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Abstract

Water scarcity in Chile has been exacerbated by a decline in precipitation and an increase in
water demand. This has prompted a search for strategies to increase water supply, whether
through aquifer recharge or reservoir construction. In this study, aquifer recharge was
evaluated through rainwater harvesting systems (RWHS) and direct injection into rural
wells in the Ñuble Region. Three wells were selected in the Ñuble Region (Ñiquén, San
Carlos, and Coihueco) using hydrogeological and operational criteria. To characterize
the hydrogeology of the area, local piezometric data, geophysical surveys using electrical
resistivity tomography (ERT), and seismoelectric tests were considered. This enabled the
identification of aquifers with water levels between 2.6 and 23 m depth across the different
geological units of the territory. The hydrological design was based on a frequency analysis
of annual precipitation (1991–2020), which yielded design rainfall values between 442
and 694 mm. The implemented RWHS demonstrated injection capacities between 0.9
and 1.4 L·s−1. The results show that rainwater harvesting combined with direct aquifer
recharge represents a viable alternative for improving water security, with potential for
territorial scaling through regional public policies.

Keywords: rainwater harvesting; managed aquifer recharge; groundwater recharge; rural
water security; noria wells

1. Introduction
During recent decades, water resource management has become a significant challenge

of high priority for many countries [1–3]. This is particularly apparent in regions which are
experiencing declining water availability coupled with sustained increases in demand [4–6].
In Chile, this problem is especially acute in the central zone, where reduced precipitation
has combined with increasing consumption, largely driven by demographic and economic
expansion, and this has resulted in increasing pressure on available water sources [7–9].
Given the concern regarding this scenario, the identification of strategies that aim to
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improve water availability and ensure the sustainability of supply systems has become a
priority for water management [10–14].

Among the various alternative strategies that are available to address this situation is
aquifer recharge. Aquifer recharge can be understood as the process by which groundwater
storage is increased from a variety of surface water or precipitation sources [15–18]. This
process can occur both naturally as part of the hydrological cycle, but it can also be managed
through various anthropogenic interventions aimed at increasing infiltration or the injection
of water into aquifers. At the international level, Managed Aquifer Recharge (MAR), as it
is termed, is a proven and effective tool for increasing groundwater reserves [19–23], thus
improving resource quality, restoring piezometric levels, and also preventing processes
such as saltwater intrusion in coastal areas [15,24].

Traditionally, initiatives for artificial recharge have largely relied on water infiltration
through surface-built structures such as infiltration trenches, recharge wells, infiltration
basins, or in some cases small check dams in natural watercourses [25]. However, these
techniques have various limitations, which are mainly related to the implementation costs
and uncertainty regarding their performance in the presence of saturated conditions and
also their long-term functionality [26]. Significantly, water that infiltrates into the upper
parts of catchments does not always recharge the targeted aquifer, since groundwater
flows can follow complex pathways which are difficult to predict and furthermore have an
associated high uncertainty [27,28].

To address these limitations, the concept of direct well recharge emerged as a solution
whereby water is injected into the well at the same extraction points in order to partially
restore aquifer storage [29]. A suitable water source is needed for this purpose, and
one possibility is by using rainwater harvesting, which allows significant volumes to be
collected during winter for subsequent use [30–32]. This alternative water source provides
suitable water quality when appropriate systems are utilized, and more positively, is not
subject to water-rights regulations, facilitating its implementation in experimental projects.

In this context, researchers from the Universidad de Talca, in collaboration with aca-
demics from the Universidad de Concepción and the Universidad Católica de la Santísima
Concepción, initiated in 2023 the project “Rainwater harvesting and well recharge for
agricultural use”, funded by the Regional Government of Ñuble. This research evaluates
aquifer recharge through rainwater harvesting and direct injection into rural wells.

The initiative responds to the sustained decline in precipitation that central Chile has
experienced in recent years and the subsequent drop in piezometric levels. This situation
is particularly critical in the Ñuble Region, which is located in central Chile, approxi-
mately 400 km south of Santiago, and where agriculture, forestry, and tourism account
for approximately 20% of regional employment [33]. The region forms part of Chile’s
Mediterranean-climate zone, which has experienced significant reductions in precipitation
during recent decades and has become one of the country’s most vulnerable areas in terms
of water scarcity.

The impact of climate change is expected to further exacerbate this scenario, with
almost all projections suggesting a greater water stress in Chile [8,9] and potential increases
in the temporal concentration of rainfall events [34], although the magnitude and local
characteristics of these projected changes remain uncertain. The rainwater harvesting
systems (RWHS) described in this work are structures that comprise a catchment area (Ac),
a conveyance system, and water storage [30,35], and represent a promising alternative for
addressing the water crisis [36–38]. By combining this with direct aquifer recharge, the
potential to support rural water security is improved, given a wide range of possible future
climatic conditions or scenarios.
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2. Materials and Methods
2.1. Study Area

The study area is located in the Ñuble Region of central Chile, approximately 400 km
south of Santiago, the country’s capital, between latitudes 36◦00′ S and 37◦12′ S (Figure 1).
Ñuble covers approximately 13,200 km2 and is one of Chile’s most important agricultural
regions, supporting extensive crop production, livestock farming, and forestry activities.
The region encompasses two major river basins: the Maule River basin to the north and
the Itata River basin in the central portion, the latter covering the largest regional extent.
Because local economies depend heavily on water-intensive activities and have been
affected by prolonged drought conditions, the region provides a representative case study
for evaluating strategies aimed at improving rural water security in central Chile.

Figure 1. Map of the study area. (a) Watersheds within the study area; (b) elevation map of the Ñuble
Region (DEM); (c) mean annual precipitation in the Ñuble Region; and (d) climate classification of
the Ñuble Region.

According to Sarricolea et al. [33], the predominant climate is Mediterranean with
winter rainfall (Csb) in the central valley, with altitudinal variations in the Andes range (Csb
[h]) and maritime influence along the coast (Csb [i]). Mean annual precipitation exhibits
high variability both latitudinally and longitudinally, with the highest values concentrated
in the Andes (Figure 1).

2.2. Well Selection

Beneficiary wells were selected based on criteria derived from a hydrogeological char-
acterization that included analysis of aquifer depth, transmissivity, existing wells, pumping
rates, natural recharge zones, and groundwater levels as of 2023. Two analysis zones were
thus delineated according to high and low transmissivity; the latter being considered the
area of interest as it would yield greater local recharge benefits by concentrating infiltration
rates at the selected wells.

Subsequently, once the area of interest was defined and with the assistance of PRODE-
SAL professionals from the respective municipalities, 12 wells were visited, georeferenced,
and characterized. Candidate wells were first screened according to four selection criteria:
location in a low-transmissivity area, agricultural use, owner availability, and with at
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least 500 m2 available for system installation were considered. The wells meeting these
criteria were then evaluated using a weighted score based on well type (30%) and depth
(70%). Finally, the wells were evaluated according to the beneficiary’s capacity to oper-
ate the rainwater harvesting and recharge system and the technical suitability of each
well for installation of the system. Wells that met these requirements were selected for
implementation.

2.3. Rainwater Harvesting System Design

The hydrological design of the works accounted for precipitation variability in the
study areas (Figure 1c), the effects of the mega-drought [34–37] and the potential volume to
be harvested [30,32,38].

For this, the sampling points were georeferenced and cross-referenced with the DGA
(General Water Directorate) rain gauge station layer, enabling identification of the stations
with records closest to each point (Figure 2).

Figure 2. Rain gauge stations within the study area.

Selection also considered the number of records available within the standard period
(1991–2020), excluding stations with less than 80% completeness (i.e., fewer than 24 years
of data). In order to better capture and understand the spatial distribution of precipitation,
Inverse Distance Weighting (IDW) interpolation was used to predict between the selected
stations and the planned systems, retaining only stations located within a 30 km radius
(Figure 2).

These procedures described above facilitate the characterization of the temporal and
spatial variability of the precipitation, while also ensuring that the estimated values ade-
quately represent the study area.
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2.3.1. Frequency Analysis

The estimated annual time series data were processed using a frequency analysis to
estimate the Cumulative Distribution Function (CDF) that best represents the observed
data [39]. The distributions tested in this work are listed in Table 1. Frequency analysis was
carried out using R software version 4.5.3 [40].

Table 1. Cumulative distributions tested.

CDF Formula

GEV F(x) = e−[1+ ξ(x−µ)
σ ]

− 1
ξ

GEV Type I: Gumbel F(x) = e−e−
(x−β)

α ξ = 0

GEV Type II: Frechet F(x) = e−[1+ ξ(x−µ)
σ ]

− 1
ξ

ξ > 0

GEV Type III: Fisher-Tippett F(x) = e−[1+ ξ(x−µ)
σ ]

− 1
ξ

ξ < 0
Log-normal F(x) = 1

2 + 1
2 er f

(
ln(x)−µ

σ
√

2

)
Log-Pearson III F(x) = (λβ(ln(x)−ε)β−1e−(ln (x)−ε))

xΓ(β)

Normal F(x) = 1
2

[
1 + er f

(
x−µ

σ
√

2

)]
Generalized Normal F(x) = 1

2 + sgn(x − µ) 1
2Γ

(
1
β

)γ

(
1
β ,
(∣∣∣ x−µ

α

∣∣∣)β
)

2.3.2. Goodness-of-Fit

Traditional goodness-of-fit tests in statistics, for example, those suggested by Legates
and McCabe [41], include the Nash–Sutcliffe efficiency (NSE), root mean square error
(RMSE), mean absolute error (MAE), quantile–quantile (Q–Q) plots, and probability–
probability (P–P) plots. These, among others, are used to quantify the performance of
the different models proposed. Distribution selection was based on a combination of not
just statistical but also graphical criteria. The Nash–Sutcliffe Efficiency (NSE) coefficient
was used as the primary quantitative metric, while Probability–Probability (P–P) plots were
used for visual assessment of the agreement between observed and estimated cumulative
probabilities. The distribution with the highest NSE value and the best agreement to the 1:1
line in the P–P plots was selected for each site. Uncertainty for the estimated design rainfall
values was determined using bootstrap resampling [42], from which confidence intervals
were generated for the quantile associated with a non-exceedance probability of 0.1.

These tools allow identification of whether the variability explained by the model is
adequate (NSE > 0.9) and whether the observed and estimated probabilities follow similar
distributions [43]. The application of these goodness-of-fit tests is described below:

NSE = 1 − ∑(y − ŷ)2

∑(y − y)2 (1)

where y, ŷ, and ȳ represent the observed probabilities, those estimated by the CDF, and
the observed mean, respectively. The P–P plot is interpreted visually. An adequate fit is
indicated when the estimated values fall close to the line of perfect agreement, i.e., a 1:1
relationship, as previously mentioned.

2.3.3. Design Rainfall and Catchment Area

The steps described above enable selection of the best-fitting CDF—that is, the one
that most accurately represents the observed data according to the goodness-of-fit tests.
Once the CDF is selected, the value of the random variable can be estimated for different
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probabilities. For the RWHS design, Sangüesa Pool and Vallejos Carrera [38] indicate that
a non-exceedance probability of 0.1 corresponds to a return period of approximately 1.1
years; that is, the projected design rainfall will be equaled or exceeded in 9 out of every
10 years. Additionally, the confidence interval associated with the probability of 0.1 was
generated for each CDF selected using the bootstrap technique.

The catchment area of the rainwater harvesting systems is designed from the design
rainfall estimated from the CDF. Equation (2) takes as inputs the required volume in m3, the
design rainfall in meters, and the runoff coefficient. The latter depends on the geomembrane
material used, with values ranging from 0.8 to 0.9 [30,31,38,44].

Catchment area (m2) =
Volume

(
m3)

P(m)× C
(2)

Once the catchment area size was determined, its shape was designed. This involved
consideration of site conditions and available surface area, as well as the dimensions of the
materials and equipment to be used.

For the present project, catchment areas were designed taking into account the fact that
geomembrane is commercially available primarily in rolls of 7 m width by 100 m length.

2.4. Implementation of Works and Recharge System

The basic design of the works, calculated in the preceding steps, was assessed in
the field to adapt it to site conditions, modifying the shape of the catchment area while
maintaining the estimated total area.

Once the design was finalized, hydraulic connections were made between the catch-
ment areas, storage tanks, recharge wells, and irrigation systems using pipes. Operational
tests were subsequently conducted at each system, with no leaks or pressure losses de-
tected. Furthermore, to prevent water contamination by solid material, a filter was installed
between the catchment area and the water storage tank. Additionally, the drain was left at
a height of 2 cm to allow solids to settle before entering the storage tank.

Additionally, pumps were installed for water mobilization according to the energy
availability at each site. Photovoltaic solar pumps were installed at Coihueco and San
Carlos due to their distance from the electricity grid. At Ñiquén, a conventional electric
pump was installed to transfer water from the storage tank to the recharge well, utilizing
the available grid connection. For the irrigation systems, Ñiquén and Coihueco used
pre-existing pumps, while a new electric pump was installed at San Carlos.

2.5. Hydrogeological Characterization of the Territory

During the project, a literature-based conceptualization of the hydrogeological and
geological characteristics of the study area (comprising the municipalities of San Fabián,
Ñiquén, Coihueco, and San Carlos) was conducted. DGA studies [45–47] were consulted,
enabling identification of the main hydrogeological unit: an unconfined, free-water sedi-
mentary aquifer formed by alluvial, colluvial, and fluvial processes, occupying the flood-
plains of the main rivers and their surroundings in a fan-shaped pattern oriented east–west.
This formation was found to extend beyond the study area boundaries to the west, north,
and south, sharing groundwater resources with other municipalities such as Chillán, Pinto,
Ninhue, Parral, and Cauquenes. To characterize the specific geological context of the Inter-
mediate Depression in the Ñuble region, works by Gajardo [48], Muñoz and Niemeyer [49],
and Sernageomin [50] were reviewed, enabling identification of the main sedimentary
deposit and low-consolidation rock units: the Mininco Formation (PPlm), composed of
tuffaceous sandstones, siltstones, and conglomerates with interbedded claystones and tuffs
of Pliocene age; and the La Montaña Formation (PlHlm), described as glacial moraine
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and fluvioglacial deposits of Pleistocene to Holocene age, composed of clays, sands, and
gravels of volcanic and granitic composition. On the western margin of the Intermediate
Depression, forming its orographic boundary, consolidated rocks belonging to the Coastal
Batholith (CPg) are recognized, composed of Palaeozoic granitic rocks overlain by a devel-
oped weathering mantle [51], together with rocks of the Pocillas–Coronel de Maule Strata
unit (Tr1m) of Upper Triassic age, including slaty mudstones, sandstones, quartziferous
conglomerates, lavas, and andesitic breccias (Figure 3).

 

Figure 3. Geology of the study area. Modified from Gajardo [48] and Sernageomin [50].

2.6. Water-Level Trends Based on Regional Data and Well Analysis

To characterize the behavior and status of the region’s aquifers, groundwater level
records from the General Water Directorate (DGA) monitoring network were analyzed.
Station selection involved a combined assessment of their characteristics, location, and
data quality, including only those with a continuous record of 10 years or more, in order to
determine water-level trends in the aquifers of the intermediate depression. At the local
scale, monthly water-level monitoring was carried out around the research sites over a
one-year period to construct local piezometric gradient maps and determine groundwater
flow directions and gradients.

Additionally, electrical resistivity tomography (ERT) surveys were carried out at the
selected wells to characterize subsurface structure and the distribution of hydrogeological
units at each site. ERT profiles were acquired using a Wenner–Schlumberger array with
37 electrodes spaced at 5 m intervals, with signal quality control and stacking, and data
processing and inversion using smooth-constraint least squares [52–54].

2.7. Water Quality

Water-quality analyses were conducted on samples collected from both the recharge
wells and the harvested rainwater stored in the storage containers prior to injection. The
objective was to verify that the quality of the recharge water was equal to or better than that
of the receiving groundwater, consistent with groundwater-recharge requirements in Chile.
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To reduce the introduction of suspended solids, a sediment filter was installed between
the catchment area and the storage system. Furthermore, the outlet pipe was positioned
approximately 2 cm above the bottom of the hydroaccumulator to promote sedimentation
of particulate matter before water entered the recharge well. Samples were collected from
both the wells and the RWHS storage tanks.

Finally, injection tests were conducted at the selected wells to estimate the recharge
rate and assess the feasibility of this technique as a water-management measure.

2.8. Use of AI

Artificial intelligence tools (ChatGPT 5.4) were used to ensure proper English and
assist with expressing thoughts and ideas within the manuscript.

3. Results
3.1. Selected Wells

The 12 prospected wells were assessed using the selection rubric, with wells 1, 2, 3, 4,
and 6 identified as the five candidates, from which wells 1, 2, and 3 (Ñiquén, San Carlos
and Coihueco) were ultimately selected as the most suitable for implementing the recharge
system, based on the hydrogeological characteristics of the area and enabling operational
factors for construction and system management, presenting the greatest hydrogeological
and operational potential to ensure the success of the project.

3.2. Precipitation Estimation

Based on the selection criteria defined in the methodology, six rain gauge stations were
selected, distributed between latitudes 36◦ S and 37◦ S. These stations are located primarily
in the Ñuble Region, with the inclusion of one additional station from the Maule Region
(Table 2).

Table 2. Distance between rain gauges and wells.

Well Rain Gauge Distance (km) Selected

Ñiquén

Quella 14.6 Yes
Millauquén 15.5 Yes

Parral 18.3 Yes
Mangarral 28.7 Yes

Bernardo O’Higgins Chillán A.D. 45.3 No
Chillán Viejo 51.0 No

Coihueco Embalse 55.3 No
Mayulermo 72.0 No

San Carlos

Millauquén 12.7 Yes
Mangarral 17.1 Yes

Quella 22.0 Yes
Parral 29.8 Yes

Bernardo O’Higgins Chillán A.D. 38.9 No
Chillán Viejo 42.6 No

Coihueco Embalse 53.8 No
Mayulermo 67.3 No

Coihueco

Coihueco Embalse 3.3 Yes
Mayulermo 19.0 Yes

Bernardo O’Higgins Chillán A.D. 20.2 Yes
Chillán Viejo 26.6 Yes
Millauquén 41.8 No

Parral 51.3 No
Mangarral 65.4 No

Quella 70.4 No
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Based on spatial cross-referencing between the sampling points and the DGA rain
gauge stations, the nearest stations to each point were identified. From the stations identi-
fied (Table 2), only those with at least 24 years of data within the standard period 1991–2020
(≥80% completeness) were retained. Subsequently, for each planned system, only the sta-
tions located within a 30 km radius were considered in the analysis. The Inverse Distance
Weighting (IDW) method was then applied using the stations that met both criteria.

Based on this matrix, precipitation was spatially estimated for each selected well.
The procedures described allow for characterizing the temporal and spatial variability of
precipitation, ensuring that the estimated values adequately represent the study area. As a
result, the spatial interpolation generated three 30-year data series for each selected point,
which were used in the frequency analysis (Table 3).

Table 3. Estimated precipitation for each study area.

Year
IDW Precipitation (mm)

Year
IDW Precipitation (mm)

Ñiquén San Carlos Coihueco Ñiquén San Carlos Coihueco

1991 879.9 879.9 1332.0 2006 1013.6 1054.2 1725.7
1992 1264.8 1202.8 1971.8 2007 516.9 552.1 930.0
1993 844.5 820.0 1646.1 2008 913.7 927.7 1242.4
1994 661.4 681.0 1339.8 2009 758.5 788.7 1386.7
1995 780.0 798.7 1351.3 2010 539.3 586.4 928.2
1996 604.7 613.4 986.7 2011 642.5 648.8 1253.6
1997 1108.8 1160.8 1723.2 2012 687.0 767.7 1092.2
1998 361.5 390.9 662.2 2013 554.0 571.8 1061.0
1999 746.8 788.6 1293.8 2014 834.3 849.2 1609.6
2000 916.2 937.8 1709.7 2015 762.8 833.8 1425.5
2001 996.7 1071.9 1977.5 2016 411.3 415.6 707.6
2002 1251.3 1296.4 2118.3 2017 843.6 864.9 1605.9
2003 558.6 619.0 1156.4 2018 427.4 427.4 780.1
2004 805.1 850.4 1472.3 2019 473.9 473.9 632.8
2005 991.6 1042.6 1747.7 2020 572.5

3.3. Goodness of Fit Metrics

The goodness-of-fit test results show that the Fisher–Tippett type III distribution best
describes the data, according to the Nash–Sutcliffe efficiency (NSE) values above 0.95 for all
three study areas (Table 4). Consistently, the P–P plots show values tightly aligned with the
1:1 line (Figure 4), which further confirms the quality of the fit. As such, it was determined
that this distribution is appropriate for modeling annual precipitation in the study areas.

Figure 4. P–P plots for the study area.
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Table 4. Goodness-of-fit test results.

Site Selected
Distribution NSE Design Rainfall P = 0.1

(mm)
95% Confidence
Interval (mm)

Ñiquén Generalized Normal 0.98 442.1 374.8–558.6
San Carlos Fisher–Tippett III 0.98 456.5 397.5–593.6
Coihueco Fisher–Tippett III 0.98 694.4 594.6–951.4

From this fit, design rainfall values associated with an exceedance probability of
0.1 (return period of approximately 1.1 years) were estimated as 442.1 mm for Ñiquén,
456.5 mm for San Carlos, and 694.4 mm for Coihueco (Table 4).

3.4. System Dimensions

Using the design rainfall and Equation (2), the catchment area for each system was
estimated. A practical constraint that was considered in determining the shape and size
of these areas was the commercial format of geomembrane material, which is sold in rolls
of 100 m length by 7 m width. For this reason, a structure width of 11 m was adopted,
equivalent to 14 m of material minus losses associated with welding and anchoring of the
rolls. The final dimensions are presented in Figure 5.

 

Figure 5. Catchment area dimensions of the RWHS.

3.5. Well Recharge

The structures used for injection at the three project sites were existing hand-dug
(noria-type) wells (Table 5), with depths between 5.8 and 11.0 m. At Ñiquén and Coihueco,
the wells are used for domestic supply and maintain a permanent water column, though this
water column fluctuates throughout the year. At San Carlos, the well is not in continuous
active use and dries up in summer.

Table 5. Description of wells used.

District Ñiquén San Carlos Coihueco

Well type Noria Noria Noria
Elevation (m.a.s.l.) 143 158 289

Diameter (m) 1.5 0.9 1.4
Depth (m) 7.9 11.0 5.9

Lining - Concrete rings -

3.5.1. Site Hydrogeology

The Ñiquén well is located within the Mininco Formation (PPlm, Figure 3), where
semi-consolidated sandy fine conglomerates were observed in the field, outcropping in
nearby areas attributable to this same unit. The piezometric surface, constructed from
data from 10 wells and the monitoring of three wells and two noria-type wells over one
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year, indicates convergent groundwater flow towards the northwest (N10◦ E, Figure 6),
consistent with the flow direction and channel orientation of the Perquilauquén River,
with a hydraulic gradient of 0.5%. A relatively uniform hydrogeological unit is identified,
composed of fluvial and alluvial sediments hosting an unconfined aquifer with water
levels between 2.6 and 7.6 m depth (Figure 7). Geophysical investigation using electrical
resistivity tomography (Figure 8) enabled characterization of the vertical structure of the
aquifer. In ERT1, a transition in resistivity values is observed in the first 12 m, with the upper
zone associated with volcanic rocks exhibiting low saturation, transitioning to increasing
saturation and lower resistivity at depth. At 22 m depth, low-resistivity anomalies appear
as vertical structures associated with the presence of water, consistent with the hydraulic
conductivity profile obtained from the seismoelectric test (SE, Figure 8c), which indicates
a peak contribution zone between 12 and 18 m depth. The ERT2 line shows a similar
distribution, with the first 10 m corresponding to a layer of volcanic rocks in a poorly
saturated clay matrix, underlain by saturated strata appearing as semi-vertical structures
exhibiting resistivity values between 10 and 63 ohm/m. The low-resistivity anomalies
extend to the deepest layer of the section obtained.

 

Figure 6. Groundwater flow direction at the Ñiquén site.
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Figure 7. Profile with a conceptual schematic at the project well site in Ñiquén.

Figure 8. Well tomography at Ñiquén. (a) Location of ERT1 and ERT2 transects; (b) seimoelectric
survey results; and (c) 2.5D representation of the tomography.

The San Carlos well is located in a contact zone between the Mininco Formation
(PPlm), Palaeozoic granitic rocks (CPg, Figure 3), and the Pocillas–Coronel de Maule Strata
(Tr1m), with sandstones of the latter unit observed in the field. Using eight water-level
measurements and with the monitoring of five points over one year, the piezometric surface
was constructed for the sector, indicating groundwater flow consistent with the topographic
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gradient, directed towards the Ñiquén River (N70◦ E, Figure 9), with a hydraulic gradient
of 0.7%. Two hydrogeological units are identified: a shallow unit composed of colluvial
or weathered sediments with partial saturation and seasonal behavior, and a deeper unit
associated with sedimentary rocks, with piezometric levels between 9 and 23 m depth
(Figure 10). Geophysical investigation using electrical resistivity tomography comple-
mented this characterization. In ERT1, a low-resistivity lens is observed beginning near
the surface and extending to approximately 7 m depth, with a longitudinal extent of up to
75 m. A well-defined structural contrast is evident between the first 90 m and the final 90 m
of the profile. The latter section shows greater weathering, with semi-vertical structures
exhibiting resistivity values between 60 and 100 ohm·m within a more resistive matrix
(Figure 11c). ERT2 shows a similar contrast, with a less resistive structural composition in
the first 90 m of the line and a more resistive composition towards the end. The images
indicate that the most saturated zone is located to the southeast relative to the intersection
of the two lines.

 
Figure 9. Groundwater flow direction at the San Carlos site.
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Figure 10. Profile of conceptual schematic at San Carlos well site.

Figure 11. Well tomography at San Carlos. (a) Location of ERT1 and ERT2 transects; (b) seismoelectric
survey results; and (c) 2.5D representation of the tomography.

The Coihueco well is located within the La Montaña Formation (PlHlm, Figure 3),
characterized by unconsolidated gravels, sands, and coarse material of fluvial and alluvial
origin, together with layers of brown and orange clays interbedded with lahar deposits.
Using water-level data from nine wells and with the monitoring of three noria-type wells
over one year, the piezometric surface was constructed for the sector, indicating ground-
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water flow in an approximate N15W direction (Figure 12) with a hydraulic gradient of
0.9%. A continuous permeable hydrogeological unit is identified, associated with an un-
confined aquifer with water levels between 4.5 and 8 m depth (Figure 13). Geophysical
investigation using electrical resistivity tomography enabled characterization of the vertical
structure of the aquifer. In this sector, both tomographies show a high-resistivity surface
layer extending to 14 m depth. The values observed in this layer are associated with fresh,
minimally weathered rock boulders embedded within a sand and gravel matrix. The upper
boundary of the groundwater-saturated zone occurs within this layer; however, below
14 m resistivity begins to decrease, indicating weathering or a change in stratal composition.
The lowest resistivity values are reached in the deepest layer, at approximately 30 m depth,
ranging from 100 to 30 ohm/m, which is interpreted as an increase in clay content. The
seismoelectric test exhibits an inflection point at approximately 20 m depth, consistent with
the pronounced gradient observed in the tomographic sections. The hydraulic conductiv-
ity curve (Figure 14c) also shows a less pronounced signal at approximately 40 m depth
interpreted as an additional permeable zone, within the low-resistivity layer identified in
the electrical tomographies.

 
Figure 12. Groundwater flow direction at the Coihueco site.
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Figure 13. Profile with a conceptual schematic at the project well site in Coihueco.

 
Figure 14. Well tomography at Coihueco. (a): Location of ERT1 and ERT2 transects; (b): seismoelectric
survey results; and (c): 2.5D representation of the tomography.

3.5.2. Recharge Tests

Water-quality test results confirm that the harvested rainwater exceeds the require-
ments of Chilean Standard NCh 1333 [55] and is of superior quality to the groundwater
present in the target wells. Once this was established, the injection tests could then be
subsequently conducted.

The system performance was evaluated using hydraulic injection tests using the
harvested rainwater stored in collection tanks. At all three sites, injection rates ranged
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between 0.9 and 1.4 L·s−1 (Table 6), and test durations ranged from 1 to 4 h, with the
shortest being at San Carlos and longest at Coihueco. In the days following the initial tests,
additional injection cycles were conducted at Coihueco and San Carlos, with the same flow
rates maintained.

Table 6. Results of the injection test.

Project Site Ñiquén San Carlos Coihueco

Injection rate (L·s−1) 0.97 1.42 0.92

Injection duration (min) 180 60 250

Total volume injected (m3) 10.5 5.1 13.8

Calculated transmissivity
(m2·d−1) 20.5 1.2 12.7

Available water column at end
of test (m) 5.18 0.46 3.67

Charts

0

1

0 100 200Le
ve

l f
lu

ct
ua

tio
n 

(m
)

Time (min)

0

2

4

6

8

10

0 50 100

Le
ve

l f
lu

ct
ua

tio
n

(m
)

Time (min)

0

1

2

0 100 200 300

Le
ve

l f
lu

ct
ua

tio
n 

(m
)

Time (min)

Estimated time for injection
of 80 m3 (6 h injection per day) 4–5 days >15 days 4 days

Volume injected
in September 2025

(m3)
42.1 5.1 43.7

4. Discussion
The results of this study suggest that rainwater harvesting systems constitute a vi-

able alternative for the collection and storage of good-quality water [31,32,38,44]. This is
particularly significant given the effects of climate change and the mega-drought affecting
central Chile. Moreover, the overexploitation of surface and groundwater resources has
reduced water availability, particularly in rural areas. In this context, rainwater harvesting
presents considerable potential both for increasing water supply and for contributing to
the recovery of aquifer equilibrium.

In this regard, González et al. [29] demonstrate the feasibility of harvesting and storing
rainwater for well recharge in the Biobío region. Their results indicate that, with appropriate
planning, i.e., sizing harvesting systems based on local precipitation data, it is possible to
collect the volumes required for storage. Furthermore, the use of design rainfall with an
exceedance probability of 0.1 represents an adaptation measure in response to the sustained
decline in precipitation in Chile [34,36,37,56], as it allows the structures to be oversized
relative to mean annual precipitation. A key aspect of RWHS design is the selection of
the probability distribution function (CDF), since an inappropriate fit to the precipitation
data will yield incorrect design rainfall values that could result in undersized structures.
Although the Gumbel distribution is commonly used in Chile [29,38,44], it does not account
for the non-stationary effects generated by climate change [57]. Consequently, return period
estimates will become inappropriate as non-stationarity becomes more pronounced in the
time series [58].
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In the field of aquifer recharge, Rivera-Vidal et al. [18] identified 15 recharge ex-
periments in Chile, conducted primarily in arid and semi-arid zones, with the greatest
concentration in the Atacama, Valparaíso, and Metropolitan regions. Reported recharge
rates ranged from 0.01 to 9.5 hm3, with the highest values in the Atacama Region.

In the Ñuble region, a recharge experiment conducted through irrigation canals of the
Diguillín River demonstrated high potential, reaching values of up to 1 hm3 per year [18,59].
Isotopic analyses confirmed that the water in nearby wells originated from these canals.
The CNR [60] also assessed the recharge potential in the area, noting that during summer
months recharge occurs primarily through canal losses and irrigation inefficiencies, whereas
in winter it occurs almost entirely from precipitation. In other words, during summer the
wells are fed predominantly by water from irrigation canals [60]. Furthermore, Alegría
Olivera [59], using modeling approaches, indicates that while a high recharge potential
exists in the Diguillín River basin, the contribution from the canals is essentially local in
nature, with recharge concentrated in the aquifers in close proximity to them.

During the project, a hydrogeological conceptualization was developed for the study
area, comprising the municipalities of San Fabián, Ñiquén, Coihueco, and San Carlos,
where the principal hydrogeological unit is an unconfined sedimentary aquifer formed by
alluvial, colluvial, and fluvial processes, occupying the floodplains of the main rivers and
their surroundings in an east–west oriented fan pattern [45–47]. This formation extends
beyond the study area boundaries to the west, north, and south and shares groundwater
resources with other neighboring municipalities including Chillán, Pinto, Ninhue, Parral,
and Cauquenes.

Existing wells are located in the alluvio–fluvio–colluvial aquifer. These are drilled to
varying depths and use different construction types and include: deep wells exceeding
30 m, trench wells of 7 to 10 m with areas between 20 and 30 m2, and noria-type wells of 5
to 10 m, all exploiting the same hydrogeological unit, which implies dependence on local
and regional water table levels and their interdependencies with pumping rates, recharge,
river–aquifer interactions, and springs [61,62].

A characterization of the sedimentary aquifer determined that it consists of uncon-
solidated sand and gravel deposits, unconfined in nature, formed during the Quaternary
period, differing depths varying between 5 and 120 m and an average of 55 m, with shal-
lower depths to the west and towards San Fabián (5–30 m) and increasing depths towards
the center (30–80 m), reaching up to 120 m in specific sectors [63].

Transmissivity ranges from 150 to 450 m2·day−1, with higher values in the central
zone, while the average groundwater depth reaches 7 m. Of note, a cone of depression
is present at San Carlos, with depths 20 m greater than average, which may be reversing
the natural flow towards high-interference pumping centers near the Ñuble River [64].
Hydrographs from DGA monitoring wells showed declining trends of approximately 5 m
since 2015 [65].

According to the Public Water Registry [66], the area contains 581 groundwater ab-
straction points with a total allocated flow of 18,886 L·s−1, distributed primarily between
irrigation (11,893 L·s−1) and domestic consumption (1343 L·s−1), with a conservative esti-
mated average pumping rate of 1889 L·s−1 annually. Natural recharge ranges between 54
and 871 L·s−1 on average for the period 2000–2020, being higher in the high-transmissivity
zone (326–871 L·s−1) and relatively lower elsewhere (54–109 L·s−1), with an estimated
average recharge rate of 1578 L·s−1 annually [67,68].

Based on the above, there is an aquifer imbalance of −311 L·s−1, indicating an unsus-
tainable state of the groundwater resource that strongly justifies the well recharge project
using harvested rainwater.
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As a study criterion, an area of interest with low transmissivity was defined to promote
local recharge, with 5 to 10 m of available storage space and a shallow aquifer depth, based
on the water table levels analyzed from existing monitoring wells [65].

While the present study demonstrates the technical feasibility of combining rainwater
harvesting with direct well recharge, successful implementation of this approach requires
careful consideration of groundwater-quality protection. Managed aquifer recharge projects
should not be evaluated solely on the basis of recharge rates or increases in groundwater
storage. The quality of the recharge water, along with the vulnerability of the receiving
aquifer, and also the potential for transport of contaminants must also be considered in any
deployment. Although harvested rainwater generally presents a lower contamination risk
than many alternative recharge sources, contaminants derived from atmospheric deposition,
roof materials, storage systems, or accumulated sediments may affect groundwater-quality
if adequate pretreatment measures are not implemented in the process. Therefore, it is
crucial that recharge projects include water quality characterization, compliance with appli-
cable drinking water and environmental standards, and long-term monitoring programs. In
some scenarios, it may be necessary to add additional treatment processes before recharge,
which would increase both operational complexity and project costs. As a result, the
feasibility of direct recharge systems should be assessed through a thorough integrated
evaluation of both hydraulic performance and water quality protection.

As with any hydrogeological research project, the results have an associated level of
uncertainty which originate from several sources. One quantitative source of uncertainty is
associated with the estimation of design rainfall through frequency analysis and spatial
interpolation of precipitation records. That said, in this project the process used datasets
with a long temporal time series of annual rainfall records and goodness-of-fit evaluations.
Further uncertainty arises from the limited monitoring period, which may not fully capture
interannual climatic variability or long-term aquifer responses. Qualitatively, groundwater
systems are inherently heterogeneous, and local variations in lithology, hydraulic conduc-
tivity, preferential flow paths, and aquifer connectivity are likely to influence recharge
efficiency and storage outcomes. Future climatic scenarios would also introduce further
uncertainty, and would include changes to projected rainfall magnitude, seasonality, and
intensity in central Chile. Therefore, the recharge rates and operational performance re-
ported in this study should be interpreted as site-specific pilot-scale results rather than
universally applicable in any context or timeframe. The findings specifically demonstrate
the technical feasibility of rainwater harvesting and direct well recharge, long-term moni-
toring and implementation at additional sites and how they would help reduce uncertainty
and improve confidence in regional-scale applications.

While the results of this pilot study are positive and provide an actionable workflow
for implementation, it should be noted that the system requires extended injection periods
and future ongoing monitoring so as to be more robustly able to quantify the effects of
managed aquifer recharge on groundwater recovery. These prolonged observation periods
would enable evaluation of the system response under diverse varying climatic conditions
and provide validation of the long-term viability of the proposed recharge strategy.

Finally, an important consideration when interpreting the results is the scale of imple-
mentation. The systems evaluated in this study were designed as pilot-scale installations
intended to support individual rural homes or small agricultural users through local rain-
water harvesting and direct recharge of existing hand-dug wells. The positive recharge rates
and operational performance observed under these conditions demonstrate the technical
feasibility of the approach implemented at a small scale. However, these results should not
be directly extrapolated to larger-scale applications. As system size increases, additional
factors affect the performance, such as cumulative recharge volumes, aquifer response,
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operational complexity, maintenance requirements, infrastructure costs, and water-quality
management, which may significantly influence project performance and feasibility. There-
fore, larger-scale implementations would require additional hydrogeological, economic,
and operational assessments before their viability can be determined.

4.1. Uncertainty and Climate Change Considerations

Despite the promising results obtained, several sources of uncertainty should be
considered when interpreting the findings and extrapolating them to other locations. Quan-
titatively, uncertainty is associated with the estimation of design rainfall through frequency
analysis and spatial interpolation of precipitation records, despite the use of long-term
datasets and goodness-of-fit evaluations. Additional uncertainty arises from the limited
monitoring period, which may not fully capture interannual climatic variability or long-
term aquifer responses. Qualitatively, groundwater systems are inherently heterogeneous,
and local variations in lithology, hydraulic conductivity, preferential flow paths, and aquifer
connectivity may influence recharge efficiency and storage outcomes.

An additional source of uncertainty is associated with future climate conditions. Al-
though most climate projections for central Chile suggest continued warming, increased
water stress, and changes in precipitation regimes, the magnitude, timing, and local ex-
pression of these changes remain uncertain. Consequently, future recharge opportunities
and system performance may differ from those observed during the study period. For this
reason, rainwater harvesting and managed aquifer recharge systems should be viewed as
adaptive strategies capable of increasing water security under a range of possible climate
scenarios rather than as solutions based on a single projected future condition.

These uncertainties do not alter the overall conclusion that rainwater harvesting
combined with direct recharge is technically feasible in the study area. However, they
highlight the importance of long-term monitoring, site-specific assessments, and adaptive
management approaches when implementing similar systems at larger scales.

Beyond its technical implications, the proposed approach is consistent with several
objectives of the United Nations 2030 Agenda for Sustainable Development. Indeed, the
combination of rainwater harvesting and managed aquifer recharge contributes to SDG 6
(Clean Water and Sanitation) by promoting sustainable management of water resources
and improving water availability for rural communities. The approach is also aligned
with SDG 13 (Climate Action), as it represents an adaptation measure that can increase
resilience to droughts and changing precipitation patterns associated with climate change.
These linkages highlight the broader societal relevance of nature-based and decentralized
water-management solutions in regions experiencing increasing water stress.

4.2. Limitations and Recommendations for Future Research

An important limitation of the present study is that the long-term hydraulic perfor-
mance of the recharge systems was not evaluated. Step-rate injection tests and detailed
head-versus-flow analyses were beyond the scope of this pilot-scale investigation and,
therefore, changes in injectivity over time could not be quantified. Although no operational
problems were observed during the recharge tests conducted in this study, managed aquifer
recharge systems may experience reductions in infiltration capacity due to physical, chemi-
cal, or biological clogging processes. Future studies should include long-term monitoring
programs incorporating repeated injection tests, continuous water-level measurements, and
assessments of clogging development to better understand the sustainability of recharge
performance under prolonged operation. Such information would be valuable for optimiz-
ing system design, maintenance requirements, and operational protocols for larger-scale
implementations.
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The results obtained in this pilot study should also be interpreted in the context of
seasonal hydrological variability. Studies conducted in the southern Caspian Sea have
shown that water-column structure, stratification, thermocline development, and mixed-
layer depth can vary substantially between seasons in response to changes in atmospheric
forcing and thermal conditions [69,70]. Although these studies were carried out in marine
environments, they illustrate the broader principle that hydrological systems are highly
dynamic through time and that observations collected during a limited monitoring period
may not capture the full range of seasonal variability. Consequently, long-term moni-
toring of recharge performance, groundwater levels, and water quality under different
climatic conditions would help further evaluate the robustness and scalability of rainwater
harvesting and direct well recharge systems in central Chile.

Importantly, while the results demonstrate the technical feasibility of collecting rain-
water and injecting it into existing rural wells, they should not be interpreted as evidence
of measurable aquifer recovery at the regional scale. The primary objective of this study
was to evaluate the operational viability of a pilot-scale recharge system under real field
conditions. The recharge volumes tested, the relatively short operational period, and the
absence of long-term post-injection monitoring limit the ability to quantify groundwater
storage gains or sustained changes in piezometric levels. Furthermore, the scale of the
pilot systems is substantially smaller than the regional groundwater deficit affecting central
Chile. Consequently, the findings should be viewed as proof of concept rather than direct
evidence of aquifer restoration. Future studies should evaluate larger-scale implementa-
tions, conduct medium- and long-term monitoring of groundwater-level responses, and
assess cumulative recharge effects across multiple systems to determine the extent to which
this approach can contribute to aquifer recovery and regional water security.

Although the present study focused on technical feasibility rather than economic
evaluation, the cost of materials for each pilot system was approximately CLP 5 million
(around USD 5000), with the total cost varying based on site characteristics and contract
type. A detailed breakdown of capital and operational expenditures was not available
because the systems were constructed through a single procurement contract. Previous
studies of rainwater harvesting systems in Chile have reported expected service lives of
approximately 20 years for geomembrane-based catchment structures when routine main-
tenance is performed [30]. Maintenance requirements are expected to be relatively low and
consist primarily of periodic cleaning of the catchment surface, removal of accumulated
sediments, inspection of hydraulic components, and maintenance or replacement of filtra-
tion elements when necessary. Future research should evaluate the long-term operational
costs, maintenance requirements, and economic performance of these systems to support
larger-scale implementation and decision-making processes.

Chile currently lacks a specific regulatory framework governing Managed Aquifer
Recharge (MAR) projects [71]. Nevertheless, the General Water Directorate (DGA) generally
requires that injected water exhibit a quality equal to or better than that of the receiving
groundwater. This principle was adopted in the design and evaluation of the present
pilot systems. Water-quality analyses were conducted on both harvested rainwater and
groundwater samples prior to injection to verify compatibility. Furthermore, sedimentation
and filtration components were incorporated into the recharge systems to minimize the
introduction of suspended solids into the wells. Although no dedicated disinfection
system was included because the harvested rainwater met the established water-quality
criteria for the pilot tests, future large-scale implementations intended for potable-water
applications should incorporate comprehensive microbiological monitoring and, where
necessary, additional treatment measures to address pathogen risks and comply with future
regulatory requirements.
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The hydrological design of the harvesting systems was based on conventional fre-
quency analysis of historical precipitation records and therefore assumes stationarity in
rainfall behavior. Although this approach is consistent with the methodology proposed by
Unesco [44], future climatic conditions may differ from those represented in the historical
record, particularly in central Chile where prolonged drought conditions and changes in pre-
cipitation patterns have been documented. To partially account for water-scarce conditions,
the systems were designed using a precipitation value associated with a non-exceedance
probability of 0.1, representing a relatively conservative design criterion. Likewise, runoff
coefficients were selected from values reported in the literature for geomembrane-based
catchment systems and were not subjected to formal sensitivity analysis. Future studies
should evaluate the effects of non-stationary precipitation trends, alternative climate scenar-
ios, and uncertainty in runoff coefficients on system performance and design requirements.

An additional limitation of the present study is that geophysical surveys were con-
ducted only for site characterization and were not repeated during recharge operations.
Time-lapse Electrical Resistivity Tomography (ERT) has the potential to provide valuable in-
formation on recharge pathways, the spatial distribution of infiltrated water, and temporal
variations in aquifer saturation during and after injection events. Such information would
improve understanding of recharge processes and help validate conceptual hydrogeological
models. Although budgetary constraints prevented implementation of time-lapse moni-
toring within the present pilot study, this approach is being considered for future phases
of the project and could provide important insights into the effectiveness and behavior of
managed aquifer recharge systems under field conditions.

Although the implemented systems demonstrated satisfactory operational perfor-
mance, the present study did not include continuous monitoring of rainfall capture, storage
dynamics, conveyance losses, or recharge volumes at the event scale. Consequently, a
complete seasonal water balance could not be established. Based on the precipitation
recorded during 2025 and the design capacity of the systems, the storage reservoirs were
estimated to have reached full capacity approximately twice during the year, providing
an additional water source during the dry season and supporting small-scale agricultural
activities. Nevertheless, quantification of capture efficiency, storage turnover, and recharge
effectiveness requires dedicated monitoring programs capable of tracking water volumes
throughout individual rainfall events and across multiple years. Such information would
improve assessments of system reliability and support future optimization of rainwater
harvesting and managed aquifer recharge designs.

A limitation of the present study is the absence of groundwater-level monitoring
during and immediately after recharge operations. Consequently, although the injection
systems demonstrated satisfactory operational performance, it was not possible to quantify
groundwater mounding, determine the spatial extent of recharge, or evaluate short-term
changes in aquifer storage associated with individual injection events. Future studies
should incorporate dedicated observation wells and continuous groundwater-level moni-
toring before, during, and after recharge events to quantify aquifer responses and improve
understanding of recharge dynamics under field conditions.

5. Conclusions
This study evaluated the feasibility of combining rainwater harvesting systems with

direct recharge into existing rural wells as a strategy to improve water availability in the
Ñuble region of central Chile. The hydrogeological characterization identified suitable
aquifer conditions at the selected sites, while the hydrological design enabled the construc-
tion of rainwater harvesting systems adapted to local precipitation regimes and operational
constraints. The implemented systems successfully collected, stored, and injected harvested
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rainwater into existing wells, achieving injection rates ranging from 0.9 to 1.4 L·s−1 and
demonstrating that the physicochemical quality of the harvested water was compatible
with groundwater recharge.

The results confirm the technical and operational feasibility of this approach at pilot
scale and demonstrate its potential as a locally applicable water-management alternative for
rural communities affected by water scarcity. However, the recharge volumes evaluated, the
duration of the operational trials, and the absence of long-term post-injection monitoring do
not allow a quantitative assessment of groundwater storage recovery or sustained changes
in aquifer conditions. Consequently, the findings should be interpreted as proof of concept
rather than as evidence of measurable aquifer recovery at the regional scale.

Future research should focus on larger-scale implementations, longer monitoring
periods, and the evaluation of groundwater-level responses under repeated recharge cycles.
Such studies would allow assessment of the cumulative effects of recharge, the long-term
performance of the systems, and their potential contribution to groundwater management
and rural water security under increasingly variable climatic conditions.

Finally, the proposed approach is also consistent with the objectives of the United
Nations 2030 Agenda, specifically SDG 6 (Clean Water and Sanitation) and SDG 13 (Climate
Action), by promoting sustainable water management and strengthening climate-change
adaptation in rural communities.
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