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39 Abstract
40
41 Arsenic transport in alluvial aquifers is usually constrained due to arsenic 

42 adsorption on iron oxides. In karstic aquifers, however, arsenic contamination may spread 

43 to further extensions mainly due to favorable hydrogeochemical conditions. In this study, 

44 we i) determined the spatial and temporal behavior of arsenic in water in an alluvial-karstic 

45 geological setting using field and literature data, ii) established whether a contaminated 

46 aquifer exists using field and literature piezometric data and geophysical analysis, iii) 

47 studied the local geology and associated arsenic contaminated water sources to specific 

48 aquifers, iv) revealed and modeled subsoil stratigraphy, and v) established the extent of 

49 arsenic exposure to the population. We found arsenic contamination (up to 91.51 mg/l) in 

50 surface and shallow groundwater (<15 m), where water flows from west to east through a 

51 shallow aquifer, paleochannels and a qanat within an alluvial-karst transition that favors the 

52 spreading and transport of arsenic along 8 km as well as  the increase of arsenic exposure to 

53 the population (up to 3.6 mgAs/kghair). Results from this study contribute to understanding 

54 arsenic transport in semi-arid, mining-metallurgical, and urban environments, where the 

55 presence of karst could favor arsenic transport to remote places and exacerbate arsenic 

56 exposure and impact in the future.

57

58 Key words: Groundwater, surface water, exposure, arsenic transport, semiarid environment, 

59 risk.

60

61
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62 1. Introduction

63 Natural arsenic occurrence in groundwater is extensively reported in alluvial 

64 sedimentary aquifers [1–5]. In this type of geological setting, spread of arsenic 

65 contamination as well as human arsenic exposure commonly occur due to intensive 

66 extraction of arsenic contaminated groundwater from multiple dug wells [6]. In the Bengal 

67 basin, arsenic mobilization results from the reductive dissolution of arsenic containing iron 

68 oxyhydroxides [7]. 

69 In addition to arsenic mobilization from the solid to the aqueous phase, arsenic 

70 transport also favors widespread contamination. Arsenic transport refers to the movement 

71 of arsenic in water for distances through the aquifer and is a function water velocity among 

72 other parameters. In permeable sandy aquifers, arsenic transport velocity is 200 times 

73 slower than groundwater lateral velocity in the same media [8]. This might suggest that 

74 arsenic moves slower due to As(V) adsorption onto iron oxyhydroxides. In environments 

75 where iron oxyhydroxides does not constitute a major soil solid phase, arsenic adsorption 

76 may be limited. In granular aquifers, porosity restricts the longitudinal and transverse 

77 transport of arsenic [7], suggesting that arsenic transport may be limited to narrow  

78 surroundings. In karstic settings, however, the spread of arsenic contamination and 

79 exposure can extend far from the original contamination sites due to faster water velocity as 

80 compared to granular media [9–11]. The presence of karstic caverns may allow for arsenic 

81 transport at the same velocity as water due to the absence of any geological material within 

82 caverns that could potentially retain arsenic. This might be especially important in gypsum 

83 karst as arsenic is not strongly retained by gypsum [12].  In these types of environments, 
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84 flow regimes are difficult to predict due to geologically complex conduits and fracture 

85 matrix.

86 This research was conducted in an environment with an extremely high arsenic 

87 contamination in water (as high as 158.5 mg/l) that spreads across an alluvial-karstic 

88 transitional setting. So far, studies on karst environments have mostly focused on modeling  

89 groundwater flow, mineral dissolution on water quality, and the risk of contamination of 

90 groundwater [13–15]. Very few studies have focused on the mechanisms of mobilization 

91 and transport of arsenic in semiarid, gypsic karst environments [13,16,17]. 

92 The study area of this research is located in Matehuala (central Mexico). Arsenic in 

93 groundwater in this area seems to be mobilized and transported across an alluvial-karst 

94 transition.  Arsenic concentration in water in the aquifer system passes from 91.51±44.3 

95 mg/l at 2 m depth to 11.26±4.74 mg/l at 34 m depth, along a small stretch of only 2 km to 

96 remain practically constant for the following  6 km where water flows inside a qanat called 

97 “Matehuala-Cerrito Blanco”, excavated in a gypsum unit (Fig. 1) [18]. This qanat is a 

98 gently sloping underground channel constructed to lead water from the interior of Sierra 

99 Catorce hill to Cerrito Blanco village below (Figure S1, Supplementary Material). Arsenic 

100 mobilization in the study area has been attributed to the dissolution of metal arsenates 

101 found in demolition debris and arsenic-contaminated soils in the terrain of an inactive metal 

102 ore smelter [18,19]. This smelter operated in Matehuala until the 1960’s [20], yet the 

103 transport of arsenic in the study area still remains unclear to date. Both contaminated and 

104 arsenic free water sources are found in alluvial and gypsic settings between the surface and 

105 a depth of 34 m without any clear understanding of how things are related. While most 

106 water sources overlay alluvium and might therefore hit an arsenic free regional aquifer 
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107 [21,22], others may hit a shallow arsenic contaminated aquifer (Figure 2). Understanding 

108 arsenic transport in study area is key to effectively control and manage arsenic 

109 contamination and risk in the presence of the former ore smelter. Arsenic contamination in 

110 Matehuala is known to impact agricultural soils and crops and represents a health risk to 

111 the population [23,24]. The  risk could increase in the future as arsenic continues spreading 

112 farther with groundwater flow. Groundwater reemerges to surface where local topography 

113 intersects aquifers until finally discharging into the Cerrito Blanco pond. Water discharge 

114 into the pond acts as an enlarged artificial discharge, favoring groundwater flows in that 

115 direction, as it has been reported previously in karstic settings [25].  

116 In this work, we i) determine the spatial and temporal distribution of arsenic in 

117 water sources located in an alluvial-karstic geological setting in central Mexico using field 

118 and literature data, ii) establish whether a shallow aquifer contaminated with arsenic exists 

119 using field and literature piezometric data, iii) establish the local geological settings and 

120 associate arsenic contaminated water sources with specific aquifers, iv) describe and model 

121 subsoil stratigraphy, and v) establish the extent of arsenic exposure to the population 

122 exhibiting arsenic in human hair.
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123
124
125 Fig. 1. Map of Matehuala, San Luis Potosi, Mexico showing study area and water sampling points, 
126 where arsenic in groundwater seems to be mobilized and transported across an alluvial-gypsum karstic 
127 transition, where arsenic concentration in water decreases from 91.51±44.3 mg/l at 2 m depth (sampling point 
128 number 29, star shape marker) to 11.26±4.74 mg/l at 34 m depth (sampling point number 26, circle shape 
129 marker), along 2 km to remain then practically constant for another 6 km, within a qanat called “Matehuala-
130 Cerrito Blanco”, excavated in a gypsum unit, until reaching Cerrito Blanco pond.
131
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132
133
134 Fig. 2. Schematic section - not to scale, of the study area showing the proposed field relationships and general 
135 stratigraphy that controls the shallow aquifer (sand and gravel paleochannels) and a deeper regional aquifer 
136 hosted within a clayey-silt unit. Additionally, the transition to the  gypsum unit that serves as an aquitard to 
137 prevent arsenic contamination from shallow aquifer to deep aquifer, though transport of contaminated water 
138 within the qanat.  
139
140
141 2. Materials and methods

142 A total of 63 water sources, covering an area of nearly 900 km2 (UTM: 320456, 

143 2637209 to 342196, 2600553) were examined between 2003 and 2016 using both primary 

144 and literature data in order to cover as many water sources as available and accessible in 

145 the area. Water sources include surface and groundwater samples from a qanat, an artificial 

146 lake, dug wells, and bore wells. Locations and geographical positions of these sources are 

147 shown in Fig.1 and Table S1 (Supplementary Material). 

148

149 2.1. Establishing the spatial and temporal distribution of arsenic

150 In order to establish the spatial and temporal distribution of arsenic in Matehuala, arsenic 

151 concentrations were collected from the literature for surface and groundwater sources (Fig. 

152 1, sampling points 2, 4, 6, 12, 14, 18-20, 23-31, 34, 37, 38, 41, 47, 57) between 2003 and 



8

153 2009 [23,27,28] (Table S1, Supplementary Material). We also sampled water sources 

154 (namely, sampling points 12, 13, 15-18, 21, 24, 28, 29, 31, 34-36, 38, 41, 42, 44, 46-48, 58, 

155 60-63) on a seasonal basis between 2013 and 2016. All water samples were collected in 

156 acid-washed 125 ml polyethylene bottles, filtered using Whatman #40 paper, acidified with 

157 HNO3 to pH<2.0, and preserved at 4°C prior to analysis. At each sampling point, 

158 geographic coordinates were recorded using a portable Garmin GPS (UTM projection 

159 system, Datum: D_WGS_1984, zone 14N). In the laboratory, arsenic concentrations were 

160 determined by Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) 

161 using a Varian 730 ES spectrometer [26] with a detection limit of 0.001 mg/l. Blanks and 

162 replicates were collected for quality control purposes to ensure the reliability of both, the 

163 sampling campaign and the analytical data. A total of 40 sampling points provided arsenic 

164 concentrations, while no information on arsenic concentration was available for 23 water 

165 sources in the study area (sites 1, 5, 7-11, 22, 32, 33, 39, 40, 43, 45, 49-56, 59). Several 

166 arsenic concentrations could be measured over time for several sampling points (i.e. 

167 sampling point 29); while only a single measurement could be taken for others (i.e. 

168 sampling point 44).

169

170 2.2. Drawing groundwater flow and arsenic transport

171 With the purpose of describing groundwater flow direction, we measured static 

172 levels in water sources wherever possible using a Solinst® Model 122 flat-tape meter, ¾ 

173 inch wide and 200 m long. For all measurements in dug wells as well as bore wells, we 

174 recorded static levels after at least 2 h of recuperation. Static levels were also collected 
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175 from the literature [27,28]. Then, elevation was calculated using static level and altitude 

176 data. Altitude data was obtained from the 15m x 15m precision Mexican digital elevation 

177 model [29]. Next, elevation information was used to generate isophfreatic curve maps.

178  

179 2.3. Understanding local surface geology

180 Information about the geological settings in this study were assessed from both, 

181 published literature and field observations. Data taken from a 1:50,000 scale, geological 

182 map from the Mexican Geological Survey [30–33] were correlated with satellite images to 

183 describe surface geology and locate outcrops. Through this data and 4 fieldwork campaigns 

184 between 2015 and 2017, six stratigraphic columns (C1-C6) were constructed, along with 

185 two transects A-A’ and B-B’ (Fig. 5). Once identified, exposures were described 

186 geologically to compose the stratigraphic profiles. A 15m x 15m precision digital elevation 

187 model was used as a topographic base map to match geological column locations to 

188 topographic profiles [30]. At each exposure, geographic coordinates were recorded using a 

189 portable GPS. At each quarry face (ca. 10 m), the stratigraphic units were described and 

190 logged in detail, unconformities identified, and main contacts interpreted in order to 

191 reconstruct a more precise surface stratigraphic and geological framework. These data were 

192 then used to build and correlate the A-A’ and B-B’ sections.

193  2.4. Revealing and modeling subsoil stratigraphy

194 A total of 11 vertical electrical soundings (VES) were conducted along a 3700 m 

195 distance across the study area in a west to east direction (Fig. 6a) using a Syscal R2 

196 equipment (IRIS Instruments, 2016) [34] in combination with a 250Watt DC/DC 
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197 Transmitter supplied by a 12 V battery, adapted to reach adequate depth for groundwater 

198 exploration. Maximum distance for current electrode spacing ranged from 100 to 550 m 

199 using a Schlumberger array for a maximum study depth between 50 and 200 m, as 

200 conditioned by the presence of buildings and paved roads. VES data was processed using a 

201 1-D inversion technique in IPI2Win 3.0.1e to obtain a geoelectrical section [35]. Root 

202 Mean Square (RMS) errors for all fitted VES survey data were less than 5%. Ground 

203 surface topography correction was applied to the VES transect using a 15m x 15m 

204 precision digital elevation model [29]. Geoelectrical sections were converted into 

205 stratigraphic sections taking into account the geological information of the study area.

206  Three Resistivity Imaging (RI) profiles were carried out across the VES transect in 

207 a south to north direction using a Syscal R2 instrument (Fig. 6a). RI profiles were labeled 

208 RI1, RI2, and RI3, with extensions of 220, 180, and 630 m, respectively. Electrode spacing 

209 was 10 m, while current electrode spacing (AB) ranged from 15 to 105 m using a Wenner-

210 Schlumberger array, allowing for a maximal study depth of 40 m. RI data interpretation 

211 was conducted using the software RES2DINV.EXE 3.56.22, which subdivides the 

212 subsurface into a given number of cells or blocks. These are fixed in size and position, 

213 while the resistivity is allowed to vary using a least-squares inversion scheme to determine 

214 the appropriate resistivity value for each block [36]. Then, a 2-D model for each RI profile 

215 was obtained with RMS between 3.1 and 9.4%.

216  

217 2.5. Determining arsenic exposure

218 To determine arsenic exposure to the population, hair was used as a bioindicator. 
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219 Arsenic accumulates in keratin-rich tissues like hair in the long term [37,38]. We collected 

220 human hair samples from 80 inhabitants in the study area using stainless steel scissors. All 

221 hair samples were obtained from hair root and stored in polyethylene bags at room 

222 temperature for less than 15 days prior to analysis [39–41]. In the laboratory, hair samples 

223 were washed using 80 mL of a 2% Extran solution in a magnetic stirrer (Cimarec C3 

224 equipped with shaking plates) for 2 h, rinsed with deionized water, and dried at 110°C for 

225 12 h (in an oven Felisa FE 291). 0.5 g of dried hair was then digested in 6 ml of HNO3 for 1 

226 h at room temperature, followed by 1 ml of HClO4 at 80 °C in a stove (Cimareq C4) until 

227 the volume was reduced to 4 ml in about 4-5 h [42]. Next, hair digests were transferred to a 

228 25 ml flask to make up the volume, filtered using Whatman #40 paper, poured in 

229 polyethylene bottles, and stored at 4ºC until being analyzed. Arsenic concentrations in hair 

230 digests were determined by hydride generation atomic absorption spectroscopy with flow 

231 injection using a Perkin Elmer Analyst 100 spectrometer[42]. The linearity of the 

232 calibration curve was evaluated by calculating the regression coefficient R-values. The 

233 standard curves of arsenic in hair were linear over the concentration ranges of 0 to 10 mg/l 

234 and squared regression coefficients (R2) were above 0.999 from each standard curve of 

235 seven separate runs. Detection limit was 0.001 mg/l. Validation of the arsenic concentration 

236 was carried out using a standard solution from VHG LABS. Blanks were run after every 6 

237 measurements. According to ASTDR guideline, individuals showing arsenic concentrations 

238 > 1.00 mg/kg in hair were considered exposed to hazardous concentrations of arsenic [43]. 

239 A schematic map depicting arsenic concentrations in hair was generated using a GIS 

240 software (ArcGis 10.3). GIS has been widely used to understand spatial distribution of 

241 arsenic in groundwater and exposure [44–46].
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242  

243 3. Results and Discussion

244 3.1. Spatial and temporal behavior of arsenic in surface and 

245 groundwater

246 In this study, we present arsenic concentrations for 63 surface and groundwater 

247 sources, covering an area of nearly 900 km2 and a sixteen year study period, that comprises 

248 both original and literature data (Fig. 3a). To analyze the data, arsenic concentrations were 

249 categorized into four groups according to the WHO’s permissible threshold for drinking 

250 water (0.010 mg/l) [47], the Mexican permissible threshold for drinking water (0.025 mg/l) 

251 [48], the Mexican permissible threshold for natural waters (0.200 mg/l) [49], and non-

252 available data.

253 In general, water sources containing concentrations of arsenic <0.025 mg/l were 

254 found spread all along the study area (Fig. 3a). However, arsenic contaminated water 

255 sources (>0.200 mg/l) were consistently found between the abandoned smelter and Cerrito 

256 Blanco as well as in the surrounding areas. A few slightly contaminated sampling points 

257 (0.025<arsenic (mg/l) <0.200) were found in the south. In these water sources, abundant oil 

258 dirt was found in pump houses, floor and walls, especially at water source 56, where 

259 arsenic pollution due to dirt and pump management was difficult to rule out. For these 

260 sampling points, we propose that arsenic contamination was attributed to improper 

261 management. Arsenic contamination between the abandoned smelter and Cerrito Blanco 

262 was consistently observed over the 16 years study period, highlighting a risk to arsenic 

263 exposure, especially at Cerrito Blanco where arsenic contaminated water is used for cattle 
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264 watering, agriculture, and recreation [18,23,24,50]. In this area, arsenic contamination 

265 derives from the dissolution of calcium and metal arsenates left behind at the abandoned 

266 smelter [18,19] that operated from 1905 to the 1960’s [20]. However, arsenic 

267 contamination in water was not revealed until 2004 in this area [51].

268 As shown in Fig. 3a, most water sampling points overlay permeable granular 

269 material (40 out of 63 sampling points), while only about half as many  sampling points 

270 overlay the gypsum unit (23 out of 63 sampling points). Water sampling points overlaying 

271 gypsum include the Matehuala-Cerrito Blanco qanat (sampling points 17, 18, 20, 23, 24, 

272 25, 26 and 27) (Figs. 2, 3a and S1, Supplementary Material). This  qanat was built more 

273 than 100 y ago to carry water from Matehuala to Cerrito Blanco (Fig. 3a). This qanat has 

274 been shown to be highly contaminated with arsenic (Fig. 3a). This suggests that in the 

275 study area arsenic is mainly transported from Matehuala to Cerrito Blanco through the 

276 qanat. Such a transport might continue to occur as long as arsenic remains readily soluble at 

277 the inactive smelter and water act as an arsenic carrier from Matehuala to Cerrito Blanco.

278 Table 1. Field and literature data for arsenic concentrations in surface and groundwater in sampling points 
279 where data was available. Lower case letters indicate sampling dates. a) March, 2003, b) November, 2003, c) 
280 February, 2009, d) December, 2013, e) March, 2014, f) August, 2015, g) June, 2016.

Sampling 
point

Arsenic 
(mg/l)

Reference 
and 

sampling 
date

Sampling 
point

Arsenic 
(mg/l)

Reference 
and 

sampling 
date

Sampling 
point

Arsenic 
(mg/l)

Reference 
and 

sampling 
date

0.00704 27,a 8.421 d 37 1.385 27,b
2

0.0164 27,b
21

8.88 e 0.0101 27,a

0.007 27,a 23 11.42 18,c 0.0166 27,b
3

0.0098 27,b 10.69 18,c

38

0 d

4 0.00208 27,a
24

8.37 d 41 0.0084 27,a
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0.0089 27,b 7.88 e 0.0045 d

0.00493 27,a 25 11.69 18,c 0 e
6

0 27,b 26 11.21 18,c 42 0 d

0.0544 27,a 27 11.18 18,c 44 0 d

0.1098 27,b 0.834 27,a 46 0 d

0.0585 d 0.714 27,b 0.0169 27,a
12

0 e 0.325 d 0.0297 27,b

0.068 d

28 

0.144 e

47

0.027 d
13

0.06 e 91.51 18,c 0 d

74.08 d
48

0 e
14 0.3913 27,a

29

73.109 e 0.5817 27,a

0.078 d 13.16 27,a
57

0.0575 27,b
15

0 e
30

0 27,b 0.595 d

0.023 d 9.48 27,a
58

0.395 e
16

0 e 20.412 d 0.0087 d

17 0.68 g

31 

17.611 e
60

0 e

5.913 g 0.0188 27,a 0.012 d
18

10.52 18,c 0.0741 27,b
61

0 e

0.066 27,a

34

0 g 0.047 d
19

0.1232 27,b 35 0 g
62

0 e

8.162 27,a 36 0.11 g 0.009 d
20

11.26 18,c 37 0.8494 27,a
63

0 e

281
282

283 Overall, 11 sampling points (accounting for a total of 17% of the water sources) 

284 were below the WHO’s permissible threshold for drinking water (0.010 mg/l), 4 sampling 

285 points (6.5%) were between the WHO’s thresholds and the Mexican thresholds in drinking 

286 water (0.010<arsenic (mg/l)<0.025), 8 sampling points (12.5%) were between the Mexican 
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287 thresholds for drinking water and Mexican thresholds for natural waters (0.010<arsenic 

288 (mg/l)<0.200), while 17 sampling points (26.5%) were above the permissible Mexican 

289 threshold in natural waters (Fig. 3b). No information was available for 23 sources in the 

290 area (37.5%). These results represent a risk to the population.

291 Arsenic concentrations as a function of groundwater static level show a wide range 

292 of concentrations (from 0.01 mg/l to 91 mg/l) in shallow groundwater (<40 m) (Fig. 3c), 

293 while only low arsenic concentrations (<0.20 mg/l) were found in deep groundwater 

294 (>40m) (Fig. 3c); highly arsenic contaminated water was found only in water sources <40 

295 m deep, including water sampling points 25, 26, 28, 31, 34 and 47. However, water 

296 sampling points 25 and 26 correspond to dug well excavations from the qanat that drives 

297 groundwater artificially from Matehuala to Cerrito Blanco. Sampling points 25 and 26  do 

298 not represent undisturbed water static levels but are rather an artifact that corresponds to the 

299 depth of the qanat excavated in the consolidated lacustrine bed. Removal of these sampling 

300 points from Fig. 3c suggests that under undisturbed conditions arsenic contaminated 

301 groundwater is only present at depths <15 m. With the exception of sampling point 31, it’s 

302 the shallow aquifer that is affected by arsenic contamination down to a depth of 15m.  Data 

303 also suggests that deeper groundwater from the regional aquifer that extends in a northwest 

304 to southeast direction with depths between 15 and 50 m is mostly arsenic free. Sampling 

305 point 31 is a well into the regional aquifer that shows arsenic contamination that is likely a 

306 result of infiltration of arsenic contaminated water due to old and deficient well 

307 construction, which highlights a potential risk for the contamination of the lower regional 

308 groundwater. Arsenic concentrations reported for other contaminated regions such as the 

309 Bengal basin, Argentina, Mexico, northern China, Taiwan, and Hungary, range from 0.01 
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310 to 5.0 mg/l [52–58]. Typical arsenic concentrations in groundwater reported specifically for 

311 contamination due to mining activities range from 0.002 to 10 mg/l [20,58]. This makes 

312 arsenic concentrations presented in this work the highest reported to date in the literature 

313 for surface and groundwater at near-neutral pH values in a semi-arid environment [18].

314

315 3.2. Arsenic contamination of the aquifer

316 Estimated equipotential curves and water sampling point locations for an area 

317 between the inactive smelter and Cerrito Blanco are shown in Fig. 4a. Observation of 

318 groupings of sampling points and clusters of water sources based on their static levels 

319 reveal a shallow aquifer with a flow in west-east direction in a range of elevations from 

320 1590 m.a.s.l. in the west to 1490 m.a.s.l. in the east (Fig. 4a). Water sampling points 17, 18, 

321 20, 23, 24, 25 and 26 belong to the qanat and were not included in the shallow aquifer flow 

322 pattern. Groundwater flow in the shallow aquifer (<15 m) shows a satisfactory coherence 

323 between water sampling points and the west-east topography (Fig. 3b). For water samples 

324 in shallow aquifer, mean values of temperature, pH, oxidation-reduction potential, 

325 dissolved oxygen, total dissolved solids and electrical conductivity were 20.6°C, 7.3, 193 

326 mV, 104%, 1885 mg/l, and 2828 (μS/cm), respectively (Table S1, Supplementary 

327 Material). According to major ions composition, water in this aquifer is calcium sulfate 

328 type (Figure S2, Supplementary Material).

329 The deep regional aquifer below a depth of 50 m (Fig. 4c) with a northwest-

330 southeast flow direction is evidenced by estimated equipotential curves from static level 

331 elevations of sampling points along the study area (Fig. 4d). This deep aquifer has been 



17

332 previously reported in the Matehuala Valley [21]. For this regional aquifer, mean values of 

333 temperature, pH, oxidation-reduction potential, dissolved oxygen, total dissolved solids and 

334 electrical conductivity were 21.3°C, 6.6, 146 mV, 44%, 2074 mg/l, and 2988 μS/cm,  

335 respectively (Table S1, Supplementary Material); water was also calcium sulfate type 

336 (Figure S3, Supplementary Material). Water samples taken from depths > 15m correspond 

337 most likely to the deep aquifer consistent with the northwest-southeast orography formed 

338 by the folded Cretaceous limestone mountains (1650 to 1850 m.a.s.l.) to a flatter valley 

339 dominated by desertic plains and rocky ground (1200 to 1450 m.a.s.l.) (Fig. 4d). Previous 

340 studies did not divide water sampling points in more than one group as a function of higher 

341 and lower static level values [21,22,27]. However, data in this study allows for the 

342 distinction of two aquifers in the Matehuala area, a shallow aquifer with a flow system in a 

343 west to east direction at depths <15 m that is probably partially isolated by a gypsum unit 

344 from the previously reported deep aquifer in the area. Results from this study show that 

345 arsenic contamination in Matehuala is mostly found at depths <15 m as well as water 

346 sources from the qanat (17, 18, 20, 23, 24, 25 and 26) and sampling point 31.

347

348 3.3. Movement of arsenic contaminated water

349 Shallow local geology and water sampling point locations are shown in Fig. 5a. A-

350 A’ section shows a sandy matrix 9.0 m depth, gravel and pebble lenses up to 4 m thick with 

351 variable particle size and dispersed caliche veins (Fig. 5b). Caliche veins reveal carbonate 

352 precipitation that might be passages of former shallow paleochannels. Caliche veins 

353 disappear towards the southeast of A-A’ section. B-B’ section shows a sandy matrix, silts, 
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354 and gravel lenses and caliche veins to the west contrasting a gypsum unit, at least 4.5 m 

355 deep, observed to the northeast (Fig. 5c). During field work such a gypsum unit was 

356 observed that reached a depth of at least 34 m in sampling point number 26, which had 

357 been previously reported as well [59].

358
359 Fig. 3. Spatial and temporal behavior of arsenic in surface and groundwater in Matehuala showing 
360 that (a) arsenic contamination is mostly found between the inactive smelter and Cerrito Blanco, (b) 16 out 63 
361 water sources are contaminated, and (c) contaminated water is only found at low depths.
362

363  According to i) the lithology (Fig. 5), ii) static levels (Fig. 3c), and iii) 

364 equipotential curves (Fig. 4a), shallow groundwater flows through gravel lenses and sandy 

365 material at depths less than 15 m. Flow direction is from west to east until reaching an 

366 exposed consolidated gypsum unit on several locations (e.g. sampling point number 26) of 
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367 the Matehuala Valley (Fig. 5a).

368  

369 Fig. 4. Matehuala hydrogeology showing (a) the local, shallow aquifer that runs with a flow in west-east 
370 direction in the center of Matehuala Valley, (b) static water level in shallow aquifer as projected from static 
371 level water sources over a west-east profile; (c) average static water level (15-50 m) in deep aquifer as 
372 projected from static level water sources over a northeast-southeast profile; and (d) the regional aquifer that 
373 runs with a flow in northwest-southeast direction. 
374

375 The hydraulic connection between the shallow aquifer and Matehuala-Cerrito 

376 Blanco qanat explains the arsenic contamination observed in sampling sites 18 to 26. Water 

377 samples in these sites are from the gypsum unit present between 0 and 34 m of depth. 
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378 Water samples 1-7 and 11 taken from wells with deeper static levels (37-100 m) show 

379 lower arsenic concentrations (<0.007 mg/l). This suggests that these boreholes penetrate  

380 the consolidated gypsum unit to explore the regional, non-contaminated deep aquifer.

381

382 Fig. 5. (a) Surface geology and lithological columns for transects (b) A-A’ and (c) B-B’.

383 As the gypsum unit gets thinner to the south with topographic changes (from a hill 

384 landscape in the center of the basin at 1510 m.a.s.l. to plains in the south of the basin at 

385 1450 m.a.s.l.), shallower static levels (around 15 m) and lower arsenic concentrations 

386 (<0.01 mg/l) were observed at sampling points 39, 43, 44 and 46. This again shows that 

387 samples come from a non-contaminated aquifer that is used  for water exploitation at these 
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388 sites.

389 We therefore suggest a shallow west to east groundwater flow that passes through 

390 the old inactive smelter. Rainwater and surface water runoff partly infiltrates into the 

391 contaminated inactive smelter underground to mix with the groundwater which results in 

392 partial contamination of the shallow aquifer. Waters from this aquifer is then collected 

393 downstream by the Matehuala-Cerrito Blanco qanat to be used for agriculture and 

394 recreation. 

395 3.4. Subsoil stratigraphy 

396 VES and RI surveys were carried out to reveal and model subsoil stratigraphy in 

397 order to better understand arsenic transport in the study area. VES locations, curve types, 

398 resistivities and thickness are shown in Table S3 (Supplementary Material). Resistivity 

399 ranged from nearly 2 to 1000 Ohm.m in a maximum of six layers. Interpreted thicknesses 

400 ranged from 1 to 132 m with geoelectrical boundaries up to 166 m of depth (Table S3, 

401 Supplementary Material). The west flank of the study area, which includes the inactive 

402 smelter, consistently showed low resistivity values (<80 Ohm.m) (Fig. 6b) probably related 

403 to the presence of clayey silt and gravel and pebbles. The east flank showed a wider range 

404 of resistivities from 13 to 1042 Ohm.m (Table S3, Supplementary Material). In this flank, a 

405 superficial resistive unit (90 - 1042 Ohm.m) with thickness varying from 36 to 60 m was 

406 interpreted (Table S3, Supplementary Material). This unit is probably related to gypsum 

407 and gypsum and silt. This unit overlays a conductive unit (from 14 to 16 Ohm.m) with 

408 thickness ranging from 22 to 59 m (Table S3, Supplementary Material). This unis is likely 

409 related to clayey silt/sand and gravel and pebbles and might delimitate the regional aquifer 
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410 flowpath (Fig. 6b as well as Fig. 2). A resistive basement (from 50 to 146 Ohm.m) is 

411 probably associated with silty-shale (Table S3, Supplementary Material). According to 

412 geoelectrical information and local geology, the presence of a conductive unit (from 5 to 9 

413 Ohm.m) (Table S3, Supplementary Material) between VES points IV and VI reveals the 

414 presence of a higher permeability layer that consists of gravel and pebbles with thickness 

415 varying from 8 to 20 m (Table S3, Supplementary Material and Fig. 6b), is likely related to 

416 the shallow aquifer (Fig. 6b as well as Fig. 2), and exhibits high water electrical 

417 conductivity (Table S1, Supplementary Material). The resistivity contrast observed 

418 between VES points VII and VIII near the abandoned smelter and the water sampling point 

419 with the highest arsenic load (29), suggests hydraulic connection between the alluvial 

420 deposit and the gypsum unit (Fig. 6b  as well as Fig. 2).

421 The presence of a shallow aquifer, discussed in subsections 3.2 and 3.3, was 

422 supported by RI1 results, which showed a low resistivity anomaly ranging from 7 to 18 

423 Ohm.m in the first 30 m depth (Fig. 6c). This  aquifer seems to pinch out to the north  (Fig. 

424 6d), where other conductive anomalies, very shallow (<1 m) and narrow were observed in 

425 RI2 section (Fig. 6d). These narrow and conductive anomalies were also observed in RI3 

426 (Fig. 6e). While the shallow aquifer (Fig. 6c) and the very shallow bodies (Figs. 6d and e) 

427 explain the presence of shallow groundwater in the study area, the semicircular anomalies 
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428

429 Fig. 6. (a) Location of VES points and RI profiles, (b) electrical section from VES survey, resistivity 
430 models for (c) RI1, (d) RI2, and (e) RI3, and (f) geological section for Matehula showing three units 
431 subdivided in five lithologies.
432

433 (Figs. 6d and e) are typical of paleochannels. These features were observed between 

434 7 and 30 m of depth and might facilitate the transport of groundwater from west to east 
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435 which seems consistent with the topographic characteristics of the site. Paleochannel 

436 formation is a common occurrence in semiarid landscapes. In this study area, paleochannels 

437 might also be responsible for the transport of arsenic contaminated groundwater from 

438 alluvial units to gypsum karst, where water is collected through Matehuala-Cerrito Blanco 

439 qanat. The continuity of the three semicircular conductive anomalies observed in Figs. 6d 

440 and 6e are consistent with this observation.

441

442 These results suggest a subsoil stratigraphy that consists of  three main stratigraphic 

443 units, including a resistive unit dominated by gypsum and gypsum and silt, a medium to 

444 low resistivity unit consisting of silty shale and gravel with pebbles which  hosts  the 

445 shallow and deeper aquifers, respectively;  and a medium to low resistive unit that consists 

446 of sandstone-shale (Fig. 6f).

447

448 3.5. Arsenic exposure

449 The presence of arsenic in human hair in 80 individuals showed the arsenic 

450 exposure of the population in the study area. Arsenic concentrations in human hair ranged 

451 from 1 mg/kg to 3.6 mg/kg, with 13 individuals exhibiting arsenic concentrations >1 mg/kg 

452 (Fig. 7a and Fig. S6, Supplementary Material). These values clearly indicate recent 

453 exposure to high concentrations of arsenic according to ATSDR guidelines [43]. A spatial 

454 correlation between exposed people and arsenic contaminated water along the Matehuala-

455 Cerrito Blanco qanat and the most contaminated water sampling point (29) was found (Fig. 

456 7). Intake of arsenic contaminated water and food, inhalation of contaminated particulate 
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457 material, as well as dermal contact are known  routes of exposure that lead to arsenic 

458 accumulation in hair [60]. A previous study carried out in Cerrito Blanco showed a risk for 

459 soccer players training at a local soccer club that is regularly irrigated with arsenic 

460 contaminated water from the Matehuala-Cerrito Blanco qanat [24]. Corn crops have been 

461 found to be contaminated with arsenic in the area [23], highlighting an additional risk for 

462 arsenic intake. Dermal contact to arsenic contaminated environmental matrices (air, soil 

463 and water) and/or arsenic intake of contaminated food or staples (milk, meat, bread and/or 

464 tortilla) may also account for arsenic exposure routes. Although dermal contact and 

465 contaminated staples are usually considered minor routes of exposure compared to 

466 contaminated drinking water, arsenic concentrations in human hair in Matehuala were 

467 higher in the most contaminated areas than average arsenic concentrations found in other 

468 study areas in Mexico as well as inner Mongolia (1.67 mg/kg). 

469 In these areas, endemic arsenism is a well known health issue [42,61], suggesting 

470 that dermal contact and/or contaminated food intake might be routes of arsenic exposure in 

471 cases where the concentration of arsenic is extremely high in the water and the soil, as is 

472 the case of Matehuala.

473

474 4. Conclusions

475 Arsenic in surface and groundwater in Matehuala often exceeds Mexican guidelines 

476 (0.2 mg/l) for daily discharges into natural or artificial water bodies used for irrigation, 

477 recreation or protection of aquatic systems.

478 The identification of a shallow aquifer and paleochannels allowed us to observe 
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479 arsenic contamination of shallow waters in the Matehuala area. The arsenic contamination 

480 of a deep regional aquifer could be ruled out with the exception for a single sampling point 

481 where arsenic contaminated water might be infiltrating through the well casing.

482

483

484 Fig. 7. Schematic of arsenic concentrations in water and exposed population humans showing that 
485 the individuals that present accumulation of arsenic in concentrations considered dangerous for the human 
486 being according to the guide value of the ATSDR are located in the vicinity of the most contaminated water 
487 uses.
488

489 The detailed lithological description of local surface geology unraveled a complex 
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490 alluvial-gypsum geological transition where paleochannels and karst development were 

491 found to be instrumental  for collecting arsenic contaminated groundwater in a qanat that 

492 supplies the Cerrito Blanco population with arsenic contaminated water. Unintentional 

493 consequences of such a transport of contaminated water resulted in extended arsenic 

494 exposure and contamination up to an 8 km distance from Matehuala.

495 Considering the adverse effects that arsenic exposure may cause to humans and the 

496 environment and the rapid movement of water through and/or within a karstic system, we 

497 urge the authorities to the supply of arsenic free water to Cerrito Blanco communities to 

498 reduce arsenic exposure. Data collected in this study clearly show that arsenic exposure is a 

499 result of arsenic contamination at the surface and of the groundwater.

500 Our results contribute to the understanding of the transport of contaminants in 

501 groundwater in alluvial gypsum-karst geological transitions where the presence of 

502 paleochannels and karst can drastically modify water movement causing, in turn, the 

503 transport of contaminants to remote places and exacerbate the risk and hazard of trace 

504 elements to the population.

505  
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