements often cannot be per-
formed at all for rock materials in situ or cannot be conducted with-
out drastically disturbing the environment, and thereby detracting
from the accuracy of results. Therefore, numerous efforts have been
made to develop methods for electrical conductivity measurement at
high temperature and high pressure conditions. The most common
high temperature and high pressure equipment currently employed
for this purpose include autoclaves, Paterson press apparatus,”” pis-
ton cylinder apparatus,’ ' multi-anvil apparatus,’*~'” and diamond
anvil cell.”’"** However, few efforts have been made in autoclave,
which is suitable for simulating the shallow Earth crust environment.

Morey”’ first used autoclaves in preparing silicates over 100
years ago. Plenty of researchers used autoclaves as the main
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apparatus in their study.”* >’ Autoclaves generally employ water as
the pressure transmitting medium. This is not suitable when the
electrical conductivity of the sample is to be determined unless steps
are taken to ensure that the sample system is electrically insulated.
In addition, special treatment is required to isolate the metal auto-
clave body from the conductive wires employed in the measurement
process. Moreover, liquid water is generally present in shallow Earth
crust environments, and special methods must be adopted when
simulating different levels of liquid water saturation. The most com-
mon method is to seal the water-containing sample within a ductile
and chemically stable metal enclosure.”*~** The sealing employed
must be particularly secure to both maintain the pressure of the
autoclave system® and to prevent water vaporization and escape
under the high temperature conditions. However, the use of a metal
sealing system is again unsuitable when the electrical conductivity
of the sample is to be determined, particularly for low conductivity
geological samples.

According to the above discussion, electrical insulation and
mechanical sealing of the autoclave and sample are the two key issues
that must be confronted when measuring the conductivity of rock
samples in a simulated shallow Earth crust environment under high
temperature and confining pressure conditions with varying degrees
of liquid water saturation.

This study introduces a method for solving these two key issues.
Rock samples are first encased within a sample sealing device to
ensure sample isolation and electrical insulation, and lead wires are
connected at both ends of the device to enable electrical conduc-
tivity measurements. The sealed sample is then placed in the high-
temperature autoclave (high-purity argon works as the pressure

ARTICLE scitation.orgljournal/rsi

transmitting medium), and the lead wires connected to an exter-
nal measurement system after passing through the autoclave sealing
plug. The functionality of the proposed method is demonstrated
by its application for measuring the electrical conductivity of sand-
stone samples under different temperatures, confining pressures,
and liquid water saturations.

Il. EXPERIMENTAL

A. Mechanical sealing and electrical insulation
of the autoclave

After considerable efforts to obtain a material that provided
sufficient mechanical toughness and very low electrical conduc-
tivity, alumina ceramic was found to be a suitable sealing mate-
rial that could successfully seal the autoclave for pressure less than
350 MPa, and its electrical insulation performance could meet the
experimental requirements.

As shown in Fig. 1, two platinum wires (0.3 mm in diame-
ter) were sintered separately in the center of an alumina ceramic
cone. The alumina ceramic cone was designed and tested by us and
manufactured by Tangshan Advanceram Ltd., China. Then, the alu-
mina ceramic cone was pressed into the autoclave sealing plug with
a red copper cone sleeve. The high pressure acting between the red
copper cone sleave, the alumina ceramic cone, and the sealing plug
prevented the escape of the internal pressure of the autoclave. More-
over, because the internal pressure of the autoclave was greater than
the external pressure, the contacts between the alumina ceramic
cone, the alumina ceramic cone sleeve, and the sealing plug were
self-tightening.

Plug

QwdYSAS 2ANSBIIA
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Alumina ceramic cone

Red copper cone sleave b I }

FIG. 1. Schematic diagram of the alumina ceramic cone, the alumina ceramic cone sleeve, and the sealing plug system. (a) is the axial section image; (b) is the real picture,
which shows the situation before pressing the alumina cone into the plug; and (c) is the 3D image.
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In addition, the autoclave was externally heated in a resis-
tance furnace, and the pressure in the autoclave was adjusted using
a gas pressurizing device connected to the end of the autoclave.
The maximum pressure the gas pressurizing device can generate is
400 MPa.**

The proposed autoclave sealing design was tested as follows.
After sealing the autoclave, the autoclave was heated to 150 °C and
maintained at that temperature, and then, the autoclave was pressur-
ized to 350 MPa with high-purity argon gas. The autoclave was sup-
plied with no additional argon gas input during subsequent testing
(the gas pressurizing device can adjust and keep pressure automat-
ically, but it was disabled here for testing). Then, the autoclave had
maintained at that temperature and pressure for 24 h. The internal
pressure of the autoclave was monitored and found to be kept at
350 MPa all the time. The results demonstrated that the autoclave
was effectively sealed by this method.

B. Mechanical sealing and electrical insulation
of the sample

A two-sleeved cylindrical sample container was fabricated from
poly tetra fluoroethylene (PTFE) for housing cylindrical rock sam-
ples, as illustrated in Fig. 2.

The cylindrical rock samples were obtained by using a drill
machine with a standard diameter of 10.0 mm and length of
14.0 mm. The inner and outer PTFE sleeves were combined by
means of a reverse buckle configuration such that the action of the
external pressure on the sample container could ensure good seal-
ing. The internal dimensions of the inner sleeve were designed to
precisely match the outer dimensions of the rock sample, and both
sleeves were fabricated with uniform wall thicknesses of 1.0 mm.
Pan et al.'” also used PTFE as the sample capsule when they mea-
sured electrical conductivity in multi-anvil apparatus because PTFE
maintains high strength and toughness, making it a good sealing
material for liquid samples.

Each electrode lead wire was threaded through its respective
sleeve via a 0.3 mm diameter hole drilled in the bottom of each PTFE

a Lead Wire

Ag Electrode

Lead Wire

FIG. 2. Schematic diagram of the PTFE sample sealing sleeves and sample. (a) is
the axial section image; (b) is the 3D image.
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sleeve. The two sleeves and the wires were further sealed by apply-
ing high temperature (less than 200 °C) AB glue (Shenzhen Blue
Road New MSTAR Technology Ltd., China). The silver electrodes
were applied using Ag electrical conductive adhesive (Sino-Platinum
Metals Ltd., China). The resulting electrodes were ~0.15 mm thick.
Eitner et al.”” measured the contact resistance of three kinds of adhe-
sives by the transmission line method (TLM) and found that the
maximum contact resistance of a 2 x 2 mm? adhesive was 1.3 Q. Xiao
and He’® measured the contact resistance of Ag-conductive adhe-
sives up to 210 °C and found that the maximum contact resistance
is about 250 mQ. In this study, the minimum resistance of the sam-
ple is about 1 kQ, which is about 3 orders of magnitude higher than
the contact resistance, so the contact resistance of the Ag-adhesive
electrode could be ignored. The lead wires were crimped to ensure
good electrical connectivity to the silver electrodes due to their high
conductivity and malleability.
The proposed sample sealing design was tested as follows:

(i) A dry cylindrical porous sandstone sample with applied silver
electrodes was weighed, and the sample mass was recorded as
m;. The sample was then immersed in filtered water for 48 h,
and the sample mass was again measured and recorded as m.

(ii) After encasing the sample as shown in Fig. 2, it was placed
in the autoclave at room temperature, and the autoclave was
filled with high-purity argon gas to an internal pressure of
2 MPa. The signal from the electrode lead wires was not
monitored.

(iii) The autoclave was heated to 150 °C and maintained at that
temperature for 24 h and then was cooled down to room
temperature.

(iv) The sample was removed from the autoclave after releasing
pressure, unpacked from the sample container, and weighed.
The mass of the sample was recorded as m3, and a compar-
ison indicated that m, ~ m3, demonstrating that the sample
was effectively sealed in the autoclave by this method.

C. Electrical conductivity measurement

The specific method for measuring the electrical conductivity
of rock samples using the proposed system is illustrated in Fig. 3 and
can be described as follows:

(i) Silver electrodes were applied to cylindrical rock samples of
the appropriate dimensions, and the sample was immersed
in the liquid for an appropriate duration, depending on the
desired state of saturation.

(ii) The sample was sealed and installed within the autoclave as
shown in Fig. 3, and the lead wires were connected to the
electrical conductivity measurement system (Solartron 1296
Dielectric Interface and Solartron 1260 Impedance/Gain-
phase Analyzer).

(iii) The autoclave was externally heated to the desired
temperature.

(iv) High-purity argon was injected into the autoclave until
obtaining the desired pressure.

(v) The electrical conductivity of the sample was then monitored
in situ at different temperatures, confining pressures, and
liquid saturations.

Rev. Sci. Instrum. 92, 095104 (2021); doi: 10.1063/5.0054892
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FIG. 3. Assembly diagram for conducting electrical conductivity measurements
in situ (all the exposed wires were protected in an alumina tube for electrical
insulation). (a) is the axial section image; (b) is the 3D image.
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I1l. RESULTS

Before measuring rock samples, we measured the resistance of
a PTFE disk with 3 mm in thickness and 10 mm in diameter at a
pressure of 2 MPa and temperatures of 30, 60, 90, 120, and 150 °C
in situ. We found that the resistances were 0.2, 0.7, 1.3, 2.6, and
4.7 TQ, respectively. These values were around the upper detection
limit of Solartron 1260 and Solartron 1296. The resistance increased
with increasing temperature slightly, and it might be because the
absorbed water of the insulation system (alumina cone, alumina
tube, and PTFE sleeves) escaped when heating. The most impor-
tant was that the values were 5-6 orders of magnitude higher than
the resistance of the sandstone samples with different levels of liquid
saturation, which was about 1.0 MQ maximum. This meant that the
insulation system was good enough for our measurements.

The proposed system was applied to measure the electrical con-
ductivity o}, of bulk sandstone samples with different levels of liquid
saturation at a pressure of 2 MPa and temperature values of 30, 60,
90, 120, and 150 °C in situ. The sandstone samples were obtained
from Henan Province, China. Figure 4 showed the SEM images of
the sample. The sample contained quartz (~50%), feldspar (~20%),
and calcite as matrix (~30%). The average porosity of the samples
was 15.2%. The liquid employed was NaCl water solution, the con-
centration was 0.2 ppm, and the electrical conductivity at room
temperature was 3.85 S/m.

FIG. 4. SEM images of the sample. (a) is BSE image, and (b)—(d) are EDS mapping images of Si (yellow), Al (purple), and Ca (red), respectively.
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The results of log 0}, obtained for the sandstone samples were
plotted with respect to 10 000/T in Fig. 5. We found that the log o},
values exhibited a good linear relationship with 1/T, indicating that
o, obeyed the following Arrhenius relationship:

log o}, = log gp + logexp(-E/kT), (1)

where log oy is a pre-exponential factor, k is the Boltzmann con-
stant, E is the activation enthalpy, and T is absolute temperature. The
parameters of the above Arrhenius relationship obtained from fit-
ting for each sample were listed in Table T along with the coefficient
of determination values R* reflecting the goodness of fit.

In addition, we plotted the values of log 0}, as a function of log ¢
in Fig. 6 for the values of T considered. It can be seen that the results
present an approximately linear relationship according to Archie’s
law,*”

0, =C¢"os or loga, = nlog¢+b, (2)

where 7 and C are constants and b = log Clogo . The parameters
obtained by fitting the experimental data to Eq. (2) are listed in
Table II.

It can be seen from the reported results that, as expected, the
values of g, increased with increasing T and that the values of g}, also
increased as the level of water saturation increased. Moreover, the
experimental results well satisfied both the Arrhenius relationship
and Archie’s law.

0r-
A
g2t
E [ ]
~ A
& . .
2 3t °
e ©=0.054 A
A ®=0078 ¢
v ®=0.152 °
A4 — fully saturated (Nono et al. 2020)
1 1 1 1
21 24 27 30 33
10000/T (1/K)

FIG. 5. Base 10 logarithm of the product of the electrical conductivity and temper-
ature with respect to 1/T obtained for sandstone samples with different levels of
saturation at a pressure of 2 MPa.

TABLE |. Parameters obtained from fitting the data in Fig. 5 according to the Arrhe-
nius relationship in Eq. (1) for samples with different liquid saturation levels at a
pressure of 2 MPa.

Sample Saturation (%) Volume fraction logay E(eV) R’

A 36 0.054 1.81 0.34 0.9883
B 51 0.078 322 040 0.9545
C 100 0.152 084 013 09774

ARTICLE scitation.orgljournal/rsi

0r
]
gk A
*
n
—_ °
g 2r .
2]
N
gn ° = 150 °C
S 3L A v e 120°C
* A 9T
v v 60°C
¢ 30°C
4 ¢
1 1 1 ]
-14 -1.2 -1.0 -0.8 -0.6

logd

FIG. 6. Base 10 logarithm of g}, with respect to the logarithm of the volume fraction
of solution obtained for sandstone samples at different values of T and a pressure
of 2 MPa.

TABLE II. Parameters obtained from fitting the data in Fig. 6 according to Archie’s
law in Eq. (2) for samples with different saturation levels at a pressure of 2 MPa.

Temperature (°C) n b R?

30 5.8496 3.4356 0.9818
60 5.2779 3.1662 0.9767
90 4.6488 2.7717 0.9185
120 4.1856 2.7191 0.9916
150 3.1932 1.9711 0.9651

Nono et al.® measured the electrical conductivity of hydrother-
mally altered rocks at a confining pressure of 100 MPa, a pore fluid
pressure up to 30 MPa, and temperatures up to 700 °C in Paterson
press. In their work, the fluid was also the NaCl water solution, the
electrical conductivity at room temperature was 3.9 S/m, and the
porosity was 13.4(2.8)%. Figure 5 also shows a comparison between
Nono’s data and the present experimental data in the form of Arrhe-
nius plot. Our fully saturated data show high quality of agreements
with their data, which demonstrates that the proposed measurement
system that provided electrical conductivity measurements of sand-
stone samples under different temperatures and liquid saturation
levels at a given confining pressure is reliable.

This method can also be used to measure the other kinds of
porous rocks, and the results may be applied in geothermal/oil
research.

IV. CONCLUSIONS

This paper presented a method for measuring the electri-
cal conductivity of porous rock materials in situ under a shallow
Earth crust environment simulated according to temperature, con-
fining pressure, and liquid water saturation in a high-temperature
autoclave.

The proposed method was first verified to address the criti-
cal issue of the reliable sealing of the high-temperature and high-
pressure autoclave to maintain a uniform pressure and of the sample
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to maintain the initial water saturation level as well as the critical
issue of ensuring the appropriate electrical insulation required for
conducting accurate electrical conductivity measurements in close
contact with metal components. The functionality of the proposed
method was demonstrated by its application for measuring the elec-
trical conductivity of sandstone samples under different tempera-
ture and liquid saturation levels at a confining pressure of 2 MPa.
The results indicated that, as expected, the electrical conductivity of
the sandstone samples increased with increasing temperature, and
the electrical conductivity also increased as the level of water satu-
ration increased. Finally, the experimental results agreed well with
the Arrhenius relationship, Archie’s law, and previous experimental
study.

Accordingly, we conclude that the proposed measurement sys-
tem provided electrical conductivity measurements that responded
appropriately to the temperature and water saturation states of
the sandstone samples. This method can be used to measure the
other kinds of porous rocks, and the results can be applied in
geothermal/oil research.
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