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Abstract

:

The Hungarian water management plan has lately identified 185 groundwater bodies based on the concepts given by the European Water Framework Directive. Achieving and maintaining the good quantitative and chemical status of these groundwater bodies is of primary importance. It is demonstrated how innovative hydrogeophysical methods can be applied successfully to assess the Hungarian or other international groundwater bodies. By applying geoelectric methods, horizontal layering or large uniform rock units can be well characterized by Wenner–Schlumberger array, also enabling accurate depth determination of the shallow groundwater table. Horizontal variations in the rock type or its state can be well described by dipole–dipole array or, even better, by the newly developed quasi-null arrays. Their joint application may be very straightforward to investigate different aquifer types by giving high-resolution resistivity images as input for hydrogeological modeling. In the identification of porous formations, multivariate statistical interpretation of wireline logs using cluster analysis allows reliable lithological separation of potential aquifers. Their clay content is estimated by robust factor analysis, while their hydraulic properties are directly derived from the resistivity log. For a more effective interpretation, a combination of surface and borehole geophysical methods can be recommended for meeting challenges in hydrogeology and groundwater management.
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1. Introduction


The protection and sustainable use of water resources are core provisions of the European Union legislation [1]. The Water Framework Directive—setting the background for all other water-related directives—requires member states to assess the qualitative and quantitative status of all water bodies and to ensure the protection or restoration of their good chemical and ecological state. The recently adopted second National Watershed Management Plan [2] defines four cornerstones for future actions: avoiding the global water crisis, preserving our water resources, using their potential efficiently and safeguarding ourselves from water hazards. The key instrument towards these goals is integrated water resources management [3]. However, effective actions require a sound basis of knowledge and information.



In 2016, the Hungarian Academy of Sciences launched the National Water Research Program [4] to provide the scientific evidence base for implementing the strategic targets of the National Water Strategy. This baseline document provides a concise overview of the situation, based predominantly on the extensive documentation developed as part of the revision process of the Hungarian River Basin Management Plan by the National Water Directorate under the Ministry of Interior. One hundred eighty-five different groundwater bodies were identified in the Hungarian River Basin Management Plan. The main goal is to achieve good quantitative and chemical status in the case of all groundwater bodies. Although this main objective seems to be quite simple, the whole work process needs much work from different experts. In this paper, it is demonstrated how different innovative hydrogeophysical approaches can be used effectively in this complex work to assess the Hungarian groundwater bodies. Table 1 summarizes 6 main challenges, which can be addressed by hydrogeophysical methods studied in this paper.



To handle the above challenges, a good alternative is the application of both surface geophysical and borehole logging methods. Surface geophysical methods can give an overview of large areas in a relatively short time for acceptable costs. They are also applicable to characterize smaller areas with greater accuracy. Well-logging methods, including lithology (natural gamma-ray intensity, spontaneous potential), porosity (density, neutron-porosity) and resistivity logs in contrary give information only to selected points of an area, but they can describe very detailed the vertical variations of, e.g., lithology and shaliness, porosity and water-saturation which are basic in situ parameters in hydrogeological studies. Hydrogeophysical methods have been widely used recently to investigate water-bearing formations and handle challenging problems in preserving groundwater resources [5]. Among many other efficient investigation techniques, geophysical surveying methods are easy to implement and relatively inexpensive, of course, taking into account its limitations, which generally apply to research depth and spatial resolution as well as the problem of ambiguity that may occur during the interpretation of surface geophysical data. To improve the evaluation of groundwater formations, we suggest using some innovative geophysical methods.



In problems related to groundwater, the relatively cost-effective electromagnetic [6,7,8] and direct current (DC) geoelectric methods [9,10] are the most convenient tools. In addition to that, these methods can well separate lithological units; they are sensitive to the presence and quantity of subsurface water. Geological features, such as, e.g., faults, fractures, caves, which have a great influence on groundwater movements, are also detectable by these methods. While in large-scale studies, particularly very-low-frequency (VLF), e.g., in [11], and radio-magnetotelluric (RMT) methods are used [12], the geoelectric method is applicable both in large-, and small-scale studies. 2D ERT measurements are often done with the aim of studying faults [13], fracture zones [14], fractures and fissures [15,16] or cavities [17], etc., that is in the prospection of hydrogeological interest. An additional practical overview of the geophysical methods applicable in hydrological studies is given in [18]. Fractures proved to be detectable by ground-penetrating radar (GPR) but with only 5 m resolution [19]. The GPR investigations carried out by [20] had at the same time very good resolution. They were, however, carried out on a quarry wall because the plateau above the cliff was covered with a conductive weathered layer, which drastically reduces the penetration depth of this method. In the study shown in [21], GPR and frequency–domain electromagnetic induction methods proved to be capable of detecting discrete fracture and conduit features. In the Kádárta area, the GPR measurements, in the other study site, in Sopron seismic measurements proved to be unable to fulfill the aim of the research.



The geoelectric method is one of the most often applied geophysical techniques for shallow subsurface investigations, among others, because the electric resistivity of the rocks varies in wide range enabling to distinguish different rocks. Since electrical resistivity depends strongly also on the water content of a rock, this method can be very successfully applied also in hydrogeological studies [22]. It can show the electrical resistivity distribution of the subsurface utilizing four electrodes. Between two of the electrodes (current electrodes), the current is forced to insert into the soil. The evolving electrical potential distribution can be measured on the surface using two other electrodes, the so-called potential electrodes. From the surface potential data, an inversion process enables the determination of the electric resistivity distribution of the subsurface. Traditionally two main types of geoelectric methods were applied: sounding was used to follow the vertical-, profiling the horizontal variations of the resistivity [23]. Actually, both of these types are joined by carrying out measurements by using numerous electrodes (e.g., 48, 60 or 72), which are laid out and computer controls, which ones are the current-, and which ones are the potential electrodes [24]. Such measurements are called electrical resistivity tomography (ERT), which can be two-, or three-dimensional (2D or 3D). Nowadays, the 2D measurements are the most often used, where the electrodes are laid in a line. The basis of the 2D measurements is the application of electrode arrays, and there are arrays, which are more convenient for sounding and arrays, which are better for profiling. For sounding the Wenner–Schlumberger (WS), profiling the dipole–dipole (Dp) array seems to be the best. Thus, WS is used to study mostly layered structures where the thickness and resistivity of the layers are the most important questions [23,25]. Furthermore, its robustness may be very favorable in a variable environment. If, however, the detection and characterization of a target with limited horizontal extent is the aim, application of the Dp array is recommended [23]. The Dp array proved to be the best among the traditional arrays in numerical simulations [25]. An optimized array set was constructed using traditional arrays by [26]. The optimized Stummer (St) configuration basis on the Dp array and is used to provide somewhat better results than the Dp array in itself [27]. Since it proved to be the most successful traditional configuration in numerical studies [25], it was also used to carry out measurements. In addition to these traditional arrays, the applicability of the recently developed γ11n arrays [28,29,30,31] has been studied. According to [30], the γ11n arrays have a larger depth of detectability values for 2D prismatic and vertical layer models than even the best traditional arrays if n is at least 2. In [31], numerous numerical examples were presented to demonstrate models, which can be better displayed by the γ11n arrays than by the traditional ones. These advantages of the γ11n arrays over the traditional ones also manifested in the quasi analog field [28] and quasi field situations [29].



In this paper, field studies carried out by geoelectric methods are first presented. Geoelectric results are ideally completed by well-logging ones. The applicability of this method is also demonstrated (Table 1). The above-mentioned challenges 1, 2 and 6 can be handled best by the Wenner–Schlumberger, challenges 3–4 by dipole–dipole and quasi null arrays, while challenge 5 by well logging. Since handling challenges 1 and 6 are more or less routinely done [32,33], here case studies will be presented, which demonstrate how to meet challenges 2–5. It must be mentioned that airborne geophysics and seismic surveys have a greater potential to map extensive areas and may appear as much more appropriate for groundwater assessment at a regional scale (e.g., in challenge 2). The further development of these large-scale and relatively expensive methods is out of the scope of our research; thus, they are not included in Table 1.




2. Materials and Methods


2.1. Conditions and the Relevant Situations of the Hungarian Groundwater Bodies


Groundwater resources play a major role in Hungary’s drinking water supply system [34]. More than 95% of our drinking water is provided from groundwater resources; meanwhile, Hungary is famous for its mineral, therapeutic, and thermal water supplies. Hydrogeologists have high professional responsibility to safeguard our groundwater resources and manage their sustainable utilization in quantitative and qualitative terms [35]. During the past years, hydrogeologist experts had to face numerous global or local environmental and social threats that have significant adverse effects on the environmental elements, especially on groundwater [36].



Hungary is located on the Danube watershed in the Carpathian Basin, which is one of the most closed basins of the world concerning the water budget. This geographical feature has especially important effects on surface waters and our groundwater resources. The River Basin Management plan of Hungary contains 185 groundwater bodies, out of which 40 are officially registered as transboundary aquifers; however, the actual dependency is even higher. Approximately 50% of the groundwater bodies are divided by the national border; thus, external effects also influence the quantity and quality of our groundwater resources. As valuable kinds of these groundwater bodies, thermal and thermal karstic water bodies and their designated boundaries are shown in Figure 1. These karst groundwater bodies, with their special fracture systems, are very sensitive to the effects of climate change or to the different surface contaminations.



Hungary shows a rather diverse geological and hydrogeological scene, where almost every unique and challenging feature can be observed in close vicinity to each other [37]. In addition to the hydrogeological features of our karstic mountains (that have a significant role in the drinking water supply), one can study the rather interesting water-bearing parameters of fractured volcanic, plutonic and metamorphic rocks. The Great Plain, which attracts international attention, and the Small Plain (Kisalföld) geographical units provide several problems to be solved by hydrogeologist experts. Among others, the reason for the unique natural variations is due to the relative thinness of the Earth’s crust under the Pannonian Basin and due to the even recently observed tectonic compression causing increasing pore pressure of deeper reservoirs and fluid containing strata of the basin. To interpret the reconstructed subsurface flow pattern of the Great Plain, one must divide the role of two driving energy sources. A gravity-driven flow system is found at shallow depth, and underneath, there is a pressurized flow system controlled by the tectonic compression [38]. The anticlines of the pre-Neogene Basin are the source areas of these highly pressurized regions. The pressure conditions are driven by sedimentation, raising the fluid temperature and tectonic compression. The vertical flow component shows uniformly upward in these deep, over-pressurized hydraulic flow systems. The contact zone of the two mentioned flow systems is very complex, and its depth is still unknown at certain points of the Great Plain. The shape and dynamic feature of the interaction zone varies significantly depending on the local topographical, meteorological and geological conditions. The geological matrix of the Great Plain consists of a complex, at some points 7000 m thick Neogene sediment overburden above the pre-Neogene basin. The porous structures in Hungary contain approximately 5000 km3 of water at a given time. This volume is the so-called static groundwater resource. Dynamic groundwater resources play a more important role in sustainable groundwater utilization; its estimated volume is approximately 2–3 km3/year [3].



The state of groundwater bodies is characterized by quantity and chemical quality. Of the 185 identified groundwater bodies, 37 were classified as poor and 20 as good but at risk of becoming poor [39]. Water balance and ecological state were the most frequently failed tests (19 and 18 water bodies, respectively). Most poor water bodies were shallow porous, or porous (26 and 10, respectively). None of the porous thermal, shallow upland, upland and karstic water bodies were classified poorly (Figure 2).



To maintain a safe national water supply network, the implementation of the national water resource protection program should be continued, applying it both to active and prospective water aquifers [40]. More than half of the 1700 drinking water sources are considered to be vulnerable; thus, the strategic importance of a safe drinking water supply can only be guaranteed by proper diagnostics and well-head protection of our water resources. In the frame of the drinking water quality improvement program, such hydrogeological and water management solutions should be applied that do not depend significantly on expensive water treatment technologies. From a technical perspective, it is inevitable to implement the reform of the water supply network in which hydrogeologists have some responsibility. It is a common interest that the technical expectations regarding the water supply network should increase significantly in the future, by this serving the further improvement of drinking water service quality and reliability, and the renewal of the aging infrastructure of waterworks and distribution. To date, the significant water loss in the distribution systems (in cases over 20–30%) [3] can negatively influence at certain places both the quality and quantity parameters of the water sources. As far as the perspective water resources considered our country is in a rather good condition. Taking into consideration the 2–2.5 million m3/day water discharge from groundwater bodies, our country has approximately 1 million m3/day total capacity perspective water resources, delineated mostly along the Danube and Tisza rivers’ gravel terrace [3].



In this study, we demonstrate the feasibility of newly proposed hydrogeophysical measurement techniques and data processing methods. The test areas in Hungary (and also in India) were selected to show the applicability of these innovative techniques, mostly related to challenges 1, 3, 4 and 5 in Table 1. The case studies represent typical problems in Hungary, where our results are validated with direct observations or core data. Instead of regional-scale assessments, we focus on the improvement of local evaluations; hence the aim of the study is to increase the resolution of geoelectric surveys, e.g., in fault and fracture detection and to improve the reliability of groundwater formation evaluation by interpreting all well logs simultaneously. We demonstrate the hydrogeological applications of unconventional geoelectric surveying techniques with special electrode arrays, while multivariate statistical processing of wireline logs is applied to rock typing and to estimate important hydrogeological parameters in an alternative way. Our investigations not just may help more accurate and reliable modeling of groundwater aquifers, but the assessment of groundwater bodies up on higher scales.




2.2. Study Sites


The location of the Hungarian study areas is illustrated in Figure 3a. Geoelectric measurements, which are presented in Section 3.1.1, were carried out in Sopron, West Hungary, over a series of faults, thus a step-like structure in limestone (Figure 3b). The ERT profile is perpendicular to the N-S-directed Kőhida-fault zone, which is the eastern boundary of the Sopron-Kismarton Basin (NW Hungary). The gneissic basement, which outcrops in a few hundred meters away, is overlaid by clay. The surface dips eastwards, most likely following the dipping of the bedrock.



The measurements, whose results are presented in Section 3.1.2, were carried out at the edge of a large plateau at the village of Kádárta, which lies close to the city of Veszprém, North West Hungary [41] (Figure 3c). The plateau is made up of middle-Triassic dolomite, which is characterized by N-S oriented strike-slip and normal faults [42]. The dolomite surface is overlain by thin (0.1–0.2 m) poor quality soils in this area. The aim of the study was to detect and characterize fracture zones and fractures since they are profoundly significant in hydrological respect because of their high hydraulic conductivity and water-bearing capacity.



Section 3.1.3 demonstrates the results obtained in Haridwar District, Uttarakhand State, India, in a sedimentary environment consisting of sand, sandy clays, clay and gravel. The investigated site is located at the bank of Solani river (latitude: 29.991266, longitude: 77.77679) in Khubaripur village, which is located about 18 km N38.170 W of Roorkee, Uttarakhand, India (Figure 3d). A well logging approach proposed in this paper is tested in Baktalórátháza-1 well drilled in Szabolcs-Szatmár-Bereg County, in northeast Hungary (Figure 3e). The location of the drilling is 2.1 km from Baktalórántháza village in the direction of the south-south-west (190 degrees). Maximal depth reached by measurements: 1197.70 m, where the bottom hole temperature was 53 Centigrade. The thickness map of Miocene sediments was established by [43]. The borehole did not show a good prospect of hydrocarbon exploration, but it still serves as productive thermal water well. An unconsolidated shaly sandy sequence of high storage capacity is investigated to conclude on the lithology and petrophysical/hydraulic properties of the groundwater formations.




2.3. The Applied Geophysical Methods


2.3.1. Geoelectric Surveying Methods


Recently, a new array set has been developed. Its strategy is the opposite of that of the traditionally used arrays, e.g., the Wenner–Schlumberger (WS) and the dipole–dipole (Dp) configurations (Figure 4). It measures very small, almost zero signals above homogeneous half-space. Due to this reason, they are called quasi null arrays [28]. It was shown that their depth of detectability values is larger than those of the traditional arrays [30]. Both numerical modeling [31] and quasi field modeling [29] verified this result. According to the numerical modeling results of [28] also its horizontal and vertical resolution is better than that of the traditional arrays. On the basis of these results, it was expected that the quasi-null arrays could image the subsurface with a higher resolution. Since their application together with a traditional configuration does not significantly increase the time demand and the cost of the measurements, the joint application of a traditional and a quasi-null configuration is recommended. In this paper, several examples will be shown to illustrate the advantage of such an array set. Apparent resistivity data were acquired by a Syscal Pro Standard device. The measurement sequences of the 72-electrode acquisition system contain 1010 W-Sch, 1516 Dp-Dp, 669 St (Stummer), 1222 γ112, 964 γ113, 798 γ114, 668 γ115 and 574 γ116 data points. The Stummer (St) array has 30 electrodes and contains 669 data points. The following parameters were used (Figure 2): a = 1–5, n = 1–7 (W-Sch); a = 1–6, n = 1–4 (Dp); a = 1–8 (γ112); a = 1–7 (γ113); a = 1–5 (γ114); a = 1–5 (γ115); a = 1–4 (γ116). For the parameters of the Stummer array, see [27].



The measured data must be inverted to obtain a resistivity section that can be interpreted for hydrogeological purposes. Three inversion codes were applied in Section 3.1.1, Section 3.1.2 and Section 3.1.3. In most situations, Res2D-Hu was used [44] because the available commercial methods cannot properly handle γ11n data. In some examples also traditional data were inverted by this code to be able to compare the data received by the different arrays. In Section 3.1.1 and Section 3.1.2, traditional data were inverted by both this code and EarthImager 2D Version 2.1.7 [45]. For the inversion of the third data set (Section 3.1.3), the RES2DINV [46] code was applied beside of Res2D-Hu.



In Res2D-Hu, forward modeling is carried out using the method of Finite Differences [47]. To avoid sudden resistivity changes, a smoothed inversion is applied. The smoothing factor automatically decreases starting from 100, through 50, 20, 10, 5, 2, 1, to 0.2. After 3 iterations by each smoothing factor, the inverted data set is used as the input model for the next inversion step, carried out with the next, smaller smoothing factor. The theoretical background of the Res2D-Hu code is discussed in detail in [28]. In forward modeling, the mesh size was taken as one-fourth of the electrode distance. In the inversion process, however, a less dense mesh was used to guarantee that the problem does not become undetermined. The vertical size of the mesh is increasing with the depth.



Carrying out the inversion by the EarthImager 2D, the stop criteria were set with 3% RMS error and 5% error reduction in the resistivity inversion settings because 3% noise level was assumed. The inversion terminates on meeting one of the criteria in these settings. All data were inverted using L2-norm because, in the inversion of the field data, L1-norm did not prove to be better than L2-norm in the absence of outliers. Damping factor 1 was found to be the optimal one.



In Section 3.1.1, a 72 electrode system was used with a 2 m electrode distance, enabling to display of a 28 m deep resistivity section. Res2D-Hu code was used to invert the data of each array. In Section 3.1.2, a 72 electrode system was used with 0.5 m electrode spacing. Although the best would be to measure with each γ11n array, it would not be very cost-effective. The choice of two γ11n arrays, between whose n values the difference is 2 or 3, seems to be optimal [28]. Thus, e.g., the application of the γ112 and γ114, or γ112 and γ115, or γ113 and γ115 arrays is recommended. Their sensitivity focuses on different depths, thus increasing the likelihood to highlight the feature, which is the most important for the experts. The application of only two γ11n arrays is also very economic. In this case, the γ113 and γ115 arrays were chosen because this choice proved to be one of the bests in many fields or analog modeling studies [28].



The Kádárta WS data were inverted by both the Res2D-Hu and EarthImager 2D codes. Using the EarthImager 2D, the stop criteria were set with 3% RMS error, and 5% error reduction since 3% noise level was assumed. The inversion terminates on meeting one of the criteria in these settings. Damping factor was taken 1. In Section 3.1.3, a 48-electrode system was used with 0.2 m electrode spacing enabling it to reach about 2 m depth. The Dp data were processed by RES2DINV [46]. Robust inversion was used with default parameters, and the damping factor was optimally chosen based on preliminary inversion runs. Res2D-Hu was used to invert γ116 array data.



From a geophysical point of view, groundwater bodies can be divided into two main groups: (1) porous, (2) upland and karstic types (Figure 2). While in porous groundwater bodies, the vertical variations of the electrical resistivity, in upland and karstic types, its horizontal variations are more important. While challenges 1 and 6 mainly occur in porous groundwater bodies, challenges 3 and 4 in upland and karstic types (Table 1). Challenges 2 and 5 are possible in both types of groundwater bodies.




2.3.2. Hydrogeophysical Logging Methods


Wireline logging methods used in prospecting of water resources provide high-resolution in situ information about the geometrical, petrophysical and hydraulic properties of hydrogeological structures. In the investigation of groundwater formations, general electric and nuclear logging data are simultaneously processed, the aim, of which is to vertically separate the aquifers from aquitards along a borehole, estimate their effective layer-thicknesses, porosity, water (or air) saturation, amount of shale (i.e., clay and silt content, respectively), fractional volume of the rock matrix and hydraulic conductivity as accurately as possible [48]. To further improve the interpretation results, if available, magnetic resonance sounding measurement is added [49], which is able to differentiate the volume of free water from that of the bounded fluids and give a more detailed picture of the pore geometry and hence the hydraulic conductivity and fluid properties. Open-hole logging techniques are applicable to all types of water bodies dealt with in this study, even in very shallow soil formations, where direct-push tools can be used for the characterization of the unsaturated zone [50]. In this study, we focus on the possibilities of using advanced well logging methods for the investigation of Hungarian porous water bodies (Figure 2).



Consider Darcy’s equation as basic relation used for describing the water flow through porous media:


    ∂  u    ∂ t   = −    k *    Φ μ   ∇ p ,  



(1)




where k* denotes permeability, Φ is porosity, µ is dynamic viscosity, u is the relative displacement vector of the fluid, and p is the pore pressure (t denotes time).



In hydrogeological studies, the hydraulic conductivity is preferred to be used instead of permeability, which is defined as K = k*ρwg/µ, including the mass density of pore water (ρw) and normal acceleration of gravity (g). Assuming a primary porosity rock as an assembly of capillary channels, one can use the following form of the Kozeny–Carman equation for the estimation of hydraulic conductivity [51]:


  K =    ρ w  g  μ     d 2    180      Φ 3       (  1 − Φ  )   2      ,  



(2)




where d is the dominant grain diameter, which is obtained from grain-size distribution curves, e.g., by [52]:


  d =    d  10   +  d  60    2     (     d  10      d  60      )    1 / 2   ,  



(3)




where d10 and d60 are the characteristic grain sizes at 10% and 60% cumulative frequencies, respectively. Porosity is a key parameter in (2), which can be given either from laboratory or well logging measurements. In the assessment of groundwater formations, the bulk density tool assures good sensitivity to extract the porosity in all its domains. In sedimentary rocks fully saturated with fresh water, the porosity is calculated from the following (linear) tool response equation:


   ρ b   ( m )    =    Φ ρ   f  +  V  c l    ρ  c l   +  (  1 − Φ −  V  c l    )   ρ  m a   ,  



(4)




where    ρ b   ( m )      is the density measured in a given depth, Vcl is clay volume, ρf, ρma, ρcl denote the density of the fluid in the flushed zone, rock matrix and clay, respectively. In multi-mineral formations, the density of each matrix component should be taken into consideration. There are traditional methods to calculate the clay volume of the reservoirs of different ages, which are mostly based on single well log analysis [53]. The weakness of these methods that they are using the information of only one wireline log as well as highly dependent on the lithology, which should be known before the analysis.



Hydraulic parameters can be derived from the resistivity log by the Csókás method [54]. In the knowledge of grain sizes, pore-water resistivity (Rw) and resistivity of groundwater formations (R0) corrected to the effect of drilling fluid invasion; one can estimate hydraulic conductivity solely from well logging measurements. The formation factor (F) as the ratio of Rw/R0 and the Hazen’s effective grain diameter (d10) determined from sieve analysis are directly connected in freshwater formations [55]. For the dominant grain diameter, this connection leads to the following equation:


  d = 1.671 ·  C d  lg    R 0     R w    ,  



(5)




where Cd = 5.22 × 10−4 is proposed for not too poorly sorted sediments with a resistivity formation factor less than 10. This condition normally satisfies Hungarian porous (unconsolidated) groundwater bodies. In freshwater formations, the electric current is hardly conducted through the spaces between the grains, rather mainly on the surfaces of particles. Thus, the resistivity is inversely proportional to the specific surface of rock grains. By assuming that the sedimentary rock is composed of spherical particles, the specific surface can be calculated as S = 6(1 − Φ)/d. For better separation of good storage capacity aquifers, the specific surface (S) can be derived from (5) as:


  S =    [    36      (  1 − Φ  )   2   /     (  1.671 ·  C d  · lg    R 0     R w     )   2     ]    1 / 2   .  



(6)







By coupling Archie’s tortuosity factor [56] with porosity and the formation factor, (2) can be properly modified to give a continuous (in situ) estimate for hydraulic conductivity (in m/s) along a borehole:


  K =  C k     Φ 3       (  1 − Φ  )   4     [       (  lg    R 0     R w     )   2   /     (     R 0     R w    Φ  )    1.2      ]  ,  



(7)




where Ck = 855.7·CtCd2 is a proportionality factor and Ct is a temperature-dependent constant calculated as Ct = 1 + 3.37 × 10−2 T + 2.21 × 10−4 T2 (where T is given in units of °C). Aquifers are characterized by hydraulic conductivities K (m/s) > 10−6, while aquitards are indicated by K (m/s) < 3 × 10−8. An added advantage of the Csókás method is that it can give an estimate also to the critical velocity of flow and the volume capacity of the well [54].



Multivariate statistical techniques for processing well-logging datasets are proposed for a more reliable characterization of porous water bodies. For rock typing and separating the aquifers from impervious intervals, N-dimensional non-hierarchical cluster analysis is suggested [57]. In k-means clustering, the number of observed variables (N) is chosen arbitrarily, which may depend on detailed sensitivity analysis. Suitable well logs measured at different depths form objects of the data space that are separated into k number of groups in an iterative process by using a similarity criterion (defined as some vector norm of the differences of data vectors). The number of clusters must be a priori given, which must be harmonized with preliminary geological knowledge. Too few clusters provide poor vertical resolution, while too many groups provide unrealistic lithological categories. By calculating the overall deviation of data objects from their cluster centers (centroids) at different cluster numbers (sum of squared error), the well-known elbow method specifies the optimal number of clusters. It must be emphasized that this pure mathematical consideration must be verified by the available geological information. The position of centroids is of high importance because the solution is not independent of the selection of their initial values. Cluster analysis of incomplete datasets requires even more advanced algorithms. In case of having missing values of some variables, traditional clustering may fail because one loses too many objects from the analysis. After completing a correlation-based (multilinear regression assisted) imputation process, a complete data matrix of several observed variables was successfully grouped in [58]. It was shown that the proposed clustering technique could be used for the quick analysis of big data, which gives a more reliable solution than traditional clustering or other matrix factorization algorithms. To process well logs from old water wells or to treat datasets, including a high-level of instrumental noise or outliers, the use of robust statistical methods is highly recommended.



For exploring unmeasurable variables hidden in the dataset, such as clay volume or hydraulic properties, dimension reduction techniques can be fruitfully applied. By following this idea, the iteratively reweighted factor analysis (IRFA) technique developed originally for hydrocarbon formations [59] is now first used to estimate the clay volume of groundwater formations. In the first step, standardized well logs are transformed into a smaller number of statistical variables called factors, which form a linear combination of the observed variables. By minimizing the information loss, a few factors explain most of the total variance of the observed data matrix. By studying the explaining variances and factor loadings, one can give the most influential measurement types on the extracted variables. The specialty of this algorithm is that it updates the factor loadings and factor scores jointly in an inversion procedure, during which the deviation between all the measured and calculated well-logging data is weighted in proportion to its magnitude for giving an outlier-free (robust) solution. The petrophysical properties of groundwater formations can be directly connected to some of the factors by regression analysis. A strong nonlinear relation is found between the first statistical factor (F1), including the dominant part of the variance of the observed well logs and the clay volume of water-bearing beds:


   V  c l   = a    e  b    F 1    + c ,  



(8)




where a, b, c are site-specific constants validated by core laboratory measurements and well logging information of neighboring wells. The statistical estimation for the shale content helps us to refine the lithology and improve the aquifer storage model. Factor analysis may use all available well logs sensitive to lithology (and other properties) integrated into one statistical procedure to maximize the accuracy and reliability of the interpretation results. The hydrogeophysical approach can be extended to a larger investigation area (i.e., water body) by using a 2D (or 3D) factor analysis method [60]. The well logging methodology described in this section is demonstrated using a well logging dataset measured along a Hungarian thermal water well in Section 3.2.






3. Results


3.1. Conventional and Nonconventional Geoelectric Arrays


3.1.1. Study of a Series of Faults


Resistivity sections measured over a series of faults; thus, a step-like structure in limestone is presented in Figure 5. The traditional WS and Dp arrays present two stairs, two solid rock units at about 20–60 m and 90–130 m, which have resistivity over 200 Ωm. They were separated from each other by a fracture zone (60–90 m), where the resistivity of the basement is less than 150 Ωm. The fracture zone is much more clearly shown by the Dp array as expected since the Dp array was more sensitive to vertical anisotropies. This zone is not visible in the γ112 image and hardly visible in the γ113 and γ114 images. It is at the same time remarkable in the γ116 and even more remarkable in the γ115 section. Regarding both the Dp and γ115 sections, there is no doubt that there is a fracture zone at this position (anomaly 2: a2). The γ116 image presents, however, one more depression in the basement (a3), which is most likely also a fracture zone (a3) similarly to a1, which is presented by each array. Thus, the γ116 array gave the most detailed picture of the subsurface, presenting three stairs and three fracture zones. On the basis of the results obtained in this study site, the joint application of the Dp and the γ116 arrays seemed to be optimal in studying a step-like structure. Their joint interpretation enables to give all-important details, that is, the number, position, width and depth of the stairs and the fracture zones. Note that inversion of the apparent resistivity data of, e.g., the Dp and the γ116 arrays seems to be a very good idea. However, joint inversion of data sets of a traditional-, and a γ11n array did not use to produce better results than the inversion of data of the individual arrays.




3.1.2. Fracture and Water-Bearing Zone Detection


The aim of this study was to detect and characterize fracture zones and fractures since they are profoundly significant in hydrological respect because of their high hydraulic conductivity and water-bearing capacity. Measurements were undertaken a few days after a larger amount of precipitation in the hope that the fractures are still water-saturated, thus electrically conductive.



Fracture zone characterization should be easier than that of fractures, but it may also be difficult. In Kádárta, the fracture zone had to be delimited to estimate the water-bearing potential of the area (Figure 6). In spite of that the WS array’s data were inverted using both the EarthImager (WS1) and 2DRes-Hu codes (WS2), the result was not clear. Although a fault clearly appeared at about 22–23 m in WS1, no fracture zone seemed to be related to it. A fracture zone appeared at the same time at about the expected position (15–20 m), in the vicinity of the fault, in the γ113 and γ115 sections. Its small electrical resistivity must be due to its high water content. Since drilling only a small distance from a narrow fracture zone can drastically reduce the yield of water, it is very important that the γ11n arrays could localize it rather precisely, between 16 m and 18 m. While the WS array displayed only a fault, the γ11n arrays detected and localized rather precisely the water-rich fracture zone.



The knowledge of the parameters of individual fractures, such as their position and average distance, is principal in hydrogeological modeling. This was another goal of the Kádárta study. Although ERT is a very good tool for such kind of investigations, there are several problems, which may make difficult the interpretation of data, e.g., the resistivity of the fractures depends on their filling material. Thus, they can be electrically more conductive than the host if they are water-, or clay-filled, but their resistivity is higher than that of the host if they are empty. This problem, however, used to be avoidable if measurements are carried out soon after a rainy period, but it was not the situation in Kádárta.



In the Kádárta area, the fractures, which are over a fractured, weathered, porous bedrock, became dry soon after the rain (0–18 m in Figure 7). On the contrary, the fractures in 18–30 m still contained a notable quantity of water in time of the measurements, most likely because the water did not yet leak from these fractures due to the very low permeability of the solid bedrock. Hence, while in 0–18 m, the fractures are electrically resistive, in 18–30 m, they are conductive. The different behavior of the water in different fractures made the interpretation rather difficult in this case. Note that the most significant fractures appeared at the boundaries of the differently weathered block.



In rocky terrain, it may be difficult to establish reasonable electrode/rock contact. In the study area, it could be avoided by adding water in the immediate vicinity of the electrodes. The contact was, however, mostly rather good due to the relatively thick layer (0.2–0.6 m) of clay, which covered the bedrock. Contact problems can also be well resolved by attaching sponges soaked in saltwater to the electrodes. Electrodes should be long (0.5–1 m) and should be firmly positioned between blocks with maximum contact with the underground [61]. Capacitive resistivity imaging (CRI) was applied in [62], a low-frequency, capacitively coupled measurement approach, in order to emulate ERT without the need for galvanic contact on frozen ground.



Presenting a profile parallel to the one presented in Figure 6, in 5 m distance from it, a fault became clearly visible at 20 m, in both WS1 and WS2 sections (Figure 8). Red parts of the sections present blocks with high electrical resistivity (more than 100 Ωm). They must be solid. On the basis of the WS images, a1 anomaly seemed to be the most promising to extract water. In these images, a2 and a3 seemed to be connected. The γ113 and γ115 sections separate; however, a2 and a3 from each other, thus they were most likely not connected. Once again, γ113 restricted the fracture zone a1 from 12–20 m to 17–19 m enabling to maintain most likely more productive well. WS array was able to give a robust image; the γ11n arrays further improved its quality by separating two nearby anomalies and positioning the water-bearing zone.




3.1.3. Study of a Fault Zone and Fracture Zones


The previously presented array set was also tested in a sedimentary environment consisting of sand, sandy clays, clay and gravel in India to see whether they are also applicable in studying groundwater bodies in other climatic conditions. Since the measurements were carried out some days after a rain, fractures were expected to be still water-saturated, thus electrically conductive.



The fault is clearly seen at about 5 m in the Dp section in Figure 9a, but its accurate localization is difficult. To decrease the doubtfulness, measurements were carried out also by the γ116 configuration (Figure 9b). Since the γ116 array is very close to the null arrays, it is almost insensitive to vertical variations of the electrical resistivity but very sensitive to its horizontal variations [28]. Thus, it does not present as clearly the rock blocks themselves at both sides of the fault, but it displays well the boundaries of the fault fracture zone. They are at the centers of the conductive anomalies, at 4.5 m and 6 m. These anomalies occur, namely due to the water-saturated large fractures, which delineate the fault zone from both sides.



The fractures seemed to reach very close to the surface because even the shallowest γ116 profile of apparent resistivity (Figure 9c) displayed very well the fracture zone. The two large positive-negative anomalies, which are due to large fractures, delineate the fracture zone from both sides (at 4.6 and 6.1 m, at their inflexion points). Two other large anomalies appeared at 1.2 m and 8.6 m. Both of them were also indicated in the γ116 ERT section as conductive zones (Figure 9b). The other significant fracture anomalies are all inside the fracture zone, demonstrating how highly fractured it is. In summary, while the Dp array gave a very good overview of the study site, the γ116 ERT section delineated the fracture zone well, but the shortest γ116 array delineated it the best. In addition to the good delineation of the fault fracture zone, the set of methods Dp ERT, γ116 ERT and the shallowest γ116 profile also enabled the detection of two other significant fractures.





3.2. Well Logging in Porous Water Bodies


The well logging approach proposed in Section 2.3.2 was tested in Baktalórátháza-1 well. Surface geoelectric methods concluded that the upper 100 m part of the well was a Pleistocene formation dominated by sands, in which only to the variation of grain sizes the traditional surface DC geoelectric methods were sensitive. The underlying rock of this sandy sequence is mainly shale. Between the interval of 100 and 160 m, sands were deposited, followed by a shaly formation, and thin (5–15 m thick) coarse-grained layers could be deposited, too. The boundary of the Pleistocene and Pannonian ages was detected at a depth of around 240 m. The Pannonian shaly complex mainly consists of clayey sand, gravel, clayey silt, clayey marl and bituminous clay (Figure 10).



In Baktalórántháza-1 well, clastic formations along the interval of 100–450 m were investigated, where the pore spaces were fully saturated with water. The following types of open-hole wireline logs were processed: natural gamma-ray intensity (GR), borehole caliper (CAL), spontaneous potential (SP), gamma–gamma (GG) and neutron–neutron (NN) and shallow resistivity (RS). The last track of Figure 10 shows the fractional volume of pore spaces, including free- and bounded water (POR), clay volume calculated by the IRFA method using (8) (VCL), and matrix volume dominated by quartz (VSD). (The laboratory measurements revealed some carbonates here and there as cementing material.) The above volumetric parameters and hydraulic conductivity had been previously estimated by the Csókás method using (4) and (7) [63].



Grain-sizes were derived by laboratory measurements made on 220 core samples. The values of d10 and d60 were given from grain-size distribution curves, while the dominant grain size was calculated using (3). The statistical distributions of characteristic grain sizes can be found in Figure 11, which show the domination of fine-grained components from impermeable (clayey and silty) formations and also refer to some bigger grain sizes associated with low and medium conductivity (sand and gravel) beds. The wide range of the shape parameter (Figure 11d) defined as the ratio of d60 and d10 also shows the heterogeneity of the studied formation.



Regression analysis was applied to find a connection between the rock physical properties and measured well logs. Clay volume from core measurements shows a strong linear connection to the shallow resistivity log (Figure 12a). The Pearson’s correlation coefficient is −0.85, which shows the strong inverse (linear) relationship between the observed variables. The standard deviations of slope and intercept with 95% confidence bounds are 0.002 and 0.04, respectively. A similar strong correlation was found for the hydraulic conductivity with the same well log (Figure 12b). The former was extracted by the combination of (2) and (3) using the data of sieve analysis. The correlation coefficient is 0.75, which refers to the strong direct (nonlinear) relationship between the hydraulic property and the resistivity log.



The evaluation of porous groundwater formations begins with reliable rock typing. Simultaneous cluster analysis of all available logs was applied for separating lithological units. To assure a robust solution, the similarity between the multidimensional vectors of well logging data using a distance metric was defined based on the L1-norm. The city-block (or Manhattan) distance calculated as the sum of the absolute values of deviations of the components of data vectors is well-known to give outlier-free solutions in geosciences applications. The sum of squared error calculated at different numbers of cluster numbers yielded an optimum at three (elbow method). Based on this simple manner, one can separate the aquitards and aquifers using the well logs. In Figure 13, the three resultant clusters in the function of the in situ measured parameters were identified as impermeable formations (cluster 1), water-bearing formations with low hydraulic conductivity (cluster 2) and those with medium or high conductivity (cluster 3).



The quantitative estimation of hydraulic conductivity and the amount of clay was based on the regression relationships explored between the resistivity log and the desired quantities (Figure 12a,b). The specific surface derived by (6) and natural gamma-ray logs allows a good lithological separation by grain-sizes and radioactivity, respectively (Figure 14). The minimum of the former showed the intervals of the best storing capacity (e.g., 225–240 m). The high values of specific surface (S) indicated the impermeable (shaly Miocene) sequences (from 300 m to the well bottom). Clay volume (track 4 in Figure 14) derived from the resistivity log (track 3 in Figure 14) showed a proper agreement with core measurements and IRFA (track 4 in Figure 14). A similarly good match was given between the estimated and lab-derived hydraulic conductivities (track 5 in Figure 14).



By the comprehensive interpretation of wireline logs, using cluster analysis, the vertical distribution of zones of different conductivities can be given at high-resolution. The well log of the serial number of clusters (see last track in Figure 14) allowed the differentiation of beds both from the lithological and hydrogeological points of view. The result of cluster analysis was consistent with the lithological and specific surface logs. As a result, one can easily identify the porous and permeable aquifers with medium/good conductivity with yellow color, whereas brown and black color intervals show lower conductivity formations.





4. Discussion and Conclusions


In this paper, advanced surface geophysical and well-logging techniques were presented as effective tools to solve hydrogeological and groundwater management problems. It was shown that these techniques could give more detailed images and petrophysical characterization about the subsurface than traditional techniques. Detection and characterization of faults, fractures and fracture zones were demonstrated in the case of studies in Hungary (and India). In order to understand hydrogeological processes in Hungarian groundwater bodies, it is essential to see such features well and determine the petrophysical properties of the hosting formations.



In Sopron, West Hungary, in studying a step-like structure, the joint application of the Dp and the newly developed γ11n arrays seemed to be an optimal choice. Their joint interpretation enabled the determination of all important details, that is, the number, position, width and depth of the steps and the fracture zones. In Kádárta, North-West Hungary, the WS array displayed a fault in the dolomite basement; the γ11n arrays enabled its accurate localization and the detection of the most-likely water-rich fracture zone. While the WS array gave a robust image of the subsurface, the γ11n arrays could enrich it by separating two anomalies and by delineating more accurately the most fractured zone. In the Indian example, the set of Dp ERT, γ116 ERT and the γ116 shallowest profile enabled the delineation of a fault fracture zone accurately and the localization of two other significant fractures. Furthermore, the water-bearing zones could be well described by this set of methods. The members of this set complete and verify each other’s results well.



Conclusions of precedent numerical and analog studies—according to which the choice of two γ11n arrays between whose n values the difference is two or three is optimal—were verified by field studies in the Sopron (Section 3.1.1) and Kádárta (Section 3.1.2) study sites. Thus, e.g., the application of the γ112 and γ114, or γ112 and γ115, or γ113 and γ115 arrays is recommended in field studies. The application of only two γ11n arrays completed with the Dp array is very economic, and it seems to be the best solution to follow horizontal resistivity variations.



Although the joint application of traditional-, and γ11n geoelectric arrays was presented in Hungarian examples, this set is applicable anywhere independently on the geomorphology conditions. Local climatic conditions may, however, severely influence the results. Fracture zones and especially narrow individual fractures may easily become “invisible” for this method if their water-saturation is not very high or low, thus not providing sufficient difference in the electrical resistivity between them and the host. In such a situation, the choice of the date of the measurement may become extremely important. The time and quantity of the last precipitation and infiltration rate must be taken into account to get the best possible results. In small-scale studies, especially if displaying lateral variations is required, application of the presented γ11n arrays together with the traditional Dp array seems to be the best geophysical method. GPR, VLF and seismic studies did not prove to be successful in the study sites. The Dp array moreover gives a robust image, which can further be refined using γ11n arrays.



In Baktalórántháza, northeast Hungary, multivariate statistical interpretation of wireline logs using robust cluster analysis allowed a reliable lithological separation of potential aquifers. Their shaliness was estimated by iteratively reweighted factor analysis, while their hydraulic properties were directly derived from the electrical resistivity log as demonstrated through a thermal-water exploration example. For the exploration of formation shaliness and hydraulic conductivity using classical (maximum-likelihood method-based) factor analysis were previously applied [64,65], which confirmed the validity of multivariate statistical methods that were further improved in this study. The porosity, water-saturation, shale content and the fractional volume of rock matrix were earlier estimated by the interval inversion method [66], which allowed not just the automated determination of volumetric parameters, but the layer-boundaries, some zone parameters (i.e., physical properties of fluid and matrix components, textural properties, such as Archie’s constants and other functional constants of probe response equations) as well as the uncertainty of the estimated model parameters. An application for the cooperative use of inverse modeling and factor analysis was published [67], which showed the advantages of the joint application of these two approaches for more accurate and reliable reservoir characterization.



On the basis of theoretical considerations and the presented field results, the following recommendations for geophysical surveying programs in different groundwater bodies can be given. To resolve problems where vertical electrical resistivity variations must be followed, that is to present layered structures, water table or large rock units (challenges 1 and 6 and partially 2, which may mainly occur in shallow porous, porous and porous thermal groundwater bodies), traditional geoelectric ERT measurement with WS array is satisfactory. WS measurements can give the depth, thickness and resistivity of the layers enabling their geological interpretation. Well-logging methods can verify ERT results and can be used to determine the petrophysical and hydraulic properties of the layers. In addition to this, the above presented multivariate statistical interpretation of wireline logs using robust cluster analysis allows a reliable lithological separation of potential aquifers and the estimation of their shaliness. Thus, their application is recommended to handle challenges 1 and 2, and especially the 3 and 5 ones (Table 1).



In order to get a more detailed image of the subsurface, in particular, if the aim is to describe horizontal resistivity variations, which may be, e.g., due to faults, fractures, fracture zones, or holes (challenges 2–4, which may mostly occur in shallow upland, upland, karstic and thermal karts groundwater bodies) traditional Dp ERT measurements are recommended completed by γ11n ERT ones. It was shown that the γ11n array could verify the results of the traditional WS and DP arrays and often complete with important information. They enabled more accurate localization of faults and fractures and better delineation and description of fracture zones, thus improving the input parameters of hydrogeological modeling and improving the yield of wells. Since drilling a well only a small distance from a fracture may drastically decrease the quantity of the exploitable water, accurate localization of the fractures is extremely important. If the aim is to get a detailed image of the subsurface, from surface measurements, Dp and γ113, γ115 measurements and the joint interpretation of their results seem to be a very good combination. The advanced interpretation of wireline logs using robust statistical analysis of in situ data may further improve the results enabling the construction of better hydrogeological models serving with more accurate input parameters. Its application is expected to localize water wells better, thus producing more water. Vulnerable areas can also be better delineated by better characterizing fractures and fracture zones, which are the key parameters in water circulation.
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Figure 1. Twenty-nine Hungarian karst and thermal karst groundwater bodies were identified by the Hungarian River Basin Management Plan. 
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Figure 2. Qualification of quantitative state of Hungarian groundwater bodies. 
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Figure 3. Overview of the study areas investigated by the proposed hydrogeophysical methods: (a) locations of the Hungarian sites; (b) Sopron area, Hungary (Section 3.1.1); (c) Kádárta area, Hungary (Section 3.1.2); (d) Khubaripur area, India (Section 3.1.3); (e) Baktalórántháza area, Hungary (Section 3.2). 






Figure 3. Overview of the study areas investigated by the proposed hydrogeophysical methods: (a) locations of the Hungarian sites; (b) Sopron area, Hungary (Section 3.1.1); (c) Kádárta area, Hungary (Section 3.1.2); (d) Khubaripur area, India (Section 3.1.3); (e) Baktalórántháza area, Hungary (Section 3.2).



[image: Applsci 11 02099 g003]







[image: Applsci 11 02099 g004 550] 





Figure 4. Traditional and quasi-null arrays, stars denote current-, circles indicate potential electrodes, n is a properly chosen integer. For the parameters of the Stummer array, see [27]. 
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Figure 5. Study of a series of faults (Section 3.1.1) using different geoelectric arrays: ERT images above a series of faults. Rectangles horizontally delineate the supposed fault fracture zones. a1–3 denotes the anomaly zones. 
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Figure 6. Characterization of a fault and a water-bearing fracture zone by the traditional WS array (inverted by EarthImager code: WS1, by Res2D-Hu code: WS2) and two quasi null arrays (Section 3.1.2). 
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Figure 7. Fracture localization by electrical resistivity tomography (ERT) method (Stummer array, 30 electrodes, 1 m electrode spacing). Dotted lines are rock block boundaries; the condition of the dolomite is assumed on the basis of its resistivity (Section 3.1.2). 
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Figure 8. Electrical resistivity tomography reconstruction of water-bearing zones (red rectangles and ellipses) using different geoelectric methods (Section 3.1.2). The WS1 profile is taken from [41]. 
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Figure 9. Fault zone characterization: (a) Dp electrical resistivity tomography (ERT) section; (b) γ116 ERT section; (c) the near-surface apparent resistivity profile measured by the γ116 array, green rectangle delineates the fracture zone according to the γ116 profile, red lines mark two other main fractures (Section 3.1.3). 
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Figure 10. Observed wireline logs (tracks 1-6) and the estimated petrophysical parameters of porous groundwater formations (track 7) in Baktalórántháza-1 well, northeast Hungary. 
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Figure 11. Histograms of grain sizes derived by sieve analysis: (a) relative occurrence of effective grain diameter data; (b) relative occurrence of effective grain diameter data; (c) relative occurrence of dominant grain diameter data; (d) relative occurrence of uniformity coefficient data in Baktalórántháza-1 well. 
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Figure 12. Regression relationships between the measured (apparent) resistivity and petrophysical parameters of the studied groundwater formations: (a) resistivity vs. clay content; (b) resistivity vs. hydraulic conductivity in Baktalórántháza-1 well. 
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Figure 13. Result of cluster analysis based on the L1-norm. The clusters (clusters 1-3) are represented in the data space of in situ measured parameters: (a) natural gamma-ray intensity, borehole caliper and spontaneous potential; (b) natural gamma-ray intensity, apparent (shallow) resistivity and thermal neutron intensity in Baktalórántháza-1 well. 






Figure 13. Result of cluster analysis based on the L1-norm. The clusters (clusters 1-3) are represented in the data space of in situ measured parameters: (a) natural gamma-ray intensity, borehole caliper and spontaneous potential; (b) natural gamma-ray intensity, apparent (shallow) resistivity and thermal neutron intensity in Baktalórántháza-1 well.



[image: Applsci 11 02099 g013]







[image: Applsci 11 02099 g014 550] 





Figure 14. Result of multivariate statistical analysis of wireline logs in Baktalórántháza-1 well in Baktalórántháza-1 well, northeast Hungary. 
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Table 1. Challenges in the investigation of Hungarian groundwater bodies and their solution by the best applicable (X) geophysical methods.
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Challenge No.

	
Hydrogeological Problem

	
Hydrogeophysical Method




	
DC Geoelectric

	
Lithology Logs

	
Porosity Logs

	
Resistivity Logs






	
1

	
Identification and classification of aquifers

	
X

	
X

	

	




	
2

	
Detection of lateral and vertical extensions of the groundwater bodies

	
X

	
X

	

	




	
3

	
Detection of lateral and vertical changes inside the groundwater bodies

	
X

	
X

	
X

	
X




	
4

	
Detection of faults, fractures and conduits in karst, volcanic and metamorphic formations

	
X

	

	

	
X




	
5

	
Estimation of different hydraulic and petrophysical properties

	

	
X

	
X

	
X




	
6

	
Detection of contaminations plumes in the subsurface media

	
X

	

	

	
X
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