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Abstract
The correct management of groundwater depends on information regarding the evolutionary processes of groundwater and the characterization of
spatial variability of recharge mechanisms. GIS-based index models have become a reliable alternative for mapping and interpreting recharge models due
to their adaptability and reliability in estimating recharge. Furthermore, stable isotopes of hydrogen and oxygen in water (δ2H and δ18O) help determine
the origin and monitoring of water in the hydrological cycle. This paper aims to contribute to the knowledge of groundwater recharge by developing a
conceptual recharge model using stable isotopes and estimating the recharge amount using a spatially distributed water balance model based on GIS for
the Zamora River Basin (ZRB) in Ecuadorian Amazon. Due to the basin's size and geography, it was necessary to divide it into six precipitation blocks. The
high precipitation rates resulted in high (18.22%) and moderate (30.93%) recharge zones across the basin. The analysis of stable isotopes in water
indicates that precipitation water comes from the east, from the Amazon plain. In the valleys, precipitation enriched in δ18O suggests that it has
undergone a recycling process in the basin; groundwater recharge comes from these precipitations. This analysis provides a simplified representation of
reality that can assist in predicting the impacts of human activities on the basin.

1. Introduction
Understanding groundwater recharge is crucial for effective water resources management (Healy & Scanlon, 2011). Groundwater recharge is a hydrologic
process where water from unsaturated zones infiltrates into saturated zones below the water table's surface (Freeze & Cherry, 1979). Several factors, such
as topography, lithology, geological structure, porosity, soil cover, and climate, can affect groundwater occurrence and movement (Fenn et al., 1975).
Therefore, groundwater and aquifer research require in situ (hydro)geological experiments and geophysical research that help explain the groundwater
replenishment process and help evaluate temporal and spatial differences in groundwater flows in the study area (Yeh et al., 2014).

Different methods can estimate groundwater recharge, but none is uncertainty-free (Scanlon et al., 2002). Direct field measurements such as groundwater
level measurements, aquifer tests, or surface water flow measurements do not represent the entire aquifer (Hendrickx, 1992). Darcy equation-based
methods require field measurements and numerical methods that use groundwater flow equations under full or partial saturation (Andreo et al., 2008).
There are also methods based on natural tracers, such as naturally dissolved compounds like chloride balance, or artificial tracers such as organic and
inorganic dyes (Wood, 1999; Mazor, 2004). However, natural tracers may offer only indirect measurements of groundwater recharge, and the infiltration
mechanism may affect the interpretation of results (Allison, 1988).

Another way to estimate groundwater recharge is the use of water balance methods. The water input can be equal to the amount discharged plus the
variation in the volume of stored water (Scanlon et al., 2002). Water balances can be estimated using semi-empirical equations based on actual
precipitation and temperature measurements, calculating indirect directions of existing and potential evapotranspiration and rainfall (Thornthwaite &
Mather, 1955). The water balance approach allows for estimating recharge rates for a large aquifer, such as at the scale of a basin (Galvão et al. 2018).
The Thornthwaite & Mather method calculates potential evapotranspiration (PET) from monthly and annual heat indices as a function of air temperature,
corrects the PET value to Actual Evapotranspiration (AET) from PET, as well as precipitation data and field capacity (capacity of the soil to hold water
before percolation). Once the AET is calculated, runoff and infiltration values can be estimated (Galvão et al., 2018).

Regarding the estimation of groundwater recharge on a regional scale (basin dimensions), some studies use flow measurements and numerical models
(Nolan et al., 2007). Index methods that use GIS-based models to classify and integrate different parameters (e.g., geology, drainage, soil texture, terrain
slope, land cover, and lineament/fracture/fault) have helped estimate the spatial distribution of groundwater recharge (Rwanga et al. 2017). The GIS-
based index is a simplified representation of the phenomenon that uses spatial data to build a model (Jasrotia et al., 2007). The GIS approach became a
widespread method to estimate groundwater recharge as it simplifies reality and extrapolates data to other areas, increasing the understanding of the
system (Boumaiza et al. 2022).

The GIS-based index model technique for water balance uses spatial inputs like land use, slope, and soil type. Each parameter may have different weights
according to its infiltration features (Dripps & Bradbury, 2007). Depending on the purpose and hydrological characteristics of the area, the parameters
used can be subjective. Many researchers use different standards to delineate the extent of potential recharge areas. Due to the inherent uncertainty of
subjective selection, comparing the results of recharge estimation using other methods is recommendable (Galvão et al., 2018).

Determining the sources of groundwater recharge is essential for effectively groundwater resource management (Yeh et al., 2014; Conicelli et al., 2021).
The stable isotopes of water (δ18O and δ2H) are widely used as natural tracers to investigate hydrological processes and conceptualize groundwater
recharge models (Gat, 1996; Clark & Fritz, 1997). Comparison of the isotopic composition of δ18O and δ2H from precipitation and groundwater provides a
tool for evaluating the recharge mechanism (Blasch & Bryson, 2007; Heilweil et al., 2009).

The analysis of the distribution of groundwater isotopes can provide valuable information about the relative age and origin of water, identify mixtures
between different water sources, and define environmental conditions during recharge, which affect water throughout the hydrological cycle (Brkić et al.,
2016). Additionally, the isotopic signature, which is the stable isotope concentration distribution in groundwater, remains stable unless it is diluted or
mixed with water of a different isotopic composition (Liu et al., 2019). Therefore, the spatial and temporal analysis of the isotopic signatures of
precipitation, surface water, and groundwater is crucial for determining recharge zones and groundwater transit. This information is vital for
understanding the hydrological processes of basins and developing conceptual hydrological models (Yin et al., 2011).



Page 3/21

In southeastern Ecuador, the Zamora River Basin (ZRB) extends from the upper part of the Andes Mountains to the Amazon plain and the Condor
Mountains. The basin has a low population density but undergoes high levels of anthropic pressure. The mining potential of the Condor Mountains in the
ZRB has allowed the establishment of many copper and gold mines (Melo et al., 2013; van Teijlingen & Hogenboom, 2016). Mining activity has been the
mainstay of economic activity in the region for decades affecting relatively tiny areas but could significantly impact the environment. According to some
recent studies, the water quality in the basin has been affected (Villa-Achupallas et al., 2018; Mora et al., 2018, 2019).

The current growth of urban areas and the expansion of agricultural and livestock frontiers have increased deforestation processes in the basin
(Torracchi, 2015). The large number of water resources required by mining, agriculture, and livestock, put at risk the supply of water available for
consumption by the inhabitants of the ZRB (Mora et al., 2018). An essential part of the basin's drinking water endowment is groundwater, especially
spring water (Avcı & Fernández-Salvador, 2016). Identifying recharge zones and estimating recharge values to protect water resources from
anthropogenic activities, such as pollution and land-use practices that could affect the quality and quantity of clean water for consumption, is crucial
(Hirata et al., 2015; Pileggi et al., 2021).

The objective of this paper is to estimate the recharge of groundwater in the Zamora River Basin (ZRB) using a distributed water balance model in GIS
and to develop a conceptual hydrological model for the region employing stable isotopes (δ18O and δ2H). This study presents an initial exploration of the
evolutionary process of groundwater in the ZRB, combining two approaches: spatially distributed water balance model that uses GIS data, such as soil
type, land use, and slope, and the Thornthwaite & Mather (1955) method to estimate recharge; and the use of stable isotopes to develop a conceptual
hydrological model of the basin. This combined approach can serve as a useful starting point for further investigations that employ direct measurement
methods.

2. Site description
The Zamora River Basin (ZRB) is located in the southern part of the Ecuadorian Amazon, covering an area of 11.369 km2 and stretching for a length of
261 km (Fig. 1). The elevation of the ZRB decreases from 4088 to 302 meters above sea level (m.a.s.l.). The basin is limited to the east by the Condor
Mountains and to the west by the Andes Mountains. The altitudinal gradient of the ZRB has a strong influence on the climate of the basin. The different
climatic levels of the basin range from cold temperatures of the paramo regions in the higher areas, through the humid mesothermal on the eastern slope
of the Andes Mountains, to the humid Tropical in the Amazon plain. The mean temperature varies from 6°C to 25°C depending on the altitudinal gradient,
with the coldest months being June to August and the warmest months being October to December. The regional variations between the cold and hot
seasons are around 1.5°C to 2.5°C and depend on the altitudinal gradient.

Precipitation in Ecuador is influenced by two primary air masses: the first originates from the Atlantic and mainly arrives from the Amazon Basin, while
the second originates from the Pacific. The isotopic patterns of precipitation in Ecuador are unique, resulting in three distinct regions: the Amazon,
Andean, and Pacific domains (Garcia et al., 1998). In the Pacific domain, the mean δ18O values range from approximately − 2‰ in the southern part to
-11‰ at altitudes above 3000 m.a.s.l. The Andean domain, located between 2500 and 3200 m.a.s.l., has an annual weighted mean δ18O value ranging
from − 9‰ to -11‰. The Amazon domain has annual weighted mean δ18O values ranging from − 6‰ to -1‰ (Garcia et al., 1998). Due to the basin's
location, the Andean and Amazonian domains may be the primary sources of groundwater recharge in the basin.

Precipitation in the Andes Mountains to the west has an average of 1380 mm/yr. The rainiest months are from February to April, while the driest months
are from July to September. Instead, the easternmost area, influenced by the Condor Mountains and the Cutucú Mountains, has an average annual
rainfall of 1970 mm/yr. The highest rainfall occurs from March to June, while the lowest occurs from November to February (Mora et al., 2018).

The main geological units of the basin are as follow: in the western part, there is an extensive area covered by metamorphic rocks and the Zamora Series,
in addition to the Sacapalca Formation, the Tarqui Formation, and the San Lucas Batholith. Furthermore, the Zamora Batholith and the Hollin Formation
cover most of the central and eastern zone, along with the Misahualli Formation to a lesser extent. The northernmost sections have the Chapiza
Formation, the Napo Formation, the Santiago Formation, and the Margajitas Group (Fig. 1), according to the geospatial information provided by
Ministerio de Agricultura y Ganderia.

3. Materials and methods
The research was divided into two parts: 1) estimation of groundwater recharge using a GIS-based index model, and 2) development of a groundwater
recharge conceptual model using stable isotopes.

3.1. Groundwater recharge estimation using GIS-based index model
The GIS-based index method for distributed recharge integrates the water balance, adapted from Galvão et al. (2018). The first phase involved building a
surface runoff map by overlaying maps of land cover, soil, and terrain slope, classified by their permeability capacities. In the second phase, the water
balance method adapted from Thornthwaite & Mather (1955) was used to estimate groundwater recharge values for different water percolation
scenarios. Finally, in the third phase, the water percolation flow values were used to develop the map of the groundwater recharge zone. A schematic
representation and a detailed explanation of the adaptation of the Galvão et al. (2018) method are presented in Fig. 2.

3.2. Estimating runoff classes spatially by index method (Phase 1)
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3.2.1. Soil permeability map
The layer of soil taxonomic classification for the Zamora Basin comes from the Geopedological map of continental Ecuador of Ministerio de Agricultura y
Ganadería and contains geo-pedological and soil information updated to 2020 (Ministerio de Agricultura y Ganadería, 2019). This layer characterizes the
area in ten different taxonomic types of soils: alfisols, andisols, entisols, histosols, inceptisols, mollisols, ultisols, vertisols (Fig. 3a). Additionally, this GIS
information found two classes called “not applicable” and “miscellaneous lands”, defined as populated areas, bodies of water, wastelands (uncultivated
land), anthropic infrastructure, and lands that are not considered land units or taxonomic units.

The reclassification of soil was determined based on the characteristic percentages of clay, sand, or silt in each taxonomic class. Soils were classified as
sandy when they contained more than 72% sand, silty when the silt composition exceeded 50%, and clayey when the clay composition was greater than
40%. These values were established by the Ministry of Agriculture and Livestock (2020a). Based on these considerations, the new map of soil
permeability was reclassified into two classes: 1) silty, representing low permeability or high runoff; and 2) clayey, representing almost no permeability
and high runoff (as shown in Fig. 3b).

3.2.2. Land cover infiltration capacity map
The land-use layer was developed by the Ecuador Productive Systems 1:25,000 of the Ministerio de Agricultura y Ganadería (AGAP). This layer contains
updated land-use information as of 2020 (Ministerio de Agricultura y Ganadería, 2020b). The classification conducted in 2020 identified twelve distinct
land-use types in the area, including agricultural mosaic, anthropic infrastructure, crops, forest plantation, herbaceous vegetation, native forest, paramo
(high-altitude moorland), pastureland, populated area, shrubby vegetation, wasteland, and water bodies (excluded from the analysis) (Fig. 3c). These
land-use types were reclassified in two classes based on their infiltration rates to develop an infiltration capacity map: 1) forest and paramo (high
permeability or low runoff); and 2) anthropic structures, crops, and pastures (low permeability or high runoff). The forest and paramo soil permeability
class grouped native forest, forest plantations, shrubby vegetation, and paramo. The anthropic structures, crops, and pastures soil permeability class
were grouped into the remaining seven categories (Fig. 3d).

3.2.3. Terrain slope map
The terrain slope in percentage comes from processing a DEM acquired from SIG Tierras elaborated by the MAGAP. The DEM pixel resolution is 3x3 m
(Fig. 3e). Three slope intervals were defined, according to the ASCE-American Society of Civil Engineers (1969): < 2% (low slopes); 2–7% (moderate
slopes); and > 7% (high slopes) (Fig. 3f).

3.2.4. Final surface runoff map
The three shapefiles: soil permeability, land cover infiltration capacity, and terrain slope (Fig. 3), were georeferenced in a GIS database in QGIS 3.10.2. The
shapefiles were then converted to a 3x3 m pixel raster format (matching the DEM resolution) and then integrated into the QGIS raster calculator using the
formula to calculate the runoff coefficient (Table 1). The surface runoff was estimated using twelve surface runoff classes (Table 1). The coordinate
system used was UTM projection, Zone 17S, datum WGS 1984, with units in meters (Fig. 4).

Table 1
Runoff classes and their values of C in the study area. The lower the runoff coefficient, the higher the permeability capacity; the higher the runoff

coefficient, the lower the permeability capacity. The values of C, C1', C2' and C3' according to the Galvão et al. (2018) method.

Runoff Classes Soil Permeability Land Cover Infiltration Capacity Terrain Slope (%)   Runoff Coefficient

C'1 C'2 C'3 C = 1 -(C'1+C2+C'3) C

Class 1 Silty Forest and Paramo < 2 1 - (0.2 + 0.2 + 0.3) 0.3

Class 2 2–7 1 - (0.2 + 0.2 + 0.2) 0.4

Class 3 > 7 1 - (0.2 + 0.2 + 0.1) 0.5

Class 4 Anthropic structures, crops and pastures < 2 1 - (0.2 + 0.1 + 0.3) 0.4

Class 5 2–7 1 - (0.2 + 0.1 + 0.2) 0.5

Class 6 > 7 1 - (0.2 + 0.1 + 0.1) 0.6

Class 7 Clayey Forest and Paramo < 2 1 - (0.1 + 0.2 + 0.3) 0.4

Class 8 2–7 1 - (0.1 + 0.2 + 0.2) 0.5

Class 9 > 7 1 - (0.1 + 0.2 + 0.1) 0.6

Class 10 Anthropic structures, crops and pastures < 2 1 - (0.1 + 0.1 + 0.3) 0.5

Class 11 2–7 1 - (0.1 + 0.1 + 0.2) 0.6

Class 12 > 7 1 - (0.1 + 0.1 + 0.1) 0.7
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3.3. Water balance for each class of the surface runoff map (Phase 2)
The water balance was estimated using daily mean temperature and precipitation data obtained from meteorological stations of the Instituto Nacional de
Meteorologia e Hidrologia (INAMHI), Ecuador's meteorological service. Despite the basin's vast area (less than 11,000 km2), only five stations (shown in
Fig. 5) have recorded historical precipitation and temperature data for the ZRB. Data reanalysis was made to compensate for the lack of historical data
and complement the spatial analysis of precipitation and temperature. The climate reanalysis data were calibrated and used as a proxy to reproduce
local climate variability. Data from ECMWF Copernicus Climate Change Service (2017) were used to estimate surface air temperature (2 m temperature)
and from TRMM Tropical Rainfall Measuring Mission (2011) for precipitation data. Five points were defined to spatially locate the reanalysis results; the
location of these points depended on spatial parameters of distance and representativeness (Fig. 5). The reanalysis data were validated using the
method proposed by Erazo et al. (2018) for precipitation and the methods proposed by de Oliveira Aparecido et al. (2020) for temperature.

Due to the extension of the basin, the water balance was estimated across six distinct precipitation blocks. The water balance analysis was conducted for
each of the twelve classes of surface runoff within each of these six blocks, utilizing the methodology outlined by Pereira (2005), covering the period from
1998 to 2019. Temperature and precipitation values for each block were determined based on data averages obtained from the INAMHI climatological
stations and reanalysis result points, as outlined in Table 2.

Table 2
Climatological data used for water balance in each block from 1998 to 2019. The monthly values for
each precipitation block are the average data from meteorological stations and the reanalysis result

points.
Mean precipitation 1998–2019 (mm)

  Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Block 1 83 96 111 76 68 60 54 38 45 61 58 67

Block 2 98 130 145 98 68 58 52 40 38 80 73 95

Block 3 118 132 175 143 115 100 66 54 71 74 83 94

Block 4 143 161 197 179 131 103 88 79 87 101 114 131

Block 5 142 145 190 193 186 185 144 106 121 132 127 135

Block 6 168 146 220 217 207 237 176 142 150 145 149 136

Mean temperature 1998–2019 (°C)

  Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Block 1 14.8 14.8 14.8 15.0 14.9 14.2 13.7 14.3 15.1 14.9 14.6 14.7

Block 2 16.2 16.3 16.5 16.6 16.4 15.7 15.2 15.6 16.2 16.6 16.7 16.5

Block 3 19.7 19.8 20.0 20.1 19.9 19.2 18.7 19.1 19.7 20.1 20.2 20.0

Block 4 22.8 22.8 22.8 22.6 22.2 21.2 20.7 21.1 22.0 22.8 23.2 23.1

Block 5 23.6 23.4 23.5 23.4 23.0 22.1 21.6 21.9 22.6 23.5 24.0 23.8

Block 6 18.8 18.8 18.9 18.8 18.5 17.7 17.3 17.9 18.5 18.8 18.9 18.7

3.4. Groundwater Recharge Map of Zamora River Basin ZRB (Phase 3)
Phases one and two were used to estimate the areas of different recharge rates in the ZRB. The final surface runoff map (Fig. 4) shows the twelve soil
classes based on their potential recharge capacity. This map provides information on the annual recharge ratio obtained through the water balances for
the flow of one of the six precipitation blocks, and allows the spatial distribution of the groundwater recharge for the entire basin to be obtained. The
spatial distribution of recharge in four regions was then categorized according to their annual recharge capacity (Table 3) to create the final ZRB
groundwater recharge map (Fig. 5).

Table 3
Classification of groundwater recharge zones for the Zamora River

Basin (ZRB)
Recharge Zone   Recharge Ratio

Zone 1 High recharge values > 100 mm/yr

Zone 2 Moderate recharge values 50–100 mm/yr

Zone 4 Low recharge values 25–50 mm/yr

Zone 5 Incipient recharge values < 25 mm/yr
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3.4.1. Recharge Conceptual Model using stable isotopes δ18O and δ2H
The data from stable isotopes δ18O and δ2H came from the ECU7007 project "Strengthening the Management and Water Quality Control of the Zamora
River Basin through the Application of Isotope Techniques" developed by the Ministry of Environment, Water and Ecological Transition with the support of
the International Atomic Energy Agency. The data include two water stable isotopes sampling campaigns. The campaigns were carried out in January
(for wet season) and September (for dry season) 2018. The sampling sites were: five precipitation points, eighteen superficial points, and ten spring water
points (Fig. 6). For this study, we only had access to isotopic information from the first campaign.

4. Results and discussion

4.1. Groundwater recharge estimation

4.1.1. Estimating runoff classes spatially by the index method
Clayey soils constitute most of the basin soil, mainly inceptisols covering ~ 75% of the ZRB area. However, silty soils are distributed in patches around the
entire basin. There are no sandy soils within the basin (Fig. 3b). The predominant presence of clay soils (~ 82%) implies a waterproofing effect that
generates high runoff and hinders high groundwater recharge rates in the ZRB (Koerner & Daniel, 1997).

Most of the ZRB area is covered by native forest (~ 70%), followed by grasslands (14%) and agricultural mosaics (4.8%) concentrated around populated
sites and river stretches. The infiltration capacity map (Fig. 3d) reveals that reclassification locates most of the basin as a class of forest and paramo
associated with high potential permeability (Terada et al., 2022). The westernmost part of the ZRB concentrates places of high groundwater recharge,
such as paramos. The other classifications, such as forest plantations and shrub vegetation, each occupy less than 0.2% of the basin. The class
anthropic structures, crops, and pastures are distributed throughout the watershed, especially the plains covered by pastureland near rivers and populated
areas.

The watershed has a maximum altitude of 4088 m.a.s.l. to a minimum of 302 m.a.s.l. (Fig. 3e). That is an altitude variation of almost 3,800 m and an
average slope of 1.6%. Flat areas, < 2%, cover approximately 69.23% of the ZRB, followed by areas with moderate slopes, 2–7%, representing 30.7%, and a
practically imperceptible number of sites with high slopes > 7%, almost 0.07%. To explain the low slopes in a large altitudinal gradient, the hypsometric
curve of the basin was revised, indicating that it has reached equilibrium and is in the maturity phase, which did not explain the observation of low slopes
in the ZRB. Slopes may decrease as resolution increases. So, it was attributed to low slopes that may be biased given the resolution of the digital
elevation model DEM (Chang & Tsai, 1991).

4.1.2. Water balance estimations for each class of the surface runoff map
The description of groundwater recharge in ZRB is in Fig. 7, and the area distributions are shown in Fig. 8. The integration of the twelve surface runoff
classes with the six precipitation blocks generated seventy-two recharge areas. The results (Fig. 7) indicated that, for precipitation block one, the recharge
values for runoff classes one and two are between incipient (9 mm/yr) and low (30 mm/yr). The remaining the runoff classes had incipient recharge
values (< 9 mm/yr). In precipitation block one, clay soils (Fig. 3b) and moderate annual precipitation of 818.7 mm/yr (Table 2) did not provide the
necessary conditions for significant groundwater recharge.

Precipitation block two (Fig. 5) has an annual rainfall of 976 mm/yr and recorded recharge values between 9 and 80 mm/yr for all classes, except for
runoff, and classes six, eleven, and twelve. Runoff class one had a moderate discharge rate, while runoff classes two, four, and seven had low recharge
rates. The rest of the runoff classes had incipient recharge values.

Precipitation blocks three and four (Fig. 5) had an annual rainfall of 1226 and 1514 mm/yr, respectively (Table 2), and recorded maximum recharge
values of 105 and 106 mm/yr, respectively, for runoff class one. Both precipitation blocks registered low recharge values (47 mm/yr) for runoff classes
two, four, and seven and incipient (2 and 11 mm/yr) for runoff classes three, five, eight, and ten. No recharge was registered for classes six, nine, eleven,
and twelve. The groundwater recharge in precipitation blocks three and four has similar values in all runoff classes, even considering a precipitation
difference of 288 mm/yr. The differentiating factor between these precipitation blocks was the temperature, 19.7°C for precipitation block three and
22.3°C for block four. In the Thornthwaite & Mather (1955) method, evapotranspiration is directly linked to temperature. The temperature difference of
2.6°C between blocks three and four was reflected in the evapotranspiration values. The higher temperature of block four increased the
evapotranspiration values and canceled the effect of the additional precipitation that this block has.

Precipitation blocks five and six had an annual rainfall of 1805 and 2092 mm/yr (Fig. 5, Table 2) and maximum recharge values of 184 and 642 mm/yr,
respectively. Runoff class one has the highest recharge values. Precipitation block five has high recharge values (85 mm/yr) for runoff classes two, four,
and seven; it has incipient recharge (11 mm/yr) for classes three, five, eight, and ten. Runoff classes six, nine, and eleven did not have a recharge.
Precipitation block six had high recharge values (642, 433, and 223 mm/yr) for runoff classes one, two, three, four, five, seven, eight, and ten, high
recharge values (55 mm/yr) for classes six, nine and eleven and class twelve has no recharge.

The recharge values of precipitation block six were very different from those of the rest of the precipitation blocks. The high recharge values for
precipitation block six were related to the fact that it has an average annual rainfall of 2,092 mm/yr (Table 2), the highest in the ZRB. In addition, the
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temperature of this block has an annual average of 18.5°C; this is on average 4°C colder than that of blocks four and five. Lower evapotranspiration
values implied higher percolation values (Koerner & Daniel, 1997). The high precipitation and low evapotranspiration (due to the low temperature) caused
the unusual and high recharge rate for this precipitation block.

In the Galvão et al. (2018) method, soil composition (sandy, silty, and clayey) had the most significant weight in determining soil permeability. The soils in
the ZRB were composed only of loamy and clayey soils with low permeability. However, the area has favorable characteristics for recharge, such as
slopes < 7% and native forest cover (Fig. 3), which increase the probability of groundwater recharge. It is also important to highlight that, despite the
importance of soil features in recharge processes (Fig. 4), annual precipitation was the most significant individual driver of groundwater recharge, as
indicated by (Conicelli et al., 2021).

4.1.3. Groundwater Recharge Map of Zamora River Basin (ZRB)
Zone 1 (blue, Fig. 8) represents 18.22% of the basin registered high recharge rates, with values greater than 100 mm/yr. It includes runoff class one of
precipitation blocks three, four, and five and runoff classes one, two, three, four, five, seven, eight, and ten of precipitation block six. This area is mainly
located at the mouth of the basin, in the northern part of the ZRB, which is precipitation block six. It is distributed in patches in the central and northern
part of precipitation blocks four and five and small areas in the center precipitation block three. It occurs when C = 0.3 in precipitation blocks three, four,
and five and when C = 0.4–0.5 (Table 1) in precipitation block six.

Zone 2 (green, Fig. 8) represents 30.93% of the basin and registered moderate recharge rates with values between 50 and 100 mm/yr. It includes runoff
class one of precipitation block two, classes two, four, and seven of precipitation block five, and runoff classes six, nine, and eleven of precipitation block
six. It occurs when C = 0.3 in precipitation block two, when C = 0.4 in precipitation block five, and when C = 0.6 in precipitation block six (Table 1). This
zone can be seen as small scattered patches in the northwestern part of precipitation block six, covering most of the whole of precipitation block five and
scattered zones in the north and south part of precipitation block two.

Zone 3 (yellow, Fig. 8) represents 18.82% of the basin and registered low recharge rates with values from 25 to 50 mm/yr. It includes runoff class one of
precipitation block one and runoff classes two, four, and seven of precipitation blocks two, three, and four. It occurs when C = 0.3 in precipitation block
one and when C = 0.4 in precipitation blocks two, three, and four (Table 1). This zone can be identified as several small zones scattered in precipitation
blocks one, two, three, and four of the ZRB.

Zone 4 (orange, Fig. 8) represents 32.04% of the basin registering incipient recharge rates, with values lower than 25 mm/yr. It includes the remaining
runoff classes of all blocks. It occurs when C = 0.7 in all precipitation blocks, when C = 0.5–0.6 in precipitation blocks one to four and when C = 0.4 in
precipitation block one (Table 1). This area is distributed as scattered patches around the entire basin, except in precipitation block six.

It is essential to consider that although some areas have low recharge rates and high surface runoff, they are close to areas of high and moderate
recharge rates. Therefore, the water drained from areas of high recharge located at a higher elevation can reach areas with low percolation (Galvão et al.,
2018). Despite the ZRB being covered with clayey and silty soil, the low slopes, the coverage of native forest, and especially the high precipitation values
for the entire basin make the ZRB, as a whole, a vital recharge area for the Amazon foothills.

The ultimate goal of GIS-based groundwater recharge analysis is not to present a definitive recharge map of the ZRB but to provide a simplified
representation of reality to help predict the impacts of anthropogenic activity in the basin. It mainly considers land-use change processes and the
dispersion of pollutants from mining that can affect the supply of surface and groundwater available to people living within the ZRB.

The most important groundwater recharge zones in the basin are located further east, next to the Condor Mountains. Some of Ecuador's large-scale
mining projects are located in the Condor Mountains area. Although the effects or influences of mining on the groundwater regime are not yet well
understood, the location of these mining projects above these potentially important groundwater recharge zones poses a serious contamination hazard.
Activities such as the disposal of wastewater from plants, pumping water from the mine, or washing waste and tailings dumps are potential sources of
heavy metal contamination for groundwater (Raghavendra & Deka, 2015).

4.2. Recharge conceptual model using stable isotopes δ18O and δ2H
The stable isotope data for precipitation samples from ZRB ranged from − 2.89‰ to − 6.53‰ for δ18O and from − 9.41‰ to − 40.14‰ for δ2H. The
deuterium excess was between 10.53‰ and 13.71‰ (Table 4). The Local Meteorological Water Line (LMWL) is δ2H = 8.32δ18O + 13.50 (Fig. 9), which
was plotted above the GMWL (δ2H = 8δ18O + 10) (Fig. 9). The equation that describes the LMWL is similar to those described by Garcia et al. (1998) in
Méndez, 30 km north of ZRB, whose equation is δ2H = 8.51δ18O + 13.53, and is similar to that described by Jiménez et al. (2022) at the Ikiam
meteorological station, 225 km north of ZRB, whose equation is δ2H = 8.4δ18O + 15.3). In Jiménez et al. (2022), isotopic values and back-trajectory
analyses using the HYSPLIT model revealed that the isotopic signature was affected by the moisture source effect associated with upstream rainout. The
moisture flux was primarily from an east-to-northeast direction, originating from the Atlantic Ocean and passing through the Amazon Basin. The d-excess
values of rainfall and the LMWLs indicated an influence of the high evapotranspiration rate of the Amazon region on the isotopic composition of local
precipitation.
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Comparison of the regression line of the ZRB with the LMWLs of Méndez and Ikiam stations showed that these three LMWLs are not statistically different
(R2 = 0.99; p-value < 0.05 for both cases). The similarity of the isotopic composition of the precipitation from the Napo province (Ikiam station location) to
Mendez and ZRB may indicate that the precipitation in this entire area of the Ecuadorian Amazon has the same origin. For the ZRB's LMWL, only stable
isotope data from the rainy season of the basin was used. Therefore, the equation that describes the LMWL may vary slightly with the data from the dry
season.

Fractionation is the change in the isotopic composition of precipitation, influenced by the origin of air masses, elevation, continentality, and latitude. The
isotopic composition alteration is also influenced by the climatic patterns of unique precipitation events (Crawford et al., 2013). Continentality is one
factor that explains the substantial depletion of isotopes as an air mass moves inland, causing precipitation to become more negative with a deficit of
heavier isotopes (Dansgaard, 1964). However, for the ZRB, the altitudinal effect is the most influential factor that favors the depletion of isotopes in
precipitation. However, for the ZRB, the altitudinal effect is the most influential factor that favors the depletion of isotopes in precipitation. As the humidity
from the Amazon plain passes over an orographic barrier, such as the Andes Mountains, it is forced upwards, and the temperature reduces, which favors
preferential rainfall and the depletion of heavy isotopes (Dansgaard, 1964; Cabrera et al., 2021; Jiménez et al., 2022; Calero et al., 2022). The altitudinal
effect of δ18O in the basin is evident; at a lower altitude, there is an enrichment of δ18O in the water samples and vice versa (Cabrera et al., 2021; Jiménez
et al., 2022; Calero et al., 2022). Although for point P4, there is an exaggerated enrichment due to other factors, such as water recycling processes. The
average of the altitudinal isotopic gradient of the ZRB for every 100 m is -0.17, and this result is consistent with the altitude isotope gradient of Garcia et
al. (1998) and Maldonado-Astudillo et al. (1995).

Table 4
Isotopic composition in precipitation samples of ECU7007 project.

ID Elevation Date δ18O (‰) δ2H (‰) d-excess (‰)

P1 2525 1/20/2018 -6.53 -40.14 12.10

P2 2160 11/28/2018 -6.41 -39.84 11.44

P3 1835 1/21/2018 -5.57 -33.14 11.42

P4 837 1/20/2018 -2.89 -9.41 13.71

P5 766 1/19/2018 -4.14 -22.59 10.53

The LMWL constructed from the precipitation samples (Fig. 9) shows that there are two types of precipitation samples: the Andean group (P1, P2, P3, in
Fig. 6A), which records the most impoverished δ18O values, and the Amazon group (P4 and P5 in Fig. 6A), which has the most enriched δ18O values.
Furthermore, it is noticeable that the isotopic signature of the surface and spring water samples is closer to the Andean group (Fig. 9). This depletion of
δ18O in the Andean group is mainly due to the altitudinal effect; the samples of this group register altitudes higher than 1800 m.a.s.l., and those of the
Amazon group have elevations lower than 850 m.a.s.l.

Dansgaard (1964) established deuterium as an indicator of the source region of precipitation and the variations within the source area. The trajectories of
air masses and areas of moisture sources can be traced with deuterium to improve the understanding of regional climate systems (Jansson et al., 2007).
Deuterium changes seasonally with warm-dry sources showing high values and cold-humid sources showing low values. The average d-excess detected
in the samples (11.86‰) and values ranging from 10.51‰ to 13.73‰ (Table 5) indicate the source of moisture may come from the Amazon plain
(Jiménez et al., 2022). According to Salati et al. (1979), the deuterium of the air masses that cross the Amazon remains in a range of 9.80‰ to 14.60‰,
confirming the results.

However, point P4 (Fig. 6A) presents a value > 13‰, which is unusually higher than the remaining sample points of the Andean Group, suggesting
recycling processes within the basin. The d-excess for all surface water samples is also > 13‰, indicating that the surface water that runs through the
watershed has undergone recycling processes. The documentation of recycling processes exists for the entire Amazon basin (Salati et al., 1979; Victoria
et al., 1991). Since the ZRB is limited to the west by the Andes and the east by the Condor Mountains (Fig. 10), a recirculation process may be a persistent
feature. For most samples, the d-excess of spring water is between 8‰ and 12‰, typical of meteoric processes. However, there are three spring water
points (G1, G3, G6 in Fig. 6C) with a d-excess > 13‰. The groundwater recharge processes in the ZRB are governed mainly by the regional precipitation of
the Amazon basin that comes from the Atlantic Ocean and crosses the entire Amazon until it collides with the Andes Mountains (Fig. 10) (Victoria et al.,
1991; Souza et al. 2015).

The isotopic signature of the spring water samples is close to the precipitation samples of the Andean Group (Table 5) (Fig. 9). Previous research has
established that the source of the precipitation of the Andean Group is the moisture coming from the Amazonian plain, likely including recycling
processes within the ZRB (Fig. 10) (Cabrera et al., 2021; Jiménez et al., 2022; Calero et al., 2022). It has been established that the primary source of
groundwater recharge of the ZRB is the precipitation from the Amazon basin and recycling processes within the basin. However, while the stable isotope
analysis may suggest that there are no direct inputs of surface water to the groundwater samples studied, it is important to note that this conclusion is
based on a limited data set and mat not apply to all groundwater sources in the region. Further studies are needed to fully understand the relationship
between surface water and groundwater in the area. Additional isotopic analysis, hydrological modeling, and field observations could provide a more
comprehensive understanding of the sources of recharge for groundwater in the ZRB. Therefore, although GIS and stable isotope analysis are useful tools
for understanding the origins of groundwater, further studies are required to characterize the groundwater recharge in the ZRB.
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Table 5
Statistical summary of isotopic table compositions in precipitation,
superficial, and spring water samples in Zamora River Basin (ZRB).
Precipitation (n = 5) δ2H (‰) δ18O (‰) d-excess (‰)

Min -40.14 -6.53 10.51

Max -9.41 -2.89 13.73

Mean -29.02 -5.11 11.86

Std 13.07 1.57 1.20

Superficial water (n = 18)      

Min -53.88 -8.57 13.21

Max -34.06 -5.99 14.77

Mean -44.35 -7.30 14.05

Std 5.58 0.72 0.50

Springwater (n = 10)      

Min -47.52 -7.58 10.87

Max -36.25 -5.93 13.60

Mean -41.08 -6.65 12.12

Std 3.25 0.49 0.95

5. Conclusions
This study aims to establish the relationship between the factors influencing groundwater recharge and a GIS-based distributed water balance model to
produce a groundwater recharge potential map and apply it to a large-scale basin, such as the ZRB. The applied method is a helpful tool for estimating
groundwater recharge, especially for areas with little or no hydrogeological information available.

The soil of the ZRB is mainly waterproof (high clay content); however, because of the low slopes (< 7%) and native forest cover enhance groundwater
recharge. Despite the importance of soil type, precipitation is the single most significant driver of groundwater recharge in the ZRB. High precipitation
rates cover the basin with high (18.22%) and moderate (30.93%) recharge zones.

The most effective groundwater recharge potential zone is downstream, located at the basin outlet in block six, where the abundant precipitation allows
high groundwater recharge rates reaching more than 640 mm/yr. The fact that the mining activity is in this vital groundwater recharge area poses a
constant danger to the water quality of the Amazon basin. Some of the most important mining projects in Ecuador operate in this area, located in the
northern part of the Condor Mountains. The pollutants from mining could be transferred in groundwater from the ZRB to the following basins, such as the
Santiago River basin and the Peruvian territory.

The stable isotope data (δ18O and δ2H) indicate that most of the rainfall precipitating in the basin comes from moisture transported from the Amazon
plain. There are also recycling processes in the ZRB. They also indicate that the principal groundwater recharge comes from precipitations from Amazon
humidity and recirculation processes within the ZRB. This information is consistent with other stable isotope studies conducted in the Amazon region of
Ecuador. However, a broader sampling of the isotopic composition is required temporally and spatially to confirm the model.
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Figure 1

Location of Zamora River Basin showing the main geology units of ZRB and main sections of Zamora River.
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Figure 2

Methodological scheme used to estimate the groundwater recharge in ZRB with the GIS-based index model. Phase 1: Establish the surface runoff classes
of the basin soil. Phase 2: Establish the precipitation blocks (basin areas with similar precipitation values), treatment and validation of meteorological
and reanalysis data, and the respective Thornthwaite & Mather (1955) water balance for each precipitation block to obtain groundwater recharge values.
Phase 3: spatial distribution of the groundwater recharge values from the water balance (phase 2) to the surface runoff classes (phase 1) and its
classification according to ratios.
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Figure 3

Soil taxonomic classification of Zamora River Basin ZRB (A) and the distribution of soil permeability classes (B). Land cover of Zamora River Basin ZRB
(C) and distribution of infiltration capacity classes (D). Digital Elevation Model of Zamora River Basin ZRB (E) and the terrain slope map indicating
predominance for slopes < 7 (F).



Page 16/21

Figure 4

Final surface runoff map of the ZRB. The runoff classes result from the integration of maps of soil permeability, infiltration capacity, and terrain slope.
The map shows twelve soil classes according to their capacity to generate runoff, being layer 1 the most permeable and layer 12 the least permeable.
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Figure 5

Precipitation blocks and location of meteorological stations for the analysis in Zamora River Basin (ZRB). Precipitation blocks represent areas where
precipitation is quantitatively homogeneous throughout the year.
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Figure 6

Sampling sites of δ18O and δ2H in Zamora River Basin (ZRB). Precipitation samples (A), surface water samples (B), and spring water samples (C). All
sampling sites were visited in both sampling campaigns, in January for the rainy season and in September for the dry season.
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Figure 7

Results of water balances conducted for different precipitation blocks and runoff classes in the Zamora River Basin (ZRB). The precipitation blocks are
labeled as B1 to B6, and the runoff classes are divided into silty and clay soils, with forest/paramo cover labeled in green and anthropic
structures/crops/pastures labeled in yellow. The table highlights the groundwater recharge values for each runoff class in every precipitation block,
marked in blue.
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Figure 8

Final groundwater recharge map of Zamora River Basin. Zone 1 is mainly in the north of the basin, in some patches of precipitation zone 5 and in the
areas close to rivers of the rest of the basin. Zone 2 extends mainly over what corresponds to precipitation zone 5, although there are also patches in
precipitation block 2. Zone 3 is mainly concentrated in what corresponds to precipitation blocks 2, 3 and 4. Zone 4 covers patches of almost the entire
basin, mainly in the western part of the basin.
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Figure 9

LMWL and the relationship between δ18O and δ2H in precipitation, superficial water, and spring water in Zamora River Basin (ZRB). The precipitation
samples were classified into two groups according to isotopic characteristics, the Amazonian group characterized by isotope content that shows that
they have undergone recycling processes and the Andean group that has isotopic characteristics of having influence from the Pacific coast of Ecuador.

Figure 10

Scheme of the groundwater recharge in a conceptual model for ZRB and the mean isotopic composition samples of groundwater, superficial water and
precipitation.


