
Geophysical evidence of structural and topographic
controls on the Tulancingo Valley aquifer system,
Central Mexico
Diego A. Aguilar-Anaya 

Universidad Nacional Autónoma de México
Gonzalo Cid-Villegas 

Centro de Estudios Superiores Isla del Carmen
Francisco Chacón-Hernández 

Universidad Nacional Autónoma de México
Abner I. Sánchez-Andrade 

Geotem Ingeniería

Research Article

Keywords: Tulancingo Valley aquifer, overexploitation, resistivity, electromagnetics, static water level

Posted Date: November 10th, 2026

DOI: https://doi.org/10.21203/rs.3.rs-11374961/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

Additional Declarations: No competing interests reported.

https://doi.org/10.21203/rs.3.rs-11374961/v1
https://doi.org/10.21203/rs.3.rs-11374961/v1
https://doi.org/10.21203/rs.3.rs-11374961/v1
https://creativecommons.org/licenses/by/4.0/


Geophysical evidence of structural and topographic controls on the Tulancingo 1 

Valley aquifer system, Central Mexico 2 

Diego A. Aguilar-Anaya a*, Gonzalo Cid-Villegas b, Francisco Chacón-Hernández c, Abner I. 3 

Sánchez-Andrade d 4 

a Facultad de Ingeniería, Universidad Nacional Autónoma de México, Mexico City, Mexico. 5 

https://orcid.org/0009-0004-6864-9444 6 

b Centro de Estudios Superiores Isla del Carmen, Campeche, Mexico. 7 

https://orcid.org/0009-0001-7250-4705 8 

c Instituto de Geofísica, Universidad Nacional Autónoma de México, Mexico City, Mexico. 9 

https://orcid.org/0000-0002-9664-2272 10 

d Geotem Ingeniería, Mexico City, Mexico.  11 

https://orcid.org/0009-0003-0826-6057 12 

Corresponding author: Diego A. Aguilar-Anaya: diegoaaa@igeofisica.unam.mx; 13 

diegore013@gmail.com and Francisco Chacón-Hernández:  chaconf@igeofisica.unam.mx 14 

Abstract 15 

The Tulancingo Valley aquifer, located in southeastern Hidalgo state, central-eastern 16 

Mexico, is one of the most overexploited groundwater resources. To characterize its 17 

hydrogeological framework and the mechanisms driving deviations in the static water 18 

level, an integration of gravimetric data, transient electromagnetic (TEM) soundings and 19 

electrical resistivity tomography (ERT) was implemented. Residual gravity data delineate 20 

prominent NW-SE and NE-SW structural lineaments associated with the Acoculco caldera 21 



and regional normal faulting, while resistivity models identify two hydraulically connected 22 

systems separated by a faulted volcanic aquitard: a shallow aquifer (up to 20 m depth; ~2–23 15 Ω·m) and a heavily exploited deep regional aquifer (reaching depths of 130–250 m; ~2–24 20 Ω·m). The regional structural features exert a primary control on the hydrodynamics of 25 

the deep aquifer. These fault and fracture networks lead to hydraulic connectivity and 26 

partitioned groundwater flow, directly influencing the spatial distribution of static water 27 

level variations. Projections indicate that under this structurally controlled flow regime, 28 

current extraction trends will drive water deficits to 23.64 Mm³ and 31.64 Mm³ by 2030 29 

and 2050, respectively. These findings provide a geophysical base for sustainable 30 

groundwater management in structurally complex aquifer systems. 31 

Keywords: Tulancingo Valley aquifer, overexploitation, resistivity, electromagnetics, static 32 

water level.  33 

1. Introduction 34 

Groundwater stored in aquifers is a critical resource for socioeconomic development, 35 

supporting agriculture, public consumption, industry, and energy production. However, 36 

aquifer systems worldwide are increasingly threatened by contamination and 37 

overexploitation. Overexploitation occurs when extraction exceeds average annual 38 

recharge, while groundwater pollution often results from inadequate agricultural, 39 

industrial, or domestic practices (1). These pressures compromise both the availability and 40 

sustainability of groundwater, particularly in regions with intensive water use. 41 



In Mexico, the National Water Commission (CONAGUA) has classified several aquifers as 42 

overexploited (https://sigagis.conagua.gob.mx/dma230911/). Within the state of Hidalgo, 43 

which contains 21 aquifers, the Tulancingo Valley aquifer is the most stressed system (Fig. 44 

1). By 2023, over 300 concessions had been granted, and the proliferation of new 45 

groundwater wells (green circles in Fig. 1) has significantly intensified pressure on the 46 system. Consequently, the aquifer’s volume deficit has more than doubled over the last two 47 

decades, rising from 9.78 Mm³ in 2006 to 22.6 Mm³ in 2024 (2). Beyond depletion, water 48 

quality deterioration has been documented, with contaminants from dairy industry 49 

activities detected in springs and wells throughout the valley (3, 4, 5, 6, 7). 50 

 51 



Fig. 1. Spatial location of the Tulancingo Valley aquifer. The aquifer is located in the 52 

southeast of the state of Hidalgo (blue polygon). Adjacent aquifers are labeled in yellow. 53 

The municipality of Acatlán is highlighted in magenta, while the metropolitan area of 54 

Tulancingo de Bravo is shown in yellow. Red stars indicate the location of the TEM surveys. 55 

ERT-1 and ERT-2 are located 750 m northwest of the TEM ACAT-01 survey, while ERT-3 is 56 

located ~2.5 km northeast of the TEM ACAT-02 survey. Green circles mark the 57 

groundwater wells in the region, according to the REPDA (2024, 58 

https://sigagis.conagua.gob.mx/locrepda20/). The Río Grande Tulancingo (cyan) follows 59 

a SE-NW trajectory that crosses the entire aquifer and continues northward. 60 

Despite its regional importance and the rapid population growth in the metropolitan area 61 

of Tulancingo de Bravo, the subsurface geometry and hydraulic connectivity of the aquifer 62 

remain insufficiently understood. The most recent comprehensive geological-geophysical 63 

study was conducted nearly two decades ago (2). This lack of data compounds the 64 

challenge of sustainable management, primarily because the geological framework 65 

governing groundwater flow (such as the geometry of faults, fractures, and volcanic units) 66 

is poorly constrained. 67 

In this context, geophysical methods offer a non-invasive and effective approach to 68 

characterizing these complex subsurface systems. Specifically, Electrical Resistivity 69 

Tomography (ERT) and Transient Electromagnetic (TEM) soundings have proven highly 70 

effective in identifying resistivity contrasts associated with lithological variations, 71 

groundwater saturation, and structural controls (e.g., 8, 9, 10, 11, 12, 13, 14, 15). While ERT 72 



provides high-resolution 2D imaging of shallow structures and fracture networks, TEM 73 

soundings enhance deep conductive layers and regional stratigraphic sequences (e.g., 16, 74 

17, 18, 19). 75 

To address the knowledge gaps using an integrated approach, this study characterizes the 76 

hydrogeological structure of the northwestern Tulancingo Valley aquifer through an 77 

integrated analysis of structural trends by satellite gravimetric data and newly acquired 78 

TEM and ERT datasets. Specifically, this work aims to delineate the spatial extent and depth 79 

of both shallow and deep aquifer systems, identify structural controls of hydraulic 80 

connectivity and potential aquitard units, and establish a geophysical framework to 81 

support sustainable groundwater management in this highly stressed aquifer system. 82 

2. Geological and hydrogeological setting 83 

The Tulancingo Valley is located in the eastern part of the geological province known as the 84 

Trans-Mexican Volcanic Belt, bordering the Sierra Madre Oriental to the north (Fig. 2). It is 85 

characterized by a broad plain composed mainly of volcanic and sedimentary rocks, along 86 with alluvial and fluvial sediments (20). The study area’s basement consists of Mesozoic 87 

sedimentary rocks. The oldest unit is the Huizachal Formation, which includes siltstones, 88 

sandstones, and conglomerates, outcropping to the northeast. Overlying this are dark 89 

shales interbedded with sandstones, conglomerates, and limestones (Huayacocotla 90 

Formation), primarily outcropping to the northeast. Above these is the Soyatal Formation, 91 

a thick interbedded layer of shales and limestones, found mainly in the northern part of the 92 

study area within the Metztitlan ravine (Fig. 2).  93 



The oldest Cenozoic volcanic rocks in the region correspond to the Pachuca Group, Navajas 94 

Rhyolite, and Atotonilco El Grande formations (Fig. 2). The Pachuca Group (Oligocene-95 

Miocene) consists of lava flows, tuffs and breccias of rhyolitic composition, and dacitic 96 

lavas, mainly outcropping in the eastern part of the study area. The Navajas Rhyolite 97 

(Oligocene) consists of massive rhyolite flows, mainly outcropping in the western part. The 98 

Atotonilco el Grande Formation (Pliocene) includes pumice layers interbedded with 99 

pyroclastic and lithic material, as well as basalt flows, mainly found in the northern part. 100 

Other lithologies of lesser extent include the Calpulalpan Formation (tuffs, agglomerates, 101 

and volcanic gravel) and the Chignahuapan Rhyolite. During the Quaternary, basaltic, 102 

andesitic, and dacitic lava flows were deposited, interbedded with pyroclastic material, as 103 

well as the Guajolote Trachyte (Fig. 2). The most recent unit consists of alluvial and 104 

lacustrine sandy-clayey sediments (20). 105 

The basement rocks in the Tulancingo Valley are folded due to the Mexican Orogen (21), 106 

though they only outcrop in the northern and northeastern parts of the study area. After 107 

compression ceased, normal and strike-slip faults were formed, creating tectonic basins. 108 

While regional faults do not outcrop in the valley, volcanic structures aligned within the 109 

area indicate faulting at depth (Fig. 2). Two main fault systems are identified, oriented NE-110 

SW and NW-SE (2). 111 

 112 



 113 

Fig. 2. Geology of the Tulancingo Valley region. The classification and color scale were 114 

derived from the Pachuca F14-11 mining geological map of the Mexican Geological Service 115 

(SGM). The faults and lineaments are reported by SGM. 116 

The Tulancingo Valley aquifer is semi-confined and consists of three hydrogeological units. 117 

The first is a shallow granular unit (fluvio-alluvial sediments and pyroclastic materials), 118 

located in the southern part of the valley, with a thickness of 20 to 40 meters, and is 119 

exploited by wells and some shallow boreholes. The second, deeper unit extends across the 120 

valley and consists of pyroclastic deposits interbedded with tuffs, alluvial deposits, and 121 

basalt flows with thicknesses of up to 300 meters (2). Groundwater level in the northwest 122 

part of the aquifer varies between 50 m and 180 m (near the Meztitlan ravine), indicating 123 



a northwestward flow (2). However, these depth levels were obtained in 2006 (Fig. 3). This 124 

flow is reflected in the Tulancingo Grande River, which originates in the northern 125 

mountains at SE, from the confluence of the San Lorenzo River, and runs through the 126 

Tulancingo Valley in a northwest direction, changing its name to Alcholoya River and later 127 

to Metztitlan River (5). This river is crucial for regional drainage and groundwater 128 

recharge. Also, it is worth noting that some lineaments are related to static level changes 129 

(Fig. 3). 130 

 131 

Fig. 3. Static groundwater level of the Tulancingo Valley aquifer estimated in 2006 (2).  132 

3. Data and methods 133 

3.1 Satellite gravity  134 



The use of satellite gravimetric data facilitates the identification of regional lineaments that 135 

may correspond to geological structures such as faults and fractures that do not have 136 

surface expression in valleys such as the Tulancingo Valley. Satellite gravimetric data were 137 

obtained from the Global Gravity Model Plus (GGMPlus) project (22), which integrates 138 

GOCE/GRACE and EGM2008 satellite gravity surveys along with the implicit gravity effect 139 

in a terrain model filtered with a high-pass filter (see 22). The GGMPlus project provides 140 

free-air gravity anomalies, which were corrected for simple Bouguer, atmospheric, and 141 

terrain effects to yield the complete Bouguer anomaly. To determine the depths of regional 142 

and local sources, the radial power spectrum method was applied (23, 24). Shallow 143 

gravimetric lineaments were isolated by separating residual anomalies from the regional 144 

anomaly using a Butterworth filter. Finally, an analytical signal filter (e.g., 25) was applied 145 

to refine the localization of the lineaments. 146 

3.2 Transient electromagnetic (TEM) survey  147 

Three TEM surveys were conducted in the northwest of the Tulancingo aquifer, along the 148 

municipality of Acatlan (Fig. 1), using TerraTEM equipment designed by Monex GeoScope. 149 

The surveys utilized simple coils acting as both transmitters and receivers, arranged in 150 

square shapes with side lengths of approximately 275 m for the ACAT-01 survey and 200 151 

m for the ACAT-02 and ACAT-03 surveys (Figs. 1 and 3). For data processing, a linear 152 

regression was applied to adjust the deeper signal, followed by an Occam inversion with a 153 

first-order smoothness regularization (26). 154 

3.3 Electrical resistivity tomography (ERT) 155 



For this study, the dipole-dipole configuration was used due to its sensitivity to horizontal 156 

resistivity changes (27). Field measurements were conducted using 48 electrodes spaced 157 

1 m apart along a NW-SE-oriented line. The ERT-1 and ERT-2 geoelectrical sections were 158 

obtained to a depth of ~10 m to enhance the shallow details of the zone, while ERT-3 used 159 

the same 48 electrodes, but with 5 m spacing, reaching an investigation depth of ~60 m. 160 

The Ares I resistivimeter (GF Instruments) was used for data collection. During processing, 161 

spikes and anomalous values were removed, and inversion was performed using a first-162 

order smoothness regularization. 163 

4. Results 164 

The results are presented at both regional and local scales. Regional results focus on 165 

gravimetric lineaments used to identify buried structural features within the valley. Local 166 

results highlight resistivity contrasts that help to define the aquifer's dimensions. By 167 

integrating both sets of data, a general outline of the aquifer's geometry is derived, which 168 

is discussed in detail below. 169 

4.1 Regional structural trends 170 

The complete Bouguer anomaly ranges from -223.4 to -86.5 milligals. The depth of the 171 

regional sources was determined to be 5.6 km, while shallow sources were at 0.3 km. The 172 

residual gravimetric anomaly reveals several alignments (Fig. 4a), which are further 173 

highlighted by the analytical signal filter (Fig. 4b). Regional geophysical data indicate 174 

lineaments oriented NW-SE and NE-SW in the study area. Although no mapped regional 175 

faults are present, NW-SE-oriented faults and lineaments associated with the Acoculco 176 



caldera have been documented in the southeastern part (28, 29). Additionally, normal 177 

faults and NE-SW-oriented lineaments have been documented in the southern part of the 178 

area (30, 31, 28, 32). 179 

 180 



Fig. 4. a) Residual gravimetric anomaly; b) Analytical signal. Dashed lines represent 181 

gravimetric lineaments potentially correlated with geological faults. 182 

4.2 TEM surveys 183 

The TEM geoelectrical section is oriented SW-NE from station ACAT-01 to ACAT-02 and S-184 

N from station ACAT-02 to ACAT-03, reaching a maximum depth of 360 m. Three 185 

geoelectric units are identified along the section (Fig. 5). Unit A (UA, blue tones) exhibits 186 resistivities ranging from 1 to 20 Ω·m. It is observed in the SW and central portion of the 187 

profile. Below station ACAT-01, UA is located at a depth of 90-100 m, with an approximate 188 

thickness of 240 m. Below station ACAT-02, UA is at a depth of 160 m, with an approximate 189 thickness of 160 m. Unit B (UB, green tones) exhibits resistivities from 21 to 50 Ω·m and is 190 

observed in the surface portion of the entire section. Beneath station ACAT-01, UB has a 191 

thickness of 10 m, while beneath station ACAT-02, it has a thickness of 160 m, and beneath 192 

station ACAT-03, it has a thickness of 280 m. Unit C (UC, yellow-red tones) has resistivities 193 ranging from 51 to 120 Ω·m and is observed as a lens beneath all stations. At station ACAT-194 

01, UC is located at a depth of 10 m with a thickness of 80 m; at station ACAT-02, it is at a 195 

depth of 70 m with a thickness of 60 m; and at station ACAT-03, it is located at a depth of 196 

60 m with a thickness of 30 m. The gravimetric lineaments identified in this study are 197 

placed within the TEM section, indicating inferred regional geological faults (Fig. 5). 198 



199 

Fig. 5. Geoelectric section obtained from TEM surveys, showing three main units: UA (1-20 200 Ω·m), UB (21-50 Ω·m), and UC (51-120 Ω·m). m.a.s.l. refers to meters above sea level. 201 

Dashed lines represent lineaments correlated with geological faults. 202 

4.3 Geoelectric resistivity tomographies 203 

Geoelectric section TRE-1, oriented NW-SE and 47 meters long, reached a depth of 12 204 

meters and reveals the contact between three geoelectric units (Fig. 6). Unit 1 (U1, dark 205 

blue tones), the shallowest, spans the SE portion of the section from 18 to 45 meters and 206 has an average thickness of 7 meters. Its resistivity ranges from 1 to 30 Ω·m. Unit 2 (U2, 207 

light blue tones), located beneath U1, outcrops in the NW portion of the section from 5 to 208 

15 meters, with an average thickness of 10 meters. The resistivities of U2 range from 31 to 209 140 Ω·m. Unit 3 (U3, green-orange tones), found in the NW portion of the section, extends 210 

from 0 to 5 meters, with a thickness of 5 meters. The resistivity of U3 varies from 141 to 211 



360 Ω·m. In the central part, two discontinuities are observed between 19 and 25 meters, 212 

with a smaller discontinuity at 5 m (Fig. 6). 213 

           214 

Fig. 6. Geoelectric section obtained from TRE-1 tomography.  Three main units are 215 

observed: U1 (1-30 Ω·m), U2 (31-140 Ω·m), and U3 (141-360 Ω·m). The dashed lines 216 

represent lineaments that may correspond to geological faults or fractures. At 25 m, an 217 

artisanal well is located approximately 4 m from the section. 218 

The TRE-2 section, oriented NW-SE and 45 meters long, reached a depth of 10 meters. This 219 

profile reveals the contact between three geoelectric units (Fig. 7). Unit 1 (U1, dark blue 220 

tones), the shallowest, has an average thickness of 4 meters, with resistivities ranging from 221 1 to 30 Ω·m. Unit 2 (U2, light blue-green tones) lies beneath Unit U1, with a thickness of 7 222 meters, and its resistivities range from 31 to 140 Ω·m. Unit 3 (U3, orange-red tones), 223 

located in the NW portion of the section between 8 and 12 meters, is at a depth of 2 meters, 224 and has resistivities ranging from 141 to 180 Ω·m. Two discontinuities are observed in the 225 



central part of the section at meters 17 and 23. The region between these discontinuities 226 

exhibits the lowest resistivity values of U2 (Fig. 7). 227 

228 

Fig. 7. Geoelectric section obtained from TRE-2 tomography. Three main units are 229 

observed: U1 (1-30 Ω·m), U2 (31-140 Ω·m), and U3 (141-180 Ω·m). The dashed lines 230 

represent lineaments that may correspond to geological faults or fractures.  231 

The TRE-3 section, oriented nearly east-west and 182 meters long, reached a depth of 65 232 

meters. This section reveals the contact between two geoelectric units (Fig. 8). The 233 

shallower unit (U1, blue tones) has an average thickness of 35 meters, with resistivities 234 ranging from 1 to 30 Ω·m. Unit 2 (U2, yellow-red tones) beneath U1 within the section has 235 a thickness of 35 m, with resistivities ranging from 31 to 80 Ω·m. A discontinuity is 236 

observed in the western part at meter 140. 237 



238 

Fig. 8. Geoelectric section obtained from TRE-3 tomography. Two main units are observed: 239 

U1 (1-30 Ω·m) and U2 (31-80 Ω·m). The dashed line represents a lineament that may 240 

correspond with a geological fault.  241 

5. Discussion 242 

5.1 Geometry of the shallow aquifer 243 

Using the TRE sections, three geoelectric units were delineated, reaching a maximum depth 244 

of 60 m (TRE-3, Fig. 8). These geoelectric units correlate with the following lithologies: Unit 245 

U1 corresponds to the alluvial fill covering the central part of the Tulancingo Valley. Within 246 

the TRE-1 and TRE-2 sections, it reaches a maximum thickness of 5 m, while in the TRE-3 247 

section, it has a general thickness of 35 m. Unit U2 corresponds to highly fractured basalt, 248 

predominantly outcropping in the NW portion of the TRE-1 and TRE-2 sections, with a 249 



thickness of 8 m; in TRE-3, it exceeds 25 m. Unit U3 corresponds to fresher basalt, located 250 

only in the NW portion of TRE-1 and TRE-2. 251 

According to the Mexican Geological Survey (20), profiles TRE-1 and TRE-2 are located in 252 

Quaternary fissure basalts (Fig. 9a). These basalts exhibit a blocky lava structure (50 cm to 253 

1 m), indicating a highly fractured basalt with vesicles (Fig. 9b), which results in lower 254 

resistivity values than expected for a fresh basalt (Fig. 10). Conversely, the relatively high 255 

resistivity values of unit U3 observed at the NW portion of the profiles may correspond to 256 

fresh basalt without vesicles and with fewer fractures near the source, perhaps related to 257 

local fractures or faults. In TRE-3, only units U1 and U2 are observed, corresponding to 258 

alluvial fill and fractured basalts (Fig. 10). 259 

                     260 

Fig. 9. Quaternary fissure basalts in Acatlán. (a) Vesicular Quaternary Basalt. (b) 261 

Quaternary fissural basalt in blocks cut by fractures. 262 



In the TRE-1 and TRE-2 sections, three nearly vertical discontinuities are observed, which 263 

may be faults or fractures separating the basalt into blocks. These discontinuities also act 264 

as boundaries between zones of greater and lesser deformation. The zones of greater 265 

deformation exhibit a higher fracturing density and are distinguished in the profiles by 266 

lower resistivities (light blue tone). In the NW part of both sections, the basalts that outcrop 267 

in the stream have two main fracture sets, one with a NW-SE orientation (327° average 268 

strike), and the other with a NE-SW orientation (038° average strike). Therefore, the faults 269 

and fractures observed in the resistivity sections could correspond to those with a general 270 

NE-SW orientation. The TRE-3 section, on the other hand, shows a discontinuity in its 271 

eastern part. This discontinuity is interpreted as a normal fault with its hanging wall block 272 

on the right (Fig. 10). 273 

Based on data obtained from electrical resistivity tomography (Fig. 8), the presence of a 274 

shallow aquifer can be inferred to be hosted within alluvial deposits and fractured vesicular 275 

basalts. Meanwhile, the fresher basalts may act as barriers restricting groundwater flow, 276 

and geological faults may act as conduits connecting the shallow aquifer to the deep aquifer. 277 

Towards the southeastern (SE) part of the ERT-1 and ERT-2 sections, there is an artificial 278 

excavation related to artisanal groundwater exploitation wells (Fig. 6), where water is 279 

extracted at a depth of ~5 m. This artificial deposit spatially coincides with the low 280 

resistivity anomalies observed in Figs. 6 and 7, and the fresher basalts could act as barriers 281 

restricting vertical flow. However, the spatial distribution of these fresh basalts throughout 282 

the aquifer is unknown. Tomographic surveys suggest they are found at the surface in the 283 



westernmost part of the aquifer (TRE-1 and TRE-2), while they are found at greater depths 284 

towards the central area (TRE-3). Therefore, the shallow aquifer in the westernmost part 285 

of the aquifer may be a local perched aquifer, trapped between basalt flows. 286 

287 

Fig. 10. Interpreted geoelectrical ERT sections. 288 

5.2 Groundwater flow through the deep aquifer 289 



Using the TEM section, three geoelectric units were delineated, reaching a maximum depth 290 

of 300 meters (Fig. 5). Unlike the TRE profiles, a single lithology cannot be assigned to each 291 

geoelectric unit. Generally, the Unit UA corresponds to the lithology of the Pachuca Group 292 

(Fig. 11). The Unit UB exhibits the lithology of the Atotonilco El Grande Formation, 293 

Quaternary basalts, basalt flows, and alluvial fill (Fig. 11). In the SW part of the section 294 

under the ACAT-01 station, the basalt flows correspond to the fractured vesicular basalts 295 

seen in the TRE sections (Figs. 6, 7, and 8). The Unit UC corresponds primarily to 296 

Quaternary basalts with few fractures in the SW portion of the section and to the Atotonilco 297 

El Grande Formation with few fractures in the N portion of the section (Fig. 11). 298 

 299 

Fig. 11. Schematic geological section of the TEM profile. The solid blue line corresponds to 300 

the static water level established by CONAGUA (2). The dashed blue line corresponds to the 301 

static water level estimated in this study. SL: static water level. 302 



According to CONAGUA (2), the deep aquifer is located at a depth of 60-150 m (Fig. 3). 303 

Between stations ACAT-01 and ACAT-02, the static water level is at an approximate depth 304 

of 70 m. Between stations ACAT-02 and ACAT-03, from south to north, the water level is 70 305 

m, rises to 60 m, and then drops to 150 m. Fig. 11 shows the static water level estimated by 306 

CONAGUA (2), as well as the estimate in this study based on the resistivity values obtained 307 

from the TEM soundings. In this study, the inferred static level coincides with the upper 308 

limit of the UA unit for the central and SW portion of the TEM profile (Fig. 5). Towards the 309 

N portion of the profile, the static level coincides with a geoelectric change from 18 to 30 310 Ω·m (light blue to green tones). To verify the decrease in the static level, it is necessary to 311 

conduct piezometric measurements in the deep-water wells.  312 

A very abrupt drop (approximately 40 m) in the static water level at 10 km along the section 313 

can be observed; this drop coincides with the trace of a fault inferred in this study. The drop 314 

in the static water level to 150 m in the northern part of the profile coincides with the 315 

lithological change in the Pachuca Group. Within the Metztitlán ravine, andesitic lavas are 316 

observed that correlate with the Pachuca Group, which are overlain by the Atotonilco el 317 

Grande Formation, and at the top of the ravine are located Quaternary basalts (Fig. 12).  318 



  319 

Fig. 12. Exposed geological contact in the northwest of the aquifer. (a) Contact between the 320 

Atotonilco el Grande Formation and the Quaternary Basalts at the top of the Meztitlán 321 

canyon. (b) Contact between the Atotonilco el Grande Formation and the Quaternary 322 

Basalts on the Acatlan-Huasca highway. 323 

On the other hand, due to the lack of data between stations ACAT-02 and ACAT-03 in the 324 

TEM section, discontinuities and artifacts could be generated by the interpolation, which 325 

do not reflect the true geometry of the geohydrological units. However, the existence of 326 

regional faults in the southern part of the aquifer with NE-SW and NW-SE orientations (30, 327 

31, 28, 29, 32), the gravimetric lineaments identified in this study, the NE-SW oriented 328 

lineaments identified by the SGM (Fig. 2), and the surface distribution of the lithology 329 

mapped by the SGM (Quaternary basalts and alluvial fill; Ramírez-Tello et al. (30)), support 330 

the possible connection between the structures proposed in the TEM section and the 331 

presence of buried regional faults in the Valley. 332 

5.3 Interaction between a shallow and a deep aquifer 333 



Based on the TRE data, a shallow aquifer is assumed to be present, hosted in alluvial 334 

deposits and basalt flows, with an approximate thickness of 30 m in the central part of the 335 

valley (Fig. 10). TEM surveys suggest the presence of an aquitard separating the shallow 336 

aquifer from the deep aquifer. Below the aquitard lies the deep aquifer, hosted in the 337 

Atotonilco El Grande Formation and the Pachuca Group (Fig. 11). The thickness of the deep 338 

aquifer cannot be determined using the TEM section, but it is assumed that the basement 339 

of the entire basin consists of Cretaceous carbonate rocks (2). According to Ramírez-Tello 340 

et al. (33) and CONAGUA (2), the basement is located at a depth of 400 to 500 m. In this 341 

way, the thickness of the deep aquifer could vary between 300 and 400 m. 342 

The presence of an aquitard between the shallow and deep aquifers limits communication 343 

between them solely to geological faults. This aquitard corresponds to Quaternary basalts 344 

observed at the top of the Meztitlan ravine, where they appear as massive basalts (Fig. 12). 345 

According to the gravimetric data processed in this study and by various authors (30, 31, 346 

28, 20, 29, 2), there are at least two regional fault systems that cross the Tulancingo Valley 347 

or are on the periphery of the valley (NE-SW and NW-SE orientations) and may cut across 348 

this aquitard. Thus, the two aquifers are connected through these faults. 349 

Geological faults can control groundwater flow. They act as conduits that maximize water 350 

flow or, conversely, as barriers that slow and redistribute it (36, 35, 8, 36, 37, 38, 39). 351 

Within the study area, abrupt changes in the static water level are observed, which can be 352 

associated with the presence of faults. Fig. 11 shows that the faults located at 2.5 km and 353 

10 km coincide with these abrupt changes in the static water level. Therefore, it is 354 



important to consider that the presence of faults, their size, and their orientation play a 355 

significant role in controlling groundwater flow in the Tulancingo Valley aquifer, and these 356 

structures should be taken into account in decision-making regarding aquifer water 357 

management. 358 

5.4 Implications for groundwater management 359 

Groundwater availability in the Tulancingo Valley aquifer exhibits a clear and persistent 360 

deficit trend over time (Fig. 13). This decline is exacerbated by intense anthropogenic 361 

pressure, as the population of Tulancingo de Bravo grew from 126,000 in 2006 to 168,369 362 

in 2020. Such conditions present significant socio-environmental challenges, highlighting 363 

an urgent need for comprehensive and periodic monitoring of the aquifer's hydrogeological 364 

behavior. Furthermore, TEM data indicate an estimated 40-meter drop in the static water 365 

level over the last 20 years (Fig. 11). If this trend continues, projected water deficits for 366 

2030 and 2050 could reach 23.64 Mm³ and 31.64 Mm³, accompanied by additional drops 367 

in static levels of 20 and 50 m, respectively. This scenario would require deeper wells, 368 leading to higher extraction costs and increased vulnerability of the region’s groundwater 369 

resources. 370 



 371 

Fig. 13. Temporal variation in the aquifer’s volume deficit (2, 40). For the 1966-1973 372 

period, the average was used (CONAGUA, 2006). The red line shows the linear trend of the 373 

deficit.  374 

6. Conclusions 375 

Our analyses of integrated gravity and geoelectrical studies in the northwestern Tulancingo 376 

Valley aquifer revealed the following significant findings: 377 

1.- The integrated geoelectrical and TEM study shows that the Tulancingo Valley aquifer is 378 

a complex, multi-layered system, comprising a shallow aquifer hosted in alluvial deposits 379 

and fractured basalts, an intermediate volcanic aquitard, and a deep aquifer hosted in the 380 

Atotonilco El Grande Formation and the Pachuca Group. The shallow aquifer reaches up to 381 

35 m in thickness, while the deep aquifer may extend 300–400 m. 382 



2.- Gravimetric and geoelectrical data indicate the presence of regional and shallow 383 

structural lineaments that influence groundwater flow. These lineaments, oriented NW-SE 384 

and NE-SW, act as conduits or barriers, controlling connectivity between aquifer units. 385 

3.- Geological structures, particularly faults and fractures, critically control groundwater 386 

flow. Faults act both as conduits connecting the shallow and deep aquifers and as barriers 387 

that redistribute flow, producing abrupt changes in static water levels. Two major regional 388 

fault systems (NE-SW and NW-SE) intersect the valley, strongly influencing aquifer 389 

connectivity and hydraulic behavior.      390 

4.- By varying the resistivity values obtained from the TEM and TRE, a decrease in the 391 

groundwater level is estimated over the last two decades, with an estimated 40-meter drop 392 

in static water levels. Population growth and intense anthropogenic extraction exacerbate 393 

this trend, resulting in a persistent deficit in water availability. 394 

5.- Projections suggest that if current extraction trends continue, water deficits could reach 395 

23.64 Mm³ by 2030 and 31.64 Mm³ by 2050, accompanied by further declines in static 396 

water levels of up to 50 m. This scenario would require deeper wells, increasing extraction 397 

costs and amplifying the vulnerability of groundwater resources. 398 

These findings highlight the urgent need for strategic and sustainable groundwater 399 

management, including periodic monitoring, regulation of extraction, and consideration of 400 

structural controls in planning. The geophysical framework established in this study, 401 

combining gravimetric and geoelectrical data, provides a robust scientific basis for 402 



transitioning from reactive exploitation to proactive, long-term management of the most 403 

overexploited aquifer in Hidalgo. 404 
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