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visualization
Stéphanie Barde-Cabusson1, Anthony Finizola2, and Niels Grobbe3
Abstract
We have developed a comprehensive methodology for the acquisition and processing of self-potential (SP)
data, as well as some keys for the interpretation of the results. The wide applicability of the SP method and its
low cost make it a popular method to use in a variety of natural environments. Despite its versatility and the fact
that various published journal papers describe the method and its applications, we believe that there is an important need for a dedicated, peer-reviewed SP acquisition, processing, and visualization/interpretation paper in
the scientific literature. We have identified great interest from the scientific community for such a journal paper
as a guide for existing and new practitioners with their SP survey design, data acquisition, robust processing,
and initial interpretation steps. We have developed a step-by-step methodology for SP data acquisition and
processing, combined with practical guidance for the interpretation of collected and processed SP data, including an evaluation of common errors and typical sources of uncertainty. Our examples are based on studies in
volcanic environments (e.g., hydrothermal systems); however, the processing steps and methodology are fully
applicable and transferable across disciplines to SP data acquired in any environment, and for a wide variety of
applications. We evaluated the field acquisition method and the low-cost equipment, the reference and closure
corrections, their meaning for the SP signal, and their effect on the data set. The benefits of interpolating SP data
in two steps are examined. Combining map visualization, SP versus distance, and SP versus elevation graphs
appears to be a highly effective strategy to interpret the signal in terms of hydrogeologic and hydrothermal
domains and to highlight structural limits in volcanic contexts as well as in other environments.

Introduction
The self-potential (SP) method is a passive geoelectrical method that is sensitive to underground fluid
flows such as hydrogeologic and hydrothermal circulations. It is convenient to apply in the field, and the data
are relatively easy to process. Contrary to most other
geophysical methods, for the SP method, no official
manual is typically delivered with the equipment. Some
geophysical equipment companies have started to list
SP among the methods for which they offer devices.
However, this is relatively recent (less than 5 years)
and the products are mainly electrodes and wires originally sold for electric resistivity or magnetotelluric surveys, which need to be combined in a customized
fashion for SP acquisition purposes by the user. In other

words, there is no off-the-shelf SP acquisition system
available, to our knowledge. Training for the SP method
is often taught by word of mouth and field experience,
and equipment has to be fabricated in house or gathered from various suppliers. However, this lack of
standardization also offers the benefit of flexibility:
There is total freedom to adapt, for example, the choice
of devices, data acquisition strategy, and data processing to the needs of each user, study setting, and target.
Historically, the SP method has been used in economic
mineral exploration. Now, it also expands to environmental geophysics and other applications, in which
for the above described reasons it remains “the ugly
duckling” that can transform into a swan (Nyquist
and Corry, 2002) if proper attention is dedicated to it.
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Historical evolution of SP applications
As Sheriff (1978) writes, “Electrical exploration is
not used a great deal in the United States, although the
French and the Soviets use it extensively.” This was at
the beginning of the expansion of the method, when
some fundamentals of the SP theory and application
were starting to be published in more detail (e.g., Semenov, 1980). Finizola (2017) describes the history of the
SP method, showing that the SP method was initially
used for prospecting in mining, using rudimentary
equipment (Fox, 1830). It consisted of metal copper
plates used as electrodes and a galvanometer measuring the electrical current between them. Nowadays,
with more modern devices, SP is still a common, useful
tool for ore deposit detection (see Sato and Mooney
[1960] for the theory of the electrochemical mechanism
and, e.g., Eppelbaum, 2019). As more experience was
gained with the method, SP became a useful tool for
geothermal studies, primarily in the United States (e.g.,
Zohdy et al., 1973; Corwin, 1976; Anderson and Johnson, 1979; Corwin and Hoover, 1979) but in the same
period, this cheap and user-friendly method raised interest for applications on active volcanoes in the United
States (Zablocki, 1976), and shortly thereafter in
Europe (e.g., Van Ngoc et al., 1980; Ballestracci,
1982; Lénat et al., 1982; Soudoplatoff et al., 1982; Halbwachs, 1983; Lénat, 1987). As for most of the existing
geophysical methods, the SP results are sometimes difficult to interpret as a stand-alone data set. Nowadays,
despite these challenges, the SP method is successfully
used in many studies covering a wide variety of domains such as mineral exploration (e.g., Biswas, 2017),
geothermal activity and resources (e.g., Zohdy et al.,
1973; Corwin, 1976; Anderson and Johnson, 1979; Corwin and Hoover, 1979; Revil and Pezard, 1998; Ishido
et al., 2010; Bolós et al., 2019), hydrology, hydrogeology,
and hydrogeophysics (e.g., Aubert and Atangana, 1996;
Doussan et al., 2002; Revil et al., 2005; Suski et al., 2006;
Jardani et al., 2009; Jouniaux et al., 2009), studies of
sinkholes (e.g., Jardani et al., 2006), caves, conduits,
and faults (Saribudak and Hauwert, 2017; Saribudak,
2019), dam leakage detection (Gex, 1980; Bolève et al.,
2011), subglacial flows (Kulessa et al., 2003), dormant
monogenetic volcanic fields (e.g., Bolós et al., 2012;
Barde-Cabusson et al., 2014), and active volcanoes in
general (e.g., Zablocki, 1976; Van Ngoc et al., 1980; Lénat, 1987; Finizola et al., 2002, 2003, 2004, 2009, 2017;
Ishido, 2004; Hase et al., 2005; Aizawa, 2008; Revil et al.,
2008, 2011; Barde-Cabusson et al., 2009, 2012; Bennati
et al., 2011; Brothelande et al., 2014; Gonzales et al.,
2014; Villasante-Marcos et al., 2014; Chaput et al.,
2019; Grobbe and Barde-Cabusson, 2019; just to mention a few).
More specifically speaking about the processing of
SP data, reference and loop/closure corrections have
not always been applied to the raw data. In the 1940s,
few authors mentioned the SP signal variability, in the
electrical logging of oil wells (Dickey, 1944; Mounce
and Rust, 1945) and associated with the mineralization

context (Rao, 1943; Dessau, 1950), but this did not lead
to consideration of the SP drift to be corrected before
generating SP maps. The first SP maps have been performed related to mining and ore body context (Kruger
and Lacy, 1949; Dessau, 1950; Gay, 1967; Henriet, 1971),
but without applying the loop correction. In the early
1970s, SP prospection started in geothermal exploration (Banwell, 1970; Anderson and Johnson, 1973;
Zohdy et al., 1973; Corwin, 1975), and important book
chapters and an entire Ph.D. thesis were dedicated to
the SP method (Corwin, 1973; Parasnis, 1973; Gex,
1977). However, it is in 1976 that the concept of closure
offset and loop correction appeared for the first time.
This new data processing, preliminary to elaborating
an SP map was specified in a geothermal exploration
in Long Valley, California (Anderson and Johnson,
1976), and also in the first SP publication applied in volcanology, on Kilauea in Hawaii (Zablocki, 1976). Since
this period, the concept of SP loop correction has been
adopted in various fields (volcanology, hydrogeology,
etc.), but it was only mentioned by one or a few sentences in the data processing sections of the publications
(Ballestracci, 1982; Schiavone and Quarto, 1984; Fournier, 1989). The most extended explanation about the
loop correction is concentrated in one short paragraph
(see Zablocki, 1976, p. 1302).
Instrumentation developments
Because the initial copper plate electrodes were
used in early mining studies, the devices used for SP
measurements evolved significantly. The first use of
nonpolarizable electrodes was proposed by Barus
(1882). With the developments in the field of geothermal studies, nonpolarizable electrodes were improved
and were systematically used in SP acquisition, replacing the metal electrodes (Gex, 1977). Indeed, the metal
electrodes were shown to generate parasitic currents
through redox reactions occurring between the metal
and the ground, which induces significant errors on the
measurements. “Porous pot”-type copper-coppersulphate nonpolarizable electrodes were the first type
used and were subsequently improved in Europe (Gex,
1977). Other types of electrodes were tested and used
for prospecting and/or monitoring (Perrier et al., 1997),
such as the Petiau lead-lead chloride electrodes (Petiau,
2000), which are considered to be more stable in time,
and they are usually recommended for monitoring purposes. The high-impedance multimeters typically used
for SP measurements need to have a 10–100 MΩ impedance, a basic accuracy of ±0.09%, and a DC voltage in
the range of 0.1 mV to 1000 voltage direct current. They
can be further augmented with a filter for unwanted 50–
60 Hz signals usually present in inhabited areas. These
filters are often required to avoid the effect of electric
lines disrupting the SP signal. Indeed, the SP method
suffers from a series of limitations associated with environmental factors; for example, poor coupling of the
electrodes with the ground, the presence of tree roots,
or the biological activity of ants around the electrodes all

can disrupt the signal. Furthermore, small-scale heterogeneities of the ground can induce significant differences
in the measured SP values when moving the electrode
position around by a few centimeters (Boudoire et al.,
2018). It is important to be aware of the instrumentation
limitations and potential sources of uncertainty in the SP
data, such that one can do their very best during data
acquisition to minimize these influences (e.g., ensure
good coupling with the ground). Furthermore, with each
evolution of the devices used for SP measurements, and
because the method has gained attention from
professionals in a variety of fields, these limitations have
become increasingly better addressable.
Despite the abundant literature on the SP method in
applied geophysics and a growing knowledge of the
theory behind SP signal generation (e.g., Revil and
Jardani, 2013), unfortunately, some significant mistakes
have occurred in the past while acquiring and/or
processing SP data, such as not using closed and interconnected measurements or not correcting the data for
the drift before generating SP maps.
We, and other geophysicists, have been refining the
whole process until we reached an fast and efficient
way to acquire and process SP data. The number of
inquiries that we received concerning SP data acquisition and processing was large, such that we realized the
lack of or inaccessibility of comprehensive literature regarding SP data acquisition and processing and, most
importantly, the demand from the scientific community
for such literature. This paper aims to reply to this
demand by describing the steps from data acquisition,
via processing and data correction steps, to the final
visualization of SP results, as well as some important
keys for their interpretation. Our experience with the
method was mostly obtained in volcanic environments;
consequently, most of the examples presented here
deal with volcanoes. However, given the general nature
of this paper and its focus on data processing and visualization, its contents are transferable and applicable to
any study using SP data, expanding its usefulness to any
user of the SP method.
Overview of SP principles
The SP method is based on the measurement of naturally occurring electrical potential differences in the
earth. Some SP signals result from the presence of an
electrical double layer at the microscale of a rock formation that is saturated to some degree with a pore
fluid. In this case, we typically assume that the electrokinetic effect that occurs in such a system is the dominant signal-generating mechanism; an assumption that
is often valid in most geoscientific settings (e.g., Leroy
and Revil, 2004; Revil and Jardani, 2013). However, it is
important to realize that other contributions to the generation of the SP signal exist, including the thermoelectric effect (Nourbehecht, 1963; Sill, 1983), which can be
significant in environments with strong thermal gradients, such as geothermal fields or active volcanoes.
In addition, SP signals with an electrochemical origin

can be generated by redox potentials associated with
ore bodies or the metallic casing of boreholes or contaminant plumes that are rich in organic matter (Sato
and Mooney, 1960; Linde and Revil, 2007; Minsley,
1997; Castermant et al., 2008). Another contribution
is the rapid fluid disruption effect described by Johnston et al. (2001) based on the previous works by Blanchard (1964) in nonporous media. They propose that
charge generation by fluid vaporization/disruption contribute to the SP signal. Because liquids are vaporized
or removed as droplets by gas transport away from hot
sources, charge generation and local increase in electrical resistivity by removal of fluids should occur and
contribute to electric fields. However, this new SP
source has been criticized and might be explained by
the electrokinetic effect (Revil, 2002).
Field acquisition
All of the measurements performed along a continuous line are hereafter called “profile.” To perform SP
measurements, we use a pair of nonpolarizable electrodes — usually Cu/CuSO4 electrodes. The Petiau electrodes (Petiau, 2000) are considered more stable for longterm monitoring, but Cu/CuSO4 electrodes offer many
benefits for field prospecting as well as with respect
to their design, such as a low price and easy homemade
construction. They provide an enhanced electrical contact with the ground due to a greater porous surface, and
they allow us to improve percolation by manually increasing the pressure of the electrolyte inside the electrode as the operator pushes the rubber plug of the
electrode. The porous pot electrodes such as those used
for magnetotelluric measurements have a bigger diameter than “slim” pencil-shape SP electrodes, and they
theoretically offer a slightly greater or similar porous
surface. However, due to their flat base, any imperfection of the ground will lift and tilt the electrode, resulting
in a significant worsening of the contact (thereby increasing the contact resistance) if not noticed or if not
corrected. The pencil-shape electrodes have sharp or
slightly rounded preeminent porous tips that allow for
optimization of the surface of contact. In volcanic fields,
in which the ground is often rocky and irregular, the
problem with “porous pots” is common, and we have
found that pencil-shape electrodes allow for getting a
good electrical contact, quickly and easily. With SP prospection, in which many measurements are done each
day, this is all the more important. Cu/CuSO4 electrodes
have been used for the examples presented in this paper.
The microporous end of these electrodes is made of permeable wood (or ceramic), which is put into contact
with the ground (Figure 1). Wood with high permeability
is preferred over ceramics due to its durability and because it ensures better percolation and thus better electrical contact.
The difference in the electrical potential between the
reference electrode (arbitrarily placed at the beginning
of the profile) and the moving electrode is measured
with a high-impedance multimeter, and it is typically

in the order of a few millivolts up to a few tens of millivolts. Before each SP survey, it is important to check
that the multimeter is operating properly. Malfunction
arises from aging of the electronic components or from
infiltration of water inside the multimeter during fieldwork. Two types of tests can be done to ensure that the
multimeters are properly working: (1) a test using a current calibrator in the laboratory or (2) the comparison
of the measured values for at least three different multimeters, for the same measurement in the field: The
three multimeters must show the same SP value. Note
that it is very important to always connect the moving
electrode to the positive port (VDC) of the multimeter
and the reference electrode (through the connection on
the wire reel) to the negative port (COM). Keeping this
convention in mind is of utmost importance to interpret
the relative positive and negative peaks correctly.
A long wire (usually approximately 320 m, approximately 420 m, or approximately 520 m) is used to connect the two electrodes to the multimeter. These are
deliberately not chosen as exact multiples of 100 m to
allow for tying the cable at the beginning of the profile
to something heavy or immovable, as well as to use the
extra wire to potentially move the new reference location, in the case of a bad electrode-soil contact at the
end of the profile. For example, 320 m of cable corresponds to a usual 300 m measurement profile in addition to having 10 m of extra cable on both ends. The
core of the wire that we usually use is made of copper,
and its section is usually of 1.5 mm2. We did not notice

Figure 1. (a) Schematic representation of SP data acquisition.
COM and DCV indicate the correct connection to the multi
meter. (b) Example of field data acquisition (photo courtesy
A. Finizola). (c) Schematic representation of a Cu CuSO4 non
polarizable electrode (modified from Barde Cabusson, 2007).

any significant benefit or drawback in using a thinner or
thicker wire on the SP measurement itself. However,
with these characteristics, a 300 m wire appears to have
a good weight/efficiency ratio avoiding heavy coils of
wire in the field, especially in uneven or otherwise challenging terrains, while still enabling the coverage of
long distances in the field without having to change
the reference too often. Using a long wire (several hundreds of meters) allows us to reduce possible errors
that may occur due to a too-frequent change of the
reference (fixed) electrode. Reducing the number of
reference changes during a survey is recommended to
reduce possible differences between sections (e.g.,
noise), associated with different environmental conditions at each reference. This is usually insignificant,
but we can reduce the risk by using a long wire, thereby
minimizing the amount of required reference changes.
The length of the wire obviously has a trade-off as well
because, the longer the wire, the harder it becomes in
rough terrain to carry and to roll-collect the wire for the
subsequent section of the profile; for long wires, the
chance of it getting stuck behind vegetation, rough rock
surfaces, etc., becomes higher. In inhabited areas, it is
also important to take into account that the longer the
wire, the higher the electrical noise. The spacing between two successive measurement points depends
on the size of the anomalies that we expect. Commonly,
spacing of 20 m is optimal to get good resolution, that is,
adapted to the detection of the main structural limits,
hydrothermal anomalies, and hydrogeologic flows (Finizola et al., 2002, 2003; Bennati et al., 2011), while ensuring reasonable data acquisition time on areas of several
square kilometers. To save time and maintain the precision of the spacing between measurements, the cable
can be marked with pieces of colored tape, with the
number of marks corresponding to the distances from
the last reference, for example, the first five marks = 0 m,
one mark = 20 m from the reference, two marks = 40 m,
three marks = 60 m, four marks = 80 m, five marks
again = 100 m, one mark again = 120 m, and so on. At
each measurement location, a small hole (approximately
10 cm deep) is dug to reach the natural moisture of the
soil and thus to improve the electrical contact between
the electrode and the ground. As an alternative to the
fixed reference acquisition method, the gradient method
consists of moving both electrodes forward along the profile at each measurement, with a constant measurement
spacing (e.g., Thanassoulas, 1989; Minsley, 1997; Lowrie,
2007). However, this method increases the chances of
one of those electrodes having a bad contact resistance
for the next measurement, increasing the risk to impact
all the consecutive measurements it is connected to. To
reduce this risk, the leading electrode can also become
the trailing electrode at each new measurement. This
technique can be used to minimize errors but the gradient
method anyway involves significant cumulative errors on
long distances, compared to the fixed reference electrode
acquisition technique. Repeating each measurement at
least three times at each station helps to reduce the error

but does not cancel it and adds significantly to the time
necessary at each measurement point. This is critical for
survey areas of several square kilometers, where thousands of measurements are necessary. The gradient
method should thus be used with extreme caution in
small-dimension surveys with no or very limited environmental noise. With a long wire, switching the electrodes
at each new reference is performed to keep the electrode
located at the last measurement untouched in the ground
while starting with the next section of measurements.
This minimizes the risk to worsen the contact without
noticing it. It also compensates for the small difference
of potential possibly existing between the two electrodes
themselves. The significantly lower noise affecting the
data with the fixed-base method (with respect to the gradient method) is crucial in studies involving the repetition
of measurements in time, for example, to monitor the
evolution of the SP signal along a profile. Chaput et al.
(2019) show the reproducibility of their SP measurements in areas not affected by variations of the hydrothermal or hydrogeologic activity, whereas the method
allows for detecting some variations from a few millivolts
to several tens of millivolts, mapping a caldera collapse
before the collapse with 1 m of precision. With the noise
affecting the signal with the gradient method, such precision would be lost.
Water or a bentonite/water/salt water mixture can be
used to improve the contact resistance when the
ground is particularly dry, but this is usually unnecessary. The natural moisture of the ground is generally
sufficient to provide a good coupling, and the use of
a high-impedance multimeter allows for getting goodquality measurements even with varying contact resistances from point to point. For SP, one can even argue
that the artificial wetting of the ground is not recommended: It can change the local geochemistry and electrical double-layer effects that are at the foundation of
the SP coupling, and these changes may therefore erroneously impact the SP measurement. Therefore, we
would only recommend using wetting of some kind in
case everything else fails. From a practical point of view,
measurements should be planned beginning at the higher
elevation and ending downslope. This makes the winding
of the wire significantly easier and faster because the
weight of the wire itself would otherwise increase the
friction with the ground, whereas, going downhill, gravity will actually help in pulling this weight.
With Cu/CuSO4 (and other nonpolarizable) electrodes, two main techniques exist to ensure the quality
of the SP data. The first option is to perform several SP
measurements in a small area for each data point; this
method can be used for any electrode type, but it is time
consuming and does not ensure a real control on the
quality of the electrical contact. In addition, there is the
ambiguity of which SP value to choose. The repeated
measurement technique is a good practice for the reference electrode change at the end of a section of wire, in
complement of the second option presented thereafter.
The second option is to measure the value of the elec-

trical resistance prior to each SP measurement to check
the electrical contact between the electrodes. This second option allows for getting a direct assessment of the
quality of the electrical contact, and it significantly reduces the duration of each measurement. This is applicable only to nonpolarized electrodes because other
electrode types would need a sometimes long relaxation time and, in the long term, become permanently
polarized. Usually, the resistance should be on the order of a few kilo ohms or tens of kilo ohms. If the resistance is much higher, the first verification consists of
checking the wires connected to the multimeter by creating a closed circuit with the wire and checking for a
maximum resistance of only a few ohms. Usually, the
contact of the moving electrode with the ground should
be enhanced when reaching a few hundred kilo ohms
or, alternatively, the location of the measurement
should be modified by a few tens of centimeters if the
resistance value exceeds approximately 1 mega ohm.
These threshold values are indicative of and closely
depend on the geologic nature of the surface or subsurface and the moisture of the ground. When the resistance measurement is satisfying, the SP measurement
can be made by switching the multimeter to the VDC
position. The operator should read the value when it
is stable (usually after a few seconds for nonpolarizable
electrodes). In the case of doubtful SP values, problems
regarding the quality of the SP data can be easily detected when, while making several measurements, the
SP variation appears to be directly linked to the resistance variation. In that case, the electrode needs to be
moved to another location. However, risks of malfunctioning of the instrumentation are usually easy to detect
and mitigate because of the several tests and checks
done during a survey and during the preparation of
the survey: (1) Before the survey, each wire and each
pair of electrodes are checked carefully for a good electrical connection, (2) each multimeter that is used is
calibrated with a current calibrator or, if one is not
available, some measurements are performed in the
field at the same location using different multimeters
to check their accuracy, (3) at the beginning of every
day in the field, the electrodes are placed tip to tip to
check for an electrical potential difference of less than
1 mV, and (4) if any sudden variation of the SP value
occurs in the field, we perform repeated measurements
in a space of a few centimeters and some instrument
checks are done again. Each measurement location is
registered with a handheld GPS and recorded along
with the measurement numbering, the distance from
the initial reference, the measured resistance, and the
measured SP value. A good practice is to keep the electrodes, and in particular the reference electrode, protected from direct sunlight to avoid possible
disruptions due to temperature variations and rapid
evaporation of the electrolyte from the electrodes. SP
data have to be collected when the moisture of the
ground is good enough in the first few centimeters of
the ground. We usually dig a maximum of 10–15 cm,

The whole measurement network of an SP survey has
to be interconnected. To do so, SP measurements are
performed forming loops, that is, closed profiles or profiles that are connected at both ends to other closed profiles (Figure 2b). During data processing, this will allow
for assessment and correction of the drift undergone during the acquisition of the data. The only exception to
closed-loop acquisition is for the “floating profiles” that
are connected to the main network by only one end, or
for single isolated profiles that are measured in a short
time period (of a few hours maximum) for which we typically can assume that no significant modification of the
environmental conditions takes place. However, this
should be done only exceptionally and only when closing
the profile is absolutely not possible. A profile connected
at both ends to a single water body is also considered a
closed profile, considering that this water body is an
equipotential surface (Figure 2b). This is true if we consider that the pH and mineral composition are reasonably similar in the whole water body. In general, it is
thus preferable to close the profiles at the same geographic location. By convention, the 0 mV SP value is
generally attributed to the sea, a lake, or surface of an
aquifer, and a positive or negative SP anomaly will refer
to an anomaly with respect to this body. In the case of
the absence of any water body in the investigated area,
the 0 mV potential is taken arbitrarily. This can be an
area located outside or at the margin of the sector where
the main study is focused (where SP variations are expected to be minor) or where the values are approximately the average of the data set.
After the survey, all of the SP values of the interconnected profiles are corrected through
several steps that will connect the whole
data set to a unique reference station
(e.g., with respect to the sea or any other
main water body of the investigated
area, when possible), which is set to
0 mV. This process requires two consecutive corrections of the raw SP data:
(1) the reference correction and (2) the
closure (or loop, or drift) correction. We
use a spreadsheet application, such as
Excel or Grapher (Golden Software),
to process the data, and we use a contouring and 3D surface mapping program to interpolate the data and
create maps and graphics (e.g., overlaying the 2D SP map on a 3D surface) for
the visual presentation and evaluation of
the results. Besides maps, the data can
be displayed using plots (graphs) as
well. In a plot, the SP data are presented
as a function of the acquisition distance
Figure 2. (a) Schematic representation of the reference correction of SP data.
to, for example, precisely locate strucThe orange arrows represent the shift of the data, section by section. This must
tural features, or as a function of the albe applied to any SP profile composed of several sections, that is, with several
titude to, for example, highlight areas
references, for example, those presented in (b) (SP profiles in an aerial view).
with different geology or hydrogeologic
(b) Schematic representation of a profile closed on itself, on the sea at both ends,
or hydrothermal characteristics.
or on any other SP profile.
and at that scale, the vertical electrical field gradient is
lower than SP environmental noise (Boudoire et al.,
2018; Chaput et al., 2019). If the electrode contact is satisfying, there is no reason to dig more than 15 cm in
depth for SP mapping. If the contact is not satisfying
in the shallow part of the ground, it is better to postpone
a survey to a rainier season.
A new reference station is established every time the
end of the wire is reached. At the last measurement
along the wire, the moving electrode is left in place
in the ground to become the new reference electrode
and the former reference electrode that stayed at the
beginning of the profile is picked up and is then used
as the moving electrode for the next section, until
the end of the wire is reached again. Using this technique helps to avoid error accumulations related to
the potential difference existing between the two electrodes put tip to tip, that is, the error induced by the
electrodes themselves. This error is very small but
can accumulate if the reference and measuring electrodes are not switched at each section. Switching ensures
that the electrode error cancels out over two sections
(one section corresponds to the length of the wire). Alternatively, the potential difference between the two
electrodes can be measured regularly and the data
can be corrected from the measured value. Note that
after switching, the previous reference electrode becomes a moving electrode and must be connected to
the positive port (VDC) of the multimeter, whereas
the moving electrode becomes the new reference and
must therefore be connected to the negative port
(COM) through the coil of wire.

Corrections of an SP profile
Reference correction
During acquisition of the data, each time that we arrive at the end of the wire with the moving electrode
(which would define one section of a profile), a new
reference electrode is established, that is, the last position of the moving electrode will become the new reference station for the next section, until the end of the
wire is reached again. The new reference is considered
to be the new 0 mV reference for the whole new section
(Figure 2), relative to which all other measurements of
that section are made. Therefore, we obtain data with
several arbitrary 0 mV values, at the beginning of each
new section of a profile, which must be properly combined and corrected to obtain continuity in the data set
along each profile. In other words, the reference correction is applied to connect all of the sections of a single
SP profile together. It must be applied for each SP profile, section by section, to connect each section to the
end of the previous one. Only the first section will remain unchanged, whereas the others will be corrected
section by section along the direction in which the measurements were acquired. This correction allows us to
link all of the sections of one profile to the same initial
reference potential (0 mV at the beginning of the
profile).
Let us now take a closer look at how we can bring
these theoretical concepts to practice. In a spreadsheet,
we isolate each profile in individual worksheets (Figure 3). We want to highlight that the formulas used
are transferable to any (open-source) spreadsheet software. The reference correction is made on each profile
separately, section by section. In the column containing
the raw SP data, the first section is not modified and the
last value of this section is added to all of the measurements of the second section. Thereafter, the third section is shifted by the last corrected value of the second
section and so on. In the example of Figure 3, the locations of the references are highlighted by the orange
rows and correspond to a data acquisition length of
300 m (the maximum length of the wire) per section.
As pointed out previously, the initial section (rows
3–18 in this example) depends directly on the first reference so no correction is applied to these data points.
The second section (from rows 19 to 33) is shifted to
the last value of the initial section; section 3 (rows
34–48) is shifted to the last value of section 2.
Closure (or loop, or drift) correction for one
profile
In the case of a closed profile, the first point is geographically the same as the last one: The measured SP
value should theoretically be the same as the well. This
would be true if no environmental perturbations occurred within the time span when the first and last measurements were made. However, during a survey, the
measurement conditions can change (e.g., rain events
inducing variations in the soil moisture, the soil temperature, instrument error such as the progressive increase

of potential between the two electrodes themselves,
etc.); consequently, a drift in the measurements will
be observed.
Without any other prior information, we assume that
the drift increases linearly from the time when the first
measurement was taken to the time of the last one; that
is, along the period of time of the acquisition, the drift
increases continuously. It remains difficult to provide a
very accurate correction due to the variability of events
provoking the drift. Among those, localized rain events
that may affect only part of a profile (in particular in the
case of kilometer-long profiles), variations of the hydrothermal activity (in geothermal fields and volcanoes),
and spatiotemporal variations of the sun radiation,
which are all nonlinear variations. Thus, we consider
that the most efficient approximation, in terms of accuracy and acquisition and processing times, is to use the

Figure 3. Reference correction of the SP data along a single
profile, using Microsoft Excel. The references locations and
values are highlighted by the orange rows that mark the limits
of each section of 300 m (the maximum length of the wire in
this example). The initial section (rows 3 18) does not need a
reference correction (note that columns F and G are identical
for that section). The second section (rows 19 33) is added to
the last value of the initial section. Likewise, section 3 (rows
34 48) is added to the last value of section 2. The $ sign is the
formula that is used in Excel to keep the cell coordinates (the
column letter and the row number) constant when the for
mula is copied through the rest of the section. However, any
of those formulas are transferable to any other open source
spreadsheet software.

distance along the profile to distribute the drift. Usually,
we expect a drift of a few millivolts in an SP loop acquired over the duration of a few hours without drastic
variations of the environmental conditions (in particular, heavy rain), although loops performed over several
days and with changing conditions may show drifts of
several tens of millivolts. It remains difficult to identify
the various phenomena producing the drift and to
evaluate their individual contributions; regardless, it
is considered parasitic and must be corrected through
the closure correction.
In the example presented in Figure 4, we imagine a
profile consisting of 10 measurement points, in which
the last measurement point (10) is geographically the
same as the reference (0), forming a closed profile (for
examples of closed profiles, see Figure 2b), that is, the
first and last measurement points that are either at the
same location or are both linked by an isopotential line
(e.g., sea, lake, and aquifer). The drift is defined by the
difference between the SP values at the reference and

very last measurement point of the profile, after application of the reference correction (Figure 4a). The correction of this drift is applied to all of the data points of
the profile by linearly increasing the correction factor
from the first to the last point of the profile. The initial
point is the reference of the profile so no correction is
applied to it (considered as point 0). In our example of
Figure 4, the first measurement point is corrected for
one-tenth of the total drift, in which 10 is the total number of data points without counting the reference. The
second point is corrected for two-tenths of the total
drift, and so on until the last point. The last point is corrected for the total drift, resulting in it obtaining the
same value as the initial point, as it is supposed to be.
Looking at a practical example of the aforementioned theoretical correction, the Excel spreadsheet
presented in Figure 5 shows that the reference point
(row 3) and the last point (row 48) have the same
GPS coordinates but a different SP value after reference
correction (see cells G3 and G48). As said, this difference is the drift that we must correct the data for. The
correction is presented in column H, and the corresponding equation is shown on the right side of the
figure.
First, we must create a column with continuous numeration of the data points, beginning at zero for the
reference (column A). The numbers in this column will
be used for determining the correction factor applied to
each point. The reference itself does not need a closure
(or drift) correction, which is why the correction factor
for this SP value is zero (cell A3). The closure correction formula is first defined in cell H48, and this formula
is applied across the column, up to the first reference
point. We can immediately validate whether or not the
formula has been applied correctly because the resulting value of the last data point (cell H48) should be identical to the value of the reference point (here 0 mV).
Some elements of the equation are constant, but others
vary as the correction is applied to each point of the
profile.
The closure correction equation is
SPc ¼ SPr − ðD∕NÞ  n;

Figure 4. Schematic representation of (a) an SP profile com
posed of 10 measurements in which points 0 and 10 are either
geographically the same or are linked by an isopotential line
(e.g., sea, lake, or aquifer); the difference observed in the SP
value is the drift. (b) The linear distribution of the drift from
the reference (0 fractions of the drift) to point 10 (10 fractions
of the drift, i.e., the total drift), in which one green arrow is
one fraction of the total drift. (c) The application of the clo
sure correction for the 10 data points, with points 0 and 10
now displaying the same SP value.

(1)

where SPc is the SP value after the closure correction, SPr is the SP value after the reference correction,
D is the observed drift, N is the total number of data
points in the profile excluding the reference, and n is
the place of the data point in the profile, determining,
together with D and N, the correction factor.
In the example shown in Figure 5, the correction formula in Excel is composed as follows:
1) Drift
D ¼ G48 − G3:

(2)

This is a constant in the equation for the whole profile, which is why we use the $ sign that keeps the

row or column following this sign unmodified when
copying the formula to the top of the column.
2) Divide the drift by the number of data points in the
profile (N; a constant)
¼ ðG48 − G3Þ∕A48:

(3)

3) Multiply by the place of the data point in the profile
(n; variable)
¼ ððG48 − G3Þ∕A48Þ  A48;

(4)

where n is a variable and A48 in our example corresponds to the closure correction applied to the
last point of the profile. When copying the formula
to the top of the column in the Excel sheet, the correction factor will change as a function of the row.
4) Subtract this value from the SP value for which the
reference correction has already been applied (SPr)
¼ G48 − ððG48 − G3Þ∕A48Þ  A48:

(5)

Closure correction for multiprofile surveys
Overview
As discussed before, in a complete SP survey, measurements are performed forming loops (closed profiles
or interconnected profiles) to monitor the drift and correct for it. When a data set is composed of several profiles in an area to build an SP map, each profile must
first be corrected independently for the reference correction, as described in the “Reference correction” section. In the following description, we assume that this
reference correction has been applied to all of the
profiles.
After the reference correction, each profile has its
initial point as a reference with a value of 0 mV. To connect the data from all of the profiles together, we
choose an initial closed profile/loop that will form the
basis for the subsequent closure corrections of other
closed profiles (see step 1 for Figure 7a–7d). Under optimal conditions, the initial loop should be completed in
a short amount of time. However, it can be composed of
measurements acquired over several days. This loop is
the first to which the closure correction is applied,

This is also a variable that will
change per data point.
Note that equation 3 gives the absolute value corresponding to the length
of a single green arrow in Figure 4.
In a real case study (Figure 6), we observe that the closure correction affects
the whole profile but does not affect
the shape of the SP curve; that is, the
maxima and minima remain geographically unchanged. The drift is exaggerated here, compared to the length of
the profile, to get a perception of the effect of the closure correction. In a real
case, the closure correction would usually be lower. However, performing the
closure correction is important because
even an uncorrected small drift can induce big artifacts on an SP map. The
importance of the location of the SP
maxima and minima will be discussed
in the following sections. It is also important to keep in mind that the SP measurements are not absolute; after the
application of the reference correction,
the SP values are relative to the first
reference of the profile that they belong
to and, after the application of the closure correction, the values of the whole
data set are relative values with respect
to one unique reference that we choose
out of the area of interest of the study or
that is placed at the sea, a lake, or another water body.

Figure 5. Closure correction of the SP data along one closed profile (or loop),
using Excel. References are highlighted by the orange rows that mark the limits
of each section of 300 m (the maximum length of the wire in this example). In
column G, the first (cell G3) and the last (cell G48) SP measurements are at the
same geographic location but they show different SP values (values after the
reference correction). This difference (G48 G3) corresponds to the drift of this
profile. Column H shows the closure correction applied to correct for this drift.
When applied to the whole loop, the first (cell H3) and the last (cell H48) display
the same SP value (here, 0 mV). The $ sign is the formula that is used (in Excel) to
keep the cell coordinates (the column letter and the row number) constant when
the formula is copied through the rest of the column.

which also gives a sense of the quality of the measurec5, and d5 correspond to the complete data sets acments; the other profiles have to be connected at both
quired in the field. The green sections are the loops conends to this initial loop, or to another profile that is alnected step by step to the data that have already been
ready corrected by the closure correction. Thus, the
corrected (the black sections) in a previous step. The
profiles are forming new loops and are
connected step by step to parts of the
survey for which the data have already
undergone the closure correction. To optimize this procedure and to make sure
proper data corrections can be made, a
precise planning of SP data acquisition
in the field always involves foreseeing
the correction phase. This involves planning interconnected profiles and profiles
that preferably do not cross each other.
Profiles crossing each other create additional sections, each of which have to
be processed as individual loops. The
processing can therefore become timeconsuming. Moreover, each intersection
of the profiles and, in general, each connection between different profiles of
the SP survey should be performed at
a common measuring point in the field.
To do so, it is recommended to flag those
connections points in the field (e.g.,
the references of each section can be
marked by placing a flag or a discreet
ring of stones) to be able to connect a
new profile at the exact same measureFigure 7. Two examples of simple data networks corrected by the closure
ment point of an older profile (i.e., using
correction. (a and b) Two alternatives of the closure correction for a simple grid.
the same hole).
(c and d) Two alternatives of the closure correction for a “volcano type” net
In the successive steps proposed in
work, that is, circular profiles around the crater and the base of the cone + radial
Figure 7, the black dotted lines are the
profiles on the flanks. In the successive steps, the black dotted lines are the data
that have already been corrected. The green dotted lines are the data currently
data to which the closure correction
being corrected.
has already been applied; steps a4, b4,

Figure 6. Example of the closure correction for an actual closed SP profile. The black line is the data set that has been previously
corrected for the reference correction, and the orange line is the same data set after the application of the closure correction. The
drift is exaggerated here, compared to the length of the profile, to get a perception of the effect of the closure correction. Note that
the last point (at a 4380 m distance) is corrected to reach the same value as the reference point (at a 0 m distance; that is geo
graphically the same point because it is a closed profile). Also note how this correction changes the SP values gradually without
affecting the location of the SP maxima and minima.

rule to keep in mind is that after being corrected for the
closure correction, a data point is fixed and its value
with respect to the unique reference of the data set cannot be modified during the following steps of data
processing.
Connect a new loop to already-corrected data
As discussed before, after the reference correction,
all the individual profiles have their reference (the first
point of the profile) at 0 mV. After the first step of the
closure correction (see the “Closure [or loop, or drift]
correction for one profile” section and the “Overview”
section), we choose a second loop to be corrected. Because the reference was set arbitrarily to 0 mV, the SP
values at the connections between the two loops are not
equal (Figure 8a). We first have to connect one extremity of the new loop (the green line in Figure 8) to the
data that have previously been corrected (the black line
in Figure 8) following a similar procedure as the one
described in the “Closure (or loop, or drift) correction
for one profile” section for the reference correction. For
that purpose, the SP value difference at the intersection
is added to all data points of the new profile such that
this extremity of the new profile/loop has an SP value
equal to one at the same geographic point in the already-corrected data. In our example (Figure 8), 4 mV
is added to each measurement point of the green loop to
make the value of the first point coincide with the black,
already-corrected loop (Figure 8b). After this operation,
the electrical potential difference remains the same between each measurement point and the reference of the
profile; that is, the same value has been added to each
data point of the profile.
In Figure 8b, we observe that, after connecting the
data of the new loop (i.e., adding the difference in
SP values of the connection point to the whole profile),
the SP values of the other extremity are not equal to the
same geographic point in the initial black loop. This observed SP difference is the drift that must be distributed
along the new profile (see the “Closure [or loop, or drift]
correction for one profile” section). Figure 8c shows the
final result of the closure correction with the two ends
of the new loop displaying the same SP value as those
initially encountered at the same locations on the black
loop (Figure 8a). In the spreadsheet (Figure 9), we first
have to add the SP value from the already-corrected
loop at the connection, to all points of the new loop
(loop 2). Successively, the drift is distributed such that
the two extremities of the newly corrected loop (K2 and
K6) display the same SP values as the reference loop for
these identical geographic locations (D3 and D7; see
also Figure 8c). From this step onward, the data belonging to this loop are fixed and can be used as data points
to which other loops can be connected in subsequent
steps of the closure correction procedure, as schematically displayed in Figure 7.
The closure correction of a multiprofile survey can
be summarized as follows:

Step 1) Correct an initial loop 1, which is a closed profile or a profile connected at both extremities to the
same equipotential surface (e.g., the sea).
Step 2) Connect a second loop (loop 2) to loop 1 by
choosing one of the two extremities of loop 2
coinciding geographically with a point of loop 1.
The SP value will have to match the SP value of
loop 1 at the connection location: This is done by
adding or subtracting the adequate SP value to all of
the data point of loop 2.
Step 3) Distribute the drift along this new loop.
Steps 4 and 5) Connect the next loop to the alreadycorrected data (e.g., at step 4, loop 1 and loop 2);
that is, choose the next loop to be corrected from
the remaining, uncorrected data, and apply steps 2
and 3 to this new selected loop. The data that have
already been corrected for the closure correction
are fixed and do not change. This step is repeated
until the whole data set is properly combined and
corrected for the closure correction.
For practical reasons, a survey does not necessarily
start at the point that ultimately will be considered as

Figure 8. Schematic decomposition of the closure correction
in a data set of two profiles. The black circles are data points
already corrected for the closure correction. The green dots
are the data to be corrected for the closure correction. The
numbers correspond to the SP values for each data point
(in mV). (a) The two tone arrowheads represent the progres
sion of the measurements in the field, and REF refers to the
reference (or initial point) of the new profile. The first step (a
and b) consists of connecting a new profile to a corrected one,
and the second step (b and c) consists of the repartition of the
drift along the new profile.

the unique reference of the SP data set. When the reference and closure corrections have been applied to all
collected data, the last step thus consists of assigning
a 0 mV value to the point that we choose as the final,
unique reference of the data set. Preferably, this point
should be located at a water body existing in the study
area (sea, lake, or aquifer) or at any particular measurement point where no major SP variation is observed.
During this last step, we add or subtract the SP value
of the chosen point to the whole SP data set, so that
this point will be 0 mV and the relative SP values from
one point to another do not change.
Finally, the SP values can be copied to a new Excel
sheet along with a numbering column corresponding to
the data points, the GPS coordinates, the names of the
profiles, and any other information that the user may
want to use when presenting the data. These SP values
are the final product of the data processing and can be
used to visualize the data.

give a good idea of the meaning of some SP anomalies
in different contexts (e.g., Zlotnicki and Nishida, 2003;
Jouniaux et al., 2009; Grobbe and Barde-Cabusson,
2019). This section aims to give an overview of the various possibilities to visualize SP data and extract useful
information, including a discussion on some common
elements of the interpretation of SP anomalies in environmental science studies.

SP maps
SP data files contain data acquired in the field, often
with an irregular geographic distribution. These data
must be converted into an evenly spaced grid before
being able to create a map representation. A grid file
contains a list of Z values (here, our SP data), and
the spatial position assigned to each value into the grid
corresponds to the x and y geographic coordinates of
the data points in the field. To create the grid and the
corresponding SP map, we use dedicated data mapping,
modeling, and analysis software. The input data file is a
worksheet or text file in which all of the corrected SP
Data visualization and interpretation
data are presented in one column. The corresponding x
Now that we have successfully processed the raw SP
and y coordinates fill two other columns. The workdata, we can visualize the SP anomalies.
sheet can contain title rows and other columns that may
With relatively small measurement spacing, data
be used to label the data points. For example, an addiplots/graphs can provide detailed information. Howtional column created with the numeration of individual
ever, with a data set well distributed in the field, we
profiles is useful. Making mistakes transferring the data
can also present SP data in maps, using a gridding/infrom a field notebook to a computer is very common,
terpolation, contouring, and surface mapping program.
and the GPS can also occasionally have low precision in
The small measurement spacing and the great spatial
the field. This produces artifacts in the resulting SP map
coverage give valuable information on different levels.
if the coordinates are not corrected. A good idea is to
This section does not intend to detail all possible intercreate a graph of the geographic coordinates of the data
pretations of SP anomalies. Other publications already
points, labeled with the numeration of
individual profiles. A missing or misplaced point along a profile usually corresponds to a mistake in its coordinates
that can be corrected directly in the data
set. This check can sound trivial, but it
avoids important mistakes when the
data are interpolate, and it especially
helps to avoid the interpretation of SP
anomalies that are actually artifacts.
When the data set has been quality-controlled accordingly, it is ready for the
gridding procedure.
As mentioned before, SP mapping in
uneven terrains (i.e., having slopes, depressions, rivers, and inhabited areas),
as is the case most of the time, results
in data sets with heterogeneous spatial
coverage. As a result, on the one hand,
we obtain small measurement spacings
Figure 9. Closure correction of the SP data for the example schematically dis
played in Figure 8. Loop 1 is the reference initial loop (the black color in Fig
(usually 20 m or less) along each profile,
ure 8), and loop 2 is the new loop (to be corrected; the green color in Figure 8).
whereas, on the other hand, profiles are
The upper part of the figure refers to the connection of the SP data performed by
sometimes separated several hundreds
adding the intersection SP value from loop 1, to all data points of loop 2 (i.e.,
of meters from each other. The gaps beconnecting the data). The lower part corresponds to the drift distribution. The
tween profiles can be significant, and a
$ sign is the formula that is used (in Excel) to keep the cell coordinates (the
single interpolation of the data can lead
column letter and the row number) constant when the formula is copied through
to the appearance of artifacts that can
the rest of the column.

be used to perform a second interpolation/gridding, but
be visually misleading for the interpretation of SP maps.
Although many gridding and filtering methods exist, a
this time with smaller grid spacing (usually two times
solution to minimize the effect of heterogeneous data
the spacing used along the SP profiles = 40 m). The recoverage is to perform a double interpolation of the
sulting grid can be used to create the final SP map. The
data set (Figure 10). Kriging usually creates some artiaim when creating a mesh of approximately 10 times
facts on the resulting map. These artifacts are often due
the measurement step is to create a smoothed grid beto the limited search neighborhood typically used, as
tween the SP profiles before the final interpolation (Findescribed by Neufeld and Wilde (2005). The authors
izola et al., 2002). Obviously, in interpolation, one can
proposed the use of all of the samples for kriging to genalways make different choices for algorithms. However,
erate artifact-free maps. For data interpolations to genour key message here is to take a widely adopted intererate SP maps, we thus suggest using a very large radius
polation algorithm (kriging) implemented in many
of interpolation encompassing approximately half of all
commercial software packages and demonstrate the
of the data set (e.g., a 1 km radius or more for the SP
benefits of using our double-gridding method in addidata of our Stromboli volcano example),
with four sectors of search (northeast,
northwest, southwest, and southeast
quarters), a maximum of 64 data points
to use from all the sectors, and a maximum of 16 data points to use from each
sector. With a reduced radius of search,
artifacts appear between the measurement profiles independently of any kriging/variogram options used. Moreover,
kriging can be significantly affected
by the choice of variogram model (Gorsich and Genton, 2000; McClean and
Evans, 2000; Pyrcz and Deutsch, 2001;
Leuangthong and Deutsch, 2004). To
avoid any subjective selection of a variogram model, we suggest using double
linear interpolation as a simple and effective method. It consists of two steps
of (1) creating a regional mesh that will
smooth high-frequency artifacts and
(2) a second interpolation that preserves
the detailed information measured
along the profiles. The challenge, especially for SP interpolation maps, is to
preserve the high-amplitude and shortwavelength SP anomalies. Indeed, these
can be interpreted in terms of structural
limits (e.g., fault systems), which is one
of the key applications of the SP method
(Finizola et al., 2002, 2003, 2009; Bennati
et al., 2011). Basically, field data are
used to produce a grid with large spacing (e.g., 10 times the minimum spacing
of the field data, e.g., 200 m for a field
data acquisition spacing of 20 m). From
this grid, a new series of data is extracted by converting the grid to an ASCII XYZ file, which can be edited in a
Figure 10. Double interpolation/gridding of the SP data for an irregular distri
spreadsheet program. The data must
bution of the measurement points in the field. Step 1 creates a grid with a large
be combined with the original field data
spacing (200 m). The resulting data are added to the original data in step 2 to
in a unique spreadsheet. This new data
finally create a grid with spacing corresponding to two times the measurement
set created has a more even distribution
spacing along individual profiles (40 m). The white dots represent the SP meas
of the data points in the whole study
urement points. SP maps are extracted from the Stromboli SP map (modified
area and preserves the high resolution
from Finizola et al. [2002]; see the whole map in Figure 11 with details of the
of the data along the SP profiles. It can
differences and benefits of the double gridding at a greater scale).

tion to kriging. Here, the two gridding steps are performed with the kriging method, which is also a good
option to interpolate unevenly sampled data. Combined
with the double-gridding approach, the results show a
faithful representation of the data close to the profiles
and smoothed artifacts far from them. High and low
filters, to filter out anomalous outliers, can also be used
on the corrected SP data, to smooth the final result
(Thanassoulas, 1989). A downside of this approach
would be that the user has to define the upper and
lower bounds of these filters, and it will be a bit arbitrary unless the user has clear physical reasons to select
these specific values. Filtering also means that anomalously high or low SP values, even though they can be
realistic, may be removed from the data.
Figure 11 is an example case study using SP data
from Stromboli volcano. The general aspect of the
map is relatively similar, but a rapid comparison of the
two maps exemplifies the usefulness of a double-gridding process. Calculating a grid directly from the corrected SP data generates a high-frequency signal that
can mislead scientific interpretation. Indeed, the appearance of short-wavelength SP anomalies in areas not
well covered by field measurements can confuse the
reader (e.g., the yellow anomaly in box 1 in Figure 11).
Artifacts can sometimes be very close to actual data and
look like large-scale anomalies (box 2 in Figure 11).
This two-step procedure preserves the density of the
data along the profiles and the position and extension
of the real SP anomalies (e.g., box 3 in Figure 11). The
general aspect of the map is greatly improved because
most of the high-frequency artifacts are removed (e.g.,

box 4 in Figure 11) and the first-order information is
revealed. However, even with an enhanced representation, it is important to remember that the interpretation
of such maps should always be done keeping in mind
the acquisition geometry. There are many different
choices to make with respect to the interpolation. Our
example demonstrates that different choices can improve the final results and interpretability of the data.
One direction to explore, for example, is the addition
of topography, or other prior information, as a cokriging property.
Once a basic map is created, several steps can be carried out to enhance it and highlight as much information
as possible, such as blanking the map away from the
data points (i.e., removing interpolated areas outside
of the area of interest, where no data are available), or
creating a custom color scale. This will not modify the
information obtained from and represented by the data,
but it will ease the perception of the first-order results in
the map, and it will aid in the interpretation of SP data.
SP versus distance graphs
SP data can be presented as graphs/plots, showing
SP values as a function of the distance along a profile,
or as a function of the altitude. As a function of the distance, graphs can be used to precisely localize, for example, anomalies of the SP signal related to structural
discontinuities of the ground, such as faults and fissures
(Finizola et al., 2002; Bennati et al., 2011), to delineate
hydrothermally active zones (e.g., the typical W-shaped
SP signal on volcanoes) (Ishido, 2004; Gonzales et al.,
2014), or to define the spatial extent of preferential

Figure 11. Study case example of a single gridding, directly to a 40 m resolution (the left side) compared with a double gridding
with interpolation at 200 and 40 m (the right side) of SP data from Stromboli (modified from Finizola et al., 2002). The white dots
represent the SP measurement points. The dashed boxes show artifacts that are being removed (boxes 1, 2, and 4) without altering
the resolution and accuracy of the map in areas well covered by the measurements in the field (box 3). The maps in Figure 10 show
the central part of the present figure.

interpreting an SP profile. We also want to emphasize
groundwater flow pathways (Revil et al., 2005). This is
that for SP versus distance graphs, the shorter the
where the effort of acquiring data with short measuremeasurement spacing, the better the SP data can detect
ment spacing really pays off. Studies with 1 m measuresmall-scale structures.
ment spacing (Finizola et al., 2009), although time
consuming, enable us to locate structural discontinuities in great detail and allow for assessing potential limSP versus elevation graphs
its of collapses associated with preexisting or incipient
The effect of the elevation variations or the so-called
fault planes (Barde-Cabusson et al., 2012; Chaput
topographic effect (e.g., Zlotnicki and Nishida, 2003) inet al., 2019).
volves a constant linear SP/elevation relationship (e.g.,
In the Garrotxa, a dormant monogenetic volcanic
Lénat, 2007) explained by a water table whose depth
field located in northern Spain, the Rocanegra (RN) and
increases regularly with elevation in a homogeneous
Puig Subià (PS) volcanic cones are thought to be built
medium. In the W-shapes signal observed on active volon the same north-northeast–south-southwest eruptive
canoes, the external branches of the “W” are then exfissure (Barde-Cabusson et al., 2014). They are two
plained as the decrease of the signal while climbing
well-preserved volcanic edifices aligned along a
the slopes of the volcano. SP versus elevation graphs
north-northeast–south-southwest direction that is also
can be built using the whole SP data set of the study
reflected by gravimetry data acquired at the same study
area and the elevation information at the same meassite. In the alignment of those two volcanic edifices, the
urement points. It is useful in a hydrogeologic context
authors identified a clear SP minimum on one SP profile
as well as in areas showing hydrothermal activity, to
intersecting the fissure (Figure 12b, profile a-b; the fisdelineate different hydrogeologic and hydrothermal dosure is represented as the dashed orange line). Profile
mains. A simple approach consists of representing the
a-b crosses the fissure in a rough southwest–northeast
SP versus elevation data in a graph. The strategy here is
direction, and, even if the signal is noisy, it clearly highto identify and extract SP values and the corresponding
lights the area affected by the fissure. Usually, an SP
elevation of the measurements from different key areas
anomaly associated with a fault would rather show
of the study site. Those key areas are delimited by a genup as a narrow peak in the SP data, but in this case, the
eral knowledge of the geologic and structural features
ground may be fractured over a broader area due to
of the study site or, more interestingly, the SP versus
past volcanic or tectonic activity. The northern half
elevation plot itself will help in identifying different
of profile c-d follows a path nearly parallel to the aligngroups of data corresponding to, for example, areas
ment of RN and PS volcanic cones, and then it shows
with different hydrogeologic characteristics. Figure 13
decreasing SP values when approaching the eruptive
shows two examples on the active Piton de la Fournaise
fissure. This SP profile shows a 150 mV minimum,
volcanic cone (Réunion Island, France; Barde-Cabuswell-defined by at least 35 measurement points, and inson et al., 2012) and dormant Garrotxa monogenetic
terpreted as being associated to the eruptive fissure
field (Catalonia, Spain; Barde-Cabusson et al., 2014).
(Barde-Cabusson et al., 2014). However, in this latter
On the active Piton de la Fournaise area, which is a hycase, nothing confirms that profile c-d actually crosses
drothermal context, different groups of the SP versus
the eruptive fissure and the SP minimum observed can
elevation data are clearly identified because they show
be called a “relative minimum,” that is,
relative to the rest of the data in this profile. This minimum indicates that the
profile passes close to the eruptive fissure and, in a case in which no other
data would support the location of the
fissure, the information could be used
to plan follow-up data acquisition. This
is an important discussion for the interpretation of SP profiles because (1) we
define “real” and “relative” minima that,
respectively, correspond to the actual
intersection of an SP profile with a fault
or fissure, or to an anomaly in the vicinity of this structural limit and (2) we
Figure 12. (a) Section of the SP map acquired in Garrotxa (Catalonia, Spain). (b
highlight the fact that getting results of
and c) SP versus distance graphs along selected SP profiles (a b and c d). StaM,
other geophysical or geochemical methRN, and PS stand for the Santa Margarida, Rocanegra, and Puig Subià volcanoes,
ods available at the same location can
respectively, and ref is the reference for the SP data set. The dashed orange line
substantially help the interpretation of
is the eruptive fissure between RN and PS, and the small white dots are the SP
such SP plots, and in any case, knowlmeasurements. Profile a b defines a real SP minimum, whereas c d shows a rel
edge of the general geology of the study
ative SP minimum (see the text for an explanation; [a and b] has been modified
area is a prerequisite for any attempt at
from Barde Cabusson et al., 2014).

Figure 13. (a and b) The SP versus elevation graphs of the Piton de la Fournaise cone (Réunion Island, France) and Garrotxa
(Catalonia, Spain), respectively. (c and d) The data points displayed on the corresponding SP map and digital elevation map. The
colors of the data points in the corresponding graphs and maps (a and c, and b and d) are the same ([a and c] are modified from
Barde Cabusson et al., 2012; [b and d] are modified from Barde Cabusson et al., 2014).

different trends. Those groups correspond to different
intensities of the hydrothermal activity likely due to
more (nearly vertical trend) or less (flatter trend) intense hydrothermal flow. Low hydrothermal activity on
the flanks of the cone is characterized by a +1.7 mV/m
gradient (corresponding to the slope of the linear regression of this group; Figure 13a). The summit area
shows a different trend with a greater general slope,
and the two summit craters show a nearly vertical trend
associated to an intense hydrothermal activity. In the
Garrotxa volcanic zone (Barde-Cabusson et al., 2014),
two major groups of data were identified with an
eastern zone (the black data points in Figure 13b) showing a −0.19 mV/m trend characteristic of hydrogeologic
zones (Lénat, 2007). A western group (the gray data
points in Figure 13b) shows more chaotic behavior.
Some local anomalies, such as the high infiltration
along the Puig Subià eruptive fissure, can contrast with
the main trend (the blue data points in Figure 13b). The
two zones are interpreted to be areas with different hydrogeologic contexts (Barde-Cabusson et al., 2014).
Going further in the processing of SP versus elevation

data, Lénat (2007) shows that computing the SP/elevation gradient is useful for qualitative interpretation of
SP data; the author shows that the gradient is more sensitive to variations of the SP signal associated to the
presence of perched aquifers, to lateral variations of
underground physical properties, or to upward hydrothermal circulations of fluids.
Conclusion
The SP method is a simple method whether regarding the acquisition of the measurements in the field, or
the processing of the data. However, the reference and
the closure corrections of SP data are vital to SP
processing and the significance of a good planning of
SP acquisition in view of applying those corrections,
that is, in particular that the prepared plan must include
closed profiles (loops) interconnected to common
measurement points in the field for the purpose of applying the closure correction. The reference correction
allows us to connect different sections of a profile,
whereas the closure correction allows us to correct
the drift of SP measurements and sets a unique refer-

ence for the whole data set. This is an essential condition to visualize the result on a map. We show that data
acquisition spacing is a critical parameter that will determine the size of the geologic and structural features
that we will be able to identify. Acquiring data with
small spacing along the survey lines (or profiles), even
if the profiles are distant from each other, will give an
opportunity to interpret the data with a great amount of
detail. Although SP versus distance graphs can locate
structural limits precisely, maps and SP versus elevation graphs identify hydrogeologic or hydrothermal
domains of different intensities at a greater scale. A preliminary step consisting of double gridding the corrected data set is not a compulsory step, but it has
shown to be useful to counteract the effects of an uneven distribution of the measurements in the field in addition to the use of a method such as kriging. Using both
allows us to keep detailed information close to the data
points and to smooth artifacts far from it. SP maps will
highlight first-order information and can help to identify
key areas for continued studies (using SP and/or other
geophysical methods and data types).
The robust practical data acquisition and processing
method that is proposed here will help several researchers across many disciplines to plan their SP surveys,
acquire good-quality data, get reliable results with the
method through an efficient processing, visualize the
data, and, finally, interpret the results for their own
fields of research.
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