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Abstract

:

In this study, we conduct an investigation of the Sorbas Basin (Almería, Spain) on the Messinian gypsum unit using geophysical prospecting methods. Geophysical electrical resistivity tomography (ERT) methods were applied to study the subsurface of this gypsum unit, the exploitation of which could be of interest economically, with different commercial specifications for alabastrine and selenitic gypsums. For the interpretation of the different ERT images, the data for the surface geology, borehole cores, and seismic refraction conducted at a point within the ERT profiles were used. The results obtained from this investigation can be used as a reference for other similar studies in other regions. It was observed that selenitic gypsum is more resistive than alabastrine gypsum; therefore, the diagenetic processes of dehydration (anhydritization) and hydration (gypsification) increase the “percolation” phenomenon through possibly ensuring a greater connectivity of the shale matrix. Fracturing and moisture can be used to fully determine the resistivity of the purest and most resistive gypsum, to the point of considerably lowering the resistivity in an entire area affected by fracturing. The use of different tests with different lengths for the same profile can help one better understand the structure of the gypsum body in the subsurface, especially when there are shale intercalations or more- or less-pure levels of gypsum that do not reach a value of a few meters in thickness, because these thinner levels of a few meters are not defined in the ERT images when the test is performed at depths of up to 75 m.
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1. Introduction


Gypsum outcrops appear very frequently on the Earth’s surface and their exploitation is widespread on all continents [1]. However, the quality and continuity of gypsum beds can vary, even under the same level of exploitation and, for this reason, its economic interest depends on the knowledge of the gypsum units that are exploited. For companies that mine gypsum, it is very important to know the thickness of the beds, as well as their continuity and purity. Additionally, gypsum usually contains detrital or carbonate materials and this can reduce its quality.



The gypsum mined is, in many cases, of secondary type; that is to say, it comes from anhydrite that is hydrated on the surface due to meteoric waters. The extent of this secondary gypsum depends on the hydration zone of the anhydrite beds from which it originates, which is not usually regular and, in many cases, does not form uniforms layers. Depending on the processes and phases of dehydration and hydration [2], alabastrine-type nodular gypsum is associated with the gypsum of primary selenite origin with a different spatial distribution, forming veins, masses, or dispersed forms within the selenite. These different evaporitic rocks have different characteristics and markets [3]. In addition, depending on the hydration processes, the thickness and extension of the beds of the different gypsum may considerably vary. This must be taken into account, especially for the deeper zones that are mined, since along with the depth, the number of gypsum nodular beds, created through dehydration/rehydration processes, can be more important [4,5].



To identify gypsum-bearing areas with an economic value, researchers use a range of approaches, from surface geological methods to advanced spaceborne thermal emission and reflection radiometer (ASTER) images [6] in the preliminary stages of mineral exploration. However, in advanced stages of exploration, it is necessary to know the subsurface geology, and it is in these cases that core drilling is often used, which is very expensive. To optimize the exploration and exploitation of these evaporite units, relatively inexpensive techniques have been developed to help predict the continuity, purity, and presence of other rock types in these subsurface gypsum bodies, such as seismic, electrical, or electromagnetic–gravity surveys [7,8]. Among these techniques used for the study of gypsum outcrops, electrical resistivity tomography (ERT) has begun to be used [9,10,11,12]. This technique is gaining increasing interest, and research is being conducted on its application and usefulness in the exploration of geological resources in order to use it in the best possible way.



ERT is a geophysical prospecting method that uses electrical direct currents, which allows one to estimate the electrical resistivity distribution on the subsurface [13]. In principle, the resistivity images obtained from the subsurface allow one to associate a lithology with each resistivity interval. However, the rock’s resistivity depends not only on the type of rock, but also on its porosity and fluid content. Porosity is affected by several factors, such as fracturing, the degree of crystallinity, and cementation [10,12,14]. In addition to these factors or variables, it is necessary to bear in mind the ambiguities that can arise from the inversion of geophysical data. Therefore, it is necessary to have as much geological information as possible on the rocks under study and, in addition, to be able to obtain rock samples, borehole data, and other geophysical techniques can be integrated to develop a better interpretation of the subsurface geology, as performed in the present study.



In this study, we apply ERT and interpret the results with the help of seismic data from a given point, cores obtained from two boreholes, and surface geological information. In the study of the ERT profiles, the variability in the nature of the gypsum was considered [9,15] and the importance of the presence of fractures and water in the gypsum body that significantly modify the resistivity regardless of its nature is additionally highlighted. This is an important aspect to take into account since the effect of water saturation is disregarded in many studies of this type, and the influence of water is not relevant in the results presenting the low porosity and permeability of gypsum [15].



The correlation of all these data, with the obtention of parametric measures, allows us to interpret the characteristics of the different beds of economic interest, in this case, in a specific sector of the Messinian Sorbas–Tabernas Basin (Almeria), while studying and analyzing the results obtained in the different ERT profiles to assess their usefulness.




2. Materials and Methods


In order to achieve the proposed objectives, a field study was first performed to determine the stratigraphy of the area with the gypsum unit outcrops. A geological map was created to interpret the geological structure and the relationships between the different units. For the petrographic study, some samples were collected and thin sections were created to characterize the different types of gypsum with a microscope.



Based on the study of the surface geology and data from several drill holes performed by Saint-Gobain Placo Ibérica S.A., a geophysical prospecting campaign was planned, as performed by the Geytex S.L. company, to obtain six electrical resistivity tomography (ERT) profiles. As a complementary technique, three measurements of the 1D Multichannel Analysis of Surface Waves (MASW) were performed to obtain the S-wave velocity log at a certain point. This seismic recording helped to determine the position of the boundaries of some of the gypsum banks with precision in terms of depth, since, with the geophysical exploration of electrical tomography, the determination of contrast surfaces becomes less and less precise at significant depths.



2.1. Data Acquisition Methods


2.1.1. ERT


ERT was performed by means of controlled injections of electric currents up to 1 Amp, DC. Two electrostatic devices were used: the first, of the dipole–dipole type, was used for ERT survey lines 1, 2, 3, 4, and 5, consisting of 185 m extensions with an electrostatic separation of 5 m, and 10 m long dipoles with simultaneous recording of 13 dipoles; the second, used on survey line 6, was of a composite geometry, and was a dipole–dipole + Schlumberger asymmetric type, the latter of which had current injections outside the extension at distances of 20, 40, and 60 m between the ends.




2.1.2. MASW


The seismic equipment used consisted of a digital multichannel seismograph EG&G GEOMETRICS, model GEODE, with 16 channels at 24 bits. A 110 m long seismic line with 12 geophones of a 4.5 Hz frequency and 10 m spacing was used for MASW data acquisition. The energy source was manually applied by means of the accelerated fall of an 8 kg sledgehammer from a height of 2.5 m. The position of the impact on the ground was determined by the position of the impacting ground. The position of the impact on the ground was 5 m away, outside the geophones that were placed at the ends of the line. The number of stacks used at each end of the extension was 10. The topography of the area was flat and free of environmental noise.





2.2. Data Processing


2.2.1. ERT


The inversion process and estimation of the resistivity values based on the field data and model were conducted with the assistance of the commercial software EarthImager 2D from AGI. Using this software, differences between the field values and reconstructed model can be effectively reduced (Appendix A). The inversion of the electrical resistivity data is a non-linear iterative process that depends on a set of parameters that define the end of the iteration. The procedure we used allowed us to obtain the number of iterations, evaluate the maximum RMS error [16,17], and apply the L2 norm (these parameters are visible for each image at the bottom of the graphic):




	
The number of iterations is the maximum number of iterations (repetition of the process) for a stop in the calculation of the non-linear iterative inversion; thus, the inversion process ends when either the calculations are divergent or when there is convergence considering the preset calculation parameters.



	
Inversion aims to reduce the number of data mismatches between the field values and reconstructed model, i.e., the objective is to create a predicted data resistivity model that best fits the measured data. The quality of this relationship can be characterized by the root-mean-square error or RMS, expressed in %. In our case, the calculation was performed using the following expression:
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where N is the total number of measurements, dPred represents the number of predicted data, and dMeas represents the number of measured data.




	
The L2 norm is another measure of misfit data that we applied, and is defined as the sum of the weighted squared errors of the data, which is expressed by the following equation:
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where N is the number of measurements, Wi is the weight of the data, dcalc represents the number of calculated data, and dmeas represents the number of measured data. The L2 norm depends on the estimation of weights in the data errors and varies for each model update, a problem that is avoided by applying a norm called normalized L2 that is defined as follows:


  Normalized   L2   norm   =   L2   Norm/Number   of   Data .  











When the normalized L2 norm is reduced to unity or becomes smaller, the inversion is said to have converged.




2.2.2. MASW


The data acquisition and processing software used was SeisImager from Geometrics. The seismic analysis was based on a robust method in the frequency domain, the CMP Cross-Correlation for Multichannel Analysis of Surface Waves (MASW), which includes the edition of quality control functions and velocity modeling.



The propagation velocity of surface waves is very close to that of an S-wave and can, therefore, be easily related [18]. When, instead of a half-space, the behavior of a purely elastic multilayer system is analyzed, it can be observed that the phenomenon of wave propagation, on its surface, is “dispersive” and each of the frequencies f contained in the signal, generated by the source, propagates on the surface of the system with a different velocity c, called phase velocity, which only depends on the elastic characteristics of the different layers and the geometry of the system under consideration. The result is a change in the shape of the generated wave train (dispersion) as the signal moves away from the source [19]. The curve relating to the phase velocity VR is similar to VS, with the frequency f or the wavelength λ, since the latter two variables are linked by the expression c = f λ, giving rise to the dispersion curve.



The analysis we performed on the data began by establishing an initial model that we calculated as a function of the depth value. We used 1.1 times the phase velocity for an estimate of vs. and one third of the wavelength as an approximation of the depth. The minimum and maximum phase velocity values were automatically assigned based on the minimum and maximum values observed in the dispersion curve, whereas the maximum velocity was automatically assigned to the deepest layer. To calculate the vs. curve that best fits the observed data, we conducted the mathematical process of inversion, based on the method of least squares (RMS) that is applied iteratively, modifying the initial model and minimizing the difference between it and the observed data after a series of 5 iterations that, in this case, gave rise to the final model [19], on which we represent the measured values with a green dot in each graph.






3. Geological Setting


The studied gypsum rocks, which are exploited in different areas of the region, are part of the deposits of the intermontane Sorbas Basin (post orogenic) formed in the Betic Cordillera during the Neogene (Figure 1), in an extensional tectonic regime, e.g., [20]. An important compressional event during the late Tortonian, possibly related to tectonic inversion of the basin [21], caused the uplifting and erosion of the basin margins, particularly the southern one [22]. It is in this southern zone on the southern margin of the basin that the best observations of the stratigraphy of the gypsum and its relationship with the lower units can be performed. This zone was where the study of the gypsum unit was conducted for the present work, where several studies of paleontology and stratigraphy were previously conducted, e.g., [23,24,25,26]. In general, in this sector, subhorizontal beds can be observed (0°–15° to NE) with somewhat steeper dips around the southern edge (15°–45° to S), where the Sierra Alhamilla rises (Figure 2).




4. Stratigraphy


The stratigraphy of the Neogene Sorbas Basin, which comprises deposits from the middle Miocene to the Quaternary, is quite complex due to the variety of facies that exist, especially towards the basin rim [27,28]. The relationships between some of these lithological units have been frequently discussed, especially laterally, between the rim units and basin center [22,26]. For the Messinian, towards the center of the basin where the gypsum under study was deposited, four units can be clearly recognized, the order of which from bottom to top (Figure 3) is the following: The Abad Member of the Turre Fm and the Yesares, Sorbas, and Zorreras members of the Caños Formation [27,29].



The Mb Abad is formed, mainly, by marls and silts of open sea, locally, with intercalations of diatomites in the upper part of this unit [27,29]. The gypsiferous member (Mb Yesares) corresponds to the marine selenitic gypsum that was deposited in the center of the basin [30] within appropriate arid climatic and hydrological settings [31]. The Mb Sorbas is situated with a greater variety of facies, mainly sands, silts with some carbonate levels, which have been interpreted as coastal and shallow marine facies [32]. The coastal facies, finally, give way in the Messinian to the upper deposits of shales, sands, and conglomerates with some carbonates of continental facies (fluvial and lacustrine) of the Mb Zorreras [32]. In the studied sector, three units were differentiated (Figure 4):




	
The lower outcropping unit corresponds to the Abad Member, which consists of marls, locally with beds of diatoms, silts, and fine sands with some conglomeratic beds rich in ostreids. At some points, metric carbonate reef blocks formed by Porites were observed. Above this are the gypsum rocks that are exploited in this area (Yesares Member). The surface that separates the marls and silts from the gypsum is an irregular erosive surface, which can be related to the Messinian Mediterranean desiccation [25,27,29,33]. The existence of this erosional surface is important to consider because it may imply thickness variations in the gypsum banks, especially in the lower beds of the unit.



	
The gypsum unit (Yesares Member) is formed by three major gypsum banks that are separated by thin beds, a few meters thick, of marls, silts, and sands, which we called “inter-banks” (Figure 3). The thickness of inter-banks 1 and 2 varies between 1 and 2.5 m, and inter-bank 3 is up to 6 m thick. This bank, in addition to being thicker, is more carbonated and more clearly shows marine facies. As for the three gypsum banks (G1, G2, and G3) it has been observed to have thicknesses that can vary laterally. The following thicknesses were measured for the respective banks (Figure 4): For the G1 bank between 9 and 18 m, for the G2 bank between 24 and 28 m, and for the G3 bank between 38 and 42 m. In addition, a fourth bank (G4) outcrops in the study area, which is actually a stretch of gypsum with several detrital intercalations, where each bed of gypsum does not reach more than about 4–5 m thick, although in the easternmost drillings this bank is up to 15 m thick and with fewer detrital intercalations.



	
Above the gypsum unit is a second detrital unit, which we called the upper detrital unit corresponding to the Sorbas Member. This unit is formed, above all, by sands and silts. This unit is the one that covers the upper gypsum beds in the outcrops.









5. Geological Structure


In the mapped area, the four gypsum banks outcrop, with a general dip towards the NNE of about 10° (Figure 5). The southern edge, where the gypsum disappears, is more uplifted by the thrust of Sierra Alhamilla, which is located further south (Figure 1). The levels that served to separate the banks are the inter-banks, which are beds from 1 to 2 m of sands and silts, although sometimes they outcrop in poor conditions. From the geological cartography, quarry cuts, and cores of some boreholes, it has been possible to make a geological section approximately from SSW to NNE, as shown in Figure 6. On the outcrops, faults and fractures in gypsum are not very visible; however, in the quarry cuts, some very fractured and broken zones can be identified, especially on the southern edge.




6. Gypsum Lithofacies


In the studied outcrops, three lithofacies can be distinguished that form part of the different gypsum levels (Figure 7):




	
Macrocrystalline lithofacies, formed by selenite gypsum, are quite transparent and grayish in color, and may be formed by crystals with sizes between 1 and 25 cm in length;



	
Microcrystalline lithofacies, consisting of white alabastrine-type gypsum nodules, are formed by gypsum crystals smaller than one millimeter. The white nodules are bounded by a fine detrital matrix between the nodules;



	
The third lithofacies is of an intermediate type where large selenite crystals abound, but are surrounded by an alabastrine-type microcrystalline matrix.








The selenite gypsum is formed by transparent crystals that come from the direct precipitation of calcium sulfate that occurred in the Sorbas–Tabernas Basin during the Messinian, e.g., [34], from brines of varying salinity rates depending on crystal sizes [35]. The alabastrine-type gypsum is a white, microcrystalline, massive, more or less compact secondary gypsum. In addition, both types may have a matrix or fine millimetric intercalations of silts or shales.



This alabastrine gypsum usually presents nodular structures that come from the rehydration processes, which finally turn into microcrystalline gypsum, in a process that can be called the gypsification of anhydrite [30]. Anhydrite is an anhydrous calcium sulfate mineral (CaSO4), which when in contact with water, absorbs it and transforms into gypsum (CaSO4-2H2O). Therefore, anhydrite does not usually outcrop, only sometimes in the deeper zones, because it is easily rehydrated to gypsum, i.e., the anhydrite has undergone a weathering process by hydration (gypsification), giving rise to alabastrine gypsum [36]. In this case, anhydrite comes from the dehydration of selenite when it loses a water molecule due to lithostatic pressure or the ascent of saline fluids [5].



In the studied area, dehydration and rehydration processes are evident due to the presence of alabastrine gypsum and some very superficial structures related to the increase in volume of the crystals during dehydration. Although it is common that volume changes may not occur at all or be negligible and imperceptible [37,38,39] and do not alter the structure and size of the original nodules, in the studied outcrops it is common to observe that the superficial gypsum beds locally separate from the lower beds and rise, forming a hydration relief, such as ridges and tepee-shaped structures [36]. On the other hand, the lateral relationship between selenitic gypsum and secondary alabastrine gypsum, which comes from dehydration and rehydration processes, is visible at several points in the outcrops (Figure 5). Sometimes, this transformation is complete throughout a bed, where only nodules of alabastrine gypsum are observed. Some other times this nodularization is clearly associated with fracture zones, as it is only distributed along a vertical fracture zone [40] and could be associated with brines with high temperature and salinity that ascended to the surface [41,42,43,44]. It is clear that the hydration processes that lead to the formation of alabastrine gypsum can occur in the areas of the rock where water can circulate better, either through fractures, porosity, or the concentration of more or less permeable detrital materials. For this reason, a greater development of nodular alabastrine gypsum beds is observed at the base of the banks, as water can circulate better through the inter-banks.



In thin sections, under the petrographic microscope (Figure 8), gypsum crystals with low birefringence (gray color) and very varied sizes can be observed, being very small in the case of alabastrine gypsum. It is also possible to observe in a thin section of some samples, obtained from the quarry, some dispersed anhydrite crystals that usually correspond to relict crystals that remain after a hydration phase [40]. The presence of anhydrite was detected and quantified by some systematic chemical analyses (see Section below).




7. Lithofacies and Geochemistry Data from Borehole Cores


In the present study, we used core information from two boreholes (S13 and S14) provided by Saint-Gobain Placo Ibérica S.A. (Figure 9). In these cores, packages 1, 2, and 3 of gypsum can be identified in both boreholes S13 and S14. The gypsum lithofacies that appear are selenite, locally with alabastrine gypsum, in the G3 bank. The G2 bank consists of alabastrine nodular gypsum and some selenite crystals. Additionally, in both the boreholes S-13 and S-14, the G1 bank is composed of alabastrine nodular gypsum.



No anhydrite beds were observed in the study area; however, their presence was detected through analysis and a thin section study (Figure 6) of the core samples and in some quarry cuts. It is important to note in the chemical analyses of elements and minerals conducted on the core samples that, in some parts of these banks, there is a significant percentage of anhydrite, while the Cl and Na contents are also higher. The position of these zones with anhydrite and halite (ClNa) is mainly in the central parts of the banks. The highest concentrations occur in the selenitic gypsum lithofacies containing some small microcrystalline zones of secondary alabastrine gypsum. These lithofacies are found in the most central areas of the banks, which are the areas that have been away from meteoric waters for the longest time. The water involved in the sulfate hydration processes has, at the same time, been able to dissolve the ClNa associated with the original brines. Thus, the less “washed” zones are those that still have traces of anhydrite and halite.




8. Geophysical Prospection Results


8.1. Electrical Resistivity Tomography (ERT)


Six electrical tomography profiles were obtained for the study of the subsurface gypsum, showing a section representing an approximate real distribution of the resistivity measured in the subsurface [45]. These profiles were distributed in a sector of interest outside the quarries, on its E side (Figure 5). For their realization, the general geological structure and position of two previously performed drillings were considered.



All profiles result in relatively high resistivity values. However, the profile images show a laterally variable resistivity distribution, although the gypsum banks are more or less continuous with a very little dip.



The ERT-1 profile is very different from the rest because it presents a laterally marked discontinuity in its southern half (Figure 10). In ERT-2, there is an important anomaly where the resistivity is quite low (<70 ohm.m) (Figure 11). The ERT-3 and ERT-4 profiles are similar; both show a greater lateral continuity of resistivities with a decrease in values from a 30–35 m depth (Figure 12). From the last section (line) studied, two profiles were obtained, which were 180 and 305 m long (Figure 13). In the first 180 m profile (ERT-5), resistivity values were obtained of up to a 70 m depth, and in the 305 m profile (ERT-6), values were obtained for up to a 100 m depth. The most significant difference between the two profiles is that an anomaly was observed in the central zone with lower resistivity values in the deeper profile.




8.2. One-Dimensional Seismic Survey (MASW)


As an auxiliary survey technique, three 1D seismic surveys were conducted, which were located at a point within some of the ERT profiles. The propagation velocity of S-waves in gypsum can vary between 600 and 1500 m/s, according to the previous studies (Table 1).




	
In the MASW-1 seismic profile (Figure 14), a progressive velocity increase was observed up to 36–38 m in depth. The wave propagation velocity increased sharply at 22 m and decreased rapidly at 49 and 56 m depth. If we consider the average thickness of each gypsum bank, we can interpret the position of the detrital inter-banks at the indicated depths of 22 and 56 m.



	
The MASW-2 seismic profile after an increase in velocity shows a decrease in propagation velocities from 22–40 m depth. From 40 m, there is an increase in velocity, attenuating from 66 m onward. In these velocity changes, the approximate depth of the detrital inter-banks can be determined, taking into account the thicknesses of the gypsum banks of borehole 13. In this case, the petrographic characteristics of gypsum bank 2 (G2) indicate a disturbance in the transmission of S-waves, since they present values below 700 m/s.



	
The MASW-3 seismic profile shows a situation similar to the previous one. After an increase in the S-wave velocity, a sharp decrease was observed from a 33 m depth. Progressively, there is an increase in the S-wave propagation velocity with a slight decrease and stabilization at an 84 m depth. In this case, the seismic profile is next to borehole 14 and only serves to confirm that the velocity changes occur at the depths where the detrital inter-banks are located.










9. Discussion


In the geological interpretation of the subsurface, firstly, the geological structure of the area and borehole data were taken into account (Figure 5 and Figure 9); secondly, the electrical resistivity values attributed to the gypsum were considered. The resistivity values assigned to the lutite and different gypsum beds according to Guinea et al. 2021 (Table 2) were used as a starting point. However, other factors that condition the resistivity and can totally modify it were also taken into account in the interpretations, such as fracturation or the presence of water in the subsurface [9], in addition to the percolation theory [48,49,50].



At some points in the ERT profiles, the entire gypsum unit (Mb Yesares), with its banks and detrital inter-banks, can be identified as a highly resistive body. In all cases, it is not possible to identify thin beds (1–5 m thick) that could have different resistivity values. This already suggests that the resistivity measurement is a total of the whole of the gypsum banks, where the inter-banks cannot be differentiated. It is evident that this occurs because of the low resolution due to the distance of the electrodes and the low thickness value of the inter-banks [14]. In these cases, where the banks are not differentiated in the ERT profile, we can determine their thickness from the field data and borehole cores. With these data, the location of the boundaries can be further estimated using their 1D seismic profiles (Figure 14).



The boundaries of these banks are not very well-defined in the tomography image and, sometimes, the resistivity changes do not coincide with the lithological boundaries between the different beds. Resistivity changes are determined by factors other than lithological change, such as the presence of fractures or water. In any case, the tomography image presents an average result in depth that may not coincide with the limits of the beds. In these situations, the 1D seismic survey could show us at what depth the inter-banks, which slow down the velocity of the S-waves, can be located. Where possible, a parametric was established between the 1D seismic profile and borehole core, in order to evaluate, in this case, the results of the seismic survey to corroborate its effectiveness.



Based on the geological map and the cross-sections (Figure 1 and Figure 6), the ERT profiles should show more continuous resistive bodies along the line (800–>5000 omh.m); however, anomalies with low resistivity (<500 omh.m) can be observed in some points or areas of the profiles, which break the lateral continuity of the highly resistive body. Different situations were observed depending on the ERT profile under study.



9.1. ERT-1 Profile


In ERT-1 to the S, there are vertical discontinuities that are very frequent: the resistive body is crossed by continuous vertical strips of lower resistivities (Figure 10). In this case, the interpretation must be made on the basis of field observations performed on the southern edge of the outcrop. Numerous fractured or faulted zones were observed along this edge (Figure 15). This suggests that these vertical discontinuities are due to the existence of an extensive fracture zone covering the area where the gypsum disappears by erosion to the south (Figure 6, subsection A–A’). Fractures are filled with detrital material and water, and moisture persist longer in these shaley zones, making the resistivity of these gypsums as a whole much lower than expected. The MASW-1 profile data allow us to locate the limits of the gypsum banks in the subsurface. The Abad Mb, which shows low resistivities (<100 ohm.m), outcrops to the south.




9.2. ERT-2 Profile


In many profiles, such as ERT-2, -3, and -4, the first bank that outcrops on the surface (G3) and that can be delimited by its thickness known in outcrop and in boreholes, and corroborated by 1D seismic profiles, is the most resistive (800–>5000 ohm.m). The lower one (G2) in many cases also has a high resistivity profile, but this is not as high as that of the upper bank (300–1000 Omh-m). The lower bank (G1) may have the same or even lower resistivity values than the second bank (G2).



The ERT-2 profile is particularly significant because it presents a zone with very low resistivities (<30 ohm.m) that almost reach the surface and, supposedly, go through all the gypsum banks. It is similar to the fracture zone in the southern sector (ERT-1), but is wider and more diffuse. In this case, it is determined to be a particularly fractured zone with dissolved and accumulated clayey material. There is no surface evidence that it is a specially deformed zone. In the nearby quarry front, for example, there are no features that would imply the ascent of the Abad Mb. What we observed in other parts of the quarry were large, highly fractured areas with evidence of dissolution, sulfate precipitation, and the accumulation of shaley material, corresponding to areas through where rainwater flows (Figure 16). This suggests that this type of zone propagates downwards and affects a large part of the gypsum banks. This more porous zone would affect the resistivity of the gypsum body, leading to low resistivity values.




9.3. ERT-3 and ERT-4 Profiles


The ERT-3 and ETR-4 profiles are almost perpendicular and located where borehole 13 was drilled (Figure 9 and Figure 12). According to the cores of borehole 13, the bottom of the gypsum unit (G1, G2, and G3) can be located at about a 65 m depth (ERT-4). With the help of the MASW-2 seismic test, it is possible to determine the depth where the boundaries of gypsum bank G2 reach in ERT-3. Its resistivity distribution is similar vertically: the highest resistivities occur in the upper part (>5000 ohm.m, bank G3) and at about 40 m there is a band of lower resistivity (500–700 ohm.m) that would include the G2 and G1 banks.



The G3 bank is entirely formed by selenite, while the middle–lower parts of the G2 and G1 banks are formed by nodular gypsum of alabastrine type, with a matrix between its nodules (Figure 7 and Figure 9). Here, one could think of this phenomenon of percolation, according to which the matrix can affect the resistivity in areas where it is abundant. As soon as the matrix is important and, above all, an interconnection is developed between the casts, a current passage can be created that lowers the resistivity of the gypsum body [12]. Percolation theory, in the case studied, can be applied to nodular lower banks of gypsum with a shale matrix where there is a percolation threshold representing the minimum amount of shale necessary to obtain long-range connectivity [48]. Below the percolation threshold, the electric current does not find connectivity pathways in the matrix and passes through the sulfates [12], leading to higher resistivity values for the whole gypsum bank. However, the lithofacies of the gypsum may vary laterally, and the gypsum of the studied unit does not have important matrix contents, in general, and for this reason other alternative or complementary factors can also be considered.



Although the gypsum is very impermeable and compact, it still has some porosity due in some cases to the matrix, but mainly to the fracturing and dissolution that allows the accumulation of clay and moisture, which lowers the resistivity values to 50 ohm.m. In this type of study, it is important to consider the porosity, saturation, and interstitial fluid properties [9]. As the matrix of this gypsum is also not very important and as the low-resistivity zone seems to be limited by faults in ERT-3 and ERT-4, it is possible that these resistivities are favored by the presence of water at a certain depth. When the resistivity drops in a whole lower zone corresponding to one of the gypsum banks, it can be interpreted that there could be a certain amount of water that would make the gypsum bank more conductive. In fact, during the electrical survey test, it was much more difficult to introduce electricity into the ground in the outcrop edge zones than in the central zone, where it could hold somewhat more water. On the other hand, as discussed, gypsum bank G1, partly G2, is formed by alabastrine gypsum nodules with some matrix, which may lower its resistivity. Microcrystalline alabastrine gypsum with a lower percentage of water can reduce resistivity more than macrocrystalline selenitic gypsum (Figure 17).



Water will mainly flow through the fractures, depositing shaley material in them. These same fracturing and weathering processes accelerate the chemical transformation of gypsum, which leads to the rehydration of sulfates [36]. The preferential water circulation pathways facilitate the dehydration and rehydration processes, which explains the development of alabastrine gypsum near the inter-banks and most fractured zones. The inter-banks are favorable zones for the passage of water, and therefore the zones near these detrital beds show little resistivity in the electrical prospecting tests.




9.4. ERT-5 and ERT-6 Profiles


Finally, in the easternmost sector, two overlapping profiles were developed from ERT-5 and -6. The profile for ERT-5 (180 m) shows that RMS = 3.39% is very acceptable; however, some features can be observed at greater depths in the ERT-6 profile. Similar to in other cases, in the profile for ERT-5, higher resistivity values can be observed in the upper gypsum bank (G3). At a depth of 40 m, the resistivity is below 1000 ohm.m along the entire line. This could be due to the fact that the lower banks (G1 and G2) have more nodular lithofacies. Fractures and the dissolution of gypsum result in areas with very low resistivity values (<100 ohm.m).



In the longer 305 m profile (ERT- 6), there is an anomaly of lower resistivity east of borehole 14, which could be explained by the different behavior of this low-resistivity zone due to the passage of the test current at a greater depth, which helped facilitate or find new paths in the low-resistivity zone. This passage of the current at a greater depth also produces a better visualization of what the gypsum unit (G1, G2, and G3 packages) would be, with resistivities close to 10,000 ohm.m in the central part of the profile. Therefore, the realization of these two profiles for the same section led to a better assessment of the results obtained around borehole 14, which has obviously helped in the interpretation of this section.





10. Conclusions


From the response of the different gypsum banks studied with ERT, it was observed that selenite beds have a higher resistivity than alabastrine gypsum beds. This suggests that due to the diagenetic stage, in the processes of the dehydration and rehydration of sulfates, the percolation phenomenon increases due to the redistribution of the shaley matrix in the alabastrine gypsum, decreasing its resistivity. However, the less resistive zones could be influenced by the presence of water in the subsurface, which remains in the areas with more lutite for longer, as in the more interconnected matrix, but especially, in the case of purer gypsum, in the fractures.



When the ERTs reach 70–100 m depths, the degree of detail of the resistivity variations or the definition of thin beds (<2–5 m) will be very low or null. The studied ERTs show resistivity values as a whole for banks that have detrital intercalations up to 2 m thick (inter-banks) or intervals up to 5 m thick with a relatively high anhydrite content (25%). These thin beds or intervals may lower the resistivity of the banks somewhat at their boundaries where these detrital beds are present, but in a diffuse way.



Although the purest and most compact gypsum has very high resistivity, the fracturing of the beds can fully determine the resistivity of the area of the gypsum body on which it is affected, with values below 300 ohm.m, especially when water can circulate (dissolve), introducing shale and wetting the whole area.



In the ERT tests performed, it was observed that different resistivity images could be obtained for the same section by increasing the length of the profile, which allowed the current to reach greater depths. In these cases, the variation in resistivities obtained produced several images reflecting different aspects of reality, which can present a better view of the distribution of the studied beds, if they are compared, if the similarities between these images are assumed to be more reliable data, and if objective geological data, such as borehole cores, are taken into account.



The ERT method for the study of gypsum packages can be quite time-efficient and economical. However, based on this study, it is advisable to make several profiles for the same area and to have other types of subsurface prospecting data that provide accurate references to ensure the accurate interpretation of each ERT profile that is conducted. Certain resistivity values do not always correspond to the same lithology, even for the same study area. Several local factors can modify these values: variations in the matrix content within the gypsum, the existence of thin beds of shaley material, the presence of water, fracturing, and fault or dissolution zones with detrital fill.
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Figure 1. Location of Tabernas–Sorbas Basin. The Messinian gypsum are indicated in yellow (modified from Do Couto et al., 2014 [21]). 
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Figure 2. Panoramic view (N–S) of the studied area. The continuity of the gypsum banks can be observed with a gentle dip to the north. 
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Figure 3. Messinian stratigraphic framework for the Sorbas Basin (modified from Martín and Braga, 1994 [27]). 
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Figure 4. Stratigraphy of the study area, where four banks (G1, G2, G3, and G4) are differentiated within the gypsum unit (Yesares Member) separated by three detrital beds, mainly of fine sand, which are denominated as inter-banks. 
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Figure 5. Geological map of the studied area (E sector). The position of the geological sections (A–A’, B–B’. C–C’), ERT profiles, and MASW points are indicated. Legend: 1, stratigraphic contact; 2, unconformable contact; 3, fault; 4, strike and dip of beds. 
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Figure 6. Geological map of the studied area (E sector). The position of the ERT profiles and MASW point are indicated. 
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Figure 7. Different lithofacies of the outcropping gypsum: (A) selenite gypsum (macrocrystalline); (B) white nodular alabastrine gypsum (microcrystalline); (C) white alabastrine gypsum around the large selenite crystals; (D) lateral transition zone from selenitic to alabastrine gypsum (white). Legend: S, selenite gypsum; A, alabastrine gypsum. 
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Figure 8. Photomicrographs of gypsum: (A) section of a selenite sample in which there has been a limited phase of replacement growth of prismatic anhydrite. Most of these crystals have already been rehydrated to secondary alabastrine gypsum, with local preservation of pseudomorphs. In some of the more elongated and narrower pseudomorphs, a certain pattern perpendicular to the elongation is observed in the gypsum. (B) Similar section where more preserved anhydrite crystals of prismatic habit are observed. Legend: S, selenite gypsum; A, alabastrine gypsum; Anh, anhydrite. 
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Figure 9. Lithology of the borehole cores corresponding to S-13 and S-14. 
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Figure 10. Inverted electrical resistivity tomography data of the southernmost area (S edge) affected by numerous faults and fractures. The seismic survey point (MASW-1) is indicated. 
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Figure 11. Inverted electrical resistivity tomography data that present a low resistivity anomaly (?) that interrupts the supposed continuity of the resistive gypsum banks. 
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Figure 12. Inverted electrical resistivity tomography data of two perpendicular profiles in the area of borehole 13. The borehole and seismic survey point (MASW-2) are indicated. The upper gypsum bank (G3) has a higher resistivity than the lower banks (G2 and G1). 
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Figure 13. Inverted electrical resistivity tomography data of the northeast area, where borehole 14 occurs. The borehole and seismic survey point (MASW-3) are indicated. ERT-6 is along the same lines as ERT-5, although ERT-6 is longer and reaches greater depths. 
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Figure 14. Three 1D seismic surveys (Multichannel Analysis of Surface Waves 1, 2, and 3) conducted on the ERT profile numbers 1, 4, and 5, respectively. 
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Figure 15. Old zones of the quarry where gypsum bank G2 outcrops: (A) fractured zone with a fault plane; (B) zone where numerous vertical fractures perpendicular to the stratification can be observed. These areas at depth may facilitate the passage of water and the accumulation of shale. 
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Figure 16. Quarry fronts: (A) view of the quarry, showing a large fracture zone with relatively abundant shaley material, within gypsum bank G3, which could be the similar context in which there is a decrease in resistivity in the subsurface, such as those observed in the ERT profiles performed. (B) Quarry front where there is a continuity of gypsum banks. 
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Figure 17. Resistivity data as a function of the saturation conditions from measures on samples with different saturation degrees (modified from Caselle et al., 2019 [14]). 
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Table 1. The propagation velocities of seismic waves through different types of geological media (from Tendürüs et al., 2015 [46] and Earle, 2019 [47]).
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	Medium
	S-Wave Velocity (m/s)





	Gravel, dry sand
	300–900



	Silt and clay
	100–500



	Wet sand
	700–800



	Gypsum
	600–1500



	Sandstone
	1400–2500



	Marl
	100–500



	Limestone
	2400–3100



	Granito
	3000–3700
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Table 2. Geoelectrical classification of gypsum rocks (modified after Guinea et al., 2010b, [51]).
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	Lithofacies
	Gypsum Content (%)
	Resistivity (Ω·m)





	Gypsum
	75–100
	700–1000



	Gypsum with lutite
	55–75
	100–700



	Lutites and gypsum-rich lutites
	0–55
	10–100
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