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ABSTRACT: The temperature depth profiles of six wells in the Motril-Salobren~a aquifer were used as a basis for
a comparative analysis involving various parameters to determine their relations and factors influencing the different
trends. There is a clear influence of ambient temperature on all the profiles, with a lag time of two to five months.
Nevertheless, there are clear differences in the temperature depth profile patterns that can be accounted for by other
factors. First, there is a greater influence of localized recharge; Guadalfeo River as opposed to diffuse recharge; irrigation
return flow and rainfall. Three of the wells located near the riverbed of the Guadalfeo River have extremely variable
temperature-depth profiles and show clear river influence. In springtime, during the highest flood stages of the river due
to cold melt water from the Sierra Nevada, the groundwater falls in temperature. During secondary peaks in river flow
rates during the autumn due to rainfall, the warm water increases groundwater temperature. The effect of the river
recharge decreases with distance from the course since there is less mixing with water from the Guadalfeo River. In
addition, there are two temperature-depth profiles in which temperature variations remain shallow and follow a pattern
that cannot be attributed to the influence of either of the above two parameters. Among these two cases, the most
influential factor is the groundwater flow pattern typical of a discharge zone, characterized by vertical-flow components.

Keywords: Aquifer management; Diffuse recharge; Local recharge; River aquifer interaction; Vertical flow components

INTRODUCTION
The Motril-Salobreña detrital aquifer, on the

Spanish Mediterranean coastline, is an extremely
interesting research work since it is currently
undergoing a series of changes that render it a natural
laboratory that may help us to understand the workings
of coastal aquifers in settings subject to considerable
human influence. On one hand is a coastal zone that,
until very recently, was self-sustainable in terms of the
economy and the hydrological resources. The
traditional crop was sugar cane, but it began to be
replaced by more economically lucrative tropical fruit
(cherimoya, avocado, and mango) irrigated primarily
with water from the Guadalfeo River. The stability of
this situation is reflected in the fact that, until a decade
ago, the Motril-Salobreña aquifer maintained
exceptional water quality and quantity on a sector in
Mediterranean coast, in which 70 % of coastal aquifers
are affected to varying degrees by seawater intrusion
(Calvache and Pulido-Bosch, 1991, 1994, 1996, 1997;

Gómez et al., 2003). In fact, the presence of several
wetlands near the mouth of the Guadalfeo River and
the artesian nature of several wells near the coastline
confirmed the healthy status of this aquifer. This
situation began to change at the start of this century
with a series of circumstances such as the construction
of a dam across the course of the Guadalfeo River, the
substitution of traditional crops for greenhouses and
the building of luxury subdivisions with gulf courses.
All of these activities have had the effect of drastically
reducing the recharge of the Motril-Salobreña aquifer.
This human pressure, together with the effects of global
climate change may lead to groundwater contamination
(Longe and Enekwechi, 2007; Goyal et al., 2008; Ojuri
and Ola, 2010), seawater intrusion (Praveena et al., 2010)
or occurrence of aquifer overexploitation (Chenini and
Khemiri, 2009).

The Rules dam was built only 17 km from the coast,
upstream from the Motril-Salobreña aquifer and has
been filling since May 2005 (Fig. 1). With a capacity of
some 120 Mm3 and a catchment of 1,070 km2, this
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reservoir is designed to make use of the flow of the
Guadalfeo River and prevent loss of freshwater to the
sea in an area where this resource is in short supply. The
usefulness of the reservoir is clear, as it will provide a
more continuous water supply to some population
centres and will allow irrigated surface areas to be
extended. On the other hand, it will have a negative
effect on the Motril-Salobreña aquifer, as it will cut off or
drastically reduce feed to the system. A lack of recharge
can be extremely significant in a coastal aquifer due to
the very great probability of marine intrusion.

However, in order to determine the extent of the effect
of river recharge reduction on the aquifer, it is essential
to quantify the river’s role in the total water inflow to the
aquifer. Several studies have attempted to find figures
for this datum through numerical modelling or simply
through the difference in the water budget (Castillo,
1975; Heredia et al., 2003; Ibáñez, 2005; Calvache et al.,
2009; Duque, 2009), although there is still substantial
disparity in the data provided. In this regard, variations
in groundwater temperature due to inflow from the
Guadalfeo River seem to be a useful research tool.

Temperature measurements are a typical parameter
for use as tracers in the study of hydrological systems.
Traditionally, this tool was applied mainly in
environments with geothermal processes (Silliman and
Robinson, 1989; Molina et al., 2002; Nagheeby and
Kolahdoozan, 2010; Roshan et al., 2010). Nevertheless,
improvements in data acquisition and simulation
modelling (Constanz, 2008) have led to increased
numbers of studies and applications of thermal
measurements in recent years (Anderson, 2005; Imam
and El baradei, 2009).

The thermal signal spread by rivers has been used
for determining riverbed properties (Constanz, 1998),
for  quantifying stream water  exchange with
groundwater (Cox et al., 2007;  Duque et al., 2009; Olsen
and Young, 2009) for calculating the hydraulic
properties of aquifers (Su et al., 2004) and the mean
velocity of groundwater (Arai, 1993) or recharge
characteristics (Taniguchi and Sharma, 1990, 1993) from
different viewpoints such as process detection
(Constanz and Thomas, 1997; Doppler et al., 2007),
analytical solutions (Schmidt et al., 2007) and modelling

Fig. 1: Geological location of the Motril-Salobreña aquifer
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with different codes (Bundschuh, 1993; Burow et al.,
2005; Healy, 2008). Another aspect of interest to
researchers is using groundwater heat as a source for space
heating and cooling (Lee and Hahn, 2006).

The main objective of this paper is to delineate the factors
that influence the temperature profiles of groundwater in
each of the sectors studied in the Motril-Salobreña aquifer.
Thus, further studies may be undertaken using
mathematical modeling to quantify the entry of water from
each source identified from the relationship between the
temperature of the recharge water and the ground water.
This research will be basic for further specific quantification
of the influence of one of the most important anthropogenic
changes developed in this aquifer over the last decade.

Hydrogeological setting
The Motril-Salobreña aquifer covers a surface area of

approximately 42 km2. It comprises the alluvial sediments
supplied by the Guadalfeo River and its tributaries and
other minor streams.

Geologically, the study area and its catchment basin
form part of the Alpujárride Complex of the Internal Zones
of the Betic Cordillera. This sector has metapelitic rocks,
such as schists and phyllites (considered impermeable for
practical purposes), as well as marbles (Aldaya, 1981); (Fig.
1). The carbonate outcrops comprise good aquifers and
where they meet the alluvium, they provide hidden recharge
to the detrital aquifer that is difficult to estimate. The alluvial
rocks comprising the aquifer consist of alternating layers
of gravel, sands, silts, and clays in varying proportions
depending on the sector. The area farthest from the
coastline, for instance, is dominated by fluvial sediments
consisting of coarse channel and floodplain deposits.
However, the largest sector of the aquifer, that closest to
the coastline, is delta settings characterized by higher
amounts of finer-grained sediments.

The Guadalfeo River cuts across the Motril-Salobreña
aquifer north to south for about eight kilometres and
supplies most of the system recharge. The river’s catchment
is mainly the southern slopes of the Sierra Nevada. Due to
the elevations of the highest peaks (the Mulhacén is the
highest on the Iberian Peninsula at 3,478 m), precipitation
usually falls as snow throughout the rainy season in
autumn and winter, and it does not melt until temperatures
rise. Snowmelt tends to occur from March to July, coming
either earlier or later depending on how warm and wet the
year is.

The mixed rainfall-snowmelt supply of the Guadalfeo
River produces an extremely uneven regime (Fig. 2). At

times, for instance, the river can reach very high flow
rates (14 m3/s), whereas at others, generally in the
summer, the flow can be much lower (1 m3/s). Due to
withdrawals for irrigation, the riverbed can often appear
dry for several months of the year. On average, though,
the flow rate is 6,600 L/s for this region. The highest
flow rates are usually recorded in springtime, when the
Guadalfeo River carries mostly snowmelt, which is
characteristically cold and poor in conductivity.

Autumn precipitation that is not snowmelt is noted
as secondary peaks in the Guadalfeo River hydrographs.
It does not cause the same flow rates as snowmelt and
it also does not last as long. Moreover, it takes place
during a period when requirements are lower.

The latest studies in the zone (Duque, 2009) show
that the aquifer resources for an average year are at
about 23 Mm3/year, divided into direct infiltration from
the Guadalfeo River (21 % of total input), irrigation return
flows (39 %), direct rainfall infiltration (15 %)  and hidden
supplies from the Escalate aquifer and groundwater flow
across the detrital formation that continues upvalley
(25 %). This detrital formation is connected to the Motril-
Salobreña aquifer, but it is not extensive as it lies in a
narrow valley, thereby leading to an artificial boundary
in this sector.

The Guadalfeo River is significant in the total recharge
of the Motril-Salobreña aquifer not only due to direct
infiltration from the riverbed, but also because of return
from irrigation previously diverted from the river.
Irrigation return flow in this region is also quite significant
due to the use of the traditional technique of flooding,
which uses much more water than required by the plants.
This water then re-infiltrates to recharge the aquifer.

The aquifer discharge occurs primarily on the
coastline boundary (74 %) since withdrawals comprise
only 26 % of total output in an average year.

For this study, the groundwater temperature profiles
recorded at six control points since 2001 were used.
The temperature profiles recorded after the entry into
operation of the Rules dam (May 2005) have been
dismissed. From this moment the Guadalfeo river flow is
almost zero (Fig. 2) and one of the main factors affecting
the groundwater temperature is lost.

 MATERIALS AND METHODS
Since November of 2001, monthly measurements

have been made of groundwater  electr ical
conductivity and temperature with a Relogger probe
and 200 m of cable. Measurements are made at
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different depths at six distinct wells in the aquifer (Fig.
3) located near the current riverbed and in the aquifer
zone with the highest transmissivity (Calvache et al.,
2003). In most cases, the aquifer subtratum could not
be reached, hence the data on the depth of the aquifer’s
impermeable substratum come from geophysical studies
(Geirnaert et al.,1981; Soto, 1998; Duque et al., 2008).
In the study zone, aquifer thickness ranges from 37 m
at well 6 to over 250 m at the coastline.

It should be noted that the temperature
measurements are always made at the same depths
except for the shallowest, made when the water table is
reached and therefore subject to change depending on
the day of data collection. Moreover, due to its contact
with the air, the temperature at this water surface is not
a good indicator of the hydrogeology since it is heavily
influenced by temperatures at the time of day the data
is gathered. Therefore, the temperatures for the surface
of the water are not shown on the graphs and have not
been taken into account in the study. The shallowest
data considered are consequently the second
measurement (always at the same depth) and referred
to as the subsurface temperatures (Fig. 3).

In order to determine the most influential factors
affecting groundwater temperature, a comparative
analysis was made with other parameters such as air
temperature, water table, flow rate of the Guadalfeo River
and distance from the riverbed. The air temperature
was recorded at a weather station in the eastern zone

of the Motril-Salobreña aquifer; the water table was
measured monthly for the Motril-Salobreña aquifer with
a probe. finally, the data for the Guadalfeo River flow
rate covered several gauging stations.

RESULTS AND DISCUSSION
Temperature profiles

The temperature depth profiles at all the monitoring
wells show an initial variable belt up to 15–45 m deep,
where the temperature stabilizes and remains
constant. Below that, it starts to rise due to the
geothermal gradient at 100 m (only visible in #14 as it
is the only well deep enough). In the subsurface belt,
the temperature is invariably either lower or higher
than that found deeper for all points except well 13,
where the temperature in the first 30 m for all the
profiles done there is higher than in the rest of the
column.

The temperature considered as constant for the
groundwater changes throughout the aquifer, ranging
between 17 and 18 ºC. Changes in temperature in the
upper zone range between 15 and 19 ºC in most cases,
although it can reach up to 20 ºC.

The temperature profiles logged for the different
wells show a different trend. For instance, at well 13,
the subsurface temperature ranges by only 1 ºC and
in wells 14 and 16, the subsurface temperature shifts
can reach 5 ºC, although they only affect the first 15
m of depth. Finally, the profiles of wells 6, 9 and 12
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Fig. 3: Location and groundwater temperature profiles of wells analyzed
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show variations of up to 5 ºC in the subsurface
temperature, but the change is noted up to 45 m deep
(Fig. 3).

The temperature variations in the subsurface
section of the water column are likely due to the
influence of both ambient temperature and of recharge
water continually entering the aquifer. Since the
sampling points are near the course of the Guadalfeo
River, it is to be expected that any changes are
strongly related to recharge from the colder or warmer
waters of the river, particularly when river recharge is
highest and the river has the highest flow rate.

Nevertheless, there must be other factors affecting
temperature distribution in the groundwater that
would account for the distinct trends found in the
temperature profiles, which will  be examine below.

Groundwater temperature and ambient temperature
The same graph has been used to show changes

in both groundwater temperature logged at the six
different depth points and in the monthly average
ambient temperature recorded in Motril (Fig. 4).
Specifically, the temperature recorded at two depths
at the different wells was considered. The first is the
subsurface temperature (Fig. 3), which ranges between
5 and 16 m deep and that records the greatest
temperature variations (excluding the one closest to
the surface). The second temperature measurement
shown ranges between 30 and 40 m at the different
wells. At this depth, temperature variations are very
slight since any influence by external factors is
buffered at these depths. In all cases, the water table
is less than 10 m below the topographic surface
(shallow wells according to the classification by Lee
and Hahn, 2006, with some wells having an unsaturated
zone only 0.7 m thick (well 16) and these show a
periodic annual  variation  in  groundwater
temperatures. In fact, at most wells there is a periodic
variation in groundwater temperature that is quite
evident in the subsurface measurement. Only well 13
shows nearly imperceptible changes over time and at
different depths. As mentioned above, the deepest
logs (wells 6, 9 and 12) still show slight thermal
changes, which does not occur at wells 14 and 16,
where the record is flat for the entire period shown.

In order  to establish the relat ion between
temperature variations in the subsurface belt of the
groundwater and changes in ambient temperature, the
graphs of the average monthly temperature recorded
at a weather station above the aquifer were examined.

There is a clear lag between the valleys and the peaks
of the groundwater temperature and the ambient
temperature. The ambient temperature lows occur from
December to February, whereas the valleys for
groundwater temperature occur from February to
June. Similarly, the peaks for ambient temperature
occur in July and August, whereas they almost always
occur in November for the groundwater, although it
can sometimes be in October or December.

The lag between the lows and the highs for the
ambient and the groundwater temperatures ranges
from two to five months for the lows and from two to
four months for the highs, which is in agreement with
the lags found by other authors (Arai, 1993; Lee and
Hahn, 2006). Wells 14 and 16 always show a lag of
three months for the lows and the highs, whereas
wells 6, 9 and 12 show more disparity. In well 6, for
instance, there is a lag of two months for the lows,
whereas well 9 has lags of up to five months for the
lows.

As might be expected from the relative thinness of
the saturated zone at wells 14 and 16 (3 and 0.7 m,
respectively), temperature changes are more abrupt
at these points.Overall, ambient temperature is clearly
a crucial factor in the groundwater temperature of the
Motril-Salobreña aquifer, although significant
differences amongst the wells sti ll require
clarification.

Groundwater temperature and variations in the water
table

If the temperature variations are influenced by the
aquifer recharge water, then there should be a relation
between times of higher recharge and greater
temperature variations in the groundwater. Since there
are numerous recharge sources (the Guadalfeo River,
irrigation return flow, rainfall and hidden supplies at
the northern boundary), the water table shall be
considered as a parameter directly related to recharge.
In addition, whether there is a relation between the
two parameters and whether it is possible to establish
differences in the influences brought to bear by
distinct recharge sources, shall be confirmed.

The evolution of the water table in the various wells
is shown in order to establish this relation (Fig. 4). In
fact, some wells clearly show an inverse relation
between the two parameters, with the water-table
peaks coinciding in time with the temperature lows
of the subsurface belt of groundwater. This effect is
plain to see in wells 6, 9, and 12, but cannot be
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established in wells 13, 14 or 16. This initial
observation would seem to imply that not all the
recharge sources have an easily recognizable
influence on groundwater temperature. The wells
near the course of the Guadalfeo River (6, 9 and 12),
where the recharge source most influencing the water
table is the river itself, have a clear temperature-water
table relation. For wells 13 and 16, about 500 m from
the current course of the Guadalfeo River and where
the water table can therefore be a reflection of
recharge sources other than the river, irrigation return
flow and rainfall, the lack of correspondence between
temperature and water table indicates that the diffuse

aquifer  r echarge has less in fluence on  the
groundwater temperature, or at least, it is less
obvious than the river’s effect. The data for well 14
are more complicated since it is near the riverbed
and therefore the river recharge influence is highest,
but the temperature low values do not coincide with
water table peaks. This case will be treated in more
deta ils in  following sect ions.There is a lso
coincidence between the temperature peaks in
groundwater and the secondary peaks of the water
table in wells 6, 9 and 12. This scenario is once again
accounted for by the dominant influence of river
recharge during the autumn in the latter. Autumn rains

Fig. 4: The water table, air temperature, groundwater temperature at two different depths, and Guadalfeo River discharge at
the six wells analyzed
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cause warmer temperatures in the river water and lower
flow rates than those in the springtime due to snowmelt.
Therefore, the effect of these rains on the aquifer is
lesser and similar to that of the ambient temperature.

Analysis indicates that localized recharge sources
(Guadalfeo River) affect groundwater temperature more
than diffuse recharge sources (e.g., irrigation return
flow or rainfall). Even though these diffuse recharges
amount to double (54 %) that of the sporadic recharge
from the Guadalfeo River (21%), the influence of the
latter on groundwater temperature is much more
evident.

Effect of the Guadalfeo River flow rate
The hydrograph of the Guadalfeo River shows a

large difference between flow rates prior to and after
2004 (Fig. 2). The first part shows significant peaks of
up to 10 m3/s, whereas, in contrast, the second part
shows much lower flow rates reaching peaks of only 1
m3/s. This abrupt shift is due to the coming online of
the rules dam, which controls the flow of the Guadalfeo
River, preventing significant volumes of water from
reaching as far as the Motril-Salobreña aquifer. Flows
reaching that part of the river derive primarily from
surface runoff from the catchment basin downstream
of the dam and from groundwater discharges from the
Sierra de Lújar carbonate aquifer, also downstream of
the dam.This section analyses the temperature profiles
logged in the period prior to the filling of the dam since
there were higher flow rates then, therefore, its influence
on the groundwater must have been more evident.

There are five flood periods in the river that stand
out for the period: the springs of 2002, 2003 and 2004;
and the autumns of 2002 and 2003. For these events,
only the data for groundwater temperature from the
springs of 2002 and 2004, the autumn of 2002 and a
single month of the autumn of 2003 are availavle. As it
can be seen in Fig. 4, the variations in groundwater
temperature at wells 6, 9 and 12 are related to peak flow
rates in the Guadalfeo River. In order to establish the
exact influence and whether there is any difference
between recharge events with melt waters (colder) in
spring and rainfall water (warmer), the temperature
profiles are separated into events for springtime,
autumn and the summer, when the riverbed is dry and
therefore its influence should be nil (Fig. 5). The three
sections of the figure show the same trend in the
temperature profiles for the springs of  2002 and 2004,
with the temperature r ising with depth. The

temperatures in these profiles fall as low as 15 ºC, in
contrast with the 17–18 ºC average temperature of
groundwater in the aquifer. If each spring event is taken
separately, it can be seen that, starting in February, the
temperature profiles log gradually lower temperatures
until the point (May   2002 and June 2004) where this
trend reverses and temperatures begin to rise. This
effect indicates that the river water, despite being melt
water, is warmed by the high ambient temperatures in
those months. During the autumns of  2001, 2003 and
2004, in which the river also has relative flow-rate peaks
due, in this case, to rainfall, the temperature profiles
also have a characteristic trend opposite to the previous
one. The groundwater temperature can reach nearly
20 ºC in the subsurface zone, but drops as the water
deepens. January and February of 2005 are special
cases that show warm-water profiles instead of cold-
water ones as in the same months in other years. In the
hydrological year of  2004–2005, snowfall was scarce
and there was therefore little snowmelt to lower the
groundwater temperatures.

Finally, there are the summer profiles, which show
no changes in temperature since there is no recharge
from the Guadalfeo River. Again, April and May of 2005
are noteworthy as they would normally show
considerable influence from cold melt waters. However,
due to the afore-mentioned drought and the coming
online of the Rules dam, there is no effect noted on the
groundwater. Comprehensively quantify the degree of
influence of the Guadalfeo River on the groundwater
temperature is very difficult because the condition
occurs in opposite directions depending on the time of
the year in question. For example, during the winter-
spring (and only during the first months of spring) the
groundwater  temperature drops as the flow
increases; however, during the autumn groundwater
temperature increases as the flow increases. For this
reason, the correlation between the two parameters
by focusing only on the high flow episodes (winter-
spring) have been analyzed. Fig. 6 shows in some
places an inverse relationship between temperature
and flow. The clearest example is found in the well 9
where it gets a R2  value of 0.70, indicating a high
correlation between both parameters. In fact, it could
set the temperature change could cause the recharge
from the Guadalfeo River knowing its flow according
to the relationship:
Flow = -258,64 Groundwater Temperature + 4718,7

IJEST
Placed Image



     M. L. Calvache et al.Int. J. Environ. Sci. Tech., 8 (2), 223-236, Spring 2011

231

Fig. 5: Groundwater temperature profiles for three aquifer wells for springtime, summertime and autumn
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Fig. 6: Relationship between Guadalfeo River flow (m3/s) and groundwater temperature (ºC) to the moments of greatest flow
(Winter-Spring)
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An interesting case is the well 13, where initially
in   Fig. 4  the relationship is not observed  because
of the small variation in temperature. On the contrary,
in Fig. 6 the relationship between both parameters can
be establish, though with less correlation than in the
case of well 9.

Effect of proximity to the riverbed
There is a clear influence of the Guadalfeo River on

groundwater temperature, particularly when the river
flow rate is high. Whether this influence varies
according to distance from the riverbed, should be
examined. To do so, three wells were chosen with

different distances from the coastline but along the
same transverse line from the riverbed (Fig. 7). Well 6
is 10 m from the riverbed, well 12 is 60 m from it and well
13 is 400 m from it. As it can be seen, the trend of the
temperature profiles varies according to proximity to
the riverbed. The wells closer to the river show greater
temperature variations (the largest variation in well 6 is
4.2 ºC and in well 12 it is 3.2 ºC), whereas the farthest
well from the riverbed shows much lower variations
(well 13, maximum variation 1ºC). In the well farthest
from the Guadalfeo River (13), the temperature profiles
are very similar for any time of year. At well 6, there is
a clear dependence between season and the resulting
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Fig. 8: Discharge flow pattern of the Motril-Salobreña aquifer in the freshwater-saltwater contact zone. Explanation for the
artesian wells 40 and 41, located 300 m from the coastline

Guadalfeo River

Infiltration

River recharge
Water table

Groundwater flow paths

Artesian well

Discharge
sector

D
ep

th

D
ep

th

Characteristic temperature envelopes of
the recharge area and the discharge area

Equipotential lines
Groundwater flow paths

A Head reched at Well 41
B Head reched at Well 40

W40
W41

A
B

Fig. 7: Influence of distance to the Guadalfeo River in the temperature-profile patterns for three of the wells. Well 6 is 10 m away,
well 12 is 60 m away, and well 13 is 400 m away from the riverbed
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temperature profile. Since proximity to the riverbed is
the biggest difference between the two points, it is
deduced that distance to the river controls the
contrast  between  the temperature profi les.
Temperature data are far more scattered in wells closer
to the riverbed than in those several hundred metres
away. The water of the Guadalfeo River infiltrates the
aquifer and mixes with the existing groundwater,
altering its temperature. This thermal plume mixes with
the groundwater and travels in the main direction of
groundwater flow (N-S) and at right angles to it (E-
W). In the zone closest to the river, influence is
greatest, then it gradually decreases with distance
from the riverbed until it is finally nil.

Effect of groundwater flow pattern
The temperature profiles for wells 14 and 16 show

a different trend for which no clear relation was found
with any of the factors analysed in this work. The
profiles have an initial narrow subsurface belt (only
15 m deep) that varies up to 5 ºC in temperature (Fig. 3).
From 15 m on down, the temperature is invariable all
year round, coinciding in all the different wells. This
type of temperature profile has been attributed to
gaining streams in studies on river-aquifer relations
(Taniguchi and Sharma, 1990; 1993). In the case of
well 14, however, this interpretation is not applicable
because the water table does not reach the level of
the riverbed; consequently, there can be no discharge.
As for well 16, it is not feasible because it is located
300 m from the riverbed. In Fig. 4, it can be noted that
the groundwater temperature in these two wells varies
similarly over time and that the variations echo the
ambient temperature with a lag time of about three
months. The groundwater temperature in this
subsurface belt seems to be influenced only by
ambient temperature. Fig. 4 also shows no clear
relation between the water table or flow rate of the
river and the temperature evolutions of wells 14 and
16 despite the fact that well 14 is only 7 m from the
riverbed.  It is worth noting once more the curious
fact that these two wells have such similar trends
despite being so far from one another (1,200 m) and
with one close to the riverbed (14) and the other 300
m away from it. No less curious is the difference
between the temperature profiles at well 13, which is
also quite far from the Guadalfeo River (400 m
compared to the 300 m of well 16), although in this
case much farther from the coastline (2.5 km). The

most unusual circumstances needing to be accounted
for are probably the shallowness of the annual
temperature variations (15 m) and the fact that well
14, next to the riverbed, does not seem to be affected
by any recharge from the river. The explanation is
likely found in the groundwater flow pattern in this
area of the aquifer. In the sector near the mouth of the
Guadalfeo River there is a series of artesian wells. At
300 m from the coastline, there are three wells clustered
within a few metres of each other. They vary in depth
however, reaching 250 m, 135 m and 45 m deep, with
water tables of 3,2 m, 2,5 m and 1.5 m above the
surrounding land, respectively (the wells were built
very recently and have not yet be topographically
levelled). 600 m from the coastline is yet another
artesian well (#21). Another noteworthy feature is that
the last section of the Guadalfeo River receives
discharge from the aquifer and, before the Rules dam
came online, there was a series of wetlands next to
the coast. All these factors seem to indicate a flow
pattern typical of discharge zones, with features of
vertical flow and increasing head with depth, which
would account for the distinct water tables evident at
the three wells mere metres from one another but with
different depths. This discharge-zone flow pattern,
typical of the freshwater-saltwater contact in a coastal
aquifer (Glover, 1959) is even more pronounced due
to the fact that the Motril-Salobreña aquifer has quite
a high horizontal hydraulic gradient, which in turn
causes an equally large vertical hydraulic gradient in
the discharge zone (Fig. 8).

Wells 14 and 16, both near the coastline, show no
artesian features, but must nonetheless be affected
by vertical-flow components. In fact, when well 16
(55 m deep) is at its highest levels, the water table
coincides with the topographic surface, thus the
surrounding land should be flooded. However, that
does not actually happen. These vertical-flow
components are what prevent the mixture of surface
water, from river recharge or from any type of diffuse
recharge, with groundwater. Therefore, in this case,
the groundwater temperature variations must be due
exclusively to the influence of ambient temperature.

CONCLUSION
The temperature profiles logged in six wells of the

Motril-Salobreña aquifer show a shallow belt of variable
temperature (up to 5 ºC) that can reach depths in the
groundwater ranging from 15 m to 45 m. Periodic changes

Processes affecting groundwater temperature
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in the subsurface belt are related with ambient temperature
variations with lag times of two to five months for the
lows and two to four months for the peaks. The relation
between the groundwater temperature variations and the
water table indicate a greater influence of localized
recharge sources (Guadalfeo River) compared to diffuse
recharge sources (irrigation return flow and rainfall). There
is a clear influence of the river reflected in a decrease in
temperature coinciding with peak flow rates in the river
and the highest water tables in the aquifer during the
springtime when the river flow derives mainly from
snowmelt from Sierra Nevada. In the autumn, there are
secondary peaks in river flow rates due to rainfall and the
river temperature is higher than in spring. In this case, the
groundwater temperature rises. This influence fades with
distance from the river. Wells 14 and 16 are exceptions,
however, as there is no clear coincidence between
temperature valleys and peaks in the river flow rate and
water table, making it difficult to establish a relation
between the groundwater temperatures and the river
recharge in these two cases. Instead, a groundwater flow
pattern typical of freshwater-saltwater contact zones
evident in vertical flows that hinder the mixing of water
from surface recharge with existing groundwater  must be
recurred to. Groundwater temperature is therefore not only
an excellent marker for determining the main zones and
recharge times in an aquifer, but also it is useful in
establishing distinct patterns in groundwater flow.
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