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ABSTRACT 

Closed-basin hydrology resembles in many respects groundwater flow in coastal aquifers. 

Many aspects of seawater intrusion also take place near salt lakes and playa lakes in closed 

basins. The study of closed-basin hydrology, however, has received less attention due to 

their water quality. This trend is changing in many parts of the world. The motivation for 

hydrogeological research in the Monegros area in northeastern Spain was the approval of a 

large irrigation plan in 1986. This plan envisages the irrigation of 60 000 ha, some of which 

are located in an evaporitic closed-basin with many playa-lakes. In this paper we present 

the main hydrological features of the Monegros area. Special emphasis is given to processes 

affecting water chemistry and salinity. Various field data collected since 1989 are analyzed in 

the context of a variable density groundwater flow and solute transport model. 

INTRODUCTION 

Closed-basin hydrology has traditionally received little attention because these basins 

usually contain poor quality groundwater. This trend has apparently changed recently for 

various reasons. Besides their purely sedimentological interest, these areas are accompanied 

by unique ecosystems. In many cases they are considered as suitable areas for waste disposal. 

Although little is known about their hydrologic regime, it is well accepted that they can be 

seriously affected by man induced changes in water and soil use. 

The motivation for hydrogeological research in the Monegros area in northeastern Spain 

was the approval of a large irrigation plan in 1986. This plan envisages the irrigation of 60 

000 ha, some of which are located in an evaporitic closed-basin area with a shallow water 

table and abundant playa-lakes. Possible adverse effects of irrigation include: (a) an increase 
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of soil salinity caused by rising of water table, (b) extensive flooding of low topography areas, 

and (c) an increase of the Ebro river salinity. 
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HYDROGEOLOGY 
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Figure 1.- Location of Los Monegros area 

According to accepted theories, the origin of these depressions is related t .a gypsum karst 
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dissolution activity followed by collapse phenomena. Dissolution of Miocene gypsum levels 

was favoured by preferential water infiltration along a system of faults. 

The Monegros closed-basin area is located in the Bujaraloz formation which contains 

lacustrine limestones alternating with marl and gypsum layers. This heterogeneous and nearly 

horizontal formation has an approximate thickness of about 40 m. The Bujaraloz formation 

overlies a highly heterogeneous detritic clay formation containing also some gypsum beds. 

Surface elevation ranges from 320 m.a.s.l. at the bottom of the lakes to 360 m at the 

highest point. The climate of the area is semiarid with an average annual rainfall of 360 mm. 

Most rainfall takes place on early spring and on the fall. Strong winter winds together with 

high summer temperatures cause high evapotranspiration rates. Surface runoff is sporadic 

and amounts less than 10% of the rainfall. Estimates of groundwater recharge range from 20 

to 45 mm/year. These values are crude estimates based on daily soil water balance methods. 

BUJARALOZ 

Q PLAYA ---\.._._,) ESCARP!>IENT 

~ ::;::TABLEr 

lkm 

330 

Figure 2.- Map of water table 

The area extends over 200 km2• Towards the east it thins out near the Valcuerna valley. 

On the west the limit coincides with the Retuerta formation made of gypsum silts. Both 

the northern and the southern boundaries coincide with sudden changes in topography. The 

aquifer is shallow. The water table is close to the surface near the lakes {see Figure 2). At 

the interfiuves between lakes the depth to the water table rarely exceeds 10 m. Groundwater 

discharges to the lakes and also along the eastern and southern boundaries. Some lakes have 

water only in wet periods and remain dry the rest of the time. Their lowermost part has a 



102 GENERAL ASPECTS 

shallow water table which allows water evaporation from the capillary fringe. 

Pumping and slug tests performed at 23 shallow (less than 18 m deep) boreholes indicate 

that transmissivity varies from 10-4 up to 200 m 21 day. The geometric average of measured 

values is 0.1 m 21 day. The largest values are found near or at the bottom of the basins. This 

large spatial heterogeneity in transmissivity attests that, as such the medium has a very low 

permeability. However, karstification and collapse phenomena have induced significant local 

increases in permeability. 

HYDROCHEMISTRY AND ISOTOPES 

Groundwater chemistry is mainly controlled by dissolution of highly soluble sediments 

(gypsum, limestone, ... ) and evaporation in areas of shallow water table. Several extensive 

chemical samplings have been carried out since 1988. Samples were collected from 50 large 

diameter shallow dug wells, 23 shallow piezometers, and from a few lakes and well points 

located near the bottom of lakes. 

Dug wells usually penetrate a few meters below the water table. The mean water electric 

conductivity is 8 mS I em, with a maximum of 90 mS I em and a minimum of 2 mS I em. The 

largest salinities are found near the bottom of the basins. Groundwater is typically of the 

magnesium-sulfate or calcium-sulfate type with an average TDS of 5 giL The mean ratio 

rCl-lrNa+ (r=meqll) is close to 1 while that of r(S04 + HCO:J)IrCa+2 is greather than 1. 

The average magnesium content exceeds 40 meqll. Wells collecting some surface runoff have 

fresher waters with more calcium than magnesium. Samples from wells located near the lakes 

have much higher salinities (up to 30 gil) and are of the magnesium-sodium-sulfate-chloride 

type. 

The chemical composition varies with depth as shown by samples collected at different 

depths in some of the existing boreholes. Electric conductivity shows a sudden increase with 

depth (see Fig. 3). In the shallow part the chemical composition is similar to that observed in 

shallow wells. With depth, water is more saline and becomes of sodium-magnesium-sulfate

chloride type. 

The salinity of the lakes depends on their size and hydrologic regime and changes along 

the year. Measured salt contents show high variability. The mean of 139 samples is about 

118 gil while the standard deviation is equal to 100 giL The chemical composition also 

shows large changes. Samples taken from shallow well points near the lakes have more stable 

chemistry with time. Their average salinity is similar to that of the lakes. In general these 

waters are of sodium-chloride type. 



J. Samper and M.A. Garcia-Vera 103 

ELECT.COND.BOilEil 401 
.,._.,_.___.,JULY 1990 
<>--<>--<>--<D JAN. 1991 

TEMPEilAT.BOilEil 401 I 
............., JULY 1990 
.,_,..,..., JAN. 1991 

-

1 ~ "k 

<;> - --I 

~ I 

,( 

1 1 

~~ 

< 
~ 

~ ~ 
6 

; ; • 
s. 10. 15. 20. 15. 16. 17. 18. 19. 

ELECT.COND. (mS/cm) TEMPERAT. (c) 

I I I lr ELECT.COND.BOilEI! 402 
<>-,..,...,JAN, 1991 

TEMPE!lAT.BOilEI! 4021 
<>---<>---<>---<>JAN. 1991 

~ '\ 
77' \ 

<>.~ 

' 
·~ 

~--- --- ~- .... -, 
~:) 

,.,.o-.s-
I 

'P 
I 

~ 

~.t 
I ~ 

I 
I 
I 

'l' 
I 

i 
~"' ~ 

S04 
J, 

COlli 
I j !OO,meq/1 

' '!' 
J, 

10. 20. 30. 40, so. 60. 15. 16. 17. 

ELECT.COND.· (mS/cm) TEMPERAT. (C) 

Figure 3.- Electric conductivity and temperature logs at two selected boreholes. Also shown 

are the modified Stiff diagrams. (The scale of the hatched diagram is four times that of blank 

diagrams). 
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In order to gain insight into the sources of groundwater salinity, an extensive 

environmental isotopic study was undertaken. This study reveals that (Garda Vera, 1992): 

(1) some shallow wells receive surface runoff. They contain waters which have large 

tritium concentrations. Surprisingly, these waters are isotopically heavier than typical 

ground waters. 

(2) capillary fringe evaporation strongly affects the isotopic content of some shallow wells 

located near the playa-lakes. 

(3) .518 0 of borehole waters ranges from -7.5° I 00 to -5° I 00• At locations where salinity 

increases with depth the shallow waters are heavier. 

( 4) the joint analysis of 180 and TDS helps to distinguish between two sources of salinity: 

dissolution of soluble minerals and evaporation. 

(5) the relative high tritium content of samples collected at shallow wells (from 7 up to 35 

TU) corroborates partly conclusion (1) and indicates that shallow groundwater has a 

relatively moderate residence time (a few tens of years). 

(6) borehole waters exhibit lower tritium contents. 

SALINITY VARIATIONS 

Water electric conductivity and temperature logs in some of the existing boreholes show 

the existence of a sudden increase in salinity with depth. Figure 3 illustrates two of such logs. 

One can clearly distinguish two segments: The top segment usually contains magnesium

sulfate waters with an average salinity of 6 giL Water in the lower segment contains significant 

amounts of chloride, sodium, magnesium and sulfate. Its average salinity is equal to 56 giL 

The salinity of the upper level varies spatially and is generally largest close to the bottom 

of depressions. This salinity increase with depth could possibly be due to the dissolution of 

highly soluble salts as ground water moves slowly towards discharge areas. 

At the bottom of the basins the water table is close to the ground surface. At other basins 

the phreatic surface intersects the ground and gives rise to more or less perennial lakes. In 

both situations, water evaporates producing a large increase of concentration. Existing lakes 

usually contain brines of an average salinity of 112 giL Evaporation also causes an increase 

in water density and a change in the chemical composition. Figure 4 shows the location of 

the boreholes that show vertical chemical gradients. For each of them, the elevation of the 

interface as well as the water electric conductivity and temperature are given. Only 5 out of 

23 show clear chemical stratification. Unfortunately, the boreholes at the interfluves are not 

deep enough to reach the interface. 

Waters below the interface have a distinct environmental isotopic signature. They tend 

to be lighter in 180 and deuterium than those above the interface (see Figure 5). It is 



J. Samper and M.A. Garcia-Vera 

o WELL ; • PIEZOMETER ; [!) (4) ln>l(2}\l3)\ 

0 

105 

l5Km . 
......-.j 

Figure 4. Spatial location of boreholes which exhibit chemical stratification. For each of 

them, (1) is the elevation of the interface (m.a.s.l.), (2) is the water electric conductivity 

(mS/cm) of the lower segment, (3) is water temperature also at the lower segment and (4) 

indicates those boreholes drilled below 320 m.a.s.l. that do not show stratification. 

observed that waters with greater salinity are isotopically lighter. Therefore, the vertical 

increase in salinity cannot be explained solely by water evaporation. The isotopic depletion 

of waters in the lower segment would be coherent with the assumption that the recharge of 

these waters corresponds to colder climatologic conditions. This is also consistent with their 

low and almost unmeasurable tritium content. 

Attempts to relate water electric conductivity logs to geological logs have failed to 

adscribe the salinity interface to any geological feature. The interpretation of these logs 

is complicated by the vertical displacement of the sediments caused by collapse phenomena. 

In order to obtain additional information on the origin of the interface and complete the 

hydrodynamic characterization of the aquifer, several field tests were carried out in several 

boreholes. When possible, pumping tests where performed monitoring both the drawdown 

and the electric conductivity of the pumped water. Electric conductivity and temperature 

logs were also run during the recovery period. Figure 6 shows the results obtained at one 

of the boreholes. The time evolution of electric conductivity of pumped water shows ·three 

distinct stages (Figure 6.D). At the beginning the electric conductivity coincides with that of 

the lower segment, where the pump admission is located. Then it suddenly decreases reaching 
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Figure 5. Oxygen 18 and deuterium at boreholes showing stratification. Circles correspond 

to the shallow segment. 

a value slightly greater than that of the upper segment. Electric conductivity logs during 

recovery (Figure 6.0) show clearly how the borehole is being filled mostly with water from 

the uppert segment. Some inflow from the lower segment is also seen. Based on simplified 

mass balance calculations it is concluded that most pumped water (from 75 to 90%) is coming 

from the upper segment, which would be coherent with this segment being more permeable. 

With the available information and current knowledge, two possible hypotheses can be 

postulated for explaining the observed vertical salinity stratification. The first resorts to the 

existence of a more permeable shallow layer located above 320 m.a.s.l. Most groundwater 

flow occurs along this layer. Below this level, permeability is smaller (at least an order of 

magnitude). Slow groundwater motion leads to longer residence times (coherent with the 

lowest tritium contents) and dissolution of remnant soluble salts. 

The second hypothesis is based on adscribing the stratification to the existence of a fresh

salt water interface that may develop near salt lakes, The characteristics of the closed-basin 

area of Los Monegros are appropiate for this interface to be significant, The high evaporation 

rates maintain high salinity brines in the lakes. Next section examines more closely this 

hypothesis by means of a numerical groundwater flow and solute transport. 
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Figure 6. Pumping test at borehole 401 showing: (A) initial water electric conductivity 

log; (B) depth to water table (m); (C) water electric conductivity logs during recovery for 

different times after shutdown, and (D) electric conductivity of pumped water. The pump is 

located at a depth of 17 m and the pumping rate is 4 1/minute. 

VARIABLE DENSITY MODEL 

Model Description 

In quantitative terms, the coupling between flow and salinity in a closed basin requires 

a general form of Darcy's law including both pressure and density forces: 

k --=-- (Vp+pg\7z) 
IL 

(1) 

where IJ. is fluid flux rate or Darcy's velocity; ~ is the intrinsic permeability tensor of the 

porous medium; p. is the dynamic viscosity; pis fluid pressure; pis fluid density; g is gravitaty 

acceleration and z is the elevation head. The conservation equation for the fluid mass takes 

the form 
pk 8p 

.Y'_ • [ ; (Vp + pg\7z)] + pr = p(a + {34>) Bt (2) 
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where a and f3 are the coefficients of compressibility of the fluid and the porous medium, 

respectively, <P is porosity, and r is the volumetric recharge rate. It has been assumed for 

simplicity that the effect of density on flow is only through the spatial terms (i.e., buoyancy), 

while the time rate of change in concentration or density in the fluid mass balance is small. 

The conservation of solute or total dissolved salt is written as 

~ · (</Jp]J\lc)- pf]_\lc + rp (co- c) (3) 

where lJ is the hydrodynamic dispersion tensor, and cis concentration (mass fraction). The 

components Dij of the dispersion tensor are given by (Bear, 1972): 

(4) 

where Dm is the molecular diffusion coefficient, liij is the identity matrix, and Ci£ and CiT 

are the longitudinal and transverse dispersivities, respectively. Finally, an equation of state 

defines the concentration-density dependence 

p(c) = Po+'Y(c-co) (5) 

where PO and co are the reference density and concentration for freshwater and 'Y is a constant, 

taken equal to 756 kgjm3 (Lines, 1979). 

An idealized mathematical representation of a vertical cross-section near a closed basin 

is shown in Figure 7. The field is defined as vertical, two-dimensional flow in a homogeneous 

and isotropic porous medium of thicl,mess b and horizontal extent L. The recharge zonlllhas 

a length 0' 1 L- 0' is the length of the playa, and"' defines the half width of the salt accretion 

zone in the central playa. The simulation geometry is confined to the half plane a-b-d-e by 

assuming symmetric boundary conditions with respect to the full basin. The bottom and 

sides d-e, d-b, and e-a are taken to be impermeable to both water and solutes, with the 

normal fluxes equal to zero. 

The concentration co is the mean concentration of recharge water. The playa portion of 

length L - 0' is maintained as a surface of constant pressure (p = 0). In the region of the 

ephemeral lake"'> where the perennial salt crust exists, the surface or base level concentration 

is maintained at cl> which represents the concentration of the evaporating solution which 

evolves on the basin floor. 

In the problem outlined above, it is supposed that mass transfer of solutes occurs as 

forced convection (advection) from recharge and allows the possibility of free convection 



divide 

'ii"p= 0 

'ii"c= 0 

e 

J. Samper and M.A. Garcia-Vera 

c(x, z, t) =co 
qz = r 

V'p+pgV'z=O V'c = 0 

hinge 

4-----------------------L------------------------~ 

Figure 7. Idealized representation of a vertical cross-section near a playa-lake. 
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resulting from the buoyancy-density difference between the recharging fluid (of concentration 

co) and the residual evaporating fluid (q). Whether or not free convection occurs depends 

on the Rayleigh number Ra for salt solutions, which can be defined as the ratio of buoyancy 

forces tending to cause flow to other forces tending to resist flow (Cussler, 1985). For the 

idealized porous medium in Figure 7, the Rayleigh number can be expressed as (Duffy and 
Al-Hassan, 1988) 

(6) 

where Sis a characteristic length scale of the system (either b or L ); !::.pis the density contrast 

between recharge and discharge fluids; n is a characteristic dispersion/ diffusion parameter 

and k is the mean permeability. The density difference is related to the concentration by 
means of (5) 

!::.p = 1(c1- co) 

Since solute transport by molecular diffusion is small compared to mechanical dispersion, 
the parameter n can be taken as n = T aT, 

An alternate way to define the Rayleigh number is in terms of a ratio of buoyancy velocity 
to resistance velocity 

~ ___ r __ 
~];,_ 
L b 

(7) 

where the buoyancy velocity is a function of the fluid (!::.p, Jt) and•porous medium (k) 

properties, and the resistance velocity is the mean recharge rate r, and the denominator of 

(7) consists ofthe aspect ratio (L/b) and a dispersive dissipation term (aT/ L). Note that any 

increase in buoyancy velocity increases Ra or the chance for free convection, while increasing 

the recharge, the aspect ratio, or the dispersion term decreases Ra. Thus, under equilibrium 
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conditions Equation (7) represents the balance between recharge and the buoyancy flux from 

evaporation on the playa. 

Numerical Model 

For the purpose of exploring different hypothesis, and analyzing various aspects of 

variable density flow, an idealized cross-section has been considered for La Playa lake (see Fig. 

2 for the location of the cross-section). The profile has a length of 5000 m and a thickness of 

50 m. The recharge area extends over u = 4000 m, while the playa-lake has a length of 500 

m. 

The purpose of most computer runs was to evaluate the steady-state groundwater flow 

and solute transport. The steady regime was simulated as the limit of a transient evolution 

starting from hydrostatic constant salinity conditions. Given the lack of reliable porosity 

data for this area, a constant value of 0.1 was used for all runs. 

The magnitude of dispersion and diffussion coefficients determines the width of the 

mixing zone. When this zone is thin, a very refined mesh is required for the solution to 

converge. The values used in the simulations (aL= 100m, ar= 50 m and Dm= 6.6 10-9 

m 2/s) represent a compromise between excesive dispersive mixing and computer time. 

The finite element grid used for a homogeneous aquifer consists of 15 layers and 60 

columns of quadrilateral elements. The grid is refined below the playa so that the horizontal 

size of the elements is equal to 33.3 m below the lake and 133.3 m in the recharge zone. A 

transition zone is used between the recharge zone and the lake (see Fig. 7). Simulations were 

also made considering three layers with different permeabilities. In this case the grid was 

refined in the upper layer. 

In all cases the permeability has been assumed anisotropic, the horizontal component 

being 100 times greater than the vertical. This anisotropy is coherent with the stratified 

nature ofthe sediments which show high frequency alternating sequences of limestone, gypsum 

and marl layers. The mean concentration (as mass fraction) of the recharge water is taken 

equal to 0.002 while that of the lake is 0.12. All simulations were carried out using the 

SUTRA code (Voss, 1984). 

Numerical Results 

As a reference for comparison purposes, a horizontal permeability of 1 m/ d was adopted. 

The vertical permeability is 0.01 m/d and the recharge rate is 10 mm/year. Figure 8 shows the 

results obtained under steady-state conditions. This figure includes the spatial distribution 
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Figure 8. Distribution of recharge/discharge across the upper boundary (top graph), 

equivalent fresh-water heads (intermediate graph) and concentration (mass fraction) contours 

(bottom graph) for the reference case. 

of recharge-discharge across the upper boundary (top graph), the equivalent fresh-water 

hydraulic head contour map (intermediate graph), and the concentration contours (bottom 

graph). All fresh water discharges just inside the hinge line on the zero pressure surface. 

Groundwater discharge gradually decreases towards the playa. There is recharge in the playa 

which accounts for the brine flowing towards the margin. Below the lake the velocity is 

downwards. Salinity contours indicate that a salt nose develops and migrates beneath the 

hinge a distance of approximately 800 m. 

When the Rayleigh number increases, the buoyancy velocity increases with respect to 

the resistancy velocity (recharge) and the free convection cell increases in size. Figure 9 

shows the results obtained by increasing permeabilities (horizontal and vertical) by a factor 

of 5. Although the general patterns of recharge/discharge, head and salinity are similar to 

the previous case, now the salt nose penetrates more than 2 km. Discharge at the hinge is 

concentrated in a narrower band and recharge in the lake is greater because brine migration 
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Figure 9. Distribution of recharge/discharge across the upper boundary (top graph), 

equivalent fresh-water heads (intermediate graph) and concentration (mass fraction) contours 

(bottom graph) for a permeability 5 times greater than that of the reference case (case 2). 

has now increased. 

To evaluate the effect of heterogeneities in permeability, a third case was considered in 

which permeability decreases with depth. We distinguish three layers (from top to bottom) of 

10, 9 and 31m of thickness and respective decreasing horizontal permeabilities of 7.04, 1.76 

and 0.44 m/d. Although the resulting head contours (Figure 10) are almost identical to case 

2 (Figure 9), the concentration contours are significantly different. With a more permeable 

layer on top of the aquifer, the salt nose penetrates much less. 

Decreasing the salinity of the brines in the playa-lake results in a smaller Rayleigh 

number (see Eq. 7). Figure 11 illustrates what happens when the concentration c1 is reduced 

from 0.12 to 0.06. All other parameters are similar to the reference case (case 1). Comparing 

Figures 11 and 8 one can see that by halving ct the penetration of the interfase is also reduced 

by a factor of approximately 2. Groundwater dischare is now more distributed. 
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Figure 10. Distribution of recharge/discharge across the upper boundary (top graph), 

equivalent fresh-water heads (intermediate graph) and concentration (mass fraction) contours 

(bottom graph) for a three layer aquifer having decreasing permeabilities with depth (case 

3). 

The cases described so far represent quasi-steady flow systems. Strictly speaking, they 

are not steady-state values. In fact, the time needed to reach this state is fairly large and 

requires long computer runs (typically in the order of 10-12 CPU hours in a 6420 VAX 

computer). To illustrate the transient situation, Figure 12 shows the concentration contours 

after 1,000, 3,000 and 6,000 years for case 3. The initial concentration in this case is assumed 

equal to 0.12 in all the aquifer. The results corresponding to 11,000 years are those already 

presented in Figure 10. These simple calculations and the results of Figure 12 indicate that 

for this type of systems, transient changes take long times to dissipate. This is especially true 

for salinity in deep parts of the aquifer where the flushing of remnant brine waters might take 

thousands of years. This conclusion confirms the findings of Senger et al. (1987) and Senger 

(1991) who studied the variable-density groundwater flow in the Palo Duro System in Texas, 

USA. Paleohydrological considerations are important when salt transport is not controlled 

by groundwater flow, but by diffusion. In this case, salt transport is extremely slow (Herbert 
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Figure 11. Distribution of recharge/discharge across the upper boundary (top graph), 

equivalent fresh-water heads (intermediate graph) and concentration (mass fraction) contours 

(bottom graph) for a concentration q equal to 0.06. All other pa:cameters are similar to case 

1 shown in Figure 8. 

et al., 1988). 

Discussion 

The previous numerical analysis illustrates several important aspects of closed-basin 

evaporitic areas. Intense evaporation on the playa-lakes may have profound implications for 

groudwater flow other than evaporative losses. The residual brine waters produce significant 

density gradients, which in turn give rise to free convection cells and recirculation and stora.ge 

of salts under playa-lakes. The position of the salt nose depends on the magnitude of the 

Rayleigh number for dissolved salt. The results obtained by Duffy and Al-Hassan (1988) 

for homogeneous and isotropic aquifers indicate that a high Rayleigh number with a low 

recharge rate will cause a complete filling of the aquifer with highly saline water. Following 

their methodology we have explored cases with anisotropic and heterogeneous permeability. 
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Figure 12. Salinity contours after one, three, and six thousand years for case 3. 
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1000 years 

3000 years 

Our analysis clearly indicates that indeed the vertical chemical stratification observed in 

Los Monegros area can be associated to fresh-salt water interfaces which may develop near 

and beneath playa-lakes. Their spatial extent is extremely sensitive to small variations in 

permeability, recharge and aquifer thickness. 

A full comparison of model results with field data from Los Monegros area is not possible 

at this stage for several reasons: 

(1) most boreholes showing vertical stratification are located in areas where groundwater 

flow is not radially convergent to playa-lakes. 

(2) Most data near playa-lakes come from shallow dug wells which rarely penetrate more 

than 5 m below the water table. 

CONCLUSIONS 

Closed-basin hydrology resembles in many respects groundwater flow in coastal aquifers. 

Groundwater flow near playa-lakes has some similarities with salt water intrusion. There 

are, however, some basic differences between these environments. Closed-basin hydrology is 

a rather virgin topic due to the traditional lack of practical interest on water resources in 

these areas. 

The approval of a large irrigation project in the Monegros area poses several potential 
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adverse effects. Their evaluation requires knowing the hydrogeology and hydrochemistry of 

the area. The available data indicate that, for the most part, groundwater discharges to 

the lakes most of which are only ephemeral. The water table is close the ground surface, 

especially at the bottom of collapse depressions, where capillary fringe evaporation causes 

large salinity increases. 

Some of the existing boreholes show the existence of a vertical increase of salinity with 

depth. This stratification of water quality may be caused by the existence of a deep low 

permeability layer where groundwater residence times are large and favour the dissolution 

of soluble salts. The vertical increase of salinity is sharp and could also be explained as a 

fresh-salt water interface. 

The importance of density variations on groundwater flow has been analyzed by means 

of numerical simulations using the SUTRA code. Several cases have been analyzed by 

considering various permeability patterns. The length of the salt nose is found to be 

very sensitive to small changes in permeability and to the existence of layers with different 

permeabilities. 
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