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Abstract Gypsum rocks are widely exploited in the world as industrial minerals. The
purity of the gypsum rocks (percentage in gypsum mineral in the whole rock) is a critical
factor to evaluate the potential exploitability of a gypsum deposit. It is considered than
purities higher than 80% in gypsum are required to be economically profitable. Gypsum
deposits have been studied with geoelectrical methods; a direct relationship between the
electrical resistivity values of the gypsum rocks and its lithological composition has been
established, with the presence of lutites being the main controlling factor in the geoelec-
trical response of the deposit. This phenomenon has been quantified in the present study,
by means of a combination of theoretical calculations, laboratory measurements and field
data acquisition. Direct modelling has been performed; the data have been inverted to
obtain the mean electrical resistivity of the models. The laboratory measurements have
been obtained from artificial gypsum-clay mixture pills, and the electrical resistivity has
been measured using a simple electrical circuit with direct current power supply. Finally,
electrical resistivity tomography data have been acquired in different evaporite Tertiary
basins located in North East Spain; the selected gypsum deposits have different gypsum
compositions. The geoelectrical response of gypsum rocks has been determined by com-
paring the resistivity values obtained from theoretical models, laboratory tests and field
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examples. A geoelectrical classification of gypsum rocks defining three types of gypsum
rocks has been elaborated: (a) Pure Gypsum Rocks (>75% of gypsum content), (b)
Transitional Gypsum Rocks (75-55%), and (c) Lutites and Gypsum-rich Lutites (<55%).
From the economic point of view, the Pure Gypsum Rocks, displaying a resistivity value of
>800 ohm.m, can be exploited as industrial rocks. The methodology used could be applied
in other geoelectrical rock studies, given that this relationship between the resistive par-
ticles embedded within a conductive matrix depends on the connectivity of the matrix
particles.

Keywords Gypsum rocks - Electrical resistivity tomography - Lutites -
Theoretical models - Laboratory test - Field examples

1 Introduction

Gypsum is a common mineral in the evaporite rocks; it is deposited both in marine
evaporative basins and lakes. Gypsum is a dihydrated calcium sulphate (CaSO,4-2H,0),
being the most abundant within the sulphate minerals. The gypsum rocks are dramatically
affected by diagenesis; primary (depositional) gypsum is transformed to anhydrite (CaSO,)
when buried (or in sabkha environments). The anhydrite deposits rehydrate again and
transform to gypsum rocks when exposed to weathering processes (secondary gypsum
rocks). In general, gypsum rocks are mainly composed of gypsum, accompanied by lutites
(clays and microcrystalline carbonates); as minor minerals, celestite, quartz, anhydrite, and
glauberite can be present.

Gypsum rocks are widely exploited in the world as industrial minerals, being used as
ornaments (gypsum alabaster), drywalls, plaster of Paris, fertilizers, soil conditioners and
in Portland cements, among others. Spain is one of the greatest gypsum producers of the
world and the European exporter leader, with an annual production of 13 Mt/y and esti-
mated resources of 60 Mm?® (Regueiro and Marchan 2004). The purity of the gypsum rocks
(percentage in gypsum mineral in the whole rock) is a critical factor to evaluate the
potential exploitability of a gypsum deposit. It is considered than purities higher than 80%
in gypsum are required to be economically profitable in the case of conventional building
plaster, and higher than 92% for plaster of Paris (Cerulla 1997; Bonetto et al. 2008).

Electrical resistivity tomography (ERT) is a geophysical technique which has been
successfully used to study gypsum deposits (Lugo et al. 2008; Guinea et al. 2010). With
ERT, the apparent electrical resistivity of the terrain is measured by nailing electrodes in
the soil and injecting a DC current through two electrodes; the difference of potential
between another two electrodes is measured. With an inversion routine, the data acquired
in the field are processed and a real resistivity distribution of the subsurface is obtained.
This method is non-invasive and it has a relatively low cost compared with high cost
drilling projects which are usually performed to investigate gypsum deposits.

The electrical resistivity values of gypsum rocks were studied by Guinea et al. (2010);
a direct correlation between the conductivity of the rocks and the gypsum content was
defined. A strong influence of the presence of lutite in the geoelectrical response of
gypsum rocks was shown. The purest gypsum rocks (>90% in gypsum content) have
resistivity values higher than 900 ohm.m. The presence of lutites within gypsum
decreases these values to less than 100 ohm.m in the most impure rocks (<10% of
gypsum). The resistivity values of lutites are well known to be 1-20 ohm.m (Orellana
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1982; Martinez et al. 2009). Nevertheless, the relationship between the lutite and gypsum
minerals has not been quantified yet.

The main objective of this study is to establish a geoelectrical classification of gypsum
rocks on the basis of their mineralogical composition (mainly lutite and gypsum per-
centages) and their electrical resistivity values. This classification would properly interpret
the data obtained by means of electrical methods (as vertical electrical soundings, or ERT)
performed in gypsum rocks. The development of an accurate protocol to measure the
geoelectrical response of samples at the laboratory level is also the aim of the research,
since the laboratory measurements would support the electrical resistivity ranges obtained
by the theoretical and field methods.

2 Materials and Methods

The geoelectrical classification has been elaborated comparing the resistivity values
obtained from: (1) theoretical models; (2) laboratory tests; and, (3) field examples.

2.1 Theoretical Models

On the basis that gypsum rocks are formed essentially by gypsum mineral and enclosed
lutites together with accompanying carbonates, quartz, celestite... (Fig. 1), a set of theo-
retical models has been elaborated, representing homogeneous gypsum deposits (Fig. 2).
The RES2DMOD program has been used; this program calculates the electrical apparent
resistivity pseudosection for a user-defined 2D underground model (Loke 2002). This
program has been widely applied in order to simulate the acquisition of field data in a
known medium (Cornacchiulo and Bagtzoglou 2004; Maillet et al. 2005; Srinivasamoorthy
et al. 2009). Sumanovac and Dominkovic (2007) used RES2DMOD program to determine
the resolution of a block model in a homogeneous mean. The models of this study are
formed of a block of theoretical gypsum rock and a conductive background (with a
resistivity of 1 ohm.m in order to facilitate the passage of electrical current). The model
blocks are composed by 1,760 small squares and each square has a value of 10 or
1,000 ohm.m depending on whether it represents lutite or gypsum mineral. The size of the
block was selected in order to be large enough to let the inversion achieve the values of the
original model. The shape of a block was chosen at the expense of a continuous layer to
support the absence of artifacts. The conductive mean which surrounds the model block
has the lowest electrical resistivity value possible in order to optimize the sensitivity within
the gypsum rock block.

The composition of the block has been changed for every model displaying different
purities of the gypsum rock block from 0 to 100% (in gypsum mineral composition). These
models represent the morphological distribution of the rock at the microscale for different
purities. In the models, the scattered phase (meaning lutites) has been represented as small
and homogeneously dispersed impurities within the model block. The sensitivity of the
method is unable to distinguish these impurities; thus, the inversion of the data does
represent the theoretical gypsum body as a homogeneous deposit.

The direct model pseudosections have been processed afterwards with the program
RES2DINV which uses the smoothness-constrained least-squares method (deGroot-Hedlin
and Constable 1990; Sasaki 1992; Loke and Baker 1996) in its inversion routine.
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Fig. 1 Photomicrograph (plane polarized light) of different gypsum rocks showing a pure gypsum,
b impure gypsum and ¢ gypsum-rich lutites
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Fig. 2 Model blocks elaborated with the RES2DMOD program; each block represents a gypsum rock body
with changing composition (gypsum vs. lutite percentages)

2.2 Laboratory Tests

Some laboratory tests were carried out by many authors in order to measure the electrical
response of several geologic materials (Daily et al. 1995; Ewanic et al. 2001; Giao et al.
2003; Vanhala et al. 2009; Rusell and Barker 2010; among others). These authors mainly
focused on the study of clays (and lutites) because of their relative low electrical resistivity
values. The conductivity properties of different mineral crystals was also studied under
laboratory conditions by Telkes (1950), Bleaney and Bleaney (1976), Orellana (1982) and
Halpern (1998), giving a wide range of resistivity values. Nevertheless, the study of the
electrical resistivity response of whole rocks or aggregates with medium-high resistivity is
poorly developed. The electrical behaviour of bulk rocks or isolated mineral crystals is
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substantially different given that electrical current tends to spread along the contacts
between the crystals and/or along the lowest resistive minerals (clays). In our research, the
composition of different gypsum rocks with changing purities has been simulated in order
to quantify the changes in the measured resistivity values. Nevertheless, because the
laboratory conditions differ from those of the field (humidity, measuring scale, heteroge-
neities, etc.), it is to be expected that the resistivity values obtained would be slightly
higher than those obtained in field conditions. This is principally because, at field scale, the
electrical current can find some conductive paths to spread due to the anisotropy of the
terrain while at a smaller scale the samples are more homogeneous, thus they could display
a more resistive behaviour.

Several tests have been performed in laboratory conditions in order to measure the
electrical resistivity response of gypsum rocks. Eleven sample-pills have been made with
a mixture of different proportions of powdered clay and gypsum, simulating real geo-
logical samples, and an electrical current has been applied through them. The pills are
made of mixed red clays (collected in the field) with pure dihydrated calcium sulphate
(Panreac PA-ACS CaS0,4-2H,0 laboratory reagent ref. 131235.1210, simulating natural
gypsum). The clays were dried in a furnace at 40°C for 2 days and powdered. The bulk
and clay mineral composition of the clay fraction was studied by X-ray diffraction as
randomly oriented powder and oriented preparations (air-dried, glycolated and heated at
550°C) in a Siemens D-500 diffractometer. The clay-gypsum mixture varies from 0 to
100% of gypsum (intervals of 10%; Fig. 3). Each pill was prepared under overpressure
conditions (press machine at 200kN) for 60 s. In order to support the cementation of the

100% GYP; 0% CLAY | | 90% GYP; 10% CLAY | 80% GYP; 20% CLAY | | 70% GYP; 30% CLAY
60% GYP; 40% CLAY SU% GYP; 50% CLAY 40% GYP; 60% CLAY 30% GYP; 70% CLAY

. . . 2::rn

20% GYP; B0% CLAY 'I 0% GYP; 90% CLAY l 0% GYP; 100% CLAY

Fig. 3 Sample pills made using mixtures of powdered clays and CaSO,-2H,O laboratory reagent in
different proportions (100-0% gypsum contents in intervals of 10%)
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pills, the blended powder-samples were slightly wetted with sprayed distilled water
before the pressing process; otherwise the pills are brittle.

Additionally, the sample was hand-pressed with a whirling movement before con-
necting the press in order to distribute the sample homogeneously. After this process, the
pills were left to dry for 48 h. The resulting pills, 13.5 g in weight, took a cylindrical
shape, 2 cm in radius. The thicknesses of the cylinders, measured with a vernier caliper,
were around 0.5 cm. The pills with higher gypsum purity are too resistive in order to be
measured; thus other thinner pills, 3.5 g in weight, were prepared for the purest gypsum
samples (70, 80, 90 and 100% of gypsum). The thickness of this second set of pills, also
measured with the vernier caliper, was close to 0.15 cm. With this thickness it is possible
to measure the resistivity of the higher purity pills (reducing the distance between the
poles).

An electrical circuit was developed under laboratory conditions in order to perform the
measurements of the electrical resistivity of the pills (Fig. 4). The power source was a
laboratory DC converter power supply (0-32 V); the negative-pole wire incorporated a
micro-ammeter (0—100 microamps). The electrodes used on the samples are made of
stickers with metallic buttons, in accordance with the UNE 21-303-33 regulation (1983).
The button has a conductive gel in the sticking side, forming a 0.75 cm-radius circled face
(which will be considered the surface of the electrode). This gel is directly connected to the
samples. These sticker-electrodes are connected to both sides of the samples in the same
position (because the electrical current runs perpendicularly to the samples). The buttons of
the electrodes are clamped by the pins of the wires which connect both poles of the circuit,
with the sample acting as a resistance. The sample is laid upon an insulator made of
paperboard to avoid electrical leakages. Measuring the current (/) at a known voltage (V),
Ohm’s law can be applied to calculate the resistance (R) of the sample (Eq. 1):

IZE (1)

As the width (L) of the sample and the surface area of the electrode (S) are also known,
the electrical resistivity (p) value can be calculated (Eq. 2):

Fig. 4 Electrical circuit developed to measure the electrical resistivity values of the pill samples; it consists
of a switchable laboratory power-supply, two electrodes and a micro-ammeter
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R=p )

The sample measurements have been carried out at 10, 30, 60, 180 and 300 s. The
readings were made with 2 A amperage and a voltage of 3 or 32.2 V.

2.3 Field Examples

A total of 7 ERT profiles (A, B, C, D, E, F and G) have been performed in different
gypsum formations along the Ebro and Vallés-Penedes Basins and in the South Pyrenean
Foredeep (North East Spain). The measurements of the apparent electrical resistivity have
been made with a SYSCAL PRO switch with 48 electrodes separated by 10, 5, 2, 1 or
0.5 m between them (depending on the investigation depth),using an internal power sup-
ply. Although many different arrays are used in electrical prospecting (Szalai and Szarka
2008), the selected arrays in our research were Wenner-Schlumberger and Dipole-Dipole,
using the most suitable (depending the presence of structures with horizontal or lateral
variations, respectively) in each case. The program used to carry out the inversion of the
acquired data is RES2DINV as in the case of the theoretical models.

According to the solubility of gypsum of 2.4 g/l (at normal conditions), the amount of
non-gypsum minerals was quantified by dissolving 0.5 g of powdered gypsum samples
(collected from the studied formations) in 250 ml of distilled water; the solutions were
shaken for 24 h and subsequently filtered. The remnant after filtering corresponds to the
non-soluble impurities of the gypsum rock (lutites, carbonates, quartz, etc.), which can be
quantified.

3 Results and Discussion
3.1 Theoretical Models

Lutites are accompanying materials in gypsum lithofacies commonly; they are dissemi-
nated in the rock (solid inclusions within the gypsum crystals or in the intercrystalline
porosity) or as separate lutite laminae or beds. The purity of gypsum deposits (percentage
of gypsum minerals) can vary widely, even in the same evaporite unit. For deposits
consisting of alternating laminated-to-banded levels with different purities (gypsum-lu-
tites), the geoelectrical image would be generally interpreted as homogeneous bodies
represented by the mean value of the deposit, alternating lithologies would—or would not—
be identified after the inversion routine of the data depending on the thickness of the levels
due to the sensitivity of the method. A set of theoretical models has been elaborated,
representing an evaporitic deposit constituted of gypsum rocks with disseminated
enclosing lutites (Fig. 2).

Into the initial user-defined model (Fig. 5a), the mean electrical value assigned to
gypsum mineral was 1,000 and 10 ohm.m for lutites (essentially clay and marl), thus the
real block-resistivity values for the two extreme cases of gypsum rock content of 0 and
100% is 10 and 1,000 ohm.m, respectively. In the inversion of data we can iterate the
program until it achieves these values at the point of the model block with highest resis-
tivity value (reference point in Fig. 5¢). The methodology used with the rest of the models
(with purity from 10 to 90%) consists of performing the same number of iterations and
checking the resistivity value at the same point of the model block. This value would
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Fig. 5 Sketch of the theoretical calculation process, showing a model-block representing a 100% pure
gypsum rock (a). From the theoretical model an apparent resistivity value pseudosection is calculated
(b) and afterwards the data are inverted by performing 17-18 iterations. The value of the calculated
resistivity is checked at a reference point (c¢), which must have the same value as that of the initial model.
The process is repeated with different model blocks with initially unknown bulk electrical resistivity values

represent the electrical resistivity value for a gypsum rock with the purity selected on the
initial model. Different arrays were tried during the elaboration of the models: Wenner
alpha, inline Dipole—Dipole, Pole Dipole and Wenner Schlumberger. These arrays are
commonly used in geoelectrical surveys and they have different sensitivity distributions.
Wenner-Schlumberger was the most stable between iterations when reaching the expected
value in the reference models (100 and 0% of purity). The electrode spacing selected was
2 m, in order to have an adequate investigation depth for the models. With this procedure
an apparent-resistivity pseudosection of the model was obtained (Fig. 5b). Afterwards, the
data from the direct model were inverted. The inverted value of the resistivity section has
been checked at the centre of the model (at a horizontal position of 47 m and a depth of
9.60 m) in different iterations (Fig. 5c). Between iterations 17 and 18, the value of
resistivity reached 1,000 ohm.m at this point (994.45 ohm.m in the 17th iteration and
1022.40 ohm.m in the 18th iteration, respectively). The obtained value is considered to be
correct as we know that the original model block had a resistivity of 1,000 ohm.m. In the
case of the model with 0% purity, it displays a value of 12.15 and 12.16 ohm.m in
iterations 17 and 18, respectively, which is also close to initially considered electrical
resistivity value in the original model (10 ohm.m; Fig. 6).

The inverted resistivity values obtained for the reference point X = 47.00 m, Z =
—9.60 m in iterations 17 and 18 for the different purity models have been collected in order
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Fig. 6 Electrical resistivity values calculated from the theoretical models from gypsum bodies, with purity
ranging from O to 100%. The values show the difference in the calculation between the iterations 17 and 18.
The three different transects of resistivity are displayed in the background with different colours

to relate them with the gypsum contents of the rocks. The trends in the plot of calculated
resistivity from iterations 17 and 18 are almost coincident, and only slightly diverge in the
90 and 100% purity values (Fig. 6). Because of this, the mean trend between both lines can
be considered. The results show three different transects: (1) Purity of the rock from 0 to
50%; the plot shows a slightly increasing trend in the electrical resistivity values while
increasing the purity. (2) Between 50 and 70% of gypsum purity; the value of resistivity
increases exponentially. (3) Above to 80% of gypsum contents; the slope of the curve tends
to diminish until the maximum resistivity value for pure gypsum rocks.

3.2 Laboratory Tests

Some different essays were carried out before the adequate development of the circuit
device. The selected electrodes and the design of the circuit are in accordance with the
UNE 21-303-33 regulation, which states that the measures have to be done with a DC and
stable current. Previous tests were performed within a wide range of voltage between 1 and
200 V, taking into account that higher voltages could induce superficial secondary elec-
trical currents and that the presence of any type of low resistivity impurities in the rock (as
lutites) could overcharge the sample and generate small fractures. As it was observed that
no leakages occurred within the range of 1-200 V, a guard-ring around the electrodes is
not required. An amperage above 1 A in the power supply has been shown to be enough;
the use of different amperage conditions higher than 1 A does not display different
measures, thus an amperage of 2 A has been selected for the experiments.

Several gypsum-clay pills were measured. The amperage conditions of the power
supply during the experiment remained constant (2 A) and the measured amperage in the
gypsum-clay pills varied from below (<1 pA) to above (>100 pA), the detection limits of
the micro-ammeter. The two applied voltage conditions from the power supplies were 3
and 32.2 V. The results indicate that the lower one is most suitable for optimum measures
in 0.5 cm-thickness pills up to 70% gypsum content (Table 1); measures in gypsum-richer

@ Springer



567

Surv Geophys (2010) 31:557-580

S QI e @OEHOHEOQ sjuauraInsea 9y} WO} paje[nd[ed St anjeA %ﬁ>ﬁmﬁm®(~ 121119919 Y],

€ L8T'ST Sl 1 ! Sl Sl (43 SI'o 001
€ LY'Ye Sl Sl 1 S Sl (43 SS1'o 06
€ 17C°L1 [4 C C C (4 (43 S91°0 08
(4 LST 14 % % % 14 € SIS0 0oL
C L1 6 6 6 6 6 € S0 09
I LE 9¢ LT 8¢ 6C 6¢ € 6¥°0 0S
I 14 8¢ oy 9% 124 197 € 6¥°0 or
I 0c oF (14 143 143 (39 € 8%°0 0€
I L1 6S 9 9 9 S9 € LY'0 0C
I Sl 9¢s 19 99 69 0oL € S0S°0 01
I 11 8L 78 06 S6 001 € 90 0
(wrwyo) (e1odwreoorur) (e1odwreosorur) (e1odwreororur) (e1odwreororur) (erodwreororur) (A)  (wo) ojdwes  wnsd43
joosuel],  AJNADSISOY S 09¢ IolJe AINSEI]N S (O8] JO1Je QINSEIJN S ()9 JOJe QINSEIJN S ()¢ JOIJe QINSBIJN S (O JOJJe AInsed]y  93e)[OA  JO SSOUNIIYL Jjo 9

Sorduwres Yyl JO SSauyIIY) 3Yy) pue 338IJ[OA P3al B udEoEu‘_zmeE 0w ay) uo 3urpuadap ‘SjuawIAINSLIW 0jeIoge| ay) JO Synsa J|qe.
1d ) ¥ Yoy gy pue d3ejjoa pardde oy 3 1 oy} uo Surpuadap A1 qE[ Ay} JO SINSAY | I[qeL

pringer

A's



568 Surv Geophys (2010) 31:557-580
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samples (higher than 70%) were out of scale (>100 pA). In order to study pills with
purities higher than 70% within the measure range of the ammeter, thinner pills (with a
thickness around 0.15 cm) were prepared. The sample measures in the laboratory circuit
have been carried out at 10, 30, 60, 180 and 300 s. Measurements clearly tend to decrease
at higher intervals of time and the fall is more sudden when increasing lutite contents
(lower gypsum purity), due to the polarization of the enclosed clay minerals (Table 1,
Fig. 7). The injected current is continuous and the terrain would not polarize supposedly;
nevertheless, it is clearly shown that the samples with large clay composition tend to be
polarized while increasing the reading time when the electrical current flows. The most
polarized sample is the purest clay-pill (100% clay) while polarization stops in a 60%
gypsum, 40% clay mixture. It is considered that the optimum measuring time is 10 s, in
order to be representative of the measures of the geoelectrical methods (as they do not
inject a continuous electrical current during a long period of time).

The results of the laboratory tests show an increasing electrical resistivity value pattern
clearly related to the gypsum-purity in the samples. The results from the measures can be
divided into three transects (Table 1, Fig. 8): (1) The first transect corresponds to the
measurements obtained in 0.5 cm-thick pills up to approximately 50% in gypsum-purity.
The absolute resistivity values obtained and the gypsum-purity vs resistivity pattern are
very similar to those obtained after theoretical calculation (Fig. 6). The electrical resistivity
value slightly increases from about 11 ohm.m (0% gypsum) to 37 ohm.m (50% gypsum).
(2) The second part is a transitional area between 1 and 3 (60-70%, both included); the
electrical resistivity values of the pills with a thickness of 0.5 cm increase rapidly but still
inside the range of the micro-ammeter scale of measures. (3) The third part of the plot
corresponds to the 0.5 cm-thick richest-gypsum pills (>70%); the electrical resistivity
values cannot be measured because they are below the detection limit (readings <1 pA),
while the poorest-gypsum samples show signals within the ammeter range.

As the voltage increase is not enough to obtain a measurement for the purest pills, the
transect 3 has been completed by means of decreasing the thickness of the pills (0.15 cm)
and applying 32.2 V. In this case the micro-ammeter shows readings, the pill with 70% is
above the scale of the micro-ammeter (>100 pA), while the 80, 90 and 100% purity pills
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show a clear increasing trend in the final calculated resistivity values, with the 100% pill
being the most resistive.

The result from the X-ray diffraction of the powdered clay shows that it is composed of
chlorite, kaolinite and illite with minor amounts of calcite, quartz, feldspars and gypsum. It
has to be noted that, while the powdered clay fraction of the pills can be directly compared
with the geological clay or lutite units, the powdered gypsum fraction is texturally and
crystallographically different from the gypsum deposits. The CaSO,4-2H,0 reagent used is
cryptocrystalline (finely crystalline), while common gypsum rocks are from micro- to
macrocrystalline (up to several meters in the largest selenite crystals). Thus, these values
cannot be considered to be representative of real gypsum rocks.

3.3 Field Examples

Several gypsum formations along the South Pyrenean Foredeep, Ebro and Vallés-Penedeés
Basins (NE Spain; Fig. 9) have been studied. These examples are presented below (from
higher to lower gypsum purity):

(A) South Pyrenean Foredeep: A thick evaporitic marine deposit took place during the
Lutetian (Middle Eocene) in the eastern Pyrenees (Rosell and Pueyo 1997). Anhydrite (and
halite) rocks have been described at depth in boreholes (Carrillo 2009), while secondary
gypsum (coming from the hydration of anhydrite) is found in outcrops; the evaporite body
is mainly constituted of graynish banded to massive microcrystalline gypsum. Close to the
village of Sant Joan les Fonts (Girona province), gypsum rocks outcrop between clay levels
(Fig. 10a), attributed to the Beuda Gypsum Unit (Carrillo 2009). The measured purity of a
gypsum sample is 98% gypsum. An ERT profile has been carried out near the outcrop in
order to evaluate the electrical response of the gypsum-pure layer. The ERT line (Fig. 11a)
shows a 5 m thick resistive body, with a mean value of electrical resistivity around
1,000 ohm.m, which clearly corresponds to the purest evaporite layer (layer A in Fig. 12a).

(B) Valles-Penedes Basin: During the evolution of the Vallés-Penedés Basin, several
transgressive pulses in the Burdigalian (Early Miocene) led to partial flooding of the
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Fig. 9 Distribution of evaporite formations in the Tertiary basins of central and northern Spain indicating
the location of the seven studied ERT profiles (modified from Orti et al. 2010)

Barcelona

western part of the basin and promoting the precipitation of the Vilobi Gypsum Unit (Orti
and Pueyo 1976; Bitzer 2004). At the western part of the Vilobi del Penedés village
(Barcelona province), extensive extraction took place in the last century. The deposit is
mainly constituted of banded gypsum alternating with thin Iutite-carbonate laminae
(Fig. 10b); scarce nodular-entherolithic lithofacies are also recognized. Outcropping
gypsum is micro- to macrocrystalline (up to several centimeters in length) secondary
(coming from the hydration of anhydrite). The mean gypsum mineral content from the
exploited rocks had a purity of 85-87% (personal communication from the chemistry
technician of the exploitation body, 2009), while our analyzed gypsum sample displayed a
slightly higher purity (92%). The ERT profile (Fig. 11b) permits us to interpret the pres-
ence of an overlying clay level, offering a low electrical resistivity values (around
10 ohm.m), and a shallow body with intermediate resistivity corresponding to calcarenite
layer (which outcrops close to the studied area). The top of the gypsum body is identified at
13 m depth (level B in Fig. 12b), showing higher resistivity values (between 700 and
1,000 ohm.m). There is a low resistive structure between the two main gypsum bodies
(Fig. 11b).

(C) Catalan margin of the Ebro Basin: The SE of the Catalan margin of the Ebro Basin
recorded during the Eocene—Oligocene several evaporitic lacustrine events (Orti et al.
2007). Guinea et al. (2010) studied the Pira Gypsum, nearby the village of Pira, by means
of 8 ERT profiles and a borehole (Tarragona province), in the Conca de Barbera sector of
the Ebro Basin. The gypsum-rock body was suitably described and a relation between the
purity of the gypsum and the electrical resistivity value was established but not quantified.
The measured gypsum-purity from the selected core samples were: 92-94% for the purest
levels, 56% for the impurest levels and some from 65 to 72% in the thin-gypsum embedded
in a lutite body (Guinea et al. 2010). Gypsum layers in this outcrop are constituted of
microcrystalline reddish to greenish secondary gypsum, massive to diffusely banded-
laminated; nodules of pure white microcrystalline (alabastrine) gypsum are enclosed in the
gypsum mass (Fig. 10c), which were extensively exploited as sculpture alabaster for
ornamental purposes since the fourteenth century and up to the 1970s. The ERT image
(Fig. 11c) shows a layer (0.9 m depth) with an electrical resistivity value of 1,000 ohm.m,
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Fig. 10 Photographs of the different studied areas displaying the different purities of the gypsum rocks in
which the ERT profiles were performed. a Pure gypsum outcrop (A) in Sant Joan Les Fonts village (Girona).
b Laminated pure gypsum (B) in Vilobi del Penedes village (Barcelona). ¢ Uppermost part of the gypsum
deposit (C-1) of Pira village (Tarragona) showing the purest layers. d Alternation of different intermediate-
high purity layers (D) of gypsum in Cervera village (Lleida). e Intermediate-high gypsum layer (E-7) and
lutite layer with satin spar gypsum veins within (E-2) in La Guardia de Prats village (Tarragona). f Lutite
layer with gypsum veins within (F) in La Guardia de Prats village. g Impure gypsum deposit (G) in the
Montes de Torrero area (Zaragoza). The labels in the photographs represent the layers described in Figs. 11
and 12; the situation of the outcrops is shown in Fig. 8

@ Springer



572 Surv Geophys (2010) 31:557-580

A Depth  ligration 5 AMS emor - 9.0%
0.0

1 electrode spacing:1m

B oein  neration s AMs eror - 123%
0.0 400
03 4
130 4

26.0 4

3901 electrode spacing: 5 m

C oepin  lioration SAMS omor - 4.3%
0.0 160 m

03 4 ———

501 ﬁ
1004

1501 electrode spacing:2m

D oestn  teration s AMS emor - 3.6%
0.0 80 160 240 320 0.0 m
a0 4
6.0 1 ! - — e ———
907 electrode spacing:1 m ‘. ‘
E oepin  ieration s AMS error - 7.2%
0.0 80 160 240 320 0.0 m
30 4
60 4
2.0

1 electrode spacing:1m

F oeen  neation 7 AMs emor - 1.61%
0.0 4.0 8.0 120 16.0 200 m

451 electrode spacing:0.5 m

G Depth  lteration 5 RMS emor - 4.6%
0.0 800 160.0 2400 3200 4000 m

£EE

1 electrode spacing: 10 m

(NN NN NN DN N (N (N DN D ) (N DN NN
10 30 50 150 300

500 700 1000
Resistivity in ohm.m

Fig. 11 Inverted data of the electrical resistivity tomography lines for the different areas studied (a—g, same
location and profiles than in Figs. 8 and 9). Profile ¢ slightly modified from Guinea et al. (2010)

corresponding to the C-1 layer (Fig. 12c); the resistivity decreases rapidly, reaching

50 ohm.m in the underlying sediments (C-3 layer, Fig. 12c). This value is probably slightly
higher than the real value because it is displayed at the bottom of the profile, where the
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Fig. 12 Lithological interpretation of the ERT profiles (a—g, same location and profiles as in Figs. 8, 9 and
10)

method has the lowest sensitivity. The transition between the impure gypsum layer and the
bottom values are bounded to the gypsum bearing lutites (C-2 layer, Fig. 12c¢).

(D) Catalan margin of the Ebro Basin: The Talavera Gypsum Unit was registered in the
Catalan margin of the Ebro Basin during a pulse of lacustrine evaporitic precipitation
(lowermost Oligocene; Orti et al. 2007); several gypsum levels are intercalated in
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alternation with grey lutites and marls. The study has been carried out near to the village of
Briang6 (Cervera area, Lleida province). During the construction of the highway some
nearby hills exposed the sedimentary deposit; the ERT profile was performed on the top of a
hill. The evaporite sequence is made of laminated-banded and nodular secondary gypsum
layers (few centimeters to 2 m thick) alternating with levels more lutitic (under 1 m thick,
Fig. 10d). The two collected and analyzed samples indicate that gypsum content varies
between 68 and 75%, thus, the mean purity of the deposit is around 70% in gypsum content.
The electrical imaging displays a quite homogeneous body with an electrical resistivity
value between 150 and 500 ohm.m, in accordance with the outcropping unit (Fig. 11d, layer
Din Fig. 12d). The homogeneity is due to the sensitivity of the method, which is not capable
of distinguishing the different levels. A low resistive anomaly is placed in the right part of
the ERT line, which can be interpreted to lateral changes in the sedimentary structures. The
increasing of the resistivity values in the bottom of the profile probably reveals the presence
of a purer gypsum body (not outcropping in the studied wall).

(E) Catalan margin of the Ebro Basin: The La Guardia Gypsum Unit is located
stratigraphycally below the Pira Gypsum Unit (Orti et al. 2007), introduced above, and thus
belonging to the same geological setting. The upper part of this unit crops out to the North
of the La Guardia de Prats village (Tarragona province), where it consists of reddish
gypsum layers, less than 4 m thick in general, which have been the subject of small
exploitations, alternating with metric to decametric lutite (and conglomerate) bodies. The
lutite layers occasionally are cut by horizontal to about 45° dipping satin spar gypsum
veins (cements of fibrous gypsum in veins); visually estimated gypsum content of these
lutite levels is around 10%. The sequence has four levels which are from bottom to top
(Fig. 10e): (A) High purity microcrystalline to nodular secondary gypsum body; (B) Lutite
layer with gypsum veins of 2 m thick, corresponds to E-2 layer (Fig. 12e); (C) Massive to
nodular microcrystalline secondary gypsum layer with a measured purity of 73% and
1-2 m thick, corresponds to E-1 layer (Fig. 12e); (D) 2-3 m of quaternary reddish deposit.
An ERT profile has been carried out in this area (Fig. 11e), which displays a set of values
ranging from 200 to 500 ohm.m for the E-1 gypsum layer (72% of gypsum content). The
structure of the E-2 layer with gypsum veins is not well defined in the profile; the measures
have been affected by the most resistive layers above and below (which increases the real
resistivity value), but in any case this body displays a range of values from 30 to
100 ohm.m, the expected value is around 10 ohm.m for this level with veins.

(F) Catalan margin of the Ebro Basin: The profile F (Fig. 11f) has been performed
500 m far from the profile E, thus also prospecting La Guardia Gypsum Unit (Orti et al.
2007). The profile has been carried out directly over a 2 m-thick lutite layer cut by satin
spar (Fig. 10f), overlying a gypsum body. The electrical imaging (Fig. 11f) shows a body
with 10 ohm.m of electrical resistivity value which is interpreted to correspond to the
gypsum-rich lutite level (layer F in Fig. 12f). Below this body the resistivity value
increases until 1,000 ohm.m, corresponding to the higher gypsum-purity body.

(G) Ebro Basin: During the construction of the Spanish high velocity train (AVE)
railways, some boreholes crossing the Zaragoza Gypsum and Anhydrite Formation were
performed in the area of the Montes de Torrero (Zaragoza province). This Miocene for-
mation, hundreds of m thick, was deposited in the Aragén sector of the Ebro basin; it is
mainly constituted of anhydrite, glauberite and halite at depth (also thenardite in small
quantities), while gypsum is the main evaporite mineral in exposed areas sulphates; the
presence of marl and clay is ubiquitous (Orti 2000; Salvany 2009). Impure secondary
gypsum rocks coming from anhydrite or glauberite hydration were cut by the boreholes. The
35 m of the B4 borehole cut an impure gypsum body, similar to the outcropping materials
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Fig. 13 Integrated plot combining the results of theoretical calculations, laboratory tests and the ranges of
purity and electrical resistivity values measured in the field examples. The values obtained from the
laboratory experiences were measured in the 0.5 cm thick pills at 3 V

(Fig. 10g), with an estimated gypsum content of 20-40%. The ERT profile (Fig. 11g) shows
low electrical resistivity values for this gypsum impure layer (10-20 ohm.m; layer G in
Fig. 12g). The secondary gypsum-glauberite contact is at 35 m depth in the B4 borehole;
nevertheless, the abundant presence of lutite in the glauberite deposit (also accompanied by
anhydrite at depth) masks the resistivity response of such anhydre evaporites and tends to
decrease the values, thus being similar to those of the impure gypsum rocks (Guinea et al.
2009).

4 Geoelectrical Classification of Gypsum Rocks

Theoretical, laboratory and field data have been obtained; they show three differentiated
trends (Fig. 13):

(1) The first trend of resistivity values are from 0 to approximately 55% gypsum purity
(obtained from interpolation; part 1 in Fig. 13). The electrical resistivity value
increases from 10 (in the impurest member) to approximately 50 ohm.m (55% of
gypsum content), in accordance with the expected resistivity for lutites. In the case of
the field examples, some rocks bodies placed within this range of purity show
electrical resistivity values slightly higher (but below 100 ohm.m). This is due to the
position of these layers below a resistive material and/or located at depth (bottom of
the ERT profile), where the sensitivity of the method is lower and then the values
obtained are less reliable (layers C-3 and E-2 in the profiles C and E, respectively).

(2) The second trend ranges from 55 to 75% (obtained from interpolation, these values
are approximate) in gypsum purity and is characterized by an important resistivity
values variation with little composition change (part 2 in Fig. 13), where the
electrical resistivity increases exponentially, and ranging from 100 to 700 ohm.m.
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(3) The third trend ranges from 75 to 100% in gypsum purity (part 3 in Fig. 13). The
electrical resistivity value increases continuously with the increasing of the purity and
offers a range of values of 700-1,000 ohm.m (from the impurest to the purest,
respectively). In the case of the laboratory pill measurements, the values obtained are
substantially higher than those obtained in both theoretical calculations and field
measures, which is due to the crypto- to microcrystalline nature of the pills, in
contrast to the micro- to macrocrystalline textures of the gypsum rocks. This type of
gypsum is considered as economically profitable when displaying values of electrical
resistivity above 800 ohm.m (80% in purity).

The existence of these three differentiated trends would be bound to the connection
between lutite particles within the gypsum rock. In the case of the impurest members, the
electrical current avoids the gypsum crystals, and preferentially flows along the lutite matrix
(due to its conductive nature; Fig. 14a). The resistivity value slightly increases with
increasing gypsum content in lutite bodies; nevertheless, the influence of these disseminated
gypsum particles is scarce, and the lutite presence is the main controlling factor in their
geoelectrical response. When the gypsum-purity achieves the minimum value to obtain a
gypsum supported rock (corresponding to the packing coefficient of a simple cubic pack-
ing—52%—; Fig. 14b) the electrical current is forced to pass through the gypsum crystals,
even with a partially connected lutite matrix. This represents the boundary between tran-
sects 1 and 2. Increasing the purity of the rock, would achieve the packing coefficient of
compact cubic package (74%), which would correspond to a gypsum crystals supported
texture (78% intercrystalline porosity in a 2D representation; Fig. 14c). In this package, the
lutite particles are not connected but scattered; thus the electrical resistivity measurements
are dominated by the presence of the gypsum crystals. Figure 14c represents the transition
between transects 2-3 in Fig. 13. In the purest gypsum rocks (>75% approximately; part 3
of Fig. 13) the resistivity increase tends to become stable; the electrical current is forced to
flow through the gypsum crystals (Fig. 14d), probably by water.

A general classification of gypsum rocks on the basis of their geoelectrical response and
purity has been defined (Table 2); three types of gypsum rocks are distinguished corre-
sponding to the three different trends shown in the Fig. 13: (1) Pure gypsum, displaying an
electrical resistivity response from 700 to 1,000 ohm.m and >75% in gypsum mineral. (2)
Transitional (dirty) gypsum; belonging to the transition zone with about 75-55% in gyp-
sum mineral composition and a range of electrical resistivity value from 100 to
700 ohm.m. (3) Lutites and rich-gypsum lutites; having a large amount of lutites on their
composition (higher than 45%), and showing an electrical resistivity range of values
between 10 and 100 ohm.m. The general trend of the electrical resistivity of gypsum rocks
depending of their compositions is shown in Fig. 15. This trend is based in the general
tendencies observed in field, theoretical calculations and laboratory measurements (dis-
regarding the pills with gypsum purity above of 70% because they have been considered
not to be representative). This trend could be taken as a reference in future surveys in this
type of rocks. The results are limited by the sensitivity of the method used, as in other
surveys.

5 Conclusions

The geoelectrical response of gypsum rocks has been determined by comparing the
resistivity values obtained from theoretical models, laboratory tests and field examples.
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Fig. 14 Two-dimensional simplified representation of the electrical current circulation through different
gypsum rocks. a—d sketches represent different gypsum contents in the rocks, from 15 to 90%, respectively

Table 2 Geoelectrical classifi-

cation of gypsum rocks, Type of gypsum rock Gypsum purity Resistivity
X . (%) value (ohm.m)
depending on their gypsum
e
purtties Pure gypsum 75-100 700-1,000
Transitional gypsum (Dirty gypsum) 55-75 100-700
Lutites and gypsum-rich lutites 0-55 10-100

The set of theoretical models, representing several gypsum deposits with different com-
positions, provide evidence of a clear relationship between the lithological composition of
the whole rock and its electrical resistivity.
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Fig. 15 General electrical resistivity value trend of gypsum rocks, depending of their composition

The relationship between the gypsum content and electrical resistivity has been quan-
tified in several laboratory tests, by means of measuring 11 artificial pills (mixtures of
different clay/gypsum proportions). The measurements show evidence for similar absolute
resistivity values to those of the theoretically calculated in the models, and display two
inflexion points at the same composition ranges. Nevertheless, the resistivity of the purest
pills is higher than in the geological pure gypsum rocks, due to textural differences
between the cryptocrystalline nature of the pills. The connectivity between the lutite
particles is the main controlling factor in their geoelectrical response.

The electrical resistivity values interpreted in the different field tomography profiles are
consistent with the theoretical calculations and the laboratory tests carried out in the pills
with purities below 80% in gypsum.

A geoelectrical classification of gypsum rocks defining three types of gypsum rocks has
been generated: (a) Pure Gypsum Rocks (>75% of gypsum content with an electrical
resistivity value of 700-1,000 ohm.m), (b) Transitional Gypsum Rocks (75-55% of gyp-
sum content with an electrical resistivity value of 100700 ohm.m), and (c) Lutites and
Gypsum-rich Lutites (<55% of gypsum content with an electrical resistivity value of
10-100 ohm.m). The Transitional Gypsum rocks would represent the transition between
the clay supported and gypsum supported textures.

Pure Gypsum Rocks have industrial interest (with an electrical resistivity value
>800 ohm.m); thus geoelectrical techniques can be applied to determine the availability of
a gypsum deposit to be exploited.

The methodology used could be applied in other geoelectrical rock studies, given that
this relationship between the resistive particles embedded within a conductive matrix
depends on the connectivity of the matrix particles.
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