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ABSTRACT 

A shallow coastal deposit near the mouth of the small Bassa Nova creek, in Cala Jostell 
(Tarragona), has been sampled in detail to study how sulphate reduction and ion exchange 
affect dissolution processes of carbonate sands in the freshwater-saltwater mixing zone. 
Several bores were drilled to get samples at different depths inside the mixing zone, up to 6 
m deep. The formation is the result of erosion of the carbonate Vandell6s Massif, reworked 
by littoral processes. About 2 m below ground level dolomite and calcite grains dominate, 
but above this they have been largely dissolved, leaving a residuum dominate!i by quartz and 
felspar grains. The contribution of C02 from the anaerobic oxidation of organic matter using 
marine S04' as an electron acceptor enhances the dissolution process. The general process is 
a decreasing pH with increasing HCO:J. Downwards the pH increases with decreasing HCO:J. 
Generally, there is a net excess of all cations relative to the closed system mixing of fresh and 
marine water, but the earth-alkaline ions increase more than the alkaline ones. 

INTRODUCTION 

Carbonate dissolution inside the freshwater-saltwater mixing zone in coastal aquifers, in 
caverns and small bays has been postulated and studied for many years. Most studies have 
been carried out by the U.S. Geological Survey and refer to conditions found in the Gulf of 
Mexico, mainly Florida and Yucatan (Back and Hanshaw, 1970a; 1970b; Back et al., 1979; 
1986; Hanshaw and Back, 1979). They have been chemically demonstrated (Plummer, 1975) 
and checked by the use of chemical speciation models such as WATEQ (Plummer et al., 
1976a; Moses and Herman, 1986) and mixing models (Parkhurst et al., 1982), and by using 
flow path and mass balance considerations (Plummer and Back, 1980; Plummer et al., 1983). 
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Other works have applied similar ideas to other areas such as Bermuda (Plummer et al., 
1976b) or coastal sands in Oregon (Magaritz and Lucier, 1985). 

Processes such as ion exchange affect water-rock interaction in coastal aquifers produce 
characteristic responses (Custodio, 1985; Custodio and Llamas, 1976, Sect 13; Custodio 
and Bruggeman, 1986; Mercado, 1985). Redox reactions, including sulphate reduction, are 
modifying reactions as well since they alter the water pH. 

During the joint project carried out by the U.S. Geological Survey, the Complutense 
University of Madrid and the Polytechnic University of Catalonia, Barcelona, sponsored by 
the US-Spain Joint Committee for Science and Technology, chemical conditions in carbonate 
coastal aquifers were selected as one of the focal topics. Studies were carried out in Mallorca 
(Price, 1988; Herman et al., 1985) and in two coastal carbonate massifs in Catalonia: Garraf 
and Vandell6s (Bosch et al., 1990; Custodio et al., 1986; 1989; 1991; Pascual et al., 1986a; 
1986 b; Pascual and Custodio, 1987; Pascual, 1990). 

The present paper refers to the Vandell6s massif. The first works were devoted to the study 
of four deep observation wells and two pumping wells, but reaction between water and the 
iron casing in the observation wells (Bosch and Custodio, 1987b ), and the impossibility of 
getting renovated samples at a given depth due to the great depth to the water level and 
large diameter of the bores, forced the research to be reoriented. The results obtained so 
far are limited to a characterization of sea water intrusion conditions and recharge behaviour 
(Bosch and Custodio, 1987a; Custodio et al., 1989). 

It was then decided to study a small area called Cala Jostell, which is the subject of this 
paper. The work was one of the objectives of the Ph. D. thesis of the first author (X. Bosch), 
who unfortunately died as the result of a sudden illness when he was close to completing his 
dissertation, under the guidance of the second author. A synthesis has been published (Bosch 
and Custodio, 1991) and the main findings are presented here. 

THE STUDY AREA 

The Vandell6s massifis parallel to the coast. It is characterized by rough elevations separated 
by deep gullies (fig. 1). The maximum elevation is 737 m at about 5 km from the shore. 
The elevations only reach the sea in the El Torn mountain (elevation 150 m), which is linked 
to the main range through the Coli de Balaguer, near the study area. At both sides of this 
threshold a series of gently slopes of about 5° separate the massif from the coastal line. They 
are coalescent alluvial fans and piedmonts. These slopes have traditionally been used for 
dry farming (olive and carob trees), and the elevations were covered by pine forest, currently 
destroyed by fires and replaced by brush and naked soil and rock. 

Geologically, the Vandell6s massif is included in the inner sector of the Southern Catalan 
Mediterranean System (Anad6n et al., 1979), also called Catalanides. Lying on deep schists 
and granites of Palaeozoic age and on clayish Keuper facies, a thick piling of Jurassic and 
Cretaceous carbonate formations (dolomites, limestones and marly limestones) form the 
massif. 



N 

$-
5 10 15 

X. Bosch and E. Custodio 

E B/f~' 
B A,SI N .. -... ~ 

' 
--···-·~ 

30 i<m 

~ Stdiments ot the 
~ coastal graven 

0 Study si\e 

_ ........... Rivers and creeks 

Boundary of the small 
coastal basins 

MEDITERRANEAN SEA 
0 2 km 

231 

Fig 1.- General situation of the study area, with indication of local morphology and the detail 
of the area (altitudes in m). 
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The piling, more than 1000 m thick, is folded and faulted in a direction close to that of the 
coastal line (NE-SW). The depressions are filled up with erosion materials, corresponding 
to poorly sorted, detrital Plio-Quaternary colluvia, that include erosive and angular 
inconformities (Bay6 et al., 1976) and dense, fissured and karstified calcretes. Between the 
escarpment produced by the versilian transgression in the alluvial fans and the present coastal 
line some sand deposits have formed, as in Cala J ostell. 

The hydrographic network is poorly developed and is formed by creeks and gullies that are 
only functional for a short time after intense rains (more than 60 mm in 24 hours). The mean 
rainfall at the coast is about 550 mm/year, and up to 700 mm/year at the top of the massif. 
Rainfall shows great seasonal and annual variations. In a few days, up to 50% of the year's 
rainfall can be recorded. The rainy seasons are the autumn and the spring. 

Near the study area exo- and endo-karstic features are conspicuous, especially in Jurassic 
(Oxfordian) dolomites. The gullies are shaped as vertically walled canyons, where remnants 
of old caves and relict speleothems can be seen. Due to the abrupt relief, most of the karst 
features are currently in the unsaturated zone, except near the coast. 

The alluvial fans and piedmonts are highly heterogeneous, with very permeable layers, up to 
1000 m/day. Soils are thin and discontinuous (mountain rendzine). 

Recharge water is of the calcium (in limestones) or calcium-magnesium (in dolomites) 
bicarbonate type, and relatively low in chloride (about 30 mg/1). 

The study area is at the lower alluvial end of the Bassa Nova Creek, in the place named Cala 
Jostell, near the Vandell6s I Nuclear Facility (fig. 1). A typical salt water wedge is found in 
the shallow aquifer, with a relatively thick mixing zone. To study the mixing processes in the 
wedge, instead of taking as extremes the fresh water in the massif and sea water, real waters 
in place are adopted. Enviro.umental isotope studies (Bosch and Custodio, 1987a) show that 
local fresh water is probably not related to main recharge in the massif, but has a local origin. 
Also, marine water may suffer chemical changes from the penetration site to the sampling 
point (Pascual and Custodio, 1990). 

EXPERIMENTAL SITE 

The experimental site is a flat near the sand bar forming the beach, with the characteristics 
of a small wetland, which is partially flooded in winter. The observation bores are along a 
line parallel to the coast (fig. 2). They were drilled by means of a dynamic penetrometer. 
Using an open end, aquifer samples were obtained from three bores. Another seven bores 
were fitted with 1 inch PVC tubes introduced inside lost-point penetrometer bars. They 
are placed close together, with an increasing depth of the screen in order to get samples of 
increasing salinity. The open end of the tubes was protected by a fine, permeable geotextile, 
covering the last 30 em, in which 5 mm holes were drilled. 

Penetrability vs. depth (fig. 3) show a fairly constant lithology. X-ray diffraction 
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Fig 2.- Transversal lithological cross-section of the lower end of the Barranco (creek) de la Bassa 
Nova, in Cala (inlet) Jostell, with the boreholes drilled for this study. a) marshy area; 
b) sandy formation; c) clayish silts; d) sands and gravels; e) piedmont deposits; f) 
limestones. 

Penetrability (blows per 10 em of penetrat1ool 

5 10 15 20 25 

2 

"' 
3 

Q) 
~ ....., 
Q) 

E 
.~:' 

4 
..... 

Q.., 
OJ 

0 

6 

Fig 3.- Penetrability (blows per 10 em of penetration) versus depth for the boreholes drilled in 
t~e area by means of a dynamic penetrometer. Since the results are very close for the 
ddferentes bores, they are not identified. 
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measurements and the microscope study of thin slides show that in the upper part, which is 
subjected to carbonate minerals dissolution, silicate minerals dominate, whereas carbonates 
are the main mineral species in the lower part (fig. 4). 

There are three main layers: 

- Upper layer (0 to 3.7 m depth). Sands with some partly rounded gravel layers, with silicate 
minerals dominant near the top and carbonates at the bottom. Calcite dominates over 
dolomite along the layer except in the central part. Boreholes P-1 through P-5 are in this 
layer. 

- Intermediate layer (3.7 to 4.1 m). Clay silt, acting as an aquitard confining the lower layer. 
Carbonates are dominant (98%). Borehole P-6 is in this layer, but has not been studied since 
it did not produce enough water to be sampled. 

- Lower layer ( 4.1 to 6.0 m). Sands and poorly rounded gravels. About 80% carbonates. 
Borehole P-10 is in this layer. 

The situation of the open end of the boreholes is: 

Borehole 
Depth (m) 

SAMPLING 

P-1 
0.6 

P-2 
1.1 

P-3 
1.6 

P-4 
2.5 

P-5 
3.6 

P-6 
4.4 

P-10 
5.5 

Since depth to the water level is small, sampling was done by suction with a small centrifugal 
pump lying on the ground. The abstracted water was poured into an isolated jar until 
constant temperature and salinity measurements were obtained, which was attained in 1 
to 3 minutes with a discharge of 5 1/min. Then the flow was diverted to a 0.45 J.Lm pore 
filter, through which samples were collected. Shortly afterwards the pump was disconnected 
to avoid excessive perturbation of the aquifer. Water in the isolated jar was used for in 
situ measurement of temperature, electrical conductivity, pH, and sometimes bicarbonate 
alkalinity. 

Chemical analyses were carried out in the laboratory, within 48 hours of sampling in most 
cases1 from well-sealed, totally filled bottles, conserved in a portable, cooled box. Standard 
analytical techniques were used. The ion balance showed errors that were generally less than 
2%. 

RESULTS 

Two main sampling surveys were carried out: 

10 May, 1987, shortly after a recharge period. The water table was practically at ground 
level. Samples are designated by a 1 before the borehole name ( eg. 1P-3). 

- 10 August, 1987, after a long summer period. The water table was 0.40 m below the land 
surface. Samples are designated by a 2 before the borehole name ( eg. 2P-3). 
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Fig 4.- X-ray difractometry mineral composi~ion changes versus depth in the fine fraction of the 
samples from the boreholes drilled in Cala Jostell. 
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Figure 5 is a plot of salinity vs. depth. For calculations, freshwater and sea water chloride 
content have been taken as 24 and 22150 mg/1 respectively. The sampling results are: 

First sampling: 

01- (mg/1) 
%sea water 

Second sampling: 

01- (mg/1) 
%sea water 

Increases: 

% t.. 1 
%t..11 

1P-1 
49 

0.11 

2P-1 
134 
0.50 

2P-1 
176 
04 

The increases are defined: 

% L::.. 1 = 100 (2P-i - 1P-i)/1P-i 

1P-2 
78 

0.24 

2P-2 
319 
1.34 

2P-2 
309 
11 

1P-3 
469 
2.01 

2P-3 
2627 
11.79 

2P-3 
460 
98 

% !::,. 11 = % sea water (2P-i) - % sea water (1P-i) 

1P-4 
2882 
12.95 

2P-4 
3535 
15.90 

2P-4 
23 
29 

1P-5 
8804 
49.77 

2P-5 
9194 
41.54 

2P-5 
44 
18 

1P-10 
3585 
16.13 

2P-10 
4217 
18.99 

2P-10 
18 
29 

Boreholes with greater Cl- increases in summer time relative to the recharge season are P-3, 
P-2 and P-1. They are those which have the greatest possible chemical changes. Also, the 
percentage of sea water in the mix is in the range that, according to theoretical studies, will 
show the greatest reactivity (Plummer, 1975; Stumm and Morgan, 1981). 

Shallow depth samples had a sulphide smell and a yellowish colour, with 1-2 mg/1 dissolved 
oxygen and high chemical oxygen demand, but were low in total iron and ammonia. 

The pH is always lower than spring water from the massif and seawater, and decreases with 
increasing salinity from P-1 to P-4; it then increases again. pH values for the second sampling 
are similar to the first one, which means lower values for the same salinity (fig. 6). Differences 
are higher than measurement errors. HC03 ion is the dominant dissolved inorganic carbon 
species, and its content, as well as total dissolved inorganic carbon, increases with salinity 
from P-1 to P-4, and then decreases. HC03 concentration is always higher than in springs 
in the massif, except for 1P-1. Similarly, carbon dioxide partial pressure increases from fresh 
water to 10% seawater mixtures. It is always higher than atmospheric values. 

Saturation indices (SI) calculated with the WATEQF program show that springs in the massif 
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always tend to be oversaturated with respect to calcite (travertine is deposited downstream 
of the springs). The less saline water from the boreholes shows undersaturation with respect 

to dolomite and a small oversaturarion with respect to calcite. The SI values increase with 

increasing salinity. For the same salinity, water for the first sampling shows a smaller SI value 

than the second one. 

DISCUSSION 

To study the differences between theoretical mixtures and real ones, the following mixing 

models were considered: 

Model 
1 
2 
3 

Freshwater 
end-member 

1P-1 
1P-1 
1P-1 

Intermediate 
samples 

2P-1; 2P-2; 2P-3; 2P-4 
2P-1; 2P-2 

2P-1 

Saline water 
end-member 

1P-5 
1P-3 
2P-2 

It is assumed that the first sampling represents a recharge period and the second one the dry 
period, in which the salt water component increases. Ion 01- is assumed to be conservative 

and is used to calculate mixing proportions. With these proportions theoretical (closed 

system) mixtures are calculated as well as the difference between actual values and the 

theoretical ones. Results are as follows (fig. 7): 

1) there is an excess of total ions, and consequently solid phase dissolution takes place. The 

increase is less the closer the salinities of the end-members, as could be expected. 

2) HCO:J increases and S04' decreases by reduction to sulphides (gypsum precipitation is 
thermodynamically impossible). 

3) Ca2+ increases, as well as Mg2+, Na+ and K+, except for the more saline waters in the first 

model, which show a decrease. 

The first model can be considered as a fairly good approximation to reality, since the two 

end-members are spatially close and use the more extreme values found. The other models 

use as the saline end-member a water that has already reacted with the solid phase. 

The conspicuous excess of HCO:J (or of total dissolved inorganic carbon), as shown in figure 
7, is the result of carbonate dissolution. This is thermodinamically possible since the first 

series of samples shows undersaturation with respect to calcite and dolomite for the less saline 

waters (samples 1P-1 and 1P-2). They become oversaturated when the salinity increases. The 

origin of the undersaturation can be attributed to the COz released in the oxidation of the 

organic matter from the soil and decaying vegetation introduced with recharge water. Since 

very little dissolved oxygen and nitrate are available, the electron acceptor is sulphate, whose 

supply is secured through the inflow of sea water. This explains the deficit of S04' and the 

sulphide smell. No other way of decreasing the S04' content exits since the waters are always 

undersaturated with respect to gypsum and anhydrite. 
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Fig 7.- Deviation of actual ionic concentrations from theoretical mixing (closed system mixing, 
without reactions or mass transfer) assuming chloride ion is conservative. The two end
member waters are Pl and P5. P6 does not yield enough water. 
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If reactions can be represented by (M = divalent metal): 

it means that each mole of sulphate that reduces, produces three moles of bicarbonate, 
although current values differ a little since the pH variation affects HC03. It is observed 
that the HC03 increase is stoechiometrically higher than the SOf decrease. Near the water 
table there is direct COz input by organic matter oxidation by means of diffused oxygen from 
the atmosphere, which means a net contribution of HC03 without a decrease in SOf. 

The less saline samples show an excess of the four major cations (fig. 7), which is greater 
for the Na+. The more saline waters only have an excess of Ca2+, and a deficit in the other 
cations, especially Na+. The behaviour of Na+ is the result of cation exchange, since no 
other sources or sinks of N a+ exist and the waters are far from saturation relative to halite 
or sodium silicates. Recharge water increases its HC03 content with equivalent amounts of 
Ca2+ + Mg2+ from the rock, but part of this is exchanged against Na+. But when water 
becomes more saline, the high Na+ concentration due to the marine contribution forces Ca2+ 
and Mg2+ from the cation sorbed complex to be freed in exchange for N a+. Similar behaviour 
happens for the Mg2+, which is high in sea water, with respect to Ca2+, which is relatively 
increased in the more saline water with respect to the less saline ones, as can be expected 
from normal behaviour (Custodio and Llamas, 1976; Sect. 10; Custodio and Bruggeman, 
1985). K+ behaves similarly to Na+. 

Since the two end-members in the second model are spatially closer and have intermediate 
salinities, they produce a better approximation of the behaviour. The mixes of the two end
members have salinities closer to that of. the second sampling, in which sea water intrusion 
was greater. The same evolution as in the first model can be seen. 

The third model is still a closer approach, and again the water considered as a mixture has 
an intermediate salinity, with ·enough time to react with the solid medium (the end-member 
is for the second sampling) in a sea water intrusion period. The same evolution is observed. 

The evolution is depicted in fig. 8. 

CONCLUSION 

In the freshwater-saltwater mixing zone in the alluvial aquifer of the small wetland at Cala 
Jostell, in the upper part of this mixing zone there is carbonate dissolution due to two 
processes: a) salinity increase and b) anaerobic organic matter oxidation accompanied by 
marine sulphate reduction. 
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