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Processes in the mixing zone in carbonate formations: 
central and southern Catalonia 

ABSTRACT 

E. CUSTODIO* 
M. PASCUAL* 
A. BAYO* 
X. BOSCH* 

Hydraulic-conductivity heterogeneities in coastal carbonate formations affect the form and behaviour of 
the mixing zone as observed along fully screened boreholes. The downward increase in salinity shows 
conspicuous changes in vertical salinity gradients that are found at the same depth over repeated logs. 
Salinity logs from some studies carried out in two areas will be discussed. One of them is in the sou
thern portion of the Garraf Massif and the other in the Vandellbs Massif, this last involving two subare
as, one in dolomites and the other in a small, thick alluvial fan deposit. The changes in vertical salinity 
gradients reflect changes of permeability inside the mixing zone. They are produced by the borehole 
itself. Low vertical salinity gradients are associated with low-permeability stretches, but exceptions can 
be found. Some permeable stretches may not show when they produce upwards and downwards flows. 
Transient situations may deviate from these rules. 

1. INTRODUCTION 

In many real circumstances the transition between 
fresh water and marine water in a coastal aquifer 
is a rather wide mixing zone instead of a relative
ly sharp interface. The mixing-zone thickness 
increases with frequent oscillations and changes 
in water heads as a response to the sequence of 
recharge events and tidal action. In aquifers 
under exploitation, fluctuations are also due to 
changes in abstraction rate. These fluctuations 
are more important the greater the aquifer hy
draulic diffusivity, e.g. , the greater the permea
bility and the smaller the storage coefficient. A 
high fresh-water flow tends to decrease the 
mixing-zone thickness. The heterogeneity of the 
medium, on the other hand, favours the disper
sion, thus contributing to the increase of the 
thickness. When there is a continuous process of 
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salt-water intrusion due to intensive aquifer-water 
abstraction, both the fresh- and salt-water flow 
towards the pumping centres. This makes the 
mixing zone to increase continuously due to 
dispersion without salt flushing along the mixing 
zone. 

All this is well known and a wide spectrum of 
publications deal with it. General references can 
be found in CUSTODIO (1976) or in CUSTODIO & 

BRUGGEMAN (1987). But only a few publications 
deal in detail with the salinity distribution inside 
the mixing zone and with fluctuations of salinity 
with time (e.g., COTECCHIA, 1977; KOHOUT, 
1964; TODD & MEYER, 1971; MONKHOUSE & 

FLEET, 1975; MATHER & BUCKLEY, 1973; CUS
TODIO, 1978). 

The details of vertical salinity distribution can be 
easily monitored inside fully-screened observation 
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wells or boreholes if density stratification is 
enough to preclude vertical flows inside the well. 
But this distribution may not correspond to the 
salinity distribution of the mixing zone inside the 
aquifer, as pointed out in some of the above 
references and as will be shown below. 

The down-hole water electrical conductivity meter, 
though simple, is not a common instrument, 
seldom commercially available for deep wells (more 
than 100 metres). Home-made instruments are 
used in most situations. These instruments, 
when used in the most saline part of the mixing 
zone, may present problems of electrode polariza
tion after the prolonged immer~ion needed to log a 
long well, and also to shifts of the electrical 
response and changes in the signal due to wea
ring away and flaws in the isolation of the cable. 
During careful surveys most of these inconveni
ents can be controlled by frequent field calibra
tion with known saline solutions and by comparing 
readings with water samples taken at given 
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depths and measured at the surface by conventio
nal, well-calibrated electrical-conductivity meters. 
But, in many instances routine field surveys are 
carried out by technicians who are not trained to 
do an accurate job or lack the time to do it, and 
simply record an "apparent" electrical conductivi
ty, generally acceptable for low salinities (e.g. 
up to 5 or 10 mS/cm), but sometimes quite devia
ted for higher values. Sea-water electrical 
conductivity varies between 45 and 49 mS/cm. 

Many logs of this kind are available in some areas 
of the Catalan Mediterranean coast (NE Spain). 
Although they cannot be easily used to show how 
changes in salinity inside the hole relate to 
changes in groundwater and sea-water levels, 
they can be used to get an understanding of the 
internal structure of the mixing zone. Many of 
them present a step-wise pattern, instead of a 
smooth increase of salinity. The possible expla
nation of these irregularities is the main object of 
this paper. Only a first discussion is intended, 
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Fig. 1. Situation map. The circles show the three areas under consideration. 
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and then this paper has to be considered as a 
preliminary one. 

2. THE AREAS UNDER CONSIDERATION 

Some of the surveyed areas in Catalonia (see fig. 
1) correspond to highly heterogeneous coastal 
formations, mainly fractured limestones and small, 
coarse alluvial fans, presenting a relatively thick 
mixing zone. The climate in the areas under 
consideration is semi-arid, with rainfall between 
500 and 550 mm/year at sea level, mostly concen
trated in September-November and March-April. 
Mean yearly temperatures vary around 18 °C. 
Mountain ranges parallel to the coast produce 
short basins and local groundwater divides run 
between 5 to 10 km from the shore. Then, 
fresh-water flow discharging along the coast is 
about 0,25 to 1,0 Mm 3 /year/km of coast. Most of 
the discharge is as groundwater directly outflow
ing into the sea through diffuse leakages or small 
littoral and submarine springs. Inland springs 
and groundwater-fed rivers are very scarce 
except inside the mountain ranges themselves. 

The Mediterranean Sea is considered as a tideless 
sea. Tides are almost unseen due to the steep 
profile of the coast, but they exist and present a 
range between 0, 20 and 0, 30 m, with an assyme
trical semidiurnal pattern. Local mean sea level 
is about 0,20 m above Spanish peninsular datum. 

The first area to be considered is the southern 
sector of the Garraf massif, known as the Calafell 
area. The Garraf massif is a thick carbonate 
(limestone, dolomite and carbonate marls) forma
tion that contacts the sea through high cliffs and 
narrow strips of coastal plains. In the area to be 
considered, limestones close to the coast present 
an heterogeneous high permeability and become 
much less permeable inland. This is explained as 
the result of the dissolution of carbonates as a 
consequence of the mixing of sea water with fresh 
water. This effect is presently under detailed 
geochemical studies (PASCUAL l CUSTODIO 
1987), taking into consideration the cation ex~ 
change observed inside the mixing zone. In some 
areas there exists an important groundwater ex
ploitation, with a high peak in summer due to 
tourism. Many wells get brackish water and even 
saline water. Some fresh-water flow is still 
discharging into the sea during short times along 
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the year, but most of the time flow is landwards. 
Brackish-water wells help in maintaining the salt 
balance. 

A second area to be considered is the sector of 
the Vandellbs-Cardb carbonate massif known as 
Cadaloques. The massif is similar to Garraf and 
consists, in the area of interest, of fractured 
dolomites and some limestones. Except for two 
wells used for the Vandellbs Nuclear Site, no 
other groundwater exploitation exists. Permea
bility is high near the shore and rapidly de
creases inland, so as the two exploited fresh
water wells get the water through only one fis
sure close to the water table. Four deep coastal 
observation wells were drilled and monitored. 
The results are not always accurate since - the 
depth to the water level in one of them is deeper 
than 100 m. Small errors in the water-level and 
salinity-measuring instruments make the values 
relative to sea level of little accuracy. Also, 
normal mechanical water-level recorders do not 
work due to friction losses of the cable against 
the well casing. 

A third area is the Lleria - Mata Set alluvial fan 
in the Vandellbs massif. This is a small formatio~ 
with a surface of less than one kmZ, very coarse 
and heterogeneous, resting on dolomites. At the 
coastline the alluvial deposits attain a thickness of 
130 m. 

The allu~al fan is presently being dissected by 
the sea smce no new deposits have been formed 
in recent geologic times. The formation, mainly 
poorly-sorted carbonate gravels, sand and silt, 
presents layers in which fine materials have been 
washed out and the gravels, partially cemented at 
the contacts, may show local permeabilities up to 
1000 m/day or more. Also thick slabs of fractu
red, dense calcretes (caliches) can be found, and 
have possible karstic developments inside the 
munng zone. The high hydraulic diffusivity of 
the formation allows for the small tidal fluctuation 
in the sea to be noticeable in most boreholes. 
There is no groundwater exploitation. The area 
is presently a nuclear site in which two electro
nuclear power plants ( 480 and 950 MWe) exist 
and a third one is planned. ' 

3. DATA USED 

Water-salinity logs have been obtained by means 
of four different instruments. One of them 



suffered polarization and loss of signal strength 
in saline water, due to cable ageing. Depth 
measurements are quite confiable for the old 
instruments but one of the new ones showed some 
elastic extension of the first installed cable. 

For the interpretation of the salinity irregula
rities, the available detailed description of the 
cores or cuttings, and other data during drilling, 
such as fluid loss, have been used, as well as 
geophysical logs, when available. But the most 
useful and direct description of flow conditions 
along the borehole is that obtained using radio
active tracers (I-131) in a semiquantitative form. 
The method is that developed by A. PLAT A 
(PLATA, 1972; BAONZA et al., 1970; CUSTODIO, 
1976; 1981) and consists in distributing the tracer 
along the saturated thickness of the borehole by 
means of a flexible plastic hose and afterwards in 
measuring the decrease of the activity by succes
sive logs using a submersible radiation counter. 
The existence of vertical water flows along the 
borehole appears clearly. If there are no impor
tant vertical water flows, the horizontal flow is 
measured through the dilution of the tracer. 
Changes in horizontal water flow can be easily 
seen in small diameter holes; when the diameter is 
of several inches, irregular dilution and vertical 
mixing created by the up and down movement of 
the radiation probe may obscure somewhat the 
variations in horizontal flow velocity along the 
well. In fractured rocks, active fissures show 
quite well. If the number of radioactivity logs is 
enough, they can be differentiated from the effect 
of hole enlargements and cavities without flow, 
since in that case dilution ceases after some time. 

The use of old Geiger-Miller counters and weared
away cables is the cause of measures shifted from 
one run to another, but considering the values 
obtained at cased or very low-permeability sec
tions of the bore, corrections can be readily 
made. 

When groundwater flow concentrates in one fis
sure, its initial sharp deimition may be progres
sively blurred due to vertical diffusion of the 
tracer. This apparently enlarges the flow thick
ness, but still it can be easily identified. 

In coastal aquifers, in boreholes penetrating 
deeply in the mixing and even in the salt-water 
zone, fissures may not show clearly or not at all, 
since the water movement in the more saline part 
is very sluggish under natural conditions, and 
pervious stretches may appear as impervious since 
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there is no tracer dilution. The method measures 
groundwater flows, not permeability. To get 
permeability values the water gradient must be 
also known. When tidal effects produce a back 
and forth movement of aquifer water, this also 
affects the saline part and then pervious stret
ches and fissures may appear more clearly, The 
same is true for highly influenced aquifers (near 
wells being exploited intensively) since then salt 
water may be also flowing. 

In the boreholes studied no clear vertical flows 
appear, except in a case in which there was a 
pumping well nearby, but some small vertical 
flows cannot be ruled out as will be commented 
below. Dripping from above the water table 
produces a fast dilution on top of the water 
column, but this effect has not been clearly 
noticed. 

The tracer dilution curves are not shown for 
shake of shortness, and only the qualitative 
results are included in the figures to help in the 
discussions. 

4. THE MIXING ZONE AT CALAFELL SITE 
(GARRAF) 

Borehole S.Ol was drilled down to 79 m and cased 
down to 60 m, with 60 mm inner diameter PVC 
tube, screened by means of sparse vertical slots, 
with about 1 % openings. From the top to 11 m 
depth there are calcarenites and limestones and 
then only limestones with some marly interlaye
rings. Fractures, solution features and some red 
clays appear down to 61 m; below, limestones are 
massive, and probably impervious. A pumping 
well exists 20 m apart, but was used only during 
the summer of 1986. Fig. 2 shows the different 
electrical conductivity logs, that affect only the 
limestone section. They are field calibrated and 
then show true electrical conductivity. Results of 
two tracer-dilution tests are also shown, one of 
them coinciding with a period of operation of the 
nearby well; this produced a faster movement of 
water inside the borehole and some vertical flows. 
The well was abstracting brackish to saline water. 

The salinity logs show clearly two steps with 
three vertical stretches, repeated at the same 
depth, plus some other occasional steps. Steps 
does not change in depth with the wide oscilla
tions of salinity along time. 
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Fig. 2. Salinity logs at borehole Calafell S.01 on different dates. 
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268 

Fig. 3 shows the time variations of water level, 
electrical conductivity at 35 and 65 m depth, and 
water temperature at 50 m depth and vertical 
temperature gradient. Though data are sparse, 
it can be seen that salinity (electrical conduc
tivity) decreases in all the steps when water level 
is high. Groundwater temperature and vertical 
temperature gradient are only season dependent, 
and present a rather high range. Temperature 
inside the bo~ehole at the water level (not shown) 
is clearly dependent on environmental surface 
temperature through the heating and cooling of 
the air inside the casing, but the effect disap
pears at about 2 m below the water level. This 
checks that there is no inflow of water from 
above the water level in any ca~e. Water tempe
rature logs do not show irregularities at the 
qO, 05 °C accuracy level. 

Temperature changes can be explained by means 
of short groundwater turnover time effect, that 
allows recent recharge, reflecting reasonal ef
fects, to reach the borehole, whilst mixing with 
sea water. Chemical and environmental isotope 
data are being studied to determine the origin of 
such recharge; a leaking reservoir about 4 km 
apart is being considered. 

Local sea-water temperature at a depth of some 
tens of metres varies between 13 °C in February
March and 19 °C in October. Although this could 
explain the observed range of groundwater-tempe
rature changes, it is more reasonable to expect 
sea water in the ground to present a value rather 
stable, perhaps around 20-21 °C due to its slug
gish movement and normal geothermal heating. 
Observed temperature changes are most probably 
due to the variable fresh-water recharge, and the 
active mixing zone. 

Since water levels are most of the time below sea 
level, there is a continuous flow of both the 
brackish and the salty water towards the abstrac
tion wells. Some leaching of salts in the mixing 
zone by fresh water can be only expected in the 
landward area and during the short periods of 
high water-table levels. Then a thick mixing 
zone is what is found. 
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show up irregularly. A fissure at about 28 m 
shows up always. At about 32-34 m an occasional 
plateau may be due to a transitional change. 
Also at about 42 to 43 m, apparently the main 
flow stretches, the effect appears only sometimes. 
A plateau shows always at 48 to 50 m, probably 
above a low-permeability stretch. but no clear 
flow has been seen during the tracer tests. 
Below this low-permeability stretch a minor, 
occasional plateau shows up at 55 m. This and 
the former are probably related to the karstic 
features and fracturing described in the geolo
gical logs. A possible flow at 59 m does not show 
up in the salinity logs since they stop there. 

Another borehole in the area, the S . 02, slightly 
more inland ( 1650 m from the coast; the S. 01 is 
at 1000 m) shows a similar salinity profile, with a 
stepwise form still more developed. The small 
diameter of the casing ( 48 mm) does not allow 
neither thief sampling nor radioactive tracer 
dilution studies, and the form can be compared 
only to the driller's logs, lugeon-permeability 
tests and the geological description (fig. 4). 
Groundwater level is also slightly below mean sea 
level. Coarse Quaternary alluvial-fan deposits 
extend down to the water table, where the lime
stones appear, starting with 5 metres of karstic 
features and then being compact downwards. 
Lugeon-type permeability tests, performed just 
filling the drill stem up to ground level during 10 
minutes, show mean permeabilities between 2 and 
8 m/day, with high values around 45 and 65 m, 
and low values at 60 m and below 75 m. The 
section above 48 m has not been tested, but there 
was total loss of drilling water (1 1/s) in the 
uncased length. 

Temperature ( T) logs show 

Date 28-2-86 21-4-1986 10-10-86 

T °C at 50 m 18,8 19,0 19,5 

dt/dz, °C/100 m 1,6 1,8 1,4 

Observations lineal lineal • 
The possible explanation of the vertical salinity • changes shown in fig. 2 is the followin g. Low or Some increases above 44 m, probably the 

warmer summer inflow. almost nil vertical salinity-gradient stretches 
correspond to low-permeability sections (20 to 27 
m; 29 to 41 m; 45 to 47 m and 53 to 60 m), 
linked by sections of high vertical salinity-gra
dients that correspond to the flow stretches; they 

Temperature logs show little seasonal 
near the water level. This may show a 
inflow of some water leaking from above. 

changes 
possible 
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Fig. 4. Salinity and temperature logs from borehole Calafell 8.02 on three dates. 
It is also indicated lithology (Q = Quaternary alluvial-fan deposits; L = limestones, 
sf = with solution features, c = compact) and drilling-water loss (pi = partial loss; 
tl = total loss with pump up to 1 1/s) plus admissions in lugeon-type permeability 
tests performed with a packer isolating the 5 bottom metres during drilling and 

maintaining indicated water flow at ground level for 10 minutes. 
Water level is at about 20 m/depth. 

Table I. 

Well Distance to Elevation Total Piezometric 
the shore, m (m) depth (m) level (m) (1) 

A 150 13,73 56,9 0,3-0,6 
B 950 97,72 136,5 0,5-0,7 
c 700 34,00 130,6 0,2-0,7 
D 1100 119,71 164,4 0,9-1,1 

( 1) Elevation of the water level above datum, less the mean level of local 
Mediterranean sea (+ 0,20 m), without salinity corrections. 
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Table II. 

PUMPING TEST 

MS ( 2 ) T(3) EC('+) 
Well mS/cm m2 /day mS/cm 

A 33 3000 (?) 11,5- 1,5 
B 9 200 2,8- 2,9 
c 35 75 13,2-14,5 
D 10,5 600 3,2- 3,5 

(2) Maximum salinity (electrical conductivity) during well construction (bailing 
tests). 

(a) Approximate transmissivity, observing only the pumping well. 

('+) Electrical-conductivity range of water pumped-out. 

Water salinity attains almost half the value of sea 
water. Vertical salinity gradients are small in the 
low-permeability stretches and high in the more 
permeable ones. The three salinity logs are 
extraordinarily similar. 

Seasonal changes. in salinity are small, if they 
exist at all. No nearby pumping well exists. 
The main 43-45 m depth salinity plateau coincides 
with the main permeability stretch and also with 
the main change in temperature behaviour. 

5. THE MIXING ZONE AT CADALOQUES AREA 
(V ANDELLOS) 

Four observation steel-cased wells have been 
monitored. Their main characteristics are figured 
in tables I and II. 

The different salinity logs are given in fig. 5. 
In that case, different conductivity loggers have 
been used and some values are only approximately 
corrected to compensate for important deviations 
in two of the instruments when measuring saline 
water. The dial of one of the instruments only 
attain 20 mS/cm, and has a cable of 137 m length. 
Some of the wells penetrate sea or almost sea 
water. All these wells were logged before being 
cased (SP, R, nat-, n-n, caliper and sonic logs) 
and tested for 1-131 tracer dilution. The results 

are included in fig. 5 in the form of no-flow 
sections and fissures showing water flow. No 
clear vertical flows have been seen. A no-flow 
section in the most saline part does not necessa
rily correspond to low permeability because very 
low groundwater gradients produce the same 
result. 

No nearby groundwater exploitation-exists, except 
for two wells, far enough to not influence directly 
the observation wells. It seems also that they 
are in two poorly-related areas. 

The early salinity logs were run short after 
construction of the wells and this explains the 
high salinity in the upper part and some distor
tion due to the slow pace towards the undisturbed 
salinity distribution. 

The results are : 

Well A. The pumping test shows that maxi
mum permeability corresponds to the upper 25 
saturated metres. The mixing zone develops 
between the water table (at 13 m) and 32 m; 
below the salinity is higher than 95 % sea water. 
After heavy rains a thin fresh-water zone deve
lops up to 17 m. The low permeability (or no 
flow) sections correspond to small to moderate 
vertical salinity gradients and the higher salinity 
gradients to stretches presenting horizontal 
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groundwater flow. No-flow stretches seem more 
extended than what is seen in the dilution logs. 

Well B. During the pumping test most of 
the water came from the upper 120 m. Fresh 
water extends from the water table (at 93 m) 
down to 103 m and - sometimes down to 111 m. 
The main mixing zone starts at about 117 m. At 
the well bottom (135 m) sea water is not attained, 
but 50 to 75 % of it. A short stretch of low 
vertical salinity gradient shows at about 120-
122 m, roughly corresponding to a no-flow section 
between two possible fractured zones. A minor 
one at 130 m does not correspond to any notice
able feature, probably because i~ is a very low
flow stretch. 

Between 103 and 117 m a fluctuation between 
fresh and brackish water exists. This corres
ponds to a low vertical salinity gradient section, 
coinciding with a no-flow stretch, interrupted by 
two possiille minor active fissures at 110 and 113 
m. In some logs they produce a short length of 
high vertical salinity gradient. These fractures 
may yield fresh or brackish water, and this 
related with the salinity steps observed in the top 
and bottom of this zone. 

Well C. This is the less productive well and 
attains almost sea water. The most saline part 
contributes to the abstracted water during the 
pumping test. This well does not show clear 
horizontal flow but forms in two minor active 
fissures around 60 m (this can explain the high 
salinity of pumped waters) and a possible stretch 
above 40 m, up to the water table at 37 m. 
Fresh water extends down to 45-47 m. Down
wards mixing with salt water shows a regular 
sigmoidal pattern. About 95 % sea water is 
attained below 62-64 m. Accuracy of conductivity 
values at that salinity range is not enough to 
show the two possible active fissures; they do not 
alter significantly the form of the salinity curves. 
There is a very small salinity step at 44-45 m, 
that does not correspond to any clearly seen 
feature. 

Well D. Most of the water during the pum
ping test came from above 130-135 m. Also this 
well does not show clear horizontal flow except in 
the uppermost section and in a possible fissure at 
about 125-126 m. Perhaps some fresh water 
enters the water table from above, from the 
Quaternary formations, creating a slight vertical 
flow in the first 5 saturated metres~ Fresh water 
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extends from the water table (118 m) down to 
124 m. Downwards salinity increases progressive
ly and irregularly. At the well bottom ( 165 m) 
salinity is still well below the sea value (about 
1/3), although only one salinity log attains that 
depth, the other logs being limited to 137· m due 
to insufficient cable length. No clear features 
explain the steps. and the tracer dilution test 
shows at that depth nothing special but a lack of 
significant dilution during the observation time 
(160 hours). 

In all the observation wells, water-level accuracy 
does not allow the study of changes in salinity 
distribution versus water-table fluctuations. The 
depth to the 50 % sea-water point corresponds to 
or is below the Badon-Ghyben-Herzberg value in 
well A, roughly corresponds to it in wells B and 
C, and is not attained in well D, where the 
possible low permeability in the lower section 
perhaps precludes it. 

6. THE MIXING ZONE AT THE LLERIA-MATA 
SET ALLUVIAL FAN (VANDELLOS) 

The different boreholes, rotary drilled with core 
extraction, are cased with PVC (59 mm inner 0) 
and slot-screened from water level down to the 
bottom. Variably cemented conglomerates, from 
well-cemented slabs to loose, containing dolomitic 
angular clasts with a sandy-silty matrix, form the 
medium. It is very pervious and the small sea 
tides are noticeable. 

Fig. 6 shows six salinity logs (1974 and 1976) in 
boreholes in which also 1-131 dilution tests are 
available, moreover good driller's and geologist's 
descriptions. The detail of some salinity logs is 
not enough to define vertical changes sharply, 
but the main trends can be seen. Electrical-con
ductivity values are not corrected to true water 
electrical conductivity by means of field samples, 
but great deviations are not expected. Sea water 
is not attained. The mixing zone is rather thick 
due to the high heterogeneity of the medium, the 
high permeability, the tidal effect and the relati
vely low fresh-water flow. 

Vertical salinity gradients are not always clearly 
related with known permeability changes, but the 
following trends can be drawn. High vertical 
salinity gradients tend to coincide with stretches 
in which groundwater flow is observed. Low 
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Fig. 6. Salinity logs measured in 1974 and 1978 at the Lleria-Mata Set alluvial fan 
(Vandellbs Nuclear Site) in six boreholes. Electrical conductivity is no field-calibrated. 

Probably the high values are lower than true ones. It is also indicated the combined results 
of detailed lithological description of cores with I-131 tracer dilution tests in the 

PVC-cased (inner 0 59 mm) boreholes, slot-screened from water level to the bottom 
(indicated with a horizontal line). Solid sections indicate no water movement and arrows 

horizontal flows. No vertical flows have been noticed. Materials are irregularly-cemented 
carbonate conglomerates, c = well cemented, 1 = loose, otherwise partially cemented. 



vertical salinity gradients tend to coincide with 
impervious or low-permeability stretches. Howe
ver, frequent disagreements can be shown, some 
of them perhaps due to small shifts in depth or 
lack of accuracy in the depth of the flow featu
res, and also to the poor definition of some sali
nity curves, since the measures were made at too 

long intervals. It seems that loose materials 
produce a much less irregular salinity logs. 

7. DISCUSSION 

The fact that pervious stretches in the aquifer 
show a high vertical salinity gradient, is what 
can be expected from well known mixing zone 
characteristics. In them water moves at a velo
city almost parallel to the isosalinity surfaces. 

To explain that in the less pervious vertical 
stretches along wells or boreholes vertical salinity 
gradients are small and even zero, it is necessary 
to assume that the following circumstances occur, 
related to heterogeneities that are not continuous 
laterally : 

a) horizontally dominant groundwater flow is 
split in two by local heterogeneities and thus 
top and bottom salinities at a low permeabili
ty feature are approximately the same, if 
mixing with other layers does not occur and 
enough time for vertical homogeneization 
along the well is allowed; 

b) the heterogeneities create small differences 
in water head, not clearly seen in the relati
vely short observation time common in tracer 
dilution tests or tests designed to show 
vertical movement, but enough to fill the 
borehole stretch with homogeneous water 
originating from one of the extremes. 

This last explanation seems the most important 
and agrees with the possible indications of verti
cal flow. It means that salinity changes along a 
borehole or a well are the result of local hetero
geneities existing there in the aquifer or even 
created by the drilling itself (intentional or not), 
but do not necessarily represent major heteroge
neities in the aquifer. It means also that the 
step-wise form of the salinity along the mixing 
zone is due to the full screened borehole and 
thus does not necessarily coincide with the distri
bution inside the non-disturbed aquifer. Tran-
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sient situations may appear, but they have not 
been clearly observed. 

Fig. 7 shows a simplified calculation of pressure 
distribution with downward linearly increasing 
water density. The heterogeneity splits in two 
the groundwater flow and the salinity stratifica
tion. A new pressure distribution develops. The 

difference between the top and the bottom of the 
low-permeability interlayering is just that pro
duced by a constant density inside it. When a 
well connects the top and bottom sides, and 
density does not correspond to that existing up 
and down, a hydraulic head difference develops 
until homogeneous water fills the borehole column 
in this stretch. 

In the event of a continuous low-permeab\Uty 
layer, aquifer salinity above and below can be 
expected to be different. When vertical flow does 
not develop, the salinity distribution along the 
low permeability stretch will be a connecting line 
if enough time is allowed for diffusion. Since 
vertical mixing is a very slow process in small 
diameter tubes, in which no convective movements 
can be started with very small density differen
ces, changes in top and/or bottom salinities 
generally will produce a high vertical salinity 
gradient near the pervious/impervious boundary, 
that can be negative if there is a salinity de
crease in water salinity in the pervious zone. 
This has not been observed up to now, at least 
in a clear form. Probably, in most real situations 
of a continuous low-permeability layer, there are 
subtle differences in head between the up and 
down faces, enough to fill the hole with homoge
neous water from one of the sides. 

It cannot be said with certainty if a heterogeneity 
is only local or if it represents a more extended 
feature. 

Transient situations in which vertical flow inside 
the hole is very small, may explain some steps 
inside the low-permeability stretch, after a fast 
change in heads. 

Sometimes an active flow stretch inside the m1xmg 
zone does not show with the expected a high 
vertical salinity gradient. It can be explained as 
a stretch presenting a slightly higher water head 
than other stretches above and below; thus the 
hole up and down is filled with water of the same 
salinity, and the fissure is inside a low vertical 
salinity gradient stretch. This situation may 
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Fig. 7. Effect of low-permeability interlayerings in salinity-stratified flow. 
Salinity bands are thinner on top and below the interlayering since flow is faster. 

Assuming a linear specific-weight increase downwards, pressure increases are calculated from 
top to bottom, in the case when top and bottom head does not change, except for equal 

friction losses. The changed salinity profile at the interlayering alter the pressure 
distribution. To get equal top and bottom pressure, a constant specific weight along the 

low-permeability interlayering is needed, and this is what happens when there is 
an open borehole. 
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change from time to time and then its position will 
show up. 

A fissure with a slightly lower head than that 
above and below will show up always if these ones 
yield water with different salinities. This last 
happens for the more pervious fissures at low 
tide or when they are affected by the operation 
of a nearby well. At high tide or after a 
recharge event the contrary is true. Existing 
information is not detailed enough to show it up, 
except at borehole Calafell 8.01, in which the 
effect of pumping in the nearby well causes the 
apparently main fissure to produce small up and 
down vertical flows. 

Small vertical flows along the borehole in the 
low-permeability stretches also produce a fast 
tracer dilution in front of the yielding fissure, 
thus enhancing it and exaggerating its importan
ce. Some of the main fissures indicated in fig. 
2, 4 and 5 are probably the result of the above 
effect. The other way around, the receiving 
fissure may be somewhat obscured. Thus, the 
results of the tracer-dilution method are only 
qualitative, since the importance of the different 
fissures are modified by small vertical flows. 

This means also that such tracer-dilution tests 
lack the accuracy for showing the flow details if 
tracer is not well-mixed inside the casing, the 
hole has not a small diameter and measures are 
not close enough. A measure each 0, 3 to 0, 5 
metres may be needed in some stretches or a 
continuously recording device is advisable. Also 
runs have to be extended over a lengthy period 
to try and show up possible vertical displace
ments. 

8. CONCLUSIONS 

Irregular water-salinity logs along long-screened 
boreholes, presenting steps, are a consequence of 
aquifer heterogeneities and are created by the 
well itself. Thus they do not represent true 
water-salinity stratification in the formation. 
When no general vertical head gradients exist 
inside the mixing zone, as in many practical 
situations, and pervious zones or fissures appear 
at different depths, water salinity logs, in spite 
of their irregularities, are a good. indication of 
the characteristics of the ground. 
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In general, inside the m1xmg zone, low vertical 
salinity stretches correspond to low-permeability 
features and are produced by small vertical flows 
along the borehole, whilst high vertical salinity 
stretches represent the pervious zones. Some 
permeable zones may not appear if they have a 
head slightly higher than zones below and above, 
but this situation may change when hydrodynamic 
conditions vary, and then their position may show 
up. 

To take water samples, high vertical salinity 
stretches are preferable since water is being 
renovated corresponding to the sampling depth, 
but reproductivity is low due to the great influ
ence of small errors in depth. Sampling inside 
low vertical gradients sections is easier and .more 
reproductive but here are more chances for water 
being altered by interactions with the casing, and 
the depth from which it comes is not well known. 
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