
1

1 Water recharge, hydrological processes, and surface water quality through Nature-Based 

2 Solutions (NBS) in streams of the Ilaló volcano.

3 David Carrera-Villacrés a, b*, Lizbeth Limaa and Wilter Monteroa

4 Note: 

5 a Universidad de las Fuerzas Armadas ESPE. Departamento de Ciencias de la Tierra y la 

6 Construcción. Carrera de Ingeniería Civil. Av. Gral. Rumiñahui S/N, Sangolquí, 17050, Ecuador

7 b Universidad Central del Ecuador. Facultad de Ingeniería en Geología, Minas, Petróleos y 

8 Ambiental (FIGEMPA). Carrera de Ingeniería Ambiental. Av. Universitaria, Quito, 170521, 

9 Ecuador

10 * Corresponding author. Email: dvcarrera@espe.edu.ec

11

12 Highlights: 

13 1. Identification of water recharge through vertical electrical soundings in inter-Andean areas with 

14 water sources.

15 2. Visualization of soil stratigraphy through Bayesian Kriging in 3D with resistivity point 

16 interpolation.

17 3. Climography of meteorological variables and groundwater quality in soils from volcanic 

18 eruptions.

19 Abstract

20 In the Ilaló volcano, water supplied the Valle de los Chillos and Tumbaco to the south of the capital 

21 of Ecuador. Mamatena and Kanguil Uku are two water sources, and for approximately 40 years, 

22 there has been a pipeline for domestic and irrigation use. The main objectives were to identify the 

This manuscript is a preprint and has not been peer reviewed. The copyright holder has made the manuscript available under a  Creative Commons Attribution 4.0 International
(CC BY) license and consented to have it forwarded to EarthArXiv for public posting.license EarthArXiv

http://creativecommons.org/licenses/by/4.0/
https://eartharxiv.org/


2

23 water recharge areas, characterize the groundwater flow lines, and determine the percentage of 

24 losses due to leaks in the existing conduction infrastructure. In addition, a Climography was 

25 prepared, and the quantity and quality of surface water were evaluated. Through vertical electrical 

26 soundings, geostatistics, and standardized laboratory methods, the physical and chemical 

27 parameters of the water are determined. Recharge was manifested to the southwest of the Ilaló at 

28 coordinates 787,348.39 and 9,970,679.33 at an altitude of 3170.95 masl with 20.5Ω.m resistivity, 

29 being the lowest and classified as saturated sand at depths of 3.25m to 8.67m. The Climography 

30 reported insufficient rainfall. The percentage of water leakage was 25.93% and the SbN showed 

31 that the soil is saturating with more water, preventing degradation and enhancing water storage.

32 Keywords: SbN, check dams, leakages, water recharge, soil.

33

34

35

36

37

38 1. Introduction

39 In the Ecuadorian highlands, soil erosion problems arise due to steep slopes and the soil's composition. The 

40 lack of productive land, water retention, and soil creates a need to identify recharge areas to rehabilitate and 

41 conserve affected zones (1). On the slopes of the Ilaló volcano, there is the highest rate of soil degradation 

42 in Ecuador, and the recovery of the cangahuas is needed to prevent further degradation and loss of soil (2,3)

43
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44 The study of soil resistivity allows the analysis of hydrogeology at specific points and is done with the 

45 technique of vertical electrical sounding (VES). It identifies soil strata according to depth as: rocks, clays, 

46 gravels, and sands. The resistivity is expressed in Ohm-m of the soil; thus, it is possible to detect 

47 groundwater and flow lines. In geophysical studies, the resistivity value where groundwater is found is less 

48 than 20 Ω.m (4). 

49

50 The study area is located on the Ilaló volcano, which last erupted 1.5 million years ago (5). In this volcano 

51 are the Mamatena and Urku Huayku streams. The source of water is called Kanguil Uku, from where a 

52 PVC and steel pipeline has been in operation for more than 40 years. This reaches the lower part of the 

53 volcano to a tank for domestic and irrigation use. In the context of water losses, the pipes are deteriorating 

54 due to climatic conditions, corrosion, geological settlements, among others. There are two detection 

55 methods: The direct method, which is visual, where the entire pipe is walked through, and the leak is 

56 located. The indirect method is done by acoustic means and is verified by a monitoring system (6).

57

58 Meteorological data collection is used to identify trends and behaviors of climatic variables. Climographs 

59 are graphical representations that show the evolution of temperature and precipitation in a region throughout 

60 the year (7). In Ilaló, the climate is temperate, the average monthly temperature is 15.7 °C, with rainfall 

61 ranging from 1000 - 2000 mm/year (8).

62

63 Groundwater access requires less treatment because it is less contaminated by the layers that cover it. The 

64 quality of the water is varied due to the geological origin of the sources, which may contain different 

65 minerals that are present due to the erosion of rocks and soils (9). Urku Huayku is a gorge smaller than 25 

66 km2 located on the slopes of the Ilaló volcano (5). This is the source of the Kanguil Uku spring, which is 

67 used by the ancestral Kitu Kara community of San Francisco de Baños.

68
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69 In recent years, strategies using nature-based solutions (NbS) have been implemented for restoration, water 

70 resource protection, and prevention of soil erosion. The use of green infrastructures is designed to improve 

71 the sustainability of the environment (5). Check dams assist in watershed management by controlling 

72 sediment and alleviating soil loss (10).

73

74 The objectives of this research were to identify the water recharge zones, characterize the groundwater flow 

75 lines, determine the percentage of losses due to leaks in the conduction infrastructure, elaborate a detailed 

76 Climography based on meteorological variables, and evaluate the quantity and quality of surface water after 

77 the implementation of dams designed as a nature-based solution (NbS) in the Urku Huayku stream.

78

79

80

81 2. Materials and Methods

82 Location of study area

83

84 The study area corresponds to the Urku Huayku and Mama Tena ravine of the Ilaló volcano. It is located 

85 southeast of the city of Quito, in the parish of Pichincha, Ecuador, in South America, separating the valleys 

86 of Tumbaco and Los Chillos. It belongs to the Guayllabamba valley with an altitude of approximately 2400 

87 masl, and its summit reaches 3185 masl (11). Figure 1 illustrates the study basin with the respective 

88 coordinates.
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89

90

91 Figure 1: Study area of Ilaló volcano.

92

93 Vertical electrical sounding (VES) with the WDJD-4 equipment applying the Schlumberger array 

94 The vertical electrical sounding (VES) determined the thickness of different strata and their resistivity. 

95 Current was injected into the ground by two electrodes, A and B, which are monitored by the potential 

96 difference between M and N. According to the Schlumberger arrangement, the distances must comply with 

97 AB/5 > MN > AB/20 (12). The equipment used is the WDJD-4, which is used for groundwater detection 

98 and hydrological prospecting (13). Figure 2 illustrates the equipment and the interpretation of the distances.

99
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100  Figure 2: WDJD-4 equipment and Schlumberger array, retrieved from (13).

101

102 The interpretation of results was made by means of curves with a logarithmic scale, on the abscissae, the 

103 distance AB/2, and on the ordinates, the apparent resistivity (14). It is common to perform the analysis for 

104 three layers (15). Based on the resistivity values, the soil type of the layer was assigned. It is essential to 

105 have prior knowledge of the geology of the study area to have equivalences between lithologies and 

106 resistivities (16). Table 1 shows the admissible values for resistivity based on the lithology of the Ilaló 

107 volcano.

108

109  Table 1: Electrical resistivity of the soil, retrieved from (16).

Soil Symbol Resistivity (Ω.m)

Silty sand SM 201 - 500

Clayed Sand SC 51 - 200

Saturated sand SM 0 - 50

110

111 Kriging Bayesiano for determining groundwater recharge zones and flow lines

112 The resistivity points were georeferenced in (x, y, z) to load them into the ArcGIS Pro software with an 

113 advanced license. Then, the base map was added to better recognize the study area. Consequently, the 

114 geostatistical prediction model was generated with the 3D Empirical Bayesian Kriging method using the 

115 interpolation of the points with the resistivity values, analyzing the soil profile in a three-dimensional map 

116 (17). Many studies demonstrate excellent results for determining groundwater flow lines (18,19).

117

118 Water leakage 
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119 Geophones detect leaks up to 6 meters deep in metal or PVC pipes; in fact, they are not calibrated, only 

120 maintained every year. Its parts are a telescopic rod that takes measurements on the surface, the isolating 

121 earphones that amplify the noise of the leak, and the control unit that reports the noise intensity values (20). 

122 Figure 3 shows the equipment and functionality.

123

124  Figure 3: Sewerin Aquatest T10 geophone, retrieved from (21).

125 Climography

126 Precipitation is the main monitoring factor in the water balance of watersheds; it is measured in mm, 

127 allowing the prediction of atmospheric phenomena such as storms and droughts. The amount can vary 

128 according to the region and season of the year (22). According to INAMHI, the closest station to the Ilaló 

129 volcano is the La Tola station (M0002) with UTM-WGS84 coordinates of longitude 793.125 and latitude 

130 9,974.612 (23). A Climography was used to analyze the variables of precipitation, evaporation, 

131 evapotranspiration, and temperature.

132

133 Water quantity and quality

134 In the Kanguil Uku spring with coordinates 787,479.01 and 9,970,578.98, located at the source of the Urku 

135 Huayku stream, the flow was measured using the volumetric method (24). Water is an indispensable 

136 resource for food security; therefore, it must comply with the necessary parameters to obtain good quality 

137 (3). Water samples were taken in 500 to 700-ml bottles and then taken to the laboratory according to the 

138 Standard (25).

139
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140 The water quality methods of pH, electrical conductivity, total dissolved solids, evaporated dry residue, 

141 calcined dry residue, magnesium, potassium, sodium, calcium, carbonates, bicarbonates, chlorides, 

142 phosphates, sulfates, and fecal coliforms were made based on (5,26,27).

143

144 Nature-based solutions

145 Nature-based solutions (NbS) are alternatives to mitigate soil erosion. They focus on actions that 

146 sustainably protect natural ecosystems while providing for human well-being. They include practices that 

147 leverage to improve the challenges of water availability, soil, and reforestation. Traditional infrastructures 

148 are applied, providing environmental, social, and economic benefits (28,29). In the Urku Huayku stream, 

149 bamboo containment dikes were implemented as an alternative for hydrological recovery with excellent 

150 results (5).

151

152 3. Results

153 Recharge zone according to the electrical resistivity of the soil.

154 Around the entire Urku Huayku stream, which feeds the Kanguil Uku water source, seven resistivity lines 

155 of 200 m, that is, at a depth of analysis of 100 m each, were established. The results were obtained in 

156 October 2024. In the seven resistivity lines, the analyses were made according to (16), which resulted in 

157 soil types: silty sand (SM), clayey sand (CS), and saturated sand (SM). All curves were H-type, that is, 

158 three-layered. And it coincided with the geology of the Ilaló volcano, which is cangahua with proportions 

159 of silts, sands, and clays (30).

160

161 The point located at coordinates 787,348.39 and 9,970,679 at an altitude of 3170.95 masl, had a resistivity 

162 value of 20.50Ω.m, being the lowest of all seven tests, and it can be estimated that the water recharge is 

163 directed to this point. Figure 4 shows the resistivity curve in detail.
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164

165 Figure 4: Resistivity curve extracted at 100 meters depth.

166

167 Flow lines

168 Interpolating all the resistivity results with the 3D Empirical Bayesian Kriging geostatistical method, the 

169 soil profile of the Ilaló volcano was obtained. The major recharge and flow lines are directed towards 

170 Kanguil Uku. Figure 5 shows the stratigraphy.

171

172

173  Figure 5: Water recharge profile and flow lines.

174

175 Leaking water in the existing pipeline 
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176 A geophonic survey was carried out along the entire length of the Urku Huayku stream, which is used to 

177 support agricultural and domestic needs, resulting in 4 water leaks shown in red on the isohyet map, as 

178 shown in Figure 6.

179

180  Figure 6: Water leakage reporting map.

181

182 The volumetric flow measurement method was applied. In this method, the initial flow of the pipeline, 

183 which is in the Kanguil Uku source, is equivalent to 100% water. The final flow in the pipeline was 

184 measured, and the difference between the initial and final flow is equivalent to the percentage of water 

185 leakage. Therefore, the result was 25.93%.

186 Climographya del volcán Ilaló

187 The average precipitation and average evaporation in each month of the La Tola M0002 station from 1987 

188 to 2022 were plotted. It was observed that March and April presented higher precipitation and exceeded 

189 evaporation, which implies a gain of water for the recharge of the aquifer, while the other months are below 

190 evaporation, generating a water deficit, especially in June, July, and August. Figure 7 shows the absence of 
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191 precipitation in a climograph. Several studies have shown that climograms provide excellent results for 

192 visualizing water surplus and deficit in a study area (27,31,32).

193

194 Figure 7: Climography based on station La Tola M0002.

195

196 The construction of check dams as an NbS among its main purposes is to regulate the extreme climatic 

197 variability in the Ilaló volcano, among other things. This facilitates the inhabitants of this sector with better 

198 water management for agricultural use or human consumption (33).

199 Water quantity and quality

200  The amount of water from the Kanguil Uku spring was obtained by the volumetric method, which resulted 

201 in an average of 0.267 l/s in the 12 weeks of analysis from September to December 2024. However, it has 

202 remained consistently active despite the low water levels. 

203

204 The water quality is presented in Table 2. Depending on the result, it can be used for different domestic 

205 uses after disinfection and irrigation.

206

207  Table 2: Water results from the Kanguil Uku spring.

Parameters  Units Result
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pH  - 6.2

Electrical Conductivity (EC) (μS/cm) 138.07

Total Dissolved Solids (TDS) (ppm) 118.5

Evaporated Dry Residue (DRR) (%) 0.0122

Calcined Dry Residue (CDR) (%) 0.0085

Magnesium (Mg²⁺) (mg/l) 1.62

Potassium (K⁺) (mg/l) 4.17

Sodium (Na⁺) (mg/l) 0.17

Calcium (Ca²⁺) (mg/l) 3.23

Carbonates (CO3²⁻) (mg/l) 0

Bicarbonates (HCO3⁻) (mg/l) 135.42

 Chlorides (Cl⁻) (mg/l) 0.15

Phosphates (PO₄³⁻) (mg/l) 0.79

Sulfates (SO₄²⁻) (mg/l) 3.9

Fecal Coliforms NMP/100ml 380

208

209 Check dams with an approach to nature-based solutions

210 Downstream of the Urku Huayku stream, four permeable check dams made of biodegradable materials 

211 were designed and installed to increase the residence time of the water in the stream and also to generate 

212 infiltration pools and allow sediments to accumulate and compact (5). Figure 8 shows the constructed dikes.
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213

Check dams 1  Check dams 2

Check dams 3 Check dams 4

214  Figure 8. Dikes built in the Urku Huayku creek of the Ilaló volcano.

215

216

217 4. Discussion

218 Groundwater recharge in the Urku Huayku stream influences the aquifer cycle. However, the flow line was 

219 directed towards the Kanguil Uku source. According to (34), resistivity values of 20 to 80Ω.m are classified 

220 as sand or clay type soils and are associated with high water saturation. In this research, a saturated sand-

221 type soil with 20.5Ω.m was measured (35).

222

223 The cangahua, being a subsoil of volcanic origin, is sensitive to erosion, and water retention is low because 

224 infiltration is rapid at the surface in shallow layers. Electrical resistivity is frequently used for water location 

225 and deep well drilling for different uses (36). In case of exploration at a depth of 150m, the vertical electrical 
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226 sounding should start with an electrode opening of AB/2 = 2m and end at AB/2=300m, making at least 5 

227 to 20 measurements for greater reliability(37).

228

229 It is estimated that about 45 million cubic meters of water are wasted daily in the distribution networks of 

230 developing countries, due to leaks and abuses. This represents an expenditure of approximately 260,000 

231 million. Breaks or poor connections in water pipes easily allow the entry of viruses and contaminants that 

232 can cause diseases such as gastrointestinal infections (38). Water is a resource that is increasingly 

233 diminishing due to incorrect management, which must be solved (39). In another study conducted at the 

234 Universidad de las Fuerzas Armadas – ESPE of Ecuador, it was concluded that losses are due to the lack 

235 of maintenance of pipes (40).

236

237 Climographs help in planning with respect to water availability, in the management of water resources, in 

238 mitigating the effects of droughts, and generally in studies of long-term climate change. In the Ilaló volcano, 

239 there is a decrease in rainfall, which generates water stress and soil degradation. Therefore, the Climography 

240 has limitations since it does not specify specific storms or droughts, such as the days that the event occurred, 

241 and its accuracy depends on the amount of data collected (41).

242

243 Water quantity and quality are essential for any hydraulic project. The Kanguil Uku source was analyzed. 

244 However, it would be ready to be evaluated for different uses as long as the limits of current regulations are 

245 compared. The analyses are essential to guarantee access to clean and sufficient water for present and future 

246 generations (42).

247

248 Potassium from the Ilaló volcano water source is high. The maximum limit for agricultural use is 2mg/l, 

249 but it resulted in a value of 4.17 mg/l. Volcanic activity generates substances in the particulate ash material 

250 that alter water quality and influence high potassium concentrations (43). They oscillate in (32.8±0.93 mg/l) 
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251 (44). The high level of potassium does not interfere with plant growth and can be considered up to 10 mg/l; 

252 otherwise, the water would already be in the presence of fertilizers (45).

253

254 In watershed restoration in rural areas, dams with bamboo are environmentally friendly as they have a focus 

255 on nature-based solutions (NbS). In Ecuador, they have developed the initiative of projects with bamboo to 

256 protect riverbanks, to control erosion, and to build fog collector systems(46). On the other hand, the flow 

257 lines where the infiltration water runs through were in the saturated sand layer reaching depths up to 8.67 

258 m, feeding the Kanguil Uku recharge zone (47,48).

259

260 5. Conclusions 

261 The water recharge zone was directed towards the Urku Huayku stream, feeding the Kanguil Uku spring. 

262 Three flow lines were characterized: saturated sand, silty sand, and clayey sand. The saturated sand layer, 

263 which reaches a depth of 8.67 m, is predicted to carry all the infiltration water. The percentage of water 

264 leakage in the existing pipeline was 25.93% which was due to poor connections between fittings. Based on 

265 the Climography, the low water level in the Ilaló volcano was determined from June to September. The 

266 flow provided by the Kanguil Uku source was 0.267 l/s, which remained stable from September to 

267 December 2024. On the other hand, the quality parameters were: pH of 6.2, electrical conductivity of 

268 138.07μS/cm, total dissolved solids of 118.5 ppm, inorganic matter of 0.0085%, magnesium of 1. 62mg/l, 

269 sodium of 0.17mg/l, calcium of 3.23mg/l, bicarbonates of 0.5mg/l, chlorides of 0.15mg/l, phosphates of 

270 0.79mg/l, sulfates of 3.9 mg/l and fecal coliforms of 380NMP/100ml. It should be noted that potassium was 

271 elevated at 4.17mg/l and is due to the geological past with volcanic ashes containing mineral-rich 

272 compounds. The containment dikes in the Urku Huayku stream channel helped regulate water flow, 

273 controlling erosion by capturing sediments upstream. This method generates greater nutrient richness and 

274 enhances water recharge in the soil.

275
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