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Abstract Between March 1994 and April 1997, the
physical and chemical parameters and chemical
composition of the urban solid waste leachate of
the Marbella landfill (southern Spain) were deter-
mined. The data obtained show an ammonium and
sodium chloride and bicarbonate type, a pH17 and
high mineralization, effectively described by the fol-
lowing parameters: Nac, Kc, NH4

c, Cl– and alkal-
inity. The chemical composition depends on the
rainfall: in dry years, the mineralization and com-
ponent concentrations have values as much as dou-
ble those found in normal rainfall years. After
storm events, a major and rapid dilution (within
several hours) is seen in the leachate.
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Introduction

As in other places in the world, landfilling is one of the
most common waste disposal methods in the southern
Spanish towns. The rainwater which percolates through
the landfill and dissolves the inorganic and organic sub-
stances of the solid waste produces leachates, which can
move towards the groundwater and environment (Freeze
and Cherry 1979; Baedecker and Back 1979). The amount,
quality and movement of such leachates has been studied
by many researchers to observe the potential pollution
from landfills (Nicholson and others 1983; Radi and oth-
ers 1987; Arneth and others 1989; Christensen and others
1994, among others).

The Marbella landfill is located 2 km north of Marbella
(Fig. 1). It started operating at the beginning of the 1970s
and it is still in use today. The population of Marbella is
around 80 000 but in summer rises to 200 000. Consider-
ing these data and a waste production of 1 kg/person per
day, the total amount of urban solid waste generated is at
least 80 tons/day. The Marbella landfill contains typical
urban solid waste, composed of organic matter, paper,
glass, wood and building waste. Waste disposal involves
spreading, compacting and covering the waste with sand
and clay.
Geologically, the landfill is situated in the southern part
of the Sierra Blanca, on the marbles which form part of
the aquifer system of Marbella (Andreo 1997). Depth to
the water table is aprox. 130 m. There is no liner between
the landfill and the marbles, so a part of the leachate mi-
grates downwards and groundwater degradation occurs.
This occurence has been described previously (Carrasco
and Andreo 1994; Ortíz 1994).
The study area has a Mediterranean climate, and is of
particular interest because the investigation was carried
out during a transition between a period of extreme
drought (1994 and 1995) and a very wet period (1996 and
1997). For this reason a discussion of the rainfall data is
presented, followed by the characterization of the chemi-
cal composition of the leachate, and the study of different
parameters and their temporal evolution.

Analysis of the rainfall data

Marbella has had a meteorological station since 1945. The
annual precipitation varies between 253 mm and
1426 mm, and averages 672 mm. Thus, although the
monthly average precipitation is 56 mm/month, Fig. 2a
shows that rainfall distribution over time is very irregu-
lar, as is typical for the region (Andreo 1997). There are
wet years (precipitation 15% above the average rainfall)
in which total amount of rainfall is double that of an av-
erage year (1955/1956, 1988/1989, 1989/1990, and 1995/
1996). In several dry years (precipitation is below 85% of
the average rainfall) precipitation is half the average
(1949/1950, 1982/1983 and 1994/1995).
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Fig. 1
Geographical location of the Marbella
landfill, southern Spain

Figure 2a shows that during a fifty-year period (1945/
1946–1995/1996) the annual rainfall varied between
253 mm (1994/1995 water year), and 1420 mm (1995/
1996) and the average value was 820 mm. Two main rain-
fall episodes can be differentiated in the study period
(Fig. 2b): December 1995 (400 mm)–January 1996
(393 mm) and December 1996 (494 mm)–January 1997
(289 mm). During two storm events, on the 15 February
1996 and 23–26 November 1997 rainfalls of 30 mm and
54 mm were recorded, respectively. Most of the annual
precipitation (almost 90%) is produced between October
and April with a dry period between May and September
(Fig. 2c).

Material and methods for
studying the leachate

In the course of this research, leachate samples were col-
lected between March 1994 and April 1997 from the land-
fill drainage channel. From October 1995 the sampling
frequency was monthly. Sixteen samples were collected
and 20 measurements of physical and chemical paramet-
ers (EC, T and pH) were recorded.
Leachate flow was normally below 1 l/s rising to 50 l/s
during storm events. In normal climatic conditions, be-
tween the storm events, the measurement of the leachate
flow is very difficult due to the low landfill discharge, of
~1 l/s. At such times measurement by a flowmeter is im-
possible. At the end of 1997 an automatic station to
measure electrical conductivity and leachate flow was in-
stalled. During the two major storm events of 15 Februa-
ry 1996 and 23–26 November 1997, the chemical variation
was recorded; in the first case physical and chemical
measurements were taken and 16 samples collected to de-
terminate the total solids dried (TDS) and the chloride
content. In the second period, the electrical conductivity
and leachate flow were measured hourly.

The major inorganic chemical components (Ca2c, Mg2c,
Nac, Kc, NH4

c, Cl–, alkalinity, SO4
2- and NO3

–) were
analyzed in the Laboratories of Hydrogeology and Analy-
tical Chemistry at the University of Malaga, using inter-
nationally recognized methods (Cleresci and others 1989).
The total hardness (Ca2c and Mg2c) was determined by
titration with 0.02 N EDTA using black eriochrome-T as
the indicator. The Ca2c was titrated with 0.02 N EDTA
using calcon as the indicator and the Mg2c content was
obtained by the difference between the total hardness and
the Ca2c content. The Nac and Kc concentrations were
determined using flame photometry. The Cl– content was
obtained by argentometric titration using AgNO3 0.1 N
and K2CrO4 as the indicator, SO4

2- by gravimetry using
BaCl2, and alkalinity by titration using H2SO4 (0.02 N)
until a pH of 4.45 is reached. The NO3

– and NH4
c con-

centrations were measured using a potentiometric meth-
od.
A statistical analysis was carried out on the main compo-
nents, calculating the average, standard deviation, varia-
tion and correlation coefficients between different param-
eters (Table 1). Furthermore, a Schoeller-Berkaloff dia-
gram (Fig. 3) was produced to characterize graphically
the hydrochemistry of the leachate, the groundwater in
the aquifer and the rainfall of this region. Also a tempo-
ral plot was made to show the evolution of different
components in the leachate (Fig. 4).

Results and discussion

Chemical composition of the leachate
Table 1 shows the physico-chemical parameters and the
chemical composition of the samples. The pH varies be-
tween 7.8 and 8.6, with an average value of 8.2. The tem-
perature of the leachate fluctuates between 12.3 7C and
36.4 7C, though it is influenced by the air temperature.
The electrical conductivity varies between 4 and 41 mS/
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Fig. 2A–C
Rainfall graphs: A Annual precipitation since 1945/1946;
B monthly precipitation during the study period; C Average
monthly rainfall

cm, with an average value of 24.2 mS/cm, due to the high
mineralization of the leachate; a consequence of high
concentrations of all the chemical components (Table 1).
It is worth noting the high contents of Cl– (4.7 g/l, on av-
erage), Nac (2.8 g/l), Kc (1.5 g/l), and NH4

c (3.2 g/l),
this contrasts with the NO3

– (0.6 g/l) and SO4
2- (0.4 g/l)

values, resulting from the reducing conditions in the lea-
chate (Christensen and others 1994). Also high values of
alkalinity were detected (8.8 g/l). The maximum values of
electrical conductivity and the concentrations of some of
the chemical components are higher than those found in
landfill leachates described by Johansen and Carlson

(1976), Ehrig (1983), Reitzel and others (1992) and Gómez-
Martín (1997).
Table 1 also shows the values of the maximum allowable
concentrations (MAC) set in Spanish public water legisla-
tion (Decreto 849/1986), which give an indication of the
toxicity of the leachate. The Cl– and NH4

c levels exceed
the MAC values.
In Fig. 3 the mean composition of the leachate is shown,
its hydrochemical type is ammonium and sodium chlo-
ride and bicarbonate. Large variations, sometimes of an
order of magnitude, are observed in the contents of the
chemical components. This agree with the variation coef-
ficients, more than 40% in all the parameters except pH
and temperature (Table 1).

Temporal evolution of the chemical composition of
the leachate

No clear trend in the evolution of the leachate composi-
tion can be detected. The temporal evolution of the pa-
rameters shows no correlation with the landfill age, such
as an increase in NH4

c content, as indicated by some
authors (Farquhar 1987; Ehrig 1983). This may be due to
sampling gaps and the short study period (approx. 3
years) which is not long enough to reach such conclu-
sions, as have been described for other landfills (Reitzel
and others 1992).
The electrical conductivity of the leachate shows maxi-
mum values in excess of 41 mS/cm, during the last period
of drought (October–November 1995). A high dilution
was produced by the December 1995 and January 1996
rainfall, decreasing the electrical conductivity to 4 mS/cm
(Fig. 4). Then a rising trend starts, broken only by the
spring rains which produced a dilution. This increase in
electrical conductivity continued until the end of summer
(July–September) when values of 23 mS/cm occurred. The
autumn rains (October–November 1996) lowered the mi-
neralization of the leachate and the winter rainfall (De-
cember 1996–January 1997) resulted in minimum conduc-
tivity (14 mS/cm). This was followed in turn by rising
values. A similar evolution in the concentration of the
other parameters that affect mineralization (alkalinity,
Cl–, Nac, Kc and NH4

c) can be seen, and rainfall is re-
sponsible for dilution of the leachate.
During a storm on the 15 February 1996, between 8 00
hours and 13 00 hours, there was a large increase of flow
from 1 to 50 l/s, and a rapid decrease in conductivity
(4 mS/cm), TSD and Cl– (Fig. 5a). This situation was rap-
idly reversed when the rain stopped, as the increase in
the analyzed parameters shows. The data demonstrate the
quick response of the landfill to a rainfall episode. Dur-
ing the storm event at the end of November 1997, a very
quick leachate dilution was produced by the rainwater
(Fig. 5b). The electrical conductivity decreased from
25 mS/cm at the start of the storm event to 5 mS/cm at
the end.
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Fig. 3
Modified Schoeller-Berkaloff diagram
and table of hydrochemical values for
the Marbella landfill leachate (1a
average; 1b maximum and 1c minimum),
groundwater (2), and rainfall (3)

Fig. 4
Temporal evolution of some parameters
of the controlled leachate from October
1995 to April 1997. The numbers indicate
the samples from Table 1

Hydrochemical parameters conditioning the
leachate chemistry

The correlation matrix obtained from all the available
data (Table 2), shows that the conductivity is strongly
and positively correlated with alkalinity, Cl–, Nac, Kc

and NH4
c, which has been confirmed in numerous

scientific papers (Johansen and Carlson 1976; Ehrig 1983;
Christensen and others 1994). The highest correlation val-
ues are graphically represented in Fig. 6. In all the
graphs, three groups of samples can be distinguished:

1. Samples taken during the drought periods of 1994 and
1995 (group I) which show the highest mineralization,
with high alkalinity and high values of Cl–, Nac, Kc,
and NH4

c.
2. Samples taken during high rainfall periods (group II,

February and May 1996 and January 1997) which show
the lowest alkalinity, Cl–, Nac, Kc, NH4

c, and con-
ductivity values.

3. Samples with intermediate composition (group III) be-
tween the two previous groups. These samples were
collected during average rainfall conditions.
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Fig. 5
A Evolution of electrical conductivity (EC), chloride content
(Cl–) and total solids dried (TSD) in the Marbella landfill
leachate generated during a stormy day (15 February 1996).
B Temporal evolution of electrical conductivity (EC) and
leachate flow (LF) generated during a stormy period (23–26
November 1997)

Table 2
Correlation matrix composed of the parameters measured in the landfill leachate

pH T E.C. Ca2c Mg2c Nac Kc NH4
c ALK. ClP SO4

2P NO3
c

pH 1.000
T P0.269 1.000
E.C. 0.546 P0.292 1.000
Ca2c P0.361 0.190 P0.465 1.000
Mg2c P0.282 0.378 P0.371 0.418 1.000
Nac 0.438 P0.221 0.966 P0.453 P0.332 1.000
Kc 0.449 P0.190 0.993 P0.445 P0.367 0.964 1.000
NH4

c 0.471 P0.297 0.874 P0.455 P0.390 0.874 0.858 1.000
ALK. 0.454 P0.282 0.976 P0.499 P0.442 0.961 0.974 0.916 1.000
ClP 0.430 P0.068 0.974 P0.434 P0.254 0.960 0.966 0.804 0.918 1.000
SO4

2P P0.004 P0.357 0.115 0.056 P0.125 0.227 0.170 0.177 0.115 0.150 1.000
NO3

P 0.528 P0.374 0.679 P0.487 P0.319 0.767 0.686 0.857 0.749 0.653 0.331 1.000

Conclusions

The leachate originating in the urban solid waste landfill
of Marbella, has a pH above 7 and a very high electrical
conductivity due to the high concentrations of the major
inorganic components. Some of these components (NH4

c

and Cl–) exceed the limits of the Spanish water quality
regulations. The alkalinity, Cl–, Nac, Kc and NH4

c con-

trol the mineralization. The mean hydrochemical type is
ammonium and sodium chloride and bicarbonate, but
with high variations in most of the parameters (some-
times an order of magnitude).
The amount of rainfall has a major influence on the lea-
chate chemistry. The rainwater infiltration produces a de-
crease in conductivity and in all the chemical compo-
nents, due to mixing within the landfill. Low-conductivity
rainfall with a high infiltration velocity (several hours) is
mixed with leachate held in storage within the landfill.
From a hydrogeological point of view, it is a low inertial
system.
Taking into account the chemical composition and the
rainfall distribution, three types of leachates have been
distinguished: leachates produced during severe droughts,
leachates of high rainfall periods and leachates of normal
rainfall periods. The first type, show the highest minerali-
zation. The second type, are samples with low mineraliza-
tion and low concentration of chemical components,
these are the most diluted samples. The third type be-
longs to the mean composition of the leachate and occurs
in normal rainfall conditions.

Acknowledgements This work was supported by the Project
PB94–1495 of DGICYT and the Group of Research RN-0126 of
the Junta de Andalucia. We acknowledge the assistance of Dr.
Ben A. Klinck from the Fluid Processes Group (British Geologi-
cal Survey, Great Britain) and Professor Jacques Mudry from
the Laboratory of Applied and Structural Geology (University of
Franche-Comté, France) for their helpful ideas and review of
the article.

References

Andreo B (1997) Hidrogeología de acuíferos carbonatados en
las Sierras Blanca y Mijas. CHS-SPUMA, Málaga, Spain

Arneth JD, Milde G, Kerndorff H, Schleyer R (1989)
Waste deposit influences on groundwater quality as a tool for
waste type and site selection for field storage quality In: Bac-
cini P (ed) The landfill. (Lecture notes in earth sciences, vol
20) Springer, Berlin Heidelberg New York, pp 438



Cases and solutions

332 Environmental Geology 37 (4) April 1999 7 Q Springer-Verlag

Fig. 6A–D
Regression lines and differentiation of several groups of
leachates (I samples from drought periods; II samples from
high water periods, III samples from intermediate periods)

Baedecker MJ, Back W (1979) Hydrogeological processes and
chemical reactions at a landfill. Ground Water 17 : 429–437

Carrasco F, Andreo B (1994) Calidad química de las aguas
subterráneas de la Unidad Hidrogeológica Sierra Blanca-Sier-
ra de Mijas. In: Rebollo LF (ed) Congreso sobre análisis y
evolución de la contaminación de aguas subterráneas. Alcalá
de Henares, Madrid, Spain, vol 2, pp 25–38

Christensen TH, Kjeldsen P, Albrechtsen HJ, Heron G,

Nielsen PH, Bjerg PL, Holm PE (1994) Attenuation of land-
fill leachate pollutants in aquifers. Crit Rev Environ Sci Tech-
nol, 24 : 119–202

Cleresci LS, Greenber AE, Trussel RR (eds) (1989) Standard
methods for the examination of water and wastewater.
APHA-AWWA-WPCF, pp 1193

Decreto 849 (1986) Reglamento del Dominio Público Hidraúli-
co. BOE 103, 30–4-96

Ehrig HJ (1983) Quality and quantity of sanitary landfill lea-
chate. Waste Manage Res 1 : 53–68

Farquhar GJ (1987) Leachate: production and characteriza-
tion. Can J Civ Eng 6 : 317–325

Freeze RA, Cherry JA (1979) Groundwater. Prentice-Hall, En-
glewood Cliffs, NJ

Gómez-Martín MA (1997) Estudio hidrológico de vertederos
controlados de residuos sólidos urbanos: vertederos de Gi-
puzkoa y Navarra. El vertedero como sistema acuífero. Doc-
toral thesis, Universidad del Pais Vasco, Spain

Johansen OJ, Carlson DA (1976) Characterization of sanitary
landfills leachates. Water Res 10 : 1129

Nicholson RV, Cherry JA, Reardon EJ (1983) Migration of
contaminants in groundwater at a landfill: a case study. 6,
Hydrogeochemistry. J Hydrolog 63 : 131–176

Ortíz A (1994) La eliminación de residuos sólidos urbanos. III
Jornadas Nacionales de Sanidad Ambiental, Valencia, Spain

Radi LM, Kuntz DJ, Padmanabhan G, Berg IE, Chaturvedi

AK (1987) Toxicological evaluation of the leachate from a
closed urban landfill. Bull Environ Contam Toxicol
38 : 337–344

Reitzel S, Faquhar G, McBean E (1992) Temporal character-
ization of municipal solid waste leachate. Canadian Journal of
Civil Engineering 19 : 668–679


