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Abstract: Various methods can be used to evaluate in situ volumetric water content; however, when continuous
measurements are required, only dielectric methods can be used. For equipment based on these methods, in the
mining environment and particularly in environments having high sulfide contents (or acid-generating
minerals), the accuracy of measurements can be affected by the chemistry of the solid and liquid phases. To
evaluate the real impact of water chemistry and mineralization on volumetric water content measurement, three
instruments were tested on five materials with varying sulphur contents and two types of water mineralization.
The results of these investigations show that: i) increasing sulfur content of mine tailings increases the response
output of the tested probes; ii) the obtained volumetric water contents are systematically higher than the real
volumetric water contents obtained gravimetrically; iii), time-domain reflectometry probes are able to provide
measurements in materials with high sulphur contents; and iv) 5TM and GS3 probes are not suitable for use in
reactive materials with higher sulphur contents.
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[e.g., 1, 2, 3]. In a humid climate, monolayer cover
with an elevated water table (EWT) and cover with
capillary barrier effect can be used for mine site
reclamation. Performance evaluations of such
engineered covers are largely based on their ability
to limit the flux of oxygen reaching the reactive
tailings. When the degree of water saturation is high
(in the moisture retaining layer in the case of CCBE
or in the reactive tailings in the case of the EWT),
the oxygen flux can be considered as negligible, and
consequently, the production of the acid mine
drainage is inhibited.
For these reasons, the volumetric water content
constitutes a key parameter which should be
evaluated as accurately as possible.
This paper provides a brief description of
volumetric water content measurement techniques.
This is followed by a presentation of the materials

1 Introduction

The extraction of mineral resources plays an
important role in the Canadian economy. However,
ore extraction generates large amounts of waste.
These wastes include overburden soil, waste rocks
extracted to reach the ore body, and fine-grained
mill tailings produced by the ore processing plant
[1]. Mine wastes have the potential to adversely
impact the environment if not properly managed.
Special attention is required when mine wastes
contain iron sulfide minerals such as pyrite and
pyrrhotite. The oxidation of sulfides by atmospheric
oxygen tends to acidify meteoric waters; this
phenomenon is known as acid mine drainage
(AMD) or acid rock drainage (ARD). In these
situations, actions must be taken at the mine site to
prevent environmental impacts caused by AMD
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can be observed in the lower part of the grain size
distribution. This difference can be characterized by
the parameters: D10 (diameter of particles at 10%
passing), D60 (diameter of particles at 60% passing),
and Cu (coefficient of uniformity; see Table 1).

and methods used in this study, the measurement
results, and the implications of the data presented in
this study.
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The in situ performance of large-scale mono and/or
multi-layer covers constructed on tailings
impoundments can be monitored using instruments
aimed at obtaining key characteristics [e.g., 4, 5],
including volumetric water content (VWC) and
matrix suction in the cover layers, and oxygen flux
(and/or oxygen concentration) beneath the cover.
There are a variety of methods for evaluating in situ
volumetric water content [6], which can be divided
into three categories: 1) gravimetric methods, which
are mainly used for sensor calibration [7]; 2)
methods based on high-energy ray sensors produced
by a radiation source [8, 9]; and 3) dielectric
methods [10] through which volumetric water
content is estimated by measuring the soil
permittivity (Kab; electromagnetic property). When
continuous measurements are required for the
evaluation of cover performance, only dielectric
methods can be used. The equipment based on
dielectric methods are designed for natural
environments; however, in mining environments,
especially those with high sulfide contents (or acidgenerating minerals), the measurement accuracy can
be affected by the chemistry of the solid and liquid
phases [11, 12, 13, 14, 15], as well as by
temperature [16, 17, 18, 19, 20, 21, 22].
In this case, it is important to evaluate the real
impact of water chemistry and mineralization on the
measurement of volumetric water content, and
furthermore, to a find a way to correct these
measurements. Additionally, the equipment used for
VWC measurements should be evaluated for these
specific conditions with the objective of selecting
the best methods.
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Fig. 1: Grain size distributions of the Goldex and
Laronde tailings
Table1. Main characteristics of granulometry of two
studied tailings
Goldex
Laronde
tailings
tailings
D10 (µm)
9.0
16.3
D60 (µm)
109.1
111.3
Cu (D60/D10)
12.2
6.8
The specific gravity, Gs, was determined using a
helium pycnometer, 1330 AccuPyc from
Micromeritics, in accordance with the ASTM
C128 standard. Gs was determined to be 3.1 for the
Laronde tailings and 2.7 for the Goldex tailings.
The tailings’ sulphur contents were
determined using an ELTRA carbon / sulphur
analyzer, and corresponded to 0.1% and 16.4% for
the Goldex and Laronde tailings, respectively.
Based on the sulphur content, the Goldex tailings
are considered a non-reactive material. These two
materials were used to prepare three tailings
mixtures at sulphur contents of 5.4%, 7.9%, and
10.7%.

experimental

3.2 Experimental setup

Experimental column tests were built and
instrumented for VWC measurements. Three types
of sensors were selected: the 5TM and GS3
frequency domain (FD) probes manufactured by
Decagon Devices, and time-domain reflectometer
(TDR) probes manufactured by Campbell Scientific
(see Fig. 2). These probes were installed at the same
level in each column, which were 30 cm in diameter

3.1 Materials properties

Two tailings materials, taken from the Goldex and
Laronde mine sites, were used in this study. Their
grain size distributions were determined using a
Malvern Mastersizer S 2000 laser particle size
analyser, and are presented in Fig. 1.
The grain size distributions for both materials are
typical of hard rock tailings [1]. A slight difference
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and 30 cm in height. Each column was equipped
with a porous plate at the base for the control of
suction (see Fig. 2).

4.1.1 5TM probe
Measurement results obtained using 5TM probes for
various water contents and sulphur contents are
presented in Fig. 3. This figure shows that, for the
same VWC, instrument output increases with
increasing sulphur content.
At the highest sulphur content, 16.4%, a
stabilisation of the output signal, despite increasing
volumetric water content, was observed. Finally, the
volumetric water contents obtained using
manufacture’s
equipment
calibration
are
systematically higher than the real volumetric water
contents, which were obtained using gravimetric
method.
5TM Instrument signal (V)

VWC using instrument (5TM)

10

1

Instrument output (V)

Fig. 2: (Top) tested probes, and (Bottom)
experimental setup
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Five columns were filled with tailings with
known sulphur contents (0.1%, 5.4%, 7.9%, 10.7%,
and 16.4%). Each column was then subjected to
varying degrees of saturation: 30%, 50%, 70%,
85%, and 100%. For each degree of saturation,
material was sampled around the sensors for
gravimetric water content evaluation.
Two types of water were also tested; i.e.,
demineralized water and process water from
Laronde mine. Their electrical conductivities were 6
and 5900 µS/cm, respectively.

Fig.3: Volumetric water contents obtained using
5TM probes (dashed line corresponds to the
porosity of the material)
4.1.2 GS3 probe
The data obtained using GS3 probes at various
water and sulphur contents are presented in Fig. 4.
This figure shows that the GS3 probes had a
behaviour similar to the 5TM probes.

Instrument output (V)

In this section, the results are presented with the
objective of evaluating the effect of sulphur content
and water mineralization on volumetric water
content measurement using the tested equipment.

4.1 Sulphur content effect

Results are presented individually for the GS3,
5TM, and TDR probes for each of the five tested
sulphur (S) contents. Fig. 3, 4, and 5 show the
output signal and the volumetric water content
obtained directly using the manufactured calibration
curve. Porosity is illustrated using a dashed line.
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Fig.4: Volumetric water contents obtained using
GS3 probes
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5TM Instrument output (V)

Additionally, the VWC data obtained using the
manufacture’s equipment calibrations are higher
than those given by the 5TM probes.
4.1.3 TDR probe
Measurement results obtained using TDR probes for
various water and sulphur contents are presented in
Fig. 5. This figure shows that, at the same VWC,
instrument output increases when the sulphur
content increases. As with the other instruments
(5TM and GS3), the VWCs obtained using
manufacture’s
equipment
calibrations
are
systematically higher than the real volumetric water
contents obtained using gravimetric method. VWCs
obtained using the TDR probes are in the same
range than those obtained using the GS3 probes.
Finally, the output signal was observed to increase
with increasing VWC at the different sulphur
contents.
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Fig.7: The effect of water mineralization on the
measurement of VWC using GS5 probes

Volumetric Water Content Using Gravimetric Method

Fig.5: Volumetric water content measurements
obtained using TDR probes
4.2. Water mineralization effects
To evaluate the effect of water mineralization on the
VWC measurements, tests were performed using
demineralised water (6 µS/cm) and water with high
electrical conductivity (5900 µS/cm). Two materials
were tested; i.e., tailings from the Goldex and
Laronde mine sites with sulphur contents of 0.1%
and 16.4%, respectively.
The results of these tests are presented in Fig. 6,
7 and 8 for the 5TM, GS3, and TDR probes,
respectively. In the Goldex tailings (0.1% S), the
effect of water mineralization was very limited in its
effect on all tested probes. However, in the Laronde
tailings (16.4% S), the impact of water
mineralization was observable for measurements
performed using 5TM and GS3 probes, but limited
for the TDR probes.
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Fig.6: The effect of water mineralization on the
measurement of VWC using 5TM probes
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Fig.8: The effect of water mineralization on the
measurement of VWC using GS3 probes

5 Conclusion

Evaluation of the performance of three instruments
ability to accurately measure VWC at varying
sulphur contents allowed for the following
conclusions:
• As the sulphur content of mine tailings
increases, the response of the output of all
tested VWC probes increased. However, for
the 5TM and GS3 probes, no variation in
instrument response was observed in the
column with 16.4% S, for VWCs higher
than 0.22 (stabilization). Based on these
results, the 5TM and GS3 probes are likely
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[6] Muñoz-Carpena R (2015). University Florida
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pp. 494–544
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Moutonnet, and M.L. Nguyen (eds.). Field
estimation of soil water content: A practical
guide to methods, instrumentation, and sensor
technology, IAEA-TCS-30. Intl. Atomic
Energy Agency, Vienna, Austria, 2008, 123–
129.
[9] AL.
Ward,
R.
Witman,
http://www.pnl.gov/main/publications/external/
technical_reports/PNNL, 2009, -18539.pdf
[10] G C. Topp, JL. Davis, AP. Annan,.
Electromagneticd etermination of soil water
content: Measurements in coaxial transmission
lines, Water Resour. Res., 6(3), 1980, 574-582.
[11] DA. Robinson, JP. Bell, C.H Batchelor, The
influence of iron minerals on the determination
of soil water content using dielectric
techniques. J. Hydrol (Amsterdam) 161, 1994,
169–180.
[12] OH. Jacobsen, P. Schjonning, A laboratory
calibration of time domain reflectometry for
soil water measurement including effects of
bulk density and texture, Journal of Hydrology
151, 1993, 147-157.
[13] C. Dirksen, S. Dasberg 1993. Improved
calibration of time domain reflectometry soil
water content measurements, Soil Sci. Soc. Am.
J,57, 1993, 660- 667.
[14] RL. Van Dam, W. Schlager, MJ. Dekkers, A.
Huisman, Iron oxides as a cause of GPR
reflections, Geophysics 67, 2002, 536–545.
[15] S.P Friedman, Soil properties influencing
apparent electrical conductivity: a review.
Computers and Electronics in Agriculture, 46,
2005, 45–70
[16] RL, Baumhardt, RJ. Lascano, SR Evett, Soil
material temperature and salinity effects on
calibration of multisensor capacitance probes,
Soil Sci. Soc. Amer. J. 64, 2000, 1940-1946
[17] B. McMichael, RJ. Lascano, Laboratory
evaluation of a commercial dielectric soil water
sensor, Vadose Zone J, 2, 2003, 650–654.

not suitable for use in reactive materials
with such high S contents.
• When using the manufacture’s calibration
equipment, the obtained VWCs were
systematically higher than the real VWCs,
which were obtained gravimetrically. Thus,
this overestimation of VWCs could result in
the overestimation of cover performance.
• Despite the overestimation of VWCs, the
TDR probes did provide measurements in
materials with high sulphur contents.
• The impact of water mineralization on the
VWC measurements was similar to that of
sulphur content, although, more limited.
The data obtained during this study will be used to
build a calibration curve for each of the tested
probes, in which the S content will be considered.
This calibration curve will have practical
application, both in the field as well as in the
laboratory, and will allow for a better estimation of
volumetric water contents.
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