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ABSTRACT 

Brackish and saline groundwater are found in many coastal areas in the Canary Islands. 
They are commonly explained as the result of sea water intrusion processes and the Water 
Authority has tried to reduce the negative effects on supply and agricultural catchments 
by limiting well and pump depth and the discharge as well. Although in some cases direct 
seawater encroachment is the right process of salinization, in other cases it is not a reasonable 
explanation. In the last case administrative restrictions are of no value for aquifer protection. 
Climatic aridity together with high airborne salt concentration due to the closeness to 
the coast and the previling winds, can explain the existence of these saline waters. The 
Amurga phonolitic massif, in SE Gran Canaria island, is a good example since the massif 
is a thick formation reaching the coast, in an arid area, and practically isolated from the 
main groundwater flow paths originating at the more rainy highlands. Simple calculations 
show how the altitudinal distribution of aquifer recharge and air bone salts in a wedge-shaped 
aquifer can explain a continuous and conspicuous salinity increase from the apex to the coast, 
and how a thick unsaturated zone also explains the existence of old groundwaters. 

INTRODUCTION 

The Canary Islands are a volcanic archipelago of seven main islands. Administratively 
they are an authonomous region of Spain, divided into two Provinces (fig. 1). The water 
administration and management depend on the Water General Directorate of the Junta de 
Canarias (local Government), with two provincial offices (Servicio de Recursos Hidniulicos), 
and the island's local administration (Cabildos Insulares). The islands are in the dry Saharan 
belt and only orographic rain produces exploitable fresh groundwater resources when they 
are high. There is a large water demand for agricultural, urban, touristic, industrial and 
transportation services (Custodio et al., 1989; 1991). The largest part of the available 
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freshwater resources is groundwater, with an important contribution from sea water and 
brackish groundwater desalination in the Eastern Province, and less important surface water 
resources in Gran Canaria island. 
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Fig. 1.- Situation and surface of the Canary Islands. 

A large part of groundwater is abstracted at high elevation, but near-the-coast groundwater 
exploitation is also significant, with an increasing trend to attend touristic and green-house 
agricultural demands and to try to catch groundwater resources that otherwise will be lost 
to the sea. 

Coastal aquifers behave differently from one area to another due to changing hydrological 
conditions in the dominantly volcanic formations. Some times they are very pervious, but 
often they present low permeability or behave as dominantly fissured rocks. A series of 
coastal wells have produced water of increasing salinity, others yield brackish water from the 
begining, and others have to be deepened periodically to conserve their yield, with diverse 
salinity behaviours. 

The Water Administration is concerned about groundwater salinity and the problems it 
creates on urban water supply, salinization of irrigated soils and loss of crop yield, and the 
negative impact on waste water treatment plant and the possibility of reusing this water for 
gardening and agriculture. As a result a series of norms were issued to try to keep the problem 
at bay, such as limiting the well depth to a few metres below sea sevel and the pump depth to 
about sea level, and introducing some limitations on well discharge and annual abstraction, 
as well as the shut down of wells yielding brackish water. These norms, useful under given 
conditions, may be too restrictive and even inadequate under other circumstances. In some 
cases the exploitation of salinized wells for desalination or cooling purposes may be interesting 
as a mean to increase available water resources and to protect inland wells. 

The case in which groundwater salinization is due to arid climatic conditions is being 
considered here. Saline contamination in that case is the result of high air bone salt deposition 
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Fig. 2.- Observed relationship of chloride content in spring and well water in Gran Canaria 
(SPA-15, 1975). 



84 GENERAL ASPECTS 

and very large precipitation to recharge ratio, which is common in the southern part of the 
high islands, and in the whole area of the low altitude ones. 

Following a flow path from the centre of the island towards the coast generally the water 
salinity increases, and especially the chloride content. Figure 2 shows an example from Gran 
Canaria. This is due to the larger recharge area dowstream, under more arid conditions and 
closer to the sea, and with consequently more saline recharge water. 

AIRBONE SALT CONTRIBUTION 

There are no detailed studies on the atmospheric contribution of salts, but some scattered 
data has been collected (Custodio, 1990), most of them from a survey in El Hierro Island 
(Soler, 1989) and from a N-S profile in Gran Canaria (Gasparini, 1989), sampled monthly 
during two years. To interpret the data it has to be understood that the Canary Islands are 
under the dominant effect of the NE trade winds up to an altitude around 2000 m. This 
humid winds originate a conspicuous rainfall increase with elevation at the North oriented 
slopes of the high islands. This means an increase or average rainfall from less than 200 mm 
a- 1 at northern coastal areas to almost 1000 mm a-1 above 1000 m elevation, except in the 
highest summits, which penetrate the dry counter-trade wind layer. In the South oriented 
area the Foehn effect appears and the rainfall falls suddenly. Mean values near the coast are 
barely 100 mm a-1. 

The sea is often rough, especially in winter, with breaking waves. This increases sea spray, 
enhancing atmospheric salinity which is air-borne to the island. Airbone salt concentration 
is expected to decrease with path length, but only mildly due to the fast ascension aild 
descension of air masses and the complic~ting effect of thermally-induced winds and changes 
in atmospheric circulation. It is not rare to have a few days per year of warm, dry and 
dust-laden East wind form the nearby Sahara (Sirocco) or sporadical warm and humid air 
from the S and W, capable of originating fast and intense floods in the otherwise very dry 
southern slopes of the islands', 

Total mean dry deposition (airbone salt contribution), S, vary around 6 to 10 g m-2 a-1 Cl 
in the El Hierro island, with a large range and not a clear altitudinal trend. Some data from 
the northern coastal area point to up to 50 g m-2 a-1 Cl. Although this may be the result of 
some contamination of the sample, all the high values correspond to low altitude rainwater 
collected in cisterns. 

The scarce data from Lanzarote island, a relatively low elevation one, show values around 8 
g m-2 a-1 Cl. 

The two years of data from Gran Canaria are shown in figure 3. Open rain samplers were 
used to try to integrate dry deposition into the collected rain water. These data and some 
scattered ones point to 4 to 5 g m-2 a-1 Cl in the northern slopes, with no clear altitudinal 
effect, and similar values at the southern slopes, except near the coast where up to 10 g 
m-2 a-1 Cl values are known. It is worth mentioning that the mean rCl/rS04 (r == meq/1) 
value is 1.6, much lower than in sea water (around 9) and the mean rNa/rCl value is 0.6, 
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smaller than in sea water (around 0.9). This can be explained as a small direct influence of 

sea spray in atmospheric salinity, even considering the possible sulphate fractionation in sea 

spray (Maybeck, 1984; Custodio and Manzano, 1992), in agreement with the dry deposition 

altitudinal effect. Only near the coast the sea effect can be noticed. 

THE WEDGE-SHAPED COASTAL AQUIFER 

A typical case is that of a wedge-shaped coastal aquifer, with the apex at high altitude and 

the basis at the coast line. It is assumed, for simplicity, that all recharge water flows to 

the coast, without intermediate discharges. Elevation, rainfall, recharge and airbone salinity 

change along a radius. It is assumed that local recharge mixes with water flowing in the 

aquifer, a likely hypothesis if water samples are taken from fully penetrating wells or coastal 

springs, although it does not happen physically in the aquifer. 

Figure 4 shows the problem area with the definition of the main magnitudes. The following 

assumptions are introduced: 

- the results are given per radian 

- the medium is homogeneous, a reasonable assumption for large scale problems, 

even for a volcanic formation 

- salinity is represented by the conservative chloride ion 

- all salinity is produced by airborne salts. The rock is not a significant source of 

chloride, there are no deep sources and salts from possible old marine transgressions 

are already flushed out 

the aquifer is under steady state. 

The following definition are adopted: 

r;p 
H := H(r) 
P = P(r) 
Pu 
R := R(r) 
Q = Q(r) 
M := M(r) 
S = S(r) 
C = C(r) 
fJ= jJ(r) 

radial distance from the sector apex 
land surface elevation 
rainfall 
threshold rainfall for recharge 
aquifer recharge 
groundwater flow 
mass flow 
airbone salinity deposited on the ground 
groundwater salinity = M/Q 
recharge water salinity = S /R 

Subindex c = at the coast (r=rc); subindex o = at the apex (r=O) 

~~~ 
(LT-1) 
(LT-1) 
(LT-1) 
(L3T-1) 
(MT-1) 

(ML-2T-1) 

(ML-3 ) 

(ML-3 ) 

The groundwater and mass flow that passes through a cilinder sector of radius r is all water 

and solute mass recharged inside it. Then: 
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To solve these integrals an approach is to use constant or lineal functions (Custodio, 1992): 

Elevation: 

Rainfall: 

Recharge: 

Airbone salts: 

H = H0 (1-r/re) 

P = Pe + (P 0 -Pe) (1-r/re) 

R = a(P-Pu) for Pu ;::: Pe 
a= recharge parametre (Custodio and Llamas, 1976, sect. 24) 
R =a [ Po-Pu- (Po-Pe) r/re] 

S = So + (Se-So) r/re decreasing upwards 
If S0 =Se is S=S0 =constant 

With these functions concentrations can be calculated (Custodio, 1992): 

c 1 3S0 +2(Se-S0 )r/re 
a 3(P0 - Pu)- 2(Po- Pu)r/re 
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With the following particular situations: 

At the apex, r=O; 

At the coast, r=rc; 

C s §.,_ 
0 = a(P.-P,.) = R. 

For constant airbone salinity, S; C _ _l 3S 
- a 3(P.-P,.)-2(P0 -P,.)r/rc 

APPLICATION TO GOMERA AND GRAN CANARIA ISLANDS 

In order to compare the results for two different situations the following two areas have been 
selected: 

a) The southern sector of Gomera island. It is a small, rounded island, topping at 1484 m 
elevation. Thick permeable basalts cover the southern sector, starting from the wet top down 
to the arid southern coastal area. Neither major springs are found nor is there water in the 
bottom of the deeply incised canyons (barrancos). Groundwater salinity increases slightly 
from the top to the coast. The basic data is (Custodio and Manzano, 1992): 

rc=10,000 m 
H0 = 1,300 m 

Po= 900 mm a-1 

Pc = 200 miJ;l a-1 

Pu = 150 mm a-1 

a= 0.25 

S0 = 4.7 g m-2 a-1 Cl 
Sc = 20 g m-2 a-1 Cl 

The results are plotted in figure 5 for 1): the above indicated S0 and Sc values, and 2): for 
So= Sc = 4.7 g m-2 a-1 Cl-. fJ values are indicated as well. 

The corresponding functions are (mg L - 1 for r in metres): 

1) C _ 524±0.1224r 
- 21 0.0015r 

2) c- 524 
- 21 0.0015r 

There is a downward increase of salinity, which in this case is moderate due to non-extreme 
climatic conditions. 

b) The Amurga phonolite and phonolitic ignimbrite massif. The massif is a sequence of 
volcanic deposits, probably 300 to 1000 m thick, wedge shaped and isolated from the rest of 
the island by two radial very deep creeks (barrancos) at the sides (fig. 6), which enclose the 
whole massif (Gasparini, 1989; Gasparini et al., 1987; 1989). Climatic conditions at the apex 
are arid and become more arid towards the coast. There is no major spring in the massif, 
and only a few seeps are found. The basic data is: 
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rc=ll,OOO m 
H0 = 1,100 m 

GENERAL ASPECTS 

P0 = 300 mm a-1 

Pc = 100 mm a-1 

Pu = 100 mm a-1 

a= 0.10 

So= 6 g m-2 a-1 Cl 
Sc = 10 g m-2 a-1 Cl 

The results are plotted in fig 7 for 1): the above indicated So and Sc values, and 2): So= 6 
g m-2 a-1; Sc = 20 g m-2 a-1 . ,C values are indicated as well. 

The corresponding functions are: 

1 ) C _ 1980±0.08r 
- 6.6 0.0004r 

2 ) C _ 1980±0.28r 
- 6.6 0.0004r 

Cc = 1300 mg L-1 Cl 

Cc = 2300 mg L-1 Cl 

Co= 300 mg L-1 Cl 

Co = 300 mg L-1 Cl 

The observed salinity values are of about 300-350 mg L - 1 Cl in small seeps at high altitude and 
in wells in the side barrancos. The values corresponding to deep wells in the Amurga massif, 
about 1 km from the coastline, are 1300 to 1800 mg L - 1 Cl. Thus the assumed conditions 
seem representative of the Amurga massif behaviour, especially for S in the range of 6 to 10 
g m-2 a-1 Cl. Thus the groundwater salinity can be explained as airbone contribution in an 
arid environment, with small aquifer recharge. This recharge is assumed 20 mm a-1 at the 
highlands and zero near the coast. 

If b = aquifer thickness and m = aquifer porosity, the total aquifer volume is V = ! r 2 b rh 
and then the mean groundwater transit time in the saturated zone is r = V /Q. For the lineal 
functions above indicated results: 

3 b m -1 
r = ~[3(P0 - Pu)- 2(P0 - Pu)r/rc] 

a 

For b=300 m, m=0.06 (Custodio, 1978) and the values used before, at the coast line it is r 
= 108 years. This short turnover time shows that it is not possible that water salinity can 
be explained as a residuum of ancient marine water trapped in the sediments, penetrated 
during possible high sea level stages, except if dual a porosity medium is assumed, with 
very low permeability blocks this seem unlikely - or if recharge is much lower than shown -
which seems also unlikely from the well yield data and initial potentiometric surface elevation. 
Notwithstanding, groundwater chemical ratios are close to those of sea water and this still 
needs further research, which is under way. 

GROUNDWATER TRANSIT TIME IN A WEDGE-SHAPED COASTAL 
AQUIFER 

Total groundwater transit time from the recharge site to the aquifer outflow point, or to a 
well, is the addition of the downward transit time through the unsaturated zone plus the 
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f(c) 

Fig. 8.- Wedge-shaped aquifer and unsaturated zone domain for environmental radioactive 
isotope tracer transfer. 

transit time in the saturated zone, as indicated in figure 8. 

If transit time is measured by means of an environmental radioactive isotope, decay has to 

be taken into account. This is especially important when thick unsaturated zones exist in 

dry environments, in which case corrected 140 concentrations are considered. 

Further to the definitions introduced in fig. 4, the following ones are considered, as indicated 

in :figure 8: 
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ground surface elevation 
water table elevation 
aquifer bottom elevation 
unsaturated zone mean water content 
saturated zone porosity 
recharge produced on ground surface 
isotopic concentration of recharge 
radius of the balance section 
radius; 0 :::; p :::; r 
time 
saturated zone permeability 
radioactive decay constant 

The medium is assumed of homogeneous (), m, and k. Assuming piston flow in the unsaturated 
zone- a reasonable assumption for a dual porosity medium with porous blocks and low water 
content - the transit time to the water table is: 

(H- h)O _ [H(p)- h(p)]O 
tns = R = R(p) 

Assuming horizontal flow in the aquifer, the time from radius p to radius r is: 

t - Jr .Jk_ 
8 - P r(r) v( r) = intergranular velocity at distance r; p :::; r :::; r 

v( T) can be calculated dividing the flow through section at radious p by the open space of 
this section: 

Q(r) 
v(p) = mr[h(r)- f(r)] Q(r)= 1r Rrdr 

Then, the total transit time is: 

_ _ [H(p) + h(p)]O ( mr[h(r)- f(r)]dr 
t - tns + ts - R(p) + } P J: R 7' dr 

in which t is a function of p. 

The radioisotope mass penetrated through the ground surface in an annular sector at radius 
p and width dp which arrives to radius r is: 

dM =fJ pdp e->.t 
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The radiositope concentration in r is: 

M J.r jJ(p)R(p)pdpe->.t(p) c - - - "-'0"---'------'-'-7:;;------"-:-'---~--
- Q - J: R(p) p dp 

To solve 0, following the same procedure used before, the following linear functions are used: 

Groundwater surface elevation 
Water table (hc=O) 
Aquifer bottom (fc<O) 
Recharge 
Isotopic concentration 

The solution is (Custodio, 1992): 

B =P0 -Pu 

b = -a+ 3m>. -ho +fa - fc 
a B 

H=Ha (1-r/rc) 
h=h0 (1-r/rc) 
f=f0 - (fo-fc) r/rc 
R=a [P 0 -Pu- (P 0 -Pc) r/rc] 
jJ = /]o + (/]c- /]0 ) r/rc 

2m>. ho- fa 
a=--·---- a A 

N = _ 0), _,_(H_:o:_-_ho"-'-)_,_(1_---'-'P/_r=c) 
a A-Bp/pc 

In order to find a simplified solution, the following assumptions are introduced: 

Pu = Pc = 0 or A = B = Po 

/]c =/]a = jJ = constant 

Then: 

C = 6 {Jr- 1 (1-rjrc)-b exp(-R(Ha- ha)) J.r(p/r)a+ 1(1- L)b+1dp 
3-2r /rc cr..P0 o Tc 

2m>. 
a= -P. (ho-fo) 

a a 

5m>. 3 
b = aPa [-(ho- fa)- 5/cJ 
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Extreme solutions can be found: 

a) When a<<1 and -b<<1 

Q_-::::. (1- 2:_)-b exp(-~(Ho- ho)) 
{J rc cxP0 

b) When a>>1 and -b>>1 

C 6 rc 1- r /rc [ r b 1 ] ( ()).. ) - -::::. --- (1- - )- - - 1 exp -- (Ho- h0 ) 

{J b+1r3-2r/rc rc aP0 

EXPLANATION OF AMURGA GROUNDWATER AGE 

In the deep wells in Amurga corrected 140 values are close to 0/ p = 0.26 (Gasparini et 
al., 1989), or an apparent age of 11,000 years, which at first sight seem incompatible with 
the existence of recharge and flow in the aquifer, but according to the explanations of the 
proceeding section can be interpreted as long retention time in a very thick unsaturated zone 
plus a long path in the aquifer. 

The following values can be considered representative of the Amurga problem: 

rc = 11,000 m 
r = 10,000 m (to the wells) 

H0 = 1100 m 
h0 = 400 m 
f0 =-300m 
fc =100m 

() = 0.025 
m = 0.06 

>.. = ln2 /T 
T = haif-life = 5740 years 

The other values are the same previously used. R0 = recharge at the apex = aP 0 , is the 
unknown. Applying these values it 'is obtained: a = 0.0101 R0 ; B = -0.0275/R0 • If Ro is 
small (between 0.001 and 0.01 m a-1) the second approximate solution can be used. 

0.508 [o.091 0.0275/R;;-1- 1] e-2.113·10-3/Ro 
0.0275/Ro 

':::!. 0.508 e-2.113·10-3/Ro = 0.26 
-1+0.0275/Ro 

The result is R0 = 0.011 m a-1 = 11 mm a-1. This value is at the apex, and is zero at the 
coast. The areally weighed mean value of recharge is: 
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Since it has been adopted A= B = P0 = 300 mm a-1 a= 0.10 

It results R = Ro/3 = 3.67 mm a- 1 

Total recharge in Amurga, for the exploited sector (about 30°), up to the well line is: 

Present exploitation varies between 60 a 110 L · s-1, and is used mainly to supply an 
electrodialysis desalination plant. Abstraction widely exceeds recharge and aquifer reserves 
are being depleted since no other recharge sources are known. The observed regional 
drawdown cone is the result of depletion of groundwater reserves. In some areas there are 
total drawdowns of several tens of metres, withouth important salinity changes. At the well 
line the initial water table elevation was about 10 m above mean sea level. The intense 
evaporation prior to infiltration, in a soil almost devoid of vegetation, can be shown by the 
low deuterium excess deficit and the low slope of the S2H vs . .518 0 line (Gasparini et al., 
1989; Custodio, 1990). 

CONCLUSIONS 

In arid coastal areas and especially in wedge-shaped island aquifers groundwater salinity is 
not necessarily the result of recent seawater encroachment. It can be explained as the effect 
of concentration of airbone salts into the scarce recharge to the aquifer. In that case aquifer 
use regulations which try to protect wells from direct seawater intrusion do not apply. Their 
enactement and application may unnecessarily restric the use of aquifer reserves. If airbone 
salt contribution is known and reasonable values for the distance-dependent variables can be 
adopted, it is possible to estimate likely values for recharge. 
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