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ABSTRACT	
  
The Chancay-Huaral (CH) river basin is located in the coastal region of Peru. The main economic activity in the
area is agriculture and the majority of the crops are located on the border with the Pacific Ocean. Climate change
has been responsible for considerable variations on the Chancay River’s flow. Most of the water used in agriculture
is taken from this river (82%) and only a small fraction from wells or springs, thus, climate change is influencing the
productivity of the region by changing its water supply. In this study, the groundwater resources of CH were
evaluated by simulating a groundwater flow model in MODFLOW. It was possible to understand the water balances
and fluxes of the aquifer, by developing a numerical model, and determine that infiltration from the river and
agricultural fields are the most important sources of recharge to the groundwater reservoir. Moreover, that a
significant amount of groundwater is lost to the ocean. Two management options were simulated: increase
groundwater exploitation on the existing wells, by replacing part of the river uptake; and increase irrigation and
agriculture efficiency. These simulations revealed that by adopting more sustainable water practices it is possible to
meet the local water demands, reduce the loss of groundwater to the ocean, preserve the ecological river flow and
maintain the current groundwater levels along the aquifer.
Keywords: Groundwater modelling, Coastal Aquifer, MODFLOW, Stochastic Simulation, Sustainable Water Use

1.

Introduction	
  

The impact of climate change in water resources
was emphasized in the most recent and previous reports
by the Intergovernmental Panel on Climate Change –
IPCC (IPCC, 2014). The effects can be in terms of its
availability and also quality. Several other processes
such as economic development, population growth and
land use change have had, together with climate change,
a large influence on water resources management
(Brekke et al., 2009).
Peru is one of the most vulnerable countries to
climate change. It is a country with regular high
temperatures and faces frequent droughts due to the El
Ninõ phenomena, which is responsible for a frequent
climate variability (IPCC, 2007). Additionally, it has 70%
of its population and economic activities concentrated in
the desert coast of the Pacific Ocean. This is also the
place where most of the agricultural fields are located,
thus, where high water demands are situated (IPCC,
2007; Peru Support Group, 2013).
The CH river basin is located on the arid coastline of
Peru (Figure 1). Several authors have studied the
impacts of climate change in this region (TYPSA, 2012;
ANA, 2013; Barreiras et al., 2013; AMEC Environment &
Infrastructure UK Limited, 2015; SENAMHI, 2015;
Olsson et al., 2017). These studies were made with

hydrological models and the application of different
climate change scenarios. They evaluated the impact of
future climate trends on surface water bodies and how
these will affect the water supply in the river basin.
However, there was no linkage with a hydrogeological
model, meaning that the impact on groundwater
resources was not quantified.
In fact, until now there is no record of a modelling
work done in the CH aquifer. Furthermore, the
hydrogeological studies are scarce and incomplete. The
National Water Authority of Peru (Autoridad Nacional del
Água – ANA) and the CH Water Resources Council
(Consejo de Recursos Hídricos de Cuenca Chancay
Huaral – CRHCCH) recognize the importance of
developing a complete hydrogeologial study in order to
quantify the groundwater resources (ANA-DCPRH, 2011;
CRHCCH, 2015). The lack of complete and reliable data
is considered (SENAMHI, 2015) the reason why a
hydrogeological study has not been done.
The main objective of the present study is, thus, to
understand the water balances and fluxes of
groundwater in the CH aquifer by applying a numerical
flow model (MODFLOW). Additionally, will be
investigated two adaptation strategies to sustainably
meet local water demands in the present and future
affected by climate change.

Figure	
  1.	
  Chancay-‐Huaral	
  river	
  basin	
  (Autoridad	
  Nacional	
  del	
  Agua,	
  no	
  date).	
  

2. Study	
  Area	
  
Location	
  and	
  climate	
  
The CH river basin is located on the central
Peruvian coastline, 60 km away from the capital, Lima. It
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accounts for a total area of 3 480 km (of which 3 046
2
km are the river basin of the Chancay River and the
remaining area inter-basins). Administratively it accounts
for twelve districts (ANA, 2013) and 656 population
centres.
The river basin exhibits great altitude variations,
ranging from 0 meters in the western limit to 5000 meters
in the eastern range. This variability and its proximity with
the Pacific Ocean and the Andean Cordillera are
responsible for a big climatic variability. Different
microclimates can be found along the basin: from an arid
and warm climate, until 2000 m of altitude, to a humid
and cold microclimate at 4 800 meters (ONERN, 1969 as
cited in SENAMHI, 2015). The average annual
o
o
temperature along the basin ranges from -1 C until 20 C,
being July and August the months with the lower
temperature and February and March the ones with
higher temperature registered (SENAMHI, 2015).
The precipitation rates are also higher in the region
at higher elevation, with a maximum mean annual range
of 590-753 mm. At the border with the Pacific Ocean this
range is from 18 mm up to a maximum of 148 mm. The
months with higher precipitation rates are December,
January and February and the driest are June, July and
August (SENAMHI, 2014).

Geology	
  
The CH river basin is mostly composed of igneous
rocks from the Tertiary (Tsv and KTi) - Figure 2. At
higher altitudes (eastern section of the river basin)
sedimentary formations from the Paleogene - Neogene
(Tsa and Tcr), Upper Cretaceous (Km) and Lower
Cretaceous (Ki) can be found. At lower elevations, more
recent sedimentary formations (Quaternary) are present:
Eolic (Qe), Marine (Qm) and alluvial (Qal) deposits. The
last is the geological formation of most interest for this
study since it is where the groundwater is stored.

Figure	
  2.	
  Geological	
  map	
  of	
  the	
  CH	
  river	
  basin	
  (with	
  no	
  information	
  
on	
  the	
  inter-‐basins)	
  (Adapted	
  from	
  ANA,	
  2013).	
  

The alluvial deposits are flat terrains located on the
Chancay River’s banks, in its alluvial plain and its
tributaries (ONERN, 1969), and their formation was
caused by the deposition of sediments transported by the
river. Are composed of silt, sand, gravel and pebble of
different sizes and, due to distinct fluvial currents, their
deposition led to the formation of two different layers. A

layer of high permeability on the top (between 30 to 50
m) and one with lower permeability at the bottom (depths
higher than 210 m) (ANA, 2001).

Hydrology	
  
The Chancay River is originated in the confluence of
the Vichaycocha and Chicrín rivers (Figure 1). Along its
course it receives contributions from other sub-basins
such as the Baños, Cárac, Añasmayo, Huataya and
Orcón basins (ANA, 2013). It has an average annual flow
3
of 16 m /s, according to the information collected from
1964 to 2009 (Junta de Usuarios Chancay-Huaral as
cited in Barreiras et al., 2013), it is 89,77 km long (ANADCPRH, 2011) and approximately 50 m wide (based on
Google maps measurements). The river exhibits a
extremely irregular hydrological regime due to the
precipitation variability, the melting of the Andean
glaciers and the controlled reservoirs’ system located
upstream in the river basin (SENAMHI, 2015). The
period with higher flows is from December to April (with a
3
maximum registered of 45 m /s in March) and the drier
period from May to November (with a minimum flow of 5
3
m /s) (Barreiras et al., 2013; SENAMHI, 2014).
In the most recent years the Chancay River has
been facing several threats due to population growth,
increase of agricultural areas and other economic
activities. The deterioration is higher on the downstream
part of the river and it is/was driven by factors such as: 1)
non-controlled hydroelectric power stations, which affect
the fluvial ecosystems; 2) water contamination from
wastewater, industrial, agricultural and livestock
products; 3) over abstraction along the river (ANA, 2013).

Demography	
  and	
  economic	
  activities	
  
The CH river basin has 190 000 inhabitants, being the
most populated cities Huaral (100 436), Chancay (61
790) and Aucallama (19 502) (INEI, 2015). The main
economic activities in the region are agriculture,
livestock, fishing, commerce and services, and the
energetic and industrial sectors (ANA, 2013) - Figure 3.
Agriculture is the most important sector of the
productive structure in this region and it also supplies the
city of Lima (SENAMHI, 2014). In total there are 33 000
ha of agricultural areas in the river basin (ANA and
MINAGRI, 2013), of which, 21 800 ha are located on the
downstream region (ANA, 2013). In this area the type of
agriculture practiced is mainly intensive and the annual
3
water consumption is 277 hm /year (91% of the total
water consumption for agriculture in the region)
(CRHCCH, 2015). The water used is primarily taken from
the Chancay River (82%), 2% is groundwater and the
remaining fraction from springs (CRHCCH, 2015).

Figure	
  3.	
  Location	
  of	
  the	
  main	
  economic	
  activies	
  along	
  the	
  river	
  
basin	
  (ANA,	
  2013).	
  

Water	
  resources	
  in	
  the	
  present	
  and	
  future	
  
The Chancay River is not only the biggest source of
water for the agriculture sector but also an important
source (47%) for the cities and population centres in the
river basin (CRHCCH, 2015). However, the supply is not
constant during the year leading to water shortages from
October to December, when the river’s flow is lower
(ANA, 2013). This supply is expected to be even lower in
the future due to climate change.
Several authors have studied the effects of this
climatic event on the CH river basin (TYPSA, 2012; ANA,
2013; Barreiras et al., 2013; AMEC Environment &
Infrastructure UK Limited, 2015; SENAMHI, 2015;
Olsson et al., 2017) and concluded that the hydrologic
regime of the Chancay River would be altered due to
climate change. During the wet season the river’s flow is
expected to increase and decrease during the dry
season (Olsson et al., 2017). The effect of these
modifications is that during the dry season the water
supply in agricultural areas is not guaranteed, leading to
deficiencies and problems in the region’s productivity
(Barreiras et al., 2013; SENAMHI, 2015). Moreover, the
agricultural areas located in the intersection between the
Chancay river and the Órcon stream (Figure 1) are the
ones with a higher drought risk (ANA, 2013).
According to ANA (2013), until 2013 there was no
record of a prevention and adaptation plan to climate
change in the CH river basin. In the same document, the
author emphasises the importance of developing a plan
of this type and suggest the following interventions:
valorisation of studies that characterize climate change,
geology and floods in the area; knowledge strengthening
on the dynamics of the river basin; governance
awareness; adoption of sustainable water use practices
and of conservation of the environment (ANA, 2013).

Hydrogeology	
  

The recharge of the CH aquifer is through the
riverbed of the Chancay River and its tributaries, by
infiltration from agricultural areas on the lower region of
the river basin, by the scarce precipitation that reaches
the area, by the runoff from the higher humid regions of
the river basin and by the infiltration from non-sealed
irrigation channels (ANA, 2013; SENAMHI, 2015).
As mentioned earlier, were carried out pumping
tests in 21 wells located on the western region of the
alluvial deposits, which provided the transmissivity (T)
values (ANA, 2001). Table 1 shows the basic statistics of
this hydraulic property on the CH aquifer.
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Table	
  1.	
  Basic	
  statistics	
  of	
  the	
  T	
  (m /s)	
  values	
  measured	
  in	
  21	
  wells	
  
and	
  twice	
  in	
  one	
  of	
  them.	
  
Figure	
   4.	
   Alluvium	
   areas	
   in	
   the	
   river	
   basin	
   and	
   location	
   of	
   Huayan	
  
and	
   Pisquillo.	
   Map	
   obtained	
   by	
   georeferencing	
   four	
   geological	
  
maps	
   of	
   the	
   area	
   (INGEMMET,	
   1997).	
   The	
   line	
   shown	
   is	
   merely	
  
illustrative	
   and	
   it	
   was	
   included	
   with	
   the	
   aim	
   of	
   distinguish	
   between	
  
the	
  alluvium	
  area	
  downstream	
  and	
  upstream	
  this	
  segment.	
  

Number of tests

As a result of the most complete hydrogeological
study developed for the CH aquifer (ANA, 2001), it was
possible to know that the groundwater in the region is
stored in alluvial deposits (Qal) - Figure 4. Accordingly to
ANA (2001) the aquifer can be divided in two sections:
one from the segment Huayan-Pisquillo until the
coastline; and another from the same segment towards
upstream, which has a more elongated and less
extended shape than the downstream’s area.
The aquifer is limited by volcanic rocks, which
outcrop on both sides and belong to the formation Kti.
The inferior limit is composed of impermeable rocks from
the same geological formation and the upper limit
represented by the phreatic level (ANA, 2001). The
pumping tests performed between 1982 and 2001
allowed to classify the CH aquifer as unconfined (ANA,
2001). In the same study it was determined that the
bedrock is located at a depth between 50 and 269
meters below ground and it was given its depth in a set
of 34 population centres located on the western side of
the Huayan-Pisquillo segment.
In total there are 37 natural springs in the CH river
basin, which are of extreme relevance for irrigation on
the southern agricultural areas (ANA, 2001). The water
from each spring is conducted to the agricultural area
where it is going to be used by drains (ANA, 2001). It
was not possible to determine the exact location and
dimension of each spring, however was found
information on the population centres that use water from
each spring and the volume of water captured in each
(ANA, 2001). Overall, the annual uptake rate on the 37
3
springs is 103,9 hm /year.

Mean

22
0,03

Standard deviation

0,02

st

0,01

rd

1 Quartile

Median

0,02

3 Quartile

0,04

Minimum

0,01

Interquartile range

0,03

Maximum

0,11

Skew Coefficient

2,08

Variance

0,00

There is no piezometric network for monitoring in this
region, thus, the groundwater levels were measured in
the existent pumping wells (ANA, 2001). In the same
hydrogeological study was performed a complete
inventory of these wells, in total existed 4069 which had
information on the owner, phreatic level, type of well,
topography, pumping rate, state and further data. They
are located over the three districts (Chancay, Huaral and
Aucallama) and can be artisanal, tubular or mixed wells.
3
In 2001 were pumped 15,05 hm /year of groundwater
from these wells and used mostly for agriculture (56%)
and domestic purposes (24%).

3. Groundwater	
  Flow	
  Model	
  
MODFLOW	
  	
  
The development of numerical groundwater flow
models has had an important role in the management
and prediction of effects in groundwater resources (Zhou
and Li, 2011). The implementation of such models have
been used to understand the dynamics of a groundwater
system, to analyse and predict its response to a certain
stress, to quantify the interactions between groundwater
and the surrounding elements and as supporting tools for
decisions makers (Zhou and Li, 2011).
A numerical groundwater flow model consists in solving
basic flow equations associated with the flow of water in
this system (Fetter, 2001). The most used code to
develop such models is MODFLOW, a software which
solves the flow equation in three dimensions using the

finite difference method (McDonald & Harbaugh, 1988).
Equation 1 shows the partial differential equation used in
MODFLOW for transient and steady states.
𝝏
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                        (1)  

Kxx, Kyy, and Kzz are values of hydraulic conductivity
along the x, y, and z coordinate axes (L/T), h is the
potentiometric head (L); W is a volumetric flux per unit
-1
volume representing sources and/or sinks of water (T );
-1
SS is the specific storage of the porous material (L ); and
t is time (T) (Harbaugh et al., 2000). In steady state the
storage coefficient and, thus, the right side of the
equation become zero.
This software, associated with the interface Visual
MODFLOW 4.2 (Waterloo Hydrogeologic Inc., 2006),
was selected to develop the groundwater flow model of
the CH aquifer. It is a flexible and user-friendly software,
which is organized in packages that allow to define all
the important features linked to an aquifer (wells,
evapotranspiration, recharge, hydraulic properties, river).

Conceptual	
  model	
  
A conceptual model is a simple idea of the reality and of
what it is intended to be numerically modelled based on
the information and data collected on the field or in the
literature.

Numerical	
  model	
  
Model	
  setup	
  
The area defined for this modelling work consists in
the alluvium area located downstream of the HuayanPisquillo segment (Figure 4). This is the region where the
majority of the abstraction wells are located, thus, where
most people rely on groundwater supply, and it is also
the area where there are more information on the
hydraulic properties and phreatic levels. Therefore, the
alluvium area in this region was unified and incorporated
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in MODFLOW. It has a total area of 343 km and was
integrated in a grid of 38x31 km size with 1km square
cells (Figure 6). Were defined active (alluvium area) and
inactive cells, which allow distinguishing between the
cells where there is flux of groundwater and the
remaining ones. The model was executed in steady
state, i.e., assuming that the inflows are the same as the
outflows in the system, thus, considering that the
reservoir is in a dynamic equilibrium (Reilly and
Harbaugh, 2004). This decision was made as the
groundwater levels were relatively constant from 1997
until 2001 (ANA, 2001).

Figure	
  5.	
  Conceptual	
  model	
  of	
  the	
  CH	
  aquifer.	
  

In Figure 5 the conceptual model of the CH aquifer
is showed. It is a one-layer model, consisting of alluvium,
associated with the main rivers and streams in the river
basin. Even though there are evidence of two distinct
layers in this geological formation (ANA, 2001), the lack
of complete geological prospections led to simplifying the
model into a single layer one. The inferior limit is
represented by the impermeable bedrock, where no flux
occurs (ANA, 2001) and the upper limit by the terrain
elevation. Recharge is through infiltration in agricultural
areas, riverbed of the Chancay River and through humid
regions upstream of the aquifer. Two boundary
conditions: in the limit with the Pacific Ocean and with
the surroundings on the eastern side. Flow dependent on
the hydraulic properties of the alluvium and abstraction of
groundwater on pumping wells and springs.

Figure	
  6.	
  Groundwater	
  flow	
  model	
  area	
  and	
  limits.	
  

Thickness	
  and	
  limits	
  
In order to attribute the bottom elevation to the onelayer model of the CH aquifer it was necessary to
interpolate the known data points with information on the
bedrock depth along the area (34 locations as mentioned
before). This interpolation was done in ArcGIS through
krigin and then converted to 1km square cells. For the
top elevation, a digital elevation model (DEM) of the
whole area was converted to square cells with 1km size
and imported to MODFLOW. In Figure 7 is showed a 3D
representation of the model, the thickness varies from 49
m on the shoreline to close to 300 m on the eastern limit.

	
  
Figure	
  7.	
  3D	
  representation	
  of	
  the	
  region	
  and	
  limits	
  of	
  the	
  aquifer	
  
(vertical	
  exageration	
  of	
  15).	
  The	
  green	
  grid	
  shows	
  the	
  terrain	
  
elevation	
  and	
  the	
  orange	
  shows	
  the	
  bedrock	
  elevation.	
  

Figure	
  9.	
  Preliminary	
  piezometric	
  of	
  the	
  aquifer	
  obtained	
  by	
  kriging	
  
in	
  ArcGis	
  and	
  based	
  on	
  the	
  groundwater	
  levels	
  in	
  3457	
  abstraction	
  
wells.	
  

Constant-‐head	
  boundaries	
  

Hydraulic	
  properties	
  

In cells defined as constant head, MODFLOW will
calculate the inflow and outflow of the cells in order to
maintain the potential head attributed (Blainey, Faunt
and Hill, 2006), thus, these boundaries conceptually work
as infinite sources and sinks of water to the system. Two
constant-head boundaries were defined in this model: in
the limit with the Pacific (0 m) and in the eastern limit Figure 6. For the second boundary it was necessary to
know beforehand the piezometric levels, thus, was made
an interpolation (by kriging in ArcGIS) of the groundwater
levels known in the wells of the aquifer.

The hydraulic property required by MODFLOW, and
the only one as the model was executed in steady state,
is the hydraulic conductivity (K). It was determined from
the transmissivity (T) values obtained in pumping tests
(ANA, 2001) and by knowing that T is equal to K times
the saturated thickness of the aquifer (b). Firstly, were
created four zones of constant T in the model’s area
(Figure 9). This division was made as the values of T
exhibit a big spatial variability and also because there
were only 22 location with information on this hydraulic
property, leading to the necessity of extrapolating the
values. This division was based on the zoning done in
the previous hydrogeological study (ANA, 2001) and
according to which the pumping tests were carried out.

Figure	
  8.	
  3457	
  abstraction	
  wells	
  whose	
  information	
  was	
  used	
  to	
  
obtain	
  a	
  preliminary	
  piezometric	
  map	
  of	
  the	
  aquifer.	
  

From the total wells existent in this river-basin
(4069) were only included in the referred interpolation
3457 of them due to errors in the data provided by ANA
(2001) and the fact that some of them were out of the
model’s area - Figure 8. This interpolation allowed
obtaining a preliminary piezometric map of the aquifer
(Figure 9) from which the groundwater levels in the
eastern boundary were obtained. The potentiometric
heads assigned to the eastern boundary ranged from
138 m (northern cell) to 245 m (southern cell).

Figure	
  10.	
  Zoning	
  into	
  four	
  areas	
  of	
  constant	
  T/K.	
  
Table	
  2.	
  Geometric	
  mean	
  of	
  T,	
  average	
  thickness	
  and	
  K	
  value	
  
determined	
  for	
  each	
  zone.	
  
Zone
I
II
III
IV

Geometric mean
2
of T (m /s)
0,01
0,01
0,02
0,03

Average
thickness (m)
228
160
198
202

K (m/s)
-5

5,7 x 10
-5
6,88 x 10
-4
1,24 x 10
-4
1,37 x 10

From the T data of the wells within each zone, the
geometric mean was calculated which allows obtaining a
good estimation of the transmissivity along the aquifer.

This decision was made because the variable T is log
normal distributed which, according to Warren and Price
(1961), allows to admit that the geometric mean of the
known points is equal to the distribution of T along the
aquifer. Since the b value is not known, an average
thickness of the alluvium in the model was used to
determine K (Table 2). Due to the diversity of sediments
in the alluvial deposits and the fact that there is a known
stratification, the Kzz value in each zone was assigned as
1/10 of the Kxx and Kyy values (Freeze and Cherry, 1979;
Mimikou, Baltas and Tsihtintzis, 2016).

hydrometric station is located more than 13 km away
from the aquifer’s region.

Evapotranspiration	
  and	
  recharge	
  
The evapotranspiration rate assigned to the model
was based on the estimation from SENAMHI (2014),
which was calculated through the Penman-Monteith
method on 1032 mm/day (mean annual) for the
meteorological station located in the area of the aquifer.
The recharge package included both recharge from
precipitation and infiltration in agricultural areas. For the
first component, was assigned a constant mean
precipitation rate of 83 mm/year, given the range of
precipitation in the region (mentioned earlier in this
document). The losses due to evapotranspiration are
internally accounted in MODFLOW through the
evapotranspiration package.
The agricultural fields in the lower region of the
basin are divided into 14 irrigation commissions,
responsible for operating the irrigation through channels
in this area (Barreiras et al., 2013) (Figure 11). Each one of
them has an associated annual water use (ANA, 2013)
and efficiency (which takes into account losses by
evapotranspiration, in the non-sealed channels, due to
overflow in the channels, runoff and irrigation technic),
which is 40% on average (DGAS-INRENA, 1997 as cited
in ANA-DCPRH, 2011). Thus, to assign the recharge
from this component to the model the areas showed in
Figure 11 were delimited in MODFLOW and assigned with
a correspondent recharge rate. The recharge rate was
calculated for each with the correspondent annual water
use and efficiency. The recharge varied from 581,74
mm/year for the commission Chancay Bajo until
2057,40mm/year for Huayan. In total the recharge
associated with the irrigation commissions and attributed
to the model was 24191,19 mm/year.
River	
  
The only river included in the model was the
Chancay River because it is the main river and the
biggest of this river basin. In order to define it was
necessary to make some simplifications since the only

Figure 11. Irrigation commissions in the aquifer’s area.

It was defined by a line (Figure 6) and applied a
linear gradient, which allow defining the river just by
entering the conditions at the upstream and downstream
cells. It was assumed that the river stage was equal to
the ground elevation in both cells and the bottom
elevation was defined as the river stage minus the sum
of the water column and the riverbed thickness. The
water column was assumed to be 0,7 m, based on the
3
annual average river flow of 16 m /s (SENAMHI, n.d.),
and the thickness assigned was 4 m after calibrating the
model. The riverbed conductance was also calculated by
the software after defining the hydraulic conductivity of
-5
the riverbed materials (1 x 10 m/s given the order of
magnitude of the alluvial deposits in the aquifer), the river
width (50m as mentioned before) and the riverbed
thickness.
Wells	
  
The pumping wells included in the CH aquifer are
showed in Figure 8. However, from these 3457 wells, 54
were not included during the validation process because
their position and depth was not compatible with the
cells’ thickness. Nevertheless, the total abstraction rate
3
included in the model was 7,51 hm /year while the
3
abstraction rate for the 3457 wells is 7,56 hm /year.
As mentioned before, there are 37 springs in the
river basin, which are extremely important sources of
water for the agricultural sector. Since their location and
size were unknown, they had to be defined as wells and
not as drains. The location of the wells was chosen
accordingly to the population centres that captured water
from a given spring. The total abstraction rate in each
spring was, thus, divided into the wells defined in each
population centre (Figure 12). The total abstraction rate
3
in these wells is 98 hm /year due to the fact that some of

the population centres that use water from springs were
out of the aquifer domain.

which reinforces the validity of the results. Moreover, it is
possible to notice similarities between the obtained
potentiometric head map and the preliminary one
obtained by kriging in ArcGIS (Figure 9). The main
differences between the two are on the eastern area of
the aquifer (higher groundwater levels) and the reason
for such can be the uncertainty of the interpolation in this
region due to the existence of fewer wells with
information on the groundwater level (Figure 8).

Figure	
  12.	
  Location	
  of	
  the	
  populated	
  centres	
  that	
  capture	
  water	
  
from	
  springs.	
  

Calibration	
  
The calibration process of this model was by trial
and error and by comparing the calculated and observed
heads in a set of 20 observation wells. The parameter to
which the model was more sensible was the hydraulic
conductivity, thus, during the calibration process this was
changed in order to obtain hydraulic heads close to the
observed in the field. The calibration plot obtained in the
end, when all the parameters were defined as described
in the previous chapters, is showed in Figure 13. This
plot and the fact that the absolute residual mean (mean
difference between observed and calculate values) is
13,96 m and the correlation coefficient is 0,982 show a
good calibration of the model.

Figure	
  14.	
  Piezometric	
  contour	
  map	
  obtained	
  in	
  MODFLOW.	
  

In Figure 15 the global water balance of the aquifer
obtained is showed. Were also obtained the water
balances in the eastern and western boundaries of the
aquifer, which allow interpreting the global water balance
showed in this figure. From this analysis it was possible
to determine that there is no inflow from the western
boundary, thus, no evidence of seawater intrusion, and
that the inflow from the eastern boundary accounts for
only 1% of the total inflow to the aquifer. On the other
hand, the outflow of groundwater from the boundaries
accounts for 55% of the total outflows of the system, of
3
which 70% (132,5 hm /year) occur in the western
boundary. Thus, the loss of groundwater to the Pacific
Ocean is the biggest outflow of the reservoir.

Figure	
  13.	
  Calibration	
  plot.	
  

Results	
  and	
  discussion	
  
The piezometric map obtained after executing the
model is showed in Figure 14. It can be seen that the
main flow direction is NE-SO even though there is a
groundwater flow SE-NO on the right margin of the
Chancay River. The same direction was mentioned in the
hydrogeological study done in the area (ANA, 2001)

Figure	
  15.	
  Water	
  balance	
  of	
  the	
  CH	
  aquifer.	
  

It can also be seen from Figure 15 that the Chancay
River is both contributing to recharge and outflow of the
3
aquifer. It is responsible for the inflow of 119 hm /year of
water (24% of the river’s flow, considering the annual
3
average flow of 16 m /s), thus, 35% of the total recharge.
The outflow from the aquifer to the river occurs mainly in

its half-western section while the recharge from the river
occurs mainly in the eastern region. The recharge
package, which includes precipitation and infiltration in
irrigation commissions, is the most important source of
water to the aquifer (64% of the total inflow – 221
3
hm /year). The recharge from these components is
higher in the western section of the aquifer than in the
eastern one due to fact that in the western region are
present more irrigation commissions.

increase in the abstraction leads to a lower outflow to the
Pacific Ocean. However, was seen that even with a
100% increase in the abstraction the reduction in the
outflow for the Pacific was only 1,5%. In any of the
simulated scenarios was registered no inflow of water
from the Pacific Ocean.

4. Simulation	
  of	
  forecasting	
  scenarios	
  
The results presented showed that, presently, there
is a considerable amount of groundwater being lost to
the Pacific Ocean. The fact that this happens and the CH
river basin is currently, and in the future affected by
climate change, facing problems in meeting the local
water needs, especially in the agricultural sector, led to
the simulation of two scenarios. These scenarios consist
of two adaption measures for improving the water
resources management in CH.

Increase	
  groundwater	
  abstraction	
  
The first proposed scenario is to increase the
groundwater abstraction on the existent wells of the
aquifer by replacing part of the abstraction from the river.
This will allow a constant supply of water along the year
and it is a practical solution since the main water
consumers (agriculture) are located in the aquifer’s area.
The application of such modification was simulated in
order to understand its impacts on the aquifer. For this,
the abstraction rate in each one of the wells (Figure 8)
was increased from 10% to 100%. The results revealed
no significant changes in the groundwater levels along
the aquifer as well as on the main flow direction.
However, should be evaluated the impacts of creating
new groundwater pumping wells.
The main changes, in all the scenarios, were seen in
the water balance of the aquifer. As an example, in
Figure 16, it is shown the water balance resulting from an
increase in 50% of the abstraction. By comparing it with
the current water balance (Figure 15) it can be seen that
even tough the inflow from the river increased in 4115,9
3
m /day the loss in the river’s flow is still lower than taking
water directly from it (50% abstraction increase
3
corresponds to 10213 m /day of water not taken directly
from the river). Thus, the application of this measure
would not only guarantee the water supply but also
contribute to maintain an ecological river flow in the
Chancay River. The influence of increasing the
abstraction on the groundwater losses to the Pacific was
also evaluated. The results showed that these two
parameters are inversely proportional, i.e., a higher

Figure	
  16.	
  Water	
  balance	
  of	
  the	
  CH	
  aquifer	
  with	
  a	
  50%	
  increase	
  in	
  
the	
  abstraction	
  on	
  the	
  wells.	
  

Sustainable	
  water	
  practices	
  
One of the biggest concerns in the CH river basin is
the fact that the irrigation efficiency is under 40%. The
rehabilitation of the irrigation channels and the adoption
of more efficient irrigation technics has been suggested
by several authors (TYPSA, 2012; ANA, 2013; Barreiras
et al., 2013; AMEC Environment & Infrastructure UK
Limited, 2015; CRHCCH, 2015) and would enhance the
region’s productivity. Thus, two scenarios with higher
efficiencies were simulated: 60% and 90%. The new
recharge from agricultural areas was then determined
and modified in the model.
The results showed that an efficiency of 90% would
be responsible for decreasing the groundwater levels in
the western half of the aquifer, which could potentially
cause the wells in this region to become dry. Moreover,
the groundwater flux in the central region of the aquifer
would be mainly E-O in this scenario. On the other hand,
the 60% irrigation efficiency scenario revealed no
considerable variations in the groundwater levels and
flux direction in the aquifer.
The inflow from the Recharge package decreased by
30% for the first scenario simulated and by 80% for an
efficiency of 90%. The inflow from the river increased by
25% for an efficiency of 60% and by 67% for the second
scenario. These scenarios would lead to a higher
decrease of the outflow to the Pacific Ocean compared
with the scenarios with increased abstraction (12%
reduction for the scenario with an efficiency of 60%).

5. Conclusions	
  
The development of a numerical groundwater flow
model for the CH aquifer allowed understanding its
dynamic and water balances. It was determined that the

main groundwater flow direction is from NE-SO, that the
most important source of recharge is the infiltration from
agricultural fields (64% of the inflows) and that occurs a
3
major outflow to the Pacific Ocean (133 hm /year). The
Chancay River is also an important source of water to
the aquifer (35% of the total inflow) unlike the infiltration
from the upper humid region (1%).
Due to the current and future deficiencies in water
supply in CH were simulated two adaptation
measurements with the goal of understanding the
impacts of adopting more sustainable water use
practices. The first scenario simulated showed that an
increase in abstraction on the existent wells would not
cause variations in the groundwater levels. Moreover, it
would be a way of guaranteeing the local water supply
and contribute for the maintenance of an ecological river
flow. The second scenario showed advantages in
improving the irrigation systems until an efficiency of
60% since it would be possible to reduce the water
consumption, decrease the loss of groundwater to the
Pacific and still not modify the groundwater levels. An
optimistic scenario (90% efficiency) would lead to a
decrease in the groundwater levels in the western sector
of the aquifer.
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