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SUMMARY 

The important role that aquitards play in the hydrogeologic systems which they are related 
to is widely recognized. Low-permeability media studies have won interest due to their capability 
to constitute natural barriers againts aquifer salinitation and contaminant migration. These studies 
require very detailed descriptions of the transport phenomena in wich diffusion is an important 
mechanism to take into account. 

Hydrogeologic information was obtained from two sites in the Guadalquivir the marshlands 
clayey confining layer in the southwest coast of Spain. CJ- concentration profiles were simulated 
with a one-dimensional model for transport by advection and diffusion to evaluate several 
hypotheses about the origin and movement of the pore waters and solutes of this aquitard. 
Reasonable agreement between the model and the field profiles was obtained with pararameter 
values in the range determined from the field and the laboratory tests. Based on these results, it is 
concluded that the salinity of the pore waters in this layer is the result of a process of downward 
diffusion of solutes into these sediments opossed to an upward groundwater flow of freshwater 
recharged to the confined aquifer. · 

The flow and transport patterns of the aquitard are studied in relation its sedimentary history. 
The origin and evolution of the pore water and the solutes are discussed considering the changes 
of the sedimentary basin from an stuary to a marine marsh and to a fluvial-pluvial marsh. 

1. INTRODUCTION 

The interest of groundwater studies in low-permeability materials has increased during the 
last decades mostly due to the need for safe waste-disposal sites. This has led to recent advances 
in the understanding of the physical and chemical processes that control fluid flow and solute 
transport (contaminant migration) in low permeability systems. 

Clay-rich aquitards are frequently found in river mouth coastal areas, associated with aquifers 
in complex hydrogeological systems. Variations in fluid properties and solute concentration with 
depth have been found in many of these systems. An understanding of the hydrogeologic role of 
aquitards requires detailed studies of the origin and evolution of the characteristics of their solutes 
and pore waters. The results of these studies can help to predict the movement of contaminants 
under similar conditions. 
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The coastal aquifer of the lower Guadalquivir valley in southwestern Spain includes a 
regionally important wetland where the Dofiana National Park is located. The wetland constitutes 
the upper limit of about 80 m of Quaternary estuarine clays and silts. Beneath this low-permeability 
confining layer is a regional artesian aquifer. 

Groundwater studies in this aquifer were mainly designed with the purpose of groundwater 
management. The expansion of irrigated agriculture and groundwater exploitation for tourist coastal 
areas water supply in areas adjacent to the Park have caused concern that significant groundwater 
withdrawals from the aquifer will have a detrimental effect on the hydrology of the Park. 
Salinitation problems could also arise from groundwater extraction in this coastal area. Assessing 
these posible impacts would require an understanding of both the aquifer and the confining layer. 

In this paper, the physical and chemical processes that control both fluid flow and solute 
transport in the Guadalquivir marshlands confining layer are analyzed. 

Since the first groundwater studies highly saline waters were found in the upper part of the 
aquitard. This solute concentration must be affected by the hydrogeologic history of the area since 
it determined the initial conditions, boundary conditions, and stresses on the system. Two main 
factors have to be consider in the analysis of these salinity variations: the origin of the water and 
the solutes contained in the sediments and the evolution of the flow-deposition velocity ratio. 

Previous studies in this area have defined the general hydrological characteristics and the 
hydraulic regime of the system. However, there is a lack of information about the confining layer. 
Hydrochemical and hydraulic data were obtained from core samples of this unit. Analytical and 
numerical models are used in the analysis of the solute variations of the aquitard to improve the 
understanding of the hydrogeologic evolution of the system and to estimate the properties of the 
confining layer. 

2. DESCRIPTION OF THE STUDY AREA 

The hydrogeological system under study is located near the mouth of the Guadalquivir River, 
where the river flows througl] a large fluviomarine plain containing an area of about 1500 km2 of 
marshlands. Most of the marshlands are located at a topographic elevation between 2 and 3 m 
above sea level. They are bounded on the north, west and south by a zone of about 1800 km2 of 
higher elevation (up to about 150 m) that includes areally extensive eolian sands (fig. 1). 

Geologically, the study area is located in the southwesternmost part ot the Tertiary 
Guadalquivir structural basin. The deposition of a thick layer of marls in a deep subsiding marine 
basin began with a marine transgression during the Miocene. Above these marls there is a series 
of Pliocene and Pleistocene fluviomarine deposits composed of silts, sands and gravels that define 
the main confined aquifer. 

In the central areas of the basin, and above the sands and gravels of the aquifer, there is a 
silty and clayey layer 20 to 30 m thick that is overlain by one or more thin sandy layers of 
uncertain lateral continuity. The chronology of this clays and sands is poorly defined. Above these 
deposits, the most recent sediments in this area are primarily clays, 40 to 60 m thick, whose 
deposition began some 11000 years B.P. at the end of the last glacial period [8]. The fauna found 
in both clayey layers reflects a marine depositional environment [ 15]. Calculated ages of calcareous 
shells within the clays inferred from 14C analyses suggest deposition velocities in the range of 2 to 
5 mm/y for the latest stages of sedimentation [2]. As will be discussed in this paper the study has 
been focused in this upper clay layer. 



J. Rodriguez et a!. 393 

~ 
0 10 2.0 1<\LOMETERS 

A 

NW 

EXPLANATION 

1111111 Ouolernory sand and grovel 

t:=) Plioquoternory !lilt and cloy 

c::::::J Plioquoternory sand and gravel 

[I] Plioquolernory sand 

Eill Marshes 

Donono Notional Park 

Aquifer boundary 

A-A' Line of cross-section 

G Test well 

A' 

SE 

~PIIo~nesllt 

E:D Miocene mort 

S-1 Test well 
10 I<ILOI-IETERS 

V Water table 

--- Sea wotor interface 

Fig. 1.- Location of the study area and representative hydrogeological profile. 

The depositional environment in this basin evolved from a shallow estuary to a marine marsh 
and to a continental fluvial-pluvial marsh during the last 11000 years [8]. In the last stages of the 
evolution of this area, the connection with the open sea was reduced by littoral bars growing in a 
southeast direction along the coast and by the formation of sand dunes over these bars. The 
predominance of a marine environment in this basin would have persist up to 2000 y B.P. [2]. The 
connection of the area with the open sea and the consequent general tidal influence in the marsh 
occurred until the 18u' century [8]. 

3. HYDROGEOLOGY 

The sand and gravel aquifer has an area of about 3000 km2 and covers or underlies almost 
the entire lower Guadalquivir valley. In about half of the area, this aquifer is phreatic and is 
recharged directly by rainfall; in the remaining area the aquifer is confined under the silts and clays 
of the marshlands. 

The present flow regime can be visualized in a vertical hydrogeological cross section in fig. 
l. The ground-water system is bounded on the bottom by the nearly impervious Miocene marls. 
In the central parts of the basin the existance of a fresh water-seawater interface in the aquifer also 
!imitates the flow in the deepest zones. Under natural conditions aquifer recharge is derived mainly 
from infiltration from rainwater in the water table aquifer. Discharge from the aquifer includes: 
evapotranspiration in the eolian sands; base tlow to the major streams and to the sea; springs and 



394 NUMERICAL MODELLING 

seeps in the contact zone between the sands and the clayey confining layer; upward leakage through 
the central confining layer; and groundwater pumpage for irrigation. 

The salinity of the groundwater in the aquifer increases from a dissolved-solids concentration 
of less than 100 mg/L in the recharge area to about 15000 mg/L in some central parts of the basin 
below the confining layer probably with the deep interface. The dominant ions of these waters are 
Cl- and Na +. Previous authors have considered that these high concentrations are the result of a 
mixing process between the freshwater recharged to the aquifer and connate marine waters not yet 
flushed out of the system [6]. 

The mean values for the isotopic deviations of D and 'so in the low salinity waters in the 
aquifer are very similar to the average annual precipitation in the recharge area [14] and also to the 
ones found in the pore fluids within the lower part of the confining layer. This could mean that the 
lateral flushing of connate waters, suggested for the confined aquifer, could also take place in the 
aquitard in the form of an upward flushing. 

4. DATA COLLECTION AND LABORATORY ANALYSES 

The nature of low-permeability materials makes them more difficult to study and to obtain 
pertinent measurements and samples. 

During this study, two experimental boreholes (S-1 and S-2, 100 and 120 m deep 
respectively) were drilled in the marshlands along a line approximately parallel to regional flow in 
the underlying aquifer (locations shown in Fig.1). Core samples from the two boreholes were 
obtained in PVC and zinc tubes that were wax sealed to prevent desiccation. Pore fluid extraction 
was conducted by three different methods: mechanical squeezing, centrifugation, and air displace
ment [10]. Chemical analyses to determine major ions and environmental isotopes ('so and D) of 
the pore fluids were made immediately after the extraction. Samples for 180 and D analyses were 
only collected in S-2. Texture, mineralogy, and hydraulic conductivity of some of the samples were 
determined. 

Three piezometers were installed to different depths at each of the sites to measure water 
levels. The piezometers were screened at depths of 5 to 10 m, at the bottom of the hole in the 
confined aquifer, and at an intermediate depth in the sandy lenses between the two clayey layers. 
Water levels were also obtained from previously existing observation wells distributed throughout 
the confining layer and monitored since the late sixties by FAO, IRYDA and IGME. 

5. RESULTS 

5.1. Porosity and hydraulic conductivity 

The total porosity was measured in 29 samples from borehole S-1 and 12 samples from 
borehole S-2 by a volumetric procedure. The values obtained average 0.4, range from 0.2 to 0.55 
and generally decrease with depth. Effective porosity is assumed to equal total porosity because of 
the long periods of time (thousands of years) considered in the simulations [4,9]. 

The values of vertical hydraulic conductivity obtained by consolidometer tests in 5 samples 
of S-1 and 3 samples of S-2 range from 3.9x10-'0 to 8.8xi0·10 m/s [10]. Only the most clayey 
samples were analyzed because the equivalent vertical hydraulic conductivity will be close to the 
value of the less permeable layer. However, it has to be considered that the experimental results 
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from laboratory measurements of the hydraulic conductivity in low-permeability media usually 
represent the minimum values of the valid range for regional scales. 

5.2. Hydraulic heads 

The presumably undisturbed potentiometric levels in the confined aquifer measured during 
the earliest drilling in the late sixties range from 0.0 to 4.0 m above ground surface with a seasonal 
oscillation of about 2.5 m [5,6]. 

During the wet season, the water level in the marshlands above the confining layer averages 
0.2 m above land surface. During the dry season, the water table is located at a depth of about 1.0 
to 1.5 m. 

5.3. Solute distribution 

Two features are important to note in the c1· and TDS profiles in S-1 and S-2: (1) They 
exhibit a decrease of CJ· concentration with depth in both sites; and (2) The profiles show different 
shapes in S-1 and S-2, having the waters from S-1 a higher c1· concentration than the waters from 
S-2 at the same depth (fig. 5 and 6~. 

5.4. Environmental isotopes 

The o180 and oD vs. depth profiles are shown in fig. 2 for S-2. They show a decrease of the 
ovalues with depth. The values for these isotopic deviations in the pore waters of the lower 100 
m of the profile are similar to the ones found in the groundwater samples from the confined 
aquifer, and no sign of a different type of water is observed in this fringe (fig. 3.A). 
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Fig. 2.- Observed 180 and D profiles for S-2. 
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Fig. 3.A also shows that the more surficial pore waters from the aquitard fit on an 
evaporation line with a slope of 4.1 originating at the meteoric water line, and drop out of a mixing 
line between meteoric and marine water. Fig. 3.B shows that the more surficial samples are more 
enriched in solutes than in heavy isotopes. This could be explained by a redissolution process of 
salts precipitated in the upper part of the aquitard during the dry periods. 
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Fig. 3.- A) 8180 and oD for pore waters in S-2; B) 8180 vs. TDS for pore waters in S-2. 

6. CONCEPTUAL MODEL 

The hydrochemical and hydraulic characteristics of the aquitard are a consequence of the 
sedimentary processes that have taken place in the basin and the climatic, eustatic, tectonic and 
geomorphological changes occurring simultaneously. The values of sedimentation velocity and fluid
flow velocity in the aquitard are in the same range. Consequently, the flow and transport patterns 
of the clayey confining layer must have been changing in accordance with the changing boundary 
conditions as the aquitard was beeing built by deposition. Understanding the nature and origin of 
the present flow regime and the solute distribution in the aquitard requires the understanding of the 
geologic history of the basin, because they can be the response to a combination of old and recent 
stresses in the system. 

Because of the slow rate of advective and diffusive transport through low-permeability 
materials, it is within the confining layer where a remnant signal of the initial chemical characteris
tics of pore fluids would persist the longest and are most likely to be found. 

As it was commented above, the aquitard constitutes a part of a regional flow system in which 
fresh water from the underlying confined aquifer flows in an upward direction through the 
confining clayey layers because of the hydraulic gradient. 

Several hypotheses can be postulated to explain the observed solute distribution in the pore 
water of the aquitard: 

a.- The saline waters found in the aquitard could be a relict of connate marine waters that are 
still being flushed out by the upward flow of fresh water coming from the confined 
aquifer. This would mean that the flow velocity through the clays is extremely low, and 
that diffusion would have played an important role. 
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b.- The surficial evaporation in the marsh would originate a concentration gradient which 
produces a salt supply to the aquitard by diffusion in an opposite direction to the 
groundwater flow. This means that either the marine water has never existed on the 
profile or the marine water was flushed out by the dominant advective flow. 

c.- The origin of the solutes in the profile would be a mixed phenomenum of diffusion of 
solutes coming from sea water to the underlying aquifer and evaporation and subsequent 
redissolution in the top of the aquitard. 

The simulations have been focused in the uppermost part of the aquitard, about 40 m thick, 
applying a one-dimensional vertical aproximation. There are several reasons that make this 
approach reasonable. The most important hydrogeochemical changes have been observed in the 
upper part of the aquitard. The hydraulic properties are more homogeneous in this upper clayey 
layer, and it is also geochronologically best known. In this zone the fluid flow is believed to be 
predominantly vertical, as indicated by potentiometric heads. The change in concentration of the 
pore fluids is much more rapid in the vertical direction than in horizontal directions. 

7. GOVERNING EQUATIONS 

The equations governing density-dependent groundwater flow and transport are the Darcy 
equation, the continuity equations for the fluid and the solute, and the constitutive equations relating 
fluid density and viscosity to concentration. Two analytical solutions and one numerical solution 
have been used to solve these equations. 

In the analytical solutions a simplified form of the advection-dispersion equation is used: 

(1) 

where D is the dispersion coefficient; V is the average linear velocity; C is the concentration; x is 
the distance along the travel path; and t represents time. 

The numerical methods used to solve the flow and transport equations are described in the 
numerical model of [11]. In this model, the density and viscosity of the fluid are assumed to be a 
linear function of the dissolved-solids concentration. 

8. ANALYTICAL SOLUTIONS 

As a first approximation, the simulation of the observed concentration profiles was done by 
using different analytical solutions for the one-dimensional transport equation according to the 
hypotheses developed in the conceptual model. Because of the limitations of these solutions, only 
the more simple cases have been able to be considered. These cases are the a) and b) cases defined 
in the conceptual model. 

Based on the measured values of hydraulic conductivity (K), hydraulic gradient (i), and 
porosity (m), estimates of groundwater velocities (V) were obtained for the upper part of the 
aquitard by dividing values of the Darcy flux by the porosity. Darcy equation was applied using 
the hydraulic conductivity averaged from laboratory values (2x 10"10 m/s) and hydraulic gradients 
(0.04) estimated as the difference in hydraulic head between two theoretical piezometers installed 
at the top and the bottom of the aquitard, divided by the vertical distance between them. In both 
simulations the porosity was averaged from laboratory values (0.4). It is assumed that the direction 
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and rate of groundwater movement have remained constant for the entire simulated period. The 
average linear groundwater velocity value calculated is 0.6 mm/y. 

The effective diffusion coefficient used (d=?x!0-10 m2/s) was derived from the molecular 
diffusion coefficient of CI- in sea water at the mean groundwater temperature of 20°C in this area 
[7], corrected for the effect of tortuous flow paths in granular material. The correction factor 
introduced is an average of the values obtained by different authors [4,9]. 

8.1. Flushing marine connate water by an upward flow of fresh water 

To solve this case the analytical solution A-1 of [13] has been used. This solution solves 
equation (1) for solute transport. 

The initial and boundary conditions, as well as the parameters used in this simulation, are 
included in fig. 4. The system is represented as a semiinfinite vertical column initially saturated 
with a solution of C(z,O) concentration, similar to the sea water concentration. The salinity and Cl
concentration in sea water can be assumed to have remained essentially constant during the 
Quaternary. The cl- concentration coming from the bottom of the column, C(O,t), is equal to the 
concentration of the water of the confined aquifer. The maximum reachable CI- concentration is 
limited by the CI- content in sea water. 
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Fig. 4.- Comparison of simulated and measured Cl- profiles for hypothesis a). 

Fig. 4 shows the simulation results for several time steps in the column of S-1. A good fit 
between the calculated and measured data can be observed for the lower thirty meters of the 
simulated section of the aquitard and for times within the valid range suggested by the geological 
history of this layer. As it was expected, the upper meters of the aquitard are not properly 
represented with this simulation because it does not consider the evaporation phenomenum. 

The results of this solution for the well S-2 are not presented graphically. However, good fits 
are also obtained for the lower thirty meters of the aquitard, altough for longer periods of time than 
those of S-1. This suggests that if the tlushing of connate marine waters ever occurred, it would 
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have been more efficient in the area represented by this well, probably because of different hydrau
lic characteristics in this area. This could be a consequence of its different paleogeographical 
losation in the sedimentary basin. S-2 is located in a more 
central part of the fluvial basin and, therefore, the sediments could have a higher sand fraction than 
in the S-1 area. This would mean a higher hydraulic conductivity for the S-2 area that is slightly 
supported by the porosity logs of both wells. 

8.2. Concentration of solutes at surface by evaporation and upward flow of fresh water 

The analytical solution use to solve equation (1) for this case was the one developed by (1]. 

The initial and boundary conditions, as well as the parameters used for the simulation, are 
presented in fig. 5. The porous medium is represented by a vertical column of finite lenght L which 
is equal to the thickness of the aquitard modelled. The column is initially saturated with continental 
or meteoric water similar to the one of the confined aquifer, with a c1· concentration C(z,O) 
considered equal to zero. This can be a valid approximation because of the low concentration of 
this ion in the aquifer. 
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Fig. 5.- Comparison of simulated and measured c1· profiles for hypthesis b) in S-1 and S-2. 

The CI· concentration in the upper boundary C(L,t) is assumed to be constant, with a value 
of 65 and 60 g/L for S-1 and S-2 respectively. These values are consistent with the ones observed 
in the concentration profiles (fig. 5) and with the observed in the soil of the central part of the 
marshlands by FAO, 1973. The solute concentrations observed in the marshlands surficial waters 
oscilate seasonally from 5 g/L to 150 g/L [12]. However, for the simulation it is assumed a high 
constant concentration at the upper boundary to represent a dominance of dry-season conditions. 
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The assumed lower boundary condition is such that allows the concentration to change over 
time and to originate a solute flow to the confined aquifer proportional to the value of concentration 
at that boundary. 

Fig. 5 shows the simulation results for several time steps for S-1 and S-2, respectively. The 
fits obtained for the upper 10 m of the aquitard are good for both wells for a simulation time of 
about 2000 years. However, longer times (of about 10000 years) are required to get good fits in 
the lower sections of the wells. In this case, the fits in the upper part are lost. These simulation 
times are too long taking into account the recent geologic history of this basin. The effect of 
evaporation in the marsh can only have been active for the last 2000 years at the most. 

9. NUMERICAL SIMULATIONS 

The analytical solutions did not reproduce the whole concentration profiles observed in S-1 
and S-2. Therefore, it was considered necessary to simulate the hypothesis c) described in the 
conceptual model as a combination of hypotheses a) and b) already simulated with the analytical 
solutions. The simulation try to reproduce the combined effect of flushing marine connate water 
with fresh water recharge from the confined aquifer and evaporative concentration at surface. 

To simulate this situation a density-dependent fluid flow and transport model 
have been used. This model allows to simulate more complex cases as the ones that take into acount 
the overlapping of the processes defined in case c) of the conceptual model, and also the variable 
density and flow velocity. The high solute concentrations observed in the upper part of the aquitard 
(up to three times sea water) suggest that this fact must be considered. 

The code used was developed by [11]. This model uses the TDS values in the transport 
equation. This does not mean any problem in the simulation since there is a linear relationship 
between c1· and TDS. The simulation was done in steady state. 

The medium is considered as a vertical column with a length equal to the thickness of 
aquitard simulated in the previous analytical solutions. The grid is regular with a size of 1 m. The 
medium is assumed initially saturated with sea water in hydrostatic equilibrium and with a TDS 
concentration of 35 g/L. The pressure head in the upper boundary is constant and equivalent to a 
head of 0.5 m below ground surface. The TDS concentration at this boundary has been considered 
constant with a value of 100 g/L, representing the effect of the concentration reachable by 
evaporation. The preassure head in the lower boundary is also constant and equivalent to a 
piezometric head of 1m above ground surface. The TDS concentration is equal to 2 g/L at S-1 and 
4 g/L at S-2. These values are consistent with the observed concentrations in the confined aquifer 
at both sites. 

The values of hydraulic conductivity values and diffusion coefficient used in this numerical 
model were equal to the ones used in the analytical solutions. 

The simulation results show a peculiar variation of the flow velocity which progressively 
decreases and changes to a downward direction as the simulation advances in time. The evaporation 
in the marsh causes an increase in the concentration, and therefore in the density of the water, in 
the upper part of the aquitard. As a consequence, molecular diffusion thickens the high salinity 
fringe in a downward direction. This process becomes dominant forcing an inversion of the 
advective flow and the filling of the whole column with highly saline water. 

The observed profiles could not be adequately reproduced along the simulations in any of the 
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wells. Therefore, it was necessary to adjust some parameters of the model. The changes were made 
in the sense of avoiding the flow inversion either decreasing the downward diffusive flow or 
increasing the upward advective flow. Decreasing the diffusion coeficient did not improve the fits 
even using values below the reasonable range. 

Increasing the upward advective flow can be achieved either increasing the vertical hydraulic 
gradient or the hydraulic conductivity with the same results. In this case, the second option was 
chosen since the laboratory values that were used up to this point must represent the lower limit 
of the validity range for this parameter. The laboratory tests do not consider heterogeneities and 
discontinuities that can be effectiw at the scale of the simulations. 

The best-fit TDS profiles for S-1 and S-2 are presented in fig. 6 for a period of simulation 
of 2000 y. The shape of the profiles are remarkably different only because of the different 
hydraulic conductivities used for each profile. This difference was discussed in the case of the first 
analytical solution. The values of hydraulic conductivity used represent an increase of about one 
order of magnitude with respect to the laboratory values. 
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Fig. 6.- Comparison of simulated and measured TDS profiles for hypothesis c) in S-1 and 
S-2. 

The upward flow velocity value obtained is in the order of 2 mm/y for S-1. In S-2, the 
velocity is about 10 mm/y at the beggining of the simulation and accelerates progressively, as the 
weight of the column decreases, reaching ;30 mm/y at the end of the simulated period. 

One of the main experiences obtained through the modelling process is the extreme sensitivity 
of the system to small changes in the parameters governing advection. Small increments in flow 
velocity originate the complete upward flushing of the profile with fresh water. Small decreases in 
flow velocity fill the profile with highly saline water from upwards. Therefore small differences 
in the lithology of the sediments in the basin, that represent small differences in the hydraulic 
parameters, can originate different concentration profiles as the ones observed in S-1 and S-2. 
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The observed concentration profiles show that a balance between advection and diffusion has 
been taking place in the evolution of the system because of the low permeability of the medium 
velocity, although in this balance the upward advection has always been the slightly dominating 
process. 

10. ORIGIN AND MOVEMENT OF PORE WATERS AND SOLUTES 

The simulations have been very useful to better understand how the sedimentary history of 
this basin has conditioned the flow and transport patterns of the aquitard step by step. The dynamics 
of the sedimentation process and the dynamics of flow and transport have evolved simultaneously 
along the time. This evolutive process can be inferred from the observed final configuration of the 
hydrogeochemical characteristics of the pore waters of the aquitard, due to the long time required 
for these characteristics to change in a low permeability medium. 

Even though the effect of changing boundary conditions is not incorporated in the simulations, 
the results of the different situations simulated separatelly give enough hints to understand the 
whole evolutive history of the flow and transport patterns. 

To understand this evolution it is necessary to know the environments that have been 
conditioning the sedimentation and at the same "time defining the initial and boundary conditions 
for flow and transport. A better definition of this conditions can be presented after the modelling 
process developed. 

10.1. Flow boundaries 

On a regional scale, this basin has been acting as a discharge area of the hydrogeologic 
system recharged in the surrounding areas of a higher elevation. Therefore these paleogeomor
fological features have conditioned the existance of a predominant upward flow through the upper 
clayey layer of the sedimentary basin. This hydraulic regime has persisted for the whole simulated 
period and is consistent with the observed hydrogeochemical data. 

10.2 Transport boundaries 

According to the geological and historical information above commented, the upper clayey 
layer was mainly deposited in an estuarine environment that defined an upper boundary of the 
simulated hydrogeologic system constituted by a marine water body during most of the time (from 
aprox. 11000 to 2000 y. B.P.). 

Two thousand years ago, the depositional environment changed to a marine marsh. This 
implied the imposition of an intermitent marine water boundary because of the tidal effect. This 
means that an additional process of evaporation has to be considered for the last stages of the 
evolution of this basin. 

This evaporation has been particularly significant during the last 300 y. when the mari~e 
marsh became a fluvial-pluvial marsh because it got praeticaly disconnected from the open sea. Thts 
new environment originates a boundary that changes seasonaly. During the wet season, direct 
rainfall and inflows from several streams t1ood the marshlands. The water dissolves the salts that 
are accumulated in the surface and the first meters of soil by the evaporation. The evaporation takes 
place during the dry season until the marsh becomes dry. Therefore the upper boundary is 
constituted by water with a solute concentration that fluctuates seasonaly from values of 5 g/1 to 



J. Rodriguez eta!. 403 

values of more than five times the solute content in sea water. These higher values are predominant 
in defining the upper boundary condition due to the high velocity of the disolution process that 
rapidly increases the solute concentration of the infiltrated meteoric water. This proceses allows to 
define a level of practically constant concentration for TDS of 100 g/L. 

The lower transport boundary is defined by the confined aquifer low-concentration waters. 
According to the paleogeological data this limit seems to have remained constant along the time 
because of the flow conditions above commented. 

10.3 Initial conditions. Groundwater origin. 

In previous studies, speculations were made about the origin of the highly saline waters found 
in the clayey sediments of the Guadalquivir basin. These theories tend to relate the origin of the 
solutes with the existance of connate marine waters still being displaced out the aquitard by the 
upward flow of fresh water coming from the confined aquifer, as was postulated in hypothesis a). 
The analysis performed in this paper shows that the only sign of the marine waters involved in the 
sedimentation that seems to remain in the aquitard are the salts that have been trapped in this low
permeability layer by diffusion and evaporation. The isotopic content of the pore waters in S-2 
seem to indicate that, at least in some parts of the basin, the sign of these marine waters have been 
erased by postdepositional processes. 

In the last simulation the initial conditions were assumed to be defined by a hydrostatic column of 
sea water. This simplifying assumption does not take into account the actual evolution of the 
salinity profiles in the clayey layer. Since the first clayey layer was deposited in a marine 
environment the upward flow from the confined aquifer existed in opposition to the downward 
diffusion from the upper marine water boby. This originates an interface profile in the pore waters 
of the sediments since the very begining of the hydrogeologic history of the basin. However, it 
would not have been possible to define this evolution without reproducing the present concentration 
profiles with the simplified initial conditions used in the model. 

10.4 Evolution of the pore waters and solutes in the aguitard 

The results of the simulations represent an integration of the numerous small pulses of 
sedimen'tation, fluid flow and solute transport that took place simultaneously. 

Fig. 7 is an attempt to show the hydrogeochemical and sedimentary evolution of the aquitard 
in three steps considered representative of the main historic changes in initial and boundary condi
tions occurred until the present situation was reached. This representation has been done on the 
basis of the evolution of the cr-, 180, and D profiles along the time postulated after the results of 
the simulations. Two cases are considered depending on the dominant transport mechanism, 
advection or diffusion. Curve 1 represents the case in which diffusion is dominant, while advection 
is dominant in curve 2. 

The 1'' step of fig. 7.A shows the hypothetical Cl- concentration profile for the begining of 
the sedimentation history of the aquitard. 2"d step represent the profiles corresponding to the 
upfilling of the basin while marine conditions are still predominant. The last step, represents the 
shape of the profiles after the marsh changed from a marine to a fluvial-pluvial marsh and 
evaporation and redissolution started taking place. In this step, curve 2 is similar to the profile 
observed at S-2 and represents the case where advection dominates, whereas curve 3, similar to S-
1, represents an intermediate case in which diffusion leaves a stronger sign than in S-2. 
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Fig. 7.B shows the evolution for 180 and D, that is similar to the one described for chloride 
until step 3. In this last step the evaporation removes isotopes in the upper part of the aquitard, 
leaving the salts in the soil. The infiltration of rain water produces a mixture between this 
isotopically light water and the upward moving pore water. The result is the curve 3 observed in 
S-2, in which the uppermost level shows an increase in heavy istopes due to evaporation. The 
differences observed in the CJ· and isotopes profiles can be explained on the basis of the different 
velocities for isotopes and solutes to reach the equilibrium under evaporation conditions. Isotopes 
will reach the equilibrium faster than solutes [3]. 
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Fig. 7.- Postulated evolution of c1· and 180 profiles in response to the aquitard sedimentary 
history. 

11. CONCLUSIONS 

The origin and evolution of the salinity in the pore waters of the Guadalquivir marshlands 
clayey confining layer are analyzed at two sites of this sedimentary basin. The observed c1· profiles 
have been reproduced with several analytical and numerical models. Based on the results of 
modelling and the distribution of environmental isotopes, it is concluded: 

The sign of connate marine waters in the aquitard seems to have been erased by an upward 
flow of fresh water recharged to the confined aquifer. 

The solute content in the pore waters of the aquitard is originated by a process of downward 
diffusion from an upper source that have changed in time in response to changes in the 
sedimentary environment. In a first stage, the source was constituted by a marine water body 
in a estuary. In the last stage, while the estuary evolved to a marine marsh and a fluvial
pluvial marine marsh, the surficial evaporation and redissolution of salts became the main 
source of solutes. 
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The sedimentary history of clay-rich aquitards needs to be considered in ground water studies 
to interpretate their present flow and transport patterns. This type of hydrogeologic studies 
can help to corroborate hypotheses about the geologic history. 
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