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Abstract

:

This study correlates the results obtained from the resistivity and spontaneous potential well logs in six boreholes for water extraction, located in the multilayer siliciclastic basin in the Madrid region, in the center of the Iberian Peninsula. Given the small lateral continuity that the layers considered in isolation show in this type of multilayer aquifer, geophysical stretches, with their corresponding average lithological assignments, have been established to achieve this objective from the well logs. These stretches allow for mapping the internal lithology in the studied area, obtaining a correlation of greater geological scope than that provided by the correlation between layers. Subsequently, the possible correlation of the lithological stretches selected in each of the boreholes was analyzed, verifying their lateral continuity and establishing an NNW-SSE section in the study area. In this work, the transcendence of the correlation of wells up to great distances (about 8 km in total, and average distance of 1.5 km between wells) is focused on the fact that, if there is a presence of pollutant in certain aquifer stretches in a part of the studied area, overexploitation in the Madrid basin will cause the mobilization of this pollutant to the whole basin, with a possible impact on non-polluted areas.
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1. Introduction


The increasing importance of groundwater is well-known and is widely studied worldwide. In the most arid regions of the planet and specifically in areas of south-eastern Europe, the importance of groundwater cannot be overlooked, and in recent years, increasing resources have been devoted to the study and characterization of aquifers as a strategic resource [1]. The traditional uses of water, in a simplified form, comprise domestic consumption, including its use in industry and agriculture. The latter is of great importance, as one-third of agricultural land in southern Europe is irrigated with groundwater, which has led to the need to introduce regulations for its use [2]. Studies on the quantity and quality of groundwater and the impacts produced have been performed since the 1990s [3], as well as studies related to the overexploitation of groundwater in arid areas [4].



Techniques for the characterization of aquifers help to quantify the resource and understand the water quality, which can determine its intended use. These techniques include hydrogeological studies with pumping tests and geophysical prospecting studies both on the surface and in boreholes through well log measurements [5,6,7,8].



Directly related to water quality, borehole correlation that covers great distances establishes a strategy to avoid the possibly hazardous effects derived from intensive exploitation, as is the case for the dangerously high arsenic contents occurring in the deepest aquifer stretches in a zone of the Madrid Basin [9]. The term “stretch” has been used in order to avoid controversy with other terms such as “units”, which have a different hydrogeological meaning. It refers to a set of layers that is characterized by maintaining, within it, one or more characteristics that are more or less uniform among themselves, differentiating them from the adjacent stretches.



The limitations of surface water resources in times of drought and the growing demand for water in the metropolitan area of Madrid, both for domestic and industrial use, have increased interest in groundwater. Thus, the company—Canal de Isabel II (Madrid, Spain)—undertook the drilling and study of a series of wells for groundwater collection located west of the city (Figure 1) in which electrical and natural gamma well logs were obtained.



The initial objective of these studies was to determine the permeable levels of each well for the subsequent laying of screen pipes. However, the lithological correlation between these wells and obtaining a geological section in this area became the final objective in evaluating the potentials of the reservoir as a whole. In multi-layered detrital aquifers, this correlation often lacks sufficient lateral extent to give it sufficient geological scope. Thus, this study proposes the division of the well logs into stretches (series or units) as the best solution to achieve this objective. Moreover, considering that the more permeable geophysical stretches also have a higher vertical transmissivity, the formation water of the permeable layers is much more homogeneous within each stretch.



To this end, the following steps were developed in this study:




	
A synthesis of the permeability levels determined by lithological interpretation of the resistivity profiles, gamma ray, and spontaneous potential in the studied wells was conducted.



	
Geophysical stretches were established: Layer correlations between well logs taken in relatively close boreholes are possible [10]. These stretches were established in this study as sets of layers with certain similar characteristics, which, on average, differ with respect to the adjacent stretches.



	
A correlation of the established stretches was performed to evaluate whether or not they had lateral continuity, obtaining an NNW-SSE section. The scope of this correlation displays a relationship in character, sequence, and position between points of different boreholes in a stratigraphic sense. To obtain a litho-stratigraphic correlation, the concept of belonging to the same lithological unit was added to the analysis.








Background


Correlations from borehole data provide key data for identifying potential aquifer systems corresponding to large geological units. In large multi-layered siliciclastic continental basins, the correlation between boreholes is more complex than in marine or coastal basins [11,12]. The differences that occur between strata in multi-layered basins are due to differences in size, grain size gradation [13], and clay content, resulting in less repetition of the sequences shown by these strata. Moreover, in this type of basin, changes in layer thickness and the lack of lateral continuity of strata are frequent, even if they are found within the same sedimentary environment. This results in a lack of homogeneity between sedimentary episodes, even leading to the inversion of sedimentary sequences and the appearance of geological discontinuities [14,15]. In these basins, the lateral extension of the layers are typically a few hundred meters; thus, when the distance between boreholes is greater, several characteristics of the well logs associated with the layers are not maintained laterally. These characteristics of unconsolidated detrital environments mean that borehole correlation requires strong support from geological, geochronological, and biostratigraphic information obtained from borehole cuttings [16,17].



The use of well logs for borehole correlation and aquifer modelling has been used by several authors [18,19] with good results. Manual and automatic borehole correlation using well log segmentation has been used in many studies [20,21,22,23,24,25,26]. For years, it has been possible to perform layer correlations between well logs made in relatively close boreholes. Therefore, the division of well logs into stretches, as defined above, is the best solution to achieve this objective, which, to date, has no definitive solution [14,26,27,28,29,30].



One of the main advantages of automating the correlation process is the unification of criteria in which the analyst hardly must intervene. Many of these techniques have used expert systems for many years [31,32,33,34]. However, in this study, the definition of geophysical stretches within the well logs has been considered more manageable for subsequently using the most classical correlation technique that is the cross-correlation, available in most calculation programs. The cross-correlation function between two curves can be defined as the result of multiplying the coincident areas when one moves parallel to the other. This operation produces a new curve that is a function of displacement. This method has been used since the 1960s both in the space domain [35], with good results when there are no large changes in the layer thicknesses, and in the frequency domain [36,37], where the fundamental problems are caused by the absence of layers, although authors such as Srivardhan, 2016 [38] have proposed solutions for this limitation.



The Madrid basin is classified as a heterogeneous and anisotropic unconfined aquifer system [39,40]. However, it is subdivided into great stretches, with some alternating aquifers units separated by non-permeable units (aquitards). This configuration will considerably change the basin model, and the different hydraulic heads obtained in Díaz-Curiel et al., 2022 [41], allow for a very different hydrogeological interpretation of the basin. The subdivision of a large detrital aquifer into stretches with different hydraulic heads [41] also requires analyzing whether the different stretches correspond to aquifers of differentiated water quality.





2. Materials and Methods


The two key processes to achieve the expected correlation were the determination of the stretches and the correlative criteria between them, although both processes have been successfully applied in the study of the largest siliciclastic basin in the Iberian Peninsula and the Duero river basin [26]. That basin is characterized by a greater influence of the tectonic cycles that shaped it, whereas, in the Madrid basin, which is a sub-basin of the Tagus River basin, no such influence has been determined. In the study by Díaz-Curiel et al., 2022 [26], the automatic procedures for the processing of the well logs and for the correlation of the established stretches are detailed. In the following, these processes are summarized.



To determine the stretches, two types of statistical criteria were applied to the well logs, defining the stretches from the analysis of the mean values of SP and resistivity on one hand and of their variance on the other hand. Therefore, they would be minimized within the zones and maximized between them. To conduct this process, it is necessary to choose a suitable working window (the thickness over which the log data are analyzed). For this study, a fixed window equal to 14 times the average thickness of the borehole layers was used.



In summary, the procedure for correlating the well logs applied the cross-correlation of the stretches established for the resistivity (SNR) and spontaneous potential (SP) logs. These parameters were chosen because they proved the most representative for this process. To achieve more significant degrees of correlation, these stretches had to be deformed, allowing for the thicknesses of the compared stretches to coincide. For each stretch of the first borehole, the depths of all the recorded points of the other borehole were modified, making the thicknesses of these stretches coincide with that of the compared stretch of the first borehole.



Thus, cross-correlations were made between all stretches of the SNR and SP well logs of the first borehole with those of the same parameters in the second borehole, which consumes a significant amount of time. The degree of correlation between stretches has been obtained by means of the correlation coefficient between two data series, which is given by:


  C o r r e l   X , Y   =   ∑   x −  x ¯      y −  y ¯        ∑     x −  x ¯     2  ∑     y −  y ¯     2       



(1)




where X and Y are the data series and   x ¯   and   y ¯   are the average value of the respective data series.



The results are presented in a matrix where each cell -n- of row -m- represents the minimum value of the cross-correlation between stretch -m- of the first borehole and stretch -n- of the second borehole. In Figure 2, the stretches established in two of the boreholes investigated using the SNR well logs are shown with the determined correlation horizons.



In the case of the correlated boreholes in Figure 2, STMR and MRCD boreholes, the matrix of correlation coefficients between stretches is shown in Table 1.



2.1. Geographical and Geological Framework


Geographically, the study area is located in the Tagus River basin of the southern sub-plateau of the Iberian Peninsula (Figure 1). The boreholes analyzed are located in the western sector of the province of Madrid, on the right bank of the Manzanares River, and between the streams of the Trofa River to the north and Butarques River to the south, as shown in Figure 3. The approximate distances between wells are as follows: CNCP-STMR (~3.6 km), STMR-MRCD (~0.8 km), MRCD-CBNA (~1.0 km), CBNA-STRT (~1.5 km), and STRT-STLN (~0.8 km).



Geologically, the study area corresponds to the northwest portion of the Tagus River Trench, composed of Miocene continental sediments. The materials that fill the Tagus Trench are sands, silts, and clays from the erosion of the Central System, formed by Palaeozoic granites, gneisses, slates, and quartzites. These sediments were deposited in an arid continental environment, based on the alluvial fan mechanism, characterized by the complexity of its sedimentary structures. Subsequently, from the Pliocene to the present, an erosive period began which gave rise to a series of alluvial “rañas” (Spanish nomenclature) and terraces.



From a hydrogeological point of view, the aforementioned materials are also found in what is geologically known as the Madrid siliciclastic basin (Figure 4). This aquifer is made of the units of siliciclastic facies, formed by a mass of clays and silts with a variable proportion of sands. On a regional scale, we can speak of an unconfined, anisotropic, and heterogeneous aquifer, in which each unit consists of an irregular alternation of aquifer levels, aquitards, and aquicludes, with one or the other predominating according to the different units. This, in turn, is subdivided into two units—Tosco and Madrid.



	
Tosco Unit:






This unit lies stratigraphically and topographically below the Madrid unit. Its total surface area is approximately 1025 km2, but as it underlies the Madrid unit, it outcrops with an extension of 183 km2 [45].



Based on the data from existing boreholes in this area, a thickness of over 250 m can be assigned to this unit in northern Madrid. In areas affected by erosion, it has a maximum thickness of 120 m and a minimum of 60 m, with the latter coinciding with the vertical extent of the Guadarrama riverbed.



It contains the lateral facies change to the north of the transitional units. This unit, which López-Vera et al., 1977 [46] called the Tosco Formation, is made of medium to fine-grained arkosic sands with silts and clays, coarse arkosic with beds of cobbles and muds, and levels of sepiolite, carbonates, and flints.



	2.

	
Madrid Unit:







This unit extends over an area of 816 km2, which, when added to the 20 km2 below the Quaternary fluvial transports, represents approximately 835 km2 [45]. It is composed of coarse-grained arkosic sands, gravels, and clays, which correspond to the last arkosic sedimentary episode observed within the Miocene.




2.2. Characteristics of the Boreholes


The boreholes were drilled with reverse circulation rotation, using natural mud as the drilling fluid. Viscosity was maintained at approximately 30 s (in Marsh funnel units, for which conversion to API units, i.e., 10−2 cm2/s, can be obtained from the relation υAPI(T) = 23.6 + 2.4·υMARSH(T) [47]), reaching conductivity values of mud filtrate between 345 and 375 μS/cm in most cases, except in the STRT boreholes, where a value of 1890 μS/cm was reached. Table 2 shows the borehole diameters and study depths for each borehole.



Equipment and Probes


The well data logger was a Mount-Sopris 3000 NB, with two vertical scale recorders, with the simultaneous recording capability of four independent parameters and digital speed and depth control. The characteristics of the probes are:




	
Combined probe: 0.4 AM (an AM electrode spacing of 0.4 m) normal resistivity, single point resistance, spontaneous potential, and natural gamma (with a 6″ Sodium Iodide crystal length scintillometer detector);



	
Temperature probe with PT 100-J sensor with an accuracy of 0.2 °C;



	
The radioactive module logged with integration periods of 0.5 and 2 s. The whole unit was calibrated at a USAEC model borehole in Grand Junction, CO, USA.








The average logging speeds were 3.5 m/min for the radioactive and temperature probes, and 6 m/min for the electrical probes to increase the quality of the well logs and reduce the oscillations of the probes.



Temperature logs were taken in only two of the studied wells and were measured to verify that there are no anomalous gradients in the study area. Figure 5 shows the CBNA and CNCP temperature logs in which it is verified that the thermal gradient in the well shows a power growth characteristic of water wells with depths of several hundred meters [47].






3. Results


3.1. Geophysical Well Logs


The reason for selecting the SP and RNC logs is to show that the geophysical stretches identified with high permeability correspond to aquifers with different hydrochemical properties.



Although the lithological interpretation was carried out using the resistivity, gamma ray, and spontaneous potential well logs in the studied wells, a deficiency found in the gamma ray logs should be pointed out. This deficiency is due to the high borehole diameters and the fact that, in some cases, high density muds were used (being water extraction wells), producing a high invasion diameter which strongly screened the gamma ray logs. In other cases, there was an unjustified time interval between the last mud circulation and the acquisition of the logs, causing a noticeable decantation process.



The lithological analysis of the mud detritus was conducted visually because there was not enough time to perform a detailed sieve grain size analysis to design the screen depths in situ. In this analysis, the predominant grain size of the different samples was first determined by magnifying glass, and then their clay content was estimated with Atterberg limit tests. In this way, the following lithologies were distinguished: coarse sands or gravels, medium-grained sands, fine sands or silts, clayey sands, sandy clays, clays, and loams. This classification does not strictly correspond to the granulometric or mineralogical definitions of these terms, but they are widely used in water boreholes.



3.1.1. Location of Screens


In order to decide the location of the filters, we have started from the lithological column obtained from all the logs (supported by the characterization of the samples extracted from the borehole), the permeable levels of each borehole were established (Figure 6 shows the lithological log interpretation in CNCP borehole). Based on this distribution and the constructive characteristics of the borehole (levels, screen lengths, pumping chamber, pipe resistance, welds, etc.), the most interesting intervals for the placement of the screened pipe were determined.



Table 3 shows a summary of the filters recommended in each borehole, with an evaluation of the percentage that they represent of the total depth reached. The screen percentages ranged between 15 and 30%, indicating good characteristics for hydrological use.



In the first meters of the STMR, STLN, and CNCP boreholes, the position of screens was not recommended as the static level is extremely deep. The same was decided for the last meters of the CBNA and STRT boreholes, as they were considered low permeability (clayey) levels.




3.1.2. Determination of Stretches


The geophysical stretches are characterized by the following properties:




	
The mean value of the parameters logged, which, because of their relation to porosity and clay content, indicates the dominant lithology.



	
The frequency of the curve in each stretch, which refers to the thickness of the different layers as well as their periodicity of occurrence.



	
The difference between maximum and minimum values of the well logs, which defines whether the alternation of levels in each stretch corresponds to similar lithologies (e.g., clays and sandy clays) or different ones (e.g., gravels and clays).








For a correct determination of these stretches, as for the lithological assignment, the influence that certain drilling characteristics, such as mud viscosity or borehole diameter, have on the resolution of the geophysical parameters must be known. Similarly, the shifts that certain features, such as mud settling, salinity changes, or borehole diameter variations with depth, produce in the baseline of the spontaneous potential, and gamma ray, as well as in the values of the rest of the parameters, must be discerned. The following is a broad description of the lithological stretches determined in the different boreholes tested.



	
CNCP borehole: T1 (0–76 m): Coarse sands with alternating gravels and clayey passes/T2 (76–364 m): Alternation of sandy-clayey or thin sandy levels/T3 (364–485 m): Predominance of coarse sand and gravel levels with considerable clay layers;



	
STMR borehole: T1 (0–72 m): Alternating layers of gravels with clayey sands. T2 (72–170 m): Predominantly sandy, with clay intercalations. T3 (170–226 m): Alternating thin layers of fine sands and silts with clay interbeds. T4 (226–300 m): Sand layers approximately 3 m thick with clay intercalations. T5 (300–355 m): Markedly clayey with intercalations of clayey sands and silts. T6 (355–445 m): Alternation of gravels with sands and clay intercalations of variable thickness;



	
MRCD borehole: T1 (0–64 m): Alternation of gravels with sandy clays. T2 (64–160 m): Predominantly sands with clay intercalations, which became more abundant towards the base of the stretch. T3 (160–238 m): Thick clay layers with intercalations of clayey sands. T4 (238–306 m): Alternating sandy sands and sandy clays with intercalations of silts and clays. T5 (306–360 m): Markedly clayey with thin intercalations of fine sands and silts. T6 (360–445 m): Alternating gravels and sandy clays;



	
CBNA borehole: T1 (0–75 m): Predominantly sandy with considerable levels of gravels and a few passes of clays. T2 (75–178 m): Sandy-clayey stretch with levels of coarse sands of little thickness. T3 (178–260 m): Predominantly clayey. Impermeable stretch. T4 (260–310 m): Levels of coarse sands with intercalations of clayey sands of considerable thickness. T5 (310–375 m): Alternation of clays, fine sands, and silts;



	
STRT borehole: T1 (0–82 m): Levels of coarse sands appear with thicknesses of approximately 3 m and clay intercalations. T2 (82–220 m): Alternation of levels of sand and fine sands with others of clays. T3 (220–280 m): Predominantly clayey with a near total absence of permeable levels. T4 (280–315 m): Alternating thin layers of sand with silts and clays;



	
STLN borehole: T1 (0–75 m): Coarse sands and gravels with clayey passes. T2 (75–250 m): Sandy-clayey with several thin intercalations of sands. T3 (250–300 m): Predominantly clayey with intercalations of fine sands and silts. T4 (300–430 m): Coarse sand layers of variable thickness along the stretch, with intercalations of clay levels.








3.2. Well Log Correlation


3.2.1. Correlation of Geophysical Stretches


Although the Madrid siliciclastic aquifer, on a large scale, has been defined as a free, heterogeneous, and anisotropic aquifer, locally it can be considered as a multilayer aquifer. In this type of aquifer, particularly those corresponding to alluvial fan deposits, when attempting to correlate lithological stretches, extreme precautions must be taken due to the spatial variation of these environments.



The chosen profile (NNW-SSE) is nearly perpendicular to the source area of the basin, with the consequent limitations of geological correlation, given the sedimentation system that has generated these deposits. Figure 7 shows the normal resistivity (0.4 AM), SP, and gamma ray (together with the lines of variation with the depth of the gamma radiation background) logs for each borehole, as representative of the test results, with the possible correlation horizons.



The continuity of the upper stretch is clearly established. However, we cannot affirm the same for the lower stretches that appear in the CNCP, STMR, and MRCD boreholes, owing to the shallower depth of the CBNA and STRT boreholes. However, the well logs of the STLN borehole indicate that this stretch is still present.



Note the influence of distance on the correlation of well logs in the CNCP borehole, where, being further away from the rest of the boreholes, the subdivision of its second stretch (76–364 m) into four different stretches is not distinguishable, as is the case in the rest of the boreholes.




3.2.2. Column Type


Based on the correlation section (Figure 7), it was possible to establish a typical lithological column in this study area. In the following, the stretches of this type of column are described, indicating the minimum and maximum depths where each stretch was found in all boreholes, except for the intermediate stretches in the CNCP borehole. Figure 8 shows a schematic representation of the column described in Table 4.



Finally, in stretches 2, 3, 4, and 5, there is a tendency for the thickness of the clay layers to increase, together with a decrease in the frequency of occurrence of the sandy layers towards the SSE.






4. Discussion and Conclusions


The first aspect to discuss is the degree of correlation, assessed by the correlation coefficient between the correlated stretches. These coefficients range between 0.1 and 0.8 in general; therefore, several stretches are correlated with low correlation coefficients (<0.4) owing to the correlation horizons of the other stretches of the two compared boreholes. The values of the correlation coefficients show no apparent relationship with the characteristics of the compared reaches.



Among the parameters assigned to the stretches, on average the highest correlation coefficients occur between stretches with higher variance and mean value. Therefore, sedimentation intervals corresponding to more energetic environments and with higher alternation of lithologies show a higher correlation than stretches formed by more similar lithologies of smaller grain size. In contrast, the frequency has been shown to be less decisive when correlating, confirming one of the limitations of correlation in that domain.



As for the units into which the Madrid siliciclastic basin is divided, according to the literature (IGME, 1992 [38]), the most appropriate concordance would be to state that the Tosco unit is prolonged, at least to the depth of the boreholes analyzed. It also seems that, as a whole, it undergoes a decrease in energy as it ascends in the series.



With respect to water quality, the increase (negative) in spontaneous potential anomalies indicates a gradual increase in salinity. To a lesser extent, this worsening is also observed laterally towards the SE, particularly in the upper part of the Tosco unit (stretch T2). The division of Madrid basin will also allow us to propose a strategy regarding the arsenic propagation throughout and to avoid connecting to a point or zone where the arsenic focus is, as the exploitation of that stretch in different points of the basin will cause the contaminant to move towards those points.



In short, the prior determination of stretch and the comparison between them through the prior variation of their thicknesses allowed the cross-correlation technique to provide effective results. Thus, the correlation established between the geophysical stretches of the studied boreholes leads to the conclusion that the determination of these stretches provides an analysis of a greater extension in multilayer continental basins such as the one studied, in comparison with the correlation between layers. In this respect, one confirmation that can be drawn from the correlation between STMR and MRCD borehole stretches shown in Figure 2 is noticeable—within clearly correlated stretches, the sedimentation sequences of layers or strata do not necessarily hold, even though the correspondence between the series established by these layers is what has traditionally been used for correlation.



This correlation does not imply a correspondence of the same extent between the hydraulic behavior of the wells. This limitation would be explained by the heterogeneity that characterizes this aquifer, with different percentages of fines depending on its location, and by the possible differences in the constructive characteristics of the wells (degree of development, irregularities in the gravel packing, screen location, etc.).



Regarding the general analysis of this area of the basin, the main conclusion is the worsening of the hydraulic characteristics in the boreholes located further to the SSE. These boreholes show an increase in the proportion of clays and silts in this direction, both in the frequency of occurrence of these lithologies and their thickness. This is most evident in the STRT borehole, where more distal facies appear to have been reached. This relatively abrupt variation should be checked in other profiles to establish whether it occurs with respect to the central SW-NE axis of the Madrid siliciclastic basin. It should also be verified whether this variation is related to the basement faults in the Madrid basin.
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Figure 1. Location of the studied area with the rivers (blue lines), the axis of the Madrid basin (green dashed line) and the studied profile (red line). 
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Figure 2. STMR and MRCD boreholes with the established correlation horizons. 
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Figure 3. Detailed geology of the area (adapted from IGME, 2021 [42]) and borehole locations. 
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Figure 4. Diagram of the Madrid siliciclastic basin (adapted from Llamas, 1976 [43], and Navarro et al., 1993 [44]). 
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Figure 5. Temperature logs in CBNA and CNCP boreholes. 
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Figure 6. Lithological log interpretation from well logs of CNCP borehole. 
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Figure 7. Correlation section together with the established stretches. Red lines represent the variation with depth of the gamma radiation background. 
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Figure 8. Lithological column type. 
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Table 1. Matrix of correlation coefficients (STMR and MRCD boreholes). The shaded background corresponds to the stretches that have been correlated.
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STMR Borehole




	

	
Stretches

	
1

	
2

	
3

	
4

	
5

	
6






	
MRCD Borehole

	
1

	
0.31

	
0.02

	
−0.09

	
0.25

	
−0.64

	
0.35




	
2

	
0.28

	
−0.12

	
−0.05

	
0.09

	
−0.16

	
−0.30




	
3

	
−0.09

	
−0.51

	
0.19

	
−0.03

	
−0.08

	
0.16




	
4

	
−0.46

	
−0.25

	
0.08

	
0.09

	
−0.31

	
−0.04




	
5

	
−0.24

	
0.01

	
0.03

	
−0.09

	
0.69

	
−0.10




	
6

	
0.29

	
0.04

	
0.11

	
−0.19

	
−0.06

	
0.84
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Table 2. Borehole diameters and depths.
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Borehole

	
Elevation

(m.a.s.l.)

	
Drilling

Diameters

(mm)

	
Depth Ranges

(m)

	
Logging Depth

(m)






	
CNCP

	
746

	
660

	
0–120

	
485




	
445

	
120–490




	
STMR

	
730

	
450

	
0–448

	
445




	
MRCD

	
725

	
450

	
0–454

	
445




	
CBNA

	
n/a

	
660

	
0–103

	
375




	
445

	
103–386




	
STRT

	
717

	
660

	
0–117

	
315




	
445

	
117–321




	
STLN

	
715

	
600

	
0–430

	
430
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Table 3. Recommended screens in each borehole.
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	Borehole
	Pipe

Depth

(m)
	Depth

Interval

(m)
	Number

Screens
	Total Screens (m)
	Screens

Percentage

(%)





	CNCP
	483
	138–468
	50
	109.5
	22.7



	STMR
	443
	116–443
	31
	81.0
	18.3



	MRCD
	444
	77–450
	26
	71.5
	16.1



	CBNA
	344
	110–320
	17
	58.5
	17.0



	STRT
	314
	49–228
	25
	65.5
	20.9



	STLN
	423
	118–418
	20
	71.0
	16.8
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Table 4. Description of the stretches.
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	Stretch
	Depth
	Description





	1
	0 to 65–82 m
	Clearly permeable stretch. Analyzing the maximum and minimum amplitudes of the curve in this stretch, we observe a considerable difference between them, which represents a strong alternation of gravels with sandy clays. The average thicknesses of the gravel layers are 5–6 m, while the thicknesses of the finer grained layers vary from 2–8 m.



	2
	From (65–82) to (230–300) m
	Less permeable lithologies are evident in this stretch. It is made of an alternation of medium to fine-grained clean sands (with thicknesses ranging from 3–6 m) and intercalations of clayey sands and/or clays of variable thickness.



	3
	From (160–240) to (200–260) m.
	Predominantly low-permeable lithologies. This is a series of layers of clays with thicknesses of approximately 10 m with intercalations of clayey sands and passes of silt.



	4
	From (230–300) to (300–420) m.
	Permeable stretch of medium to coarse-grained clean sands, depending on the borehole analyzed. The thickness of the sand layers ranges from 3–6 m, interspersed by clayey sands.



	5
	From (300–320) to (355–375) m.
	It has been defined as a predominantly clayey stretch, with intercalations of fine sands and silt passes.



	6
	From 355 m.
	Clearly permeable lithologies. It consists of a series of gravel layers between 4–10 m thick with intercalations of sandy clays of varying thickness.
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
NN CORRELATION SECTION UNDER STUDIED PROFILE SSE

GEOPHYSICAL |
STRETCHES |






media/file4.png
STMR

0 SNR(Qm) 40

STRETCHES

Om

50

MRCD
0 SNR(Q:m)

40

100

150

200

250






nav.xhtml


  sensors-23-04718


  
    		
      sensors-23-04718
    


  




  





media/file16.png
fgsad | Stretch T1

nani-qsom| Alternation of gravels and
=iioed | sandy clays

i~ Stretch T2

F==x5 ~ 1 Medium to fine-grained sands with
== | intercalations of clayey sands
===2a  — and/or sandy clays

s IE

Zizid - Stretch T3

——.=.5 — | Thick layers of clays, with
=2z | intercalations of sands and
=z=zd o silt passes

ZEEEY

YR | Stretch T4

i o Medium to coarse-grained sands
:.;.-_Z__-'.. =z | with clayey sand intercalations
s ] Stretch T5

=== 30 Clays with intercalations of
=onnl — fine sands and silt passes
S o)

Ssssd | Stretch T6

ssssd | Gravels with intercalations of
si-24-4 | sandy clays and

=i | passes of clayey sands






media/file2.png
Geological
Time

Lithology

NEOGENE “‘Rafias’ (Iberian formation).
Lacustrine limestone.
Sepiolite and silex.

Clays and gypsum.
Conglomerates.

- | Siliciclastic sediments.
PALEOZOIC

=]

Slates and cuartzite.
Schist, gneis, and
granitic rocks

ED

ATLANTIC OCEAN

Madrid

GEOLOGIC MAP
OF MADRID REGION

PORTUGAL

SEA

Okm 10 20 30 40

MEDITERRANEAN






media/file5.jpg





media/file3.jpg





media/file1.jpg
Guged Unaeqy

e |t e
O

=

B | i
L

| —
PALEOZOU | Sos e

B i

=Y

WAEocem

GEOLOGIC MAP
OF MADRID REGION

om0 2 ®






media/file7.jpg
SILICICLASTIC BASIN
OF MADRID

MADRID CITY

Siccimtetasn
Sontons waimosore [S] - sz
tgnoous andmetam. [ - Paloccoe





media/file10.png
50

100

150

200

250

300

350

400

450

500

17

CBNA
TCC)

27

18

CNCP
TCC)

30

50

100

150

200

250

300

350

400

450

500





media/file12.png
Depth (m)

50

150

250 (R
350
450

Legend

Clays

Sandy clays
Clayey sands






media/file9.jpg
cBNA
R

o7

cnep
18 TCC)

)






media/file0.png





media/file14.png
NNW CORRELATION SECTION UNDER STUDIED PROFILE

<4

¥y
!

[0)
Y

SP | SNR

6 |

T

_2007 ; -_ - — - __ T/ = — 200 -
[GEOPHYSICAL|
= 4> |k | STRETCHES

350

M ‘ALL A/ S a M NAANANY Y en ANA AN A MMAASNANDAN SV A A A

JRHRRY: | A0l

0o

;P

T
0 km 1 2 3 4

5

6

7






media/file8.png
masl NW MADRID CITY

SILICICLASTIC BASIN
OF MADRID

—-1000

Silts, clays, and marls
Siliciclasticbasin [ |

Sandstone and limestone |:| - Mesozoic
0km 10 20 30
Igneous and metam. - - Paleozoic

—1200 Neogene






media/file11.jpg
10

P






media/file6.png
@ : Borehole
\ @ Studied profile

GEOLOGY

— 0.0
— — cL 289  Grey silts and sands.
— — e 0.
HOLOCENE 289 ©9® 276  Polygenic gravels and pebbles, sands, silts and clays. Carbonates.
— 00
- : L 275 Polygenic quartzite and quartz gravels and pebbles.
— 273 | 274 g?f{; 276 Sands, silts and sandy clays. Carbonates.
E b . : 274  Silt and clays in silty-sandy matrix.
o O e
% UPPER S 273 Boulders, gravels, sands and clays.
OO
E % : ?5 269 Silt and clays with scattered pebbles. Salts.
8 § 245 5®0 60 e 260 Polygenic quartzite and quartzite gravels and cobbles.
f’—u’ PP Sands, silts and sandy clays. Tuffaceous carbonates
T MIDDLE R ) )
: 250 Polygenic quartzite and quartz gravels and pebbles.
Sands, silts and sandy clays. Carbonates.
LOWER ; 245 Sands, gravels and pebbles, occasionally silts and clays.
0 Locally cemented.
UPPER )
v 236 Sands with gravels and pebbles.
& | VALLESIENSE | o\wER
2 164 Micaceous sands and green shales.
=)
162 Coarse arkoses and ochre shales.
154  White arkoses and ochre or reddish mudstones.
w 153  Arkose with pebbles.
— w
> w 8 % 134 Fine arkosic sands, micaceous sands and greenish, ochre shales.
i = =
O § 3 130 Arkose with pebbles.
Q g % MIDDLE
z B 111 Massive grey gypsum; sometimes with gypsiferous marls.
110  Tabular and nodular gypsum intercalated between green, grey.
brown and red claystones.
LOWER ) )
' 108 Alternation of green shales and micaceous sands. Locally carbonate
$ levels, silex and gypsum nodules.
)
RAMBLIENSE
- 104 Ochre shales with carbonate intercalations.
AGENIENSE






media/file15.jpg
 Stretcn T1
Altemation of gravels and
sandy clays

Stretch T2
Medium to fine-grained sands with
intercalations of clayey sands
‘andlor sandy clays

By 1

LiifE

Stretch T3

Thick layers of clays, with
intercalations of sands and

it passes.

Stretch T4
Medium to coarse-grained sands.
with clayey sand intercalations

Stretch TS
Clays with intercalations of
fine sands and silt passes

Stretch T6
Gravels with intercalations of
sandy clays and

passes of clayey sands






