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Resumen

Se reporta en este estudio la caracterizacidn
de una zona contaminada por lixiviados,
siguiendo una metodologia que integra datos
geofisicos y geohidrolégicos para proponer
un modelo hidrogeoldgico del fendmeno. La
caracterizacion del sitio (la estructura del
subsuelo, y las caracteristicas del suelo) incluyd
seis perfiles sismicos de refraccion, tres lineas
electromagnéticas (FDEM), dos perfiles eléctricos
(ERT), cinco sondeos eléctricos verticales (SEV),
y una serie de pruebas geohidroldgicas para
delimitar la pluma contaminante. El area de
estudio corresponde a la laguna de lixiviados
del relleno sanitario de la ciudad de Oaxaca,
sur de México. El modelo hidrogeoldgico que se
presenta constituye un ejemplo del potencial de
la integracién de varios métodos aplicados con el
mismo objetivo; reduciendo asi la ambigtiedad
de la respuesta geofisica. Los resultados indican
que los valores de baja resistividad (1.5 a 2.5
Ohm-m) se relacionan con un suelo contaminado
subyaciendo a la laguna de lixiviados y al medio
fracturado. También se detectd un desplazamiento
de la pluma contaminante hacia el SW de la laguna.
La calidad del agua es buena, pero la actividad
humana en el area de estudio confiere un riesgo
para el acuifero superficial de Zaachila.

Palabras clave: lixiviados, prospeccion geofisica,
caracterizacion hidrogeoldgica.
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Abstract

In this study we report the characterization
of a leachate contaminated site, by following
a methodology that integrates geophysical
and geohydrological data to better constrain a
hydrogeological model. The characterization of
the site (subsurface structure, soil characteristics)
included six seismic refraction profiles, three
electromagnetic lines using transient domain
electromagnetic soundings (TDEM), two electric
resistivity tomography (ERT) profiles, five vertical
electrical sounding (VES) and geohydrological
testings and analysis to support the delimitation
of the contaminant plume. The study area
corresponds to the leachate lagoon of Oaxaca
City landfill, southern Mexico. Its inferred
hydrogeological model constitutes an example
of the uselfuness of the integration of several
diverse methods applied with the same objective,
thus reducing the ambiguity of applying a single
characterization technique. The results indicate
that low resistivity values from 1.5 to 2.5 Ohm-m
are related to a leachate polluted soil underlying
the leachate lagoon and also associated with an
anomaly enclosed in the rockbed. A displacement
of the polluted plume to the SW from the lagoon
was also detected. Water quality is quite good but
the human activity in the study area confers a risk
to the Zaachila aquifer.

Key words: Leachate, geophysical surveys,
hydrogeological characterization.
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Introduction

Landfill leachates constitute a potential form of
water pollution. Their effect on the environment
has been documented in several studies (Wil-
liams et al., 2000; Sun et al., 2001; Porsania et
al., 2004; Feng et al., 2007). However there ex-
ist many geologically inadequate landfills which
increase the vulnerability of the surrounding sites
(Bengtsson et al., 1994).

The assessment of soil and water properties is
important to characterise leachate impact (Nobes,
1996; Fatta et al., 1999; Rosqvist et al., 2003;
Kumar and Alappat, 2005). Drilling is a direct
method to obtain data but is punctual and ex-
pensive. On contrary, geophysical methods cover
larger areas and are relatively inexpensive. Elec-
trical and electromagnetic methods are frequently
used in groundwater applications (Atekwana et al.,
2000; Buselli and Lu, 2001; Yoon and Park, 2001;
Inman et al., 2002; Rosqvist et al., 2003; De la
Vega et al., 2003; Chandra et al., 2004; Corwin
and Lesch, 2005 a, b; Owen et al., 2005; Bauer
et al., 2006; Asfahani, 2007). However, better
results of geophysical methods are obtained by
applying jointly methods which are supplementary
with respect to their sensitivity to the physical
properties of interest.

In this study we have integrated three geo-
physical methods (seismic refraction, electro-
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magnetic induction and electric resistivity) with
hydrological parameters to obtain a robust model
of the leachate lagoon of Oaxaca City landfill.

Our objective is to characterise this site since
recently has been populated and inhabitants have
drilled wells with the risk represented by not
knwowing the water quality.

Materials and methods
Study site

The Oaxaca city Landfill, located at Zaachila re-
ceives 550 ton/day of waste (Figure 1). As result
of waste weatering, a leachate stream have been
flown down to a leachate lagoon for more than 25
years. The so called “leachate lagoon” is a structure
constructed 1.8 km from the landfill as a oxidat-
ing pound, but with the opening of the landfill the
flowing water have transported toxic substances
that made of the pound a highly polluted site.

The area surrounding the leachate lagoon
is composed by granular alluvial material and
fractured sedimentary rocks such as sandstone
and shale, that enable leachate infiltration to
the subsoil (Belmonte et al., 2005). Another
important feature to consider is the presence of
the Oaxaca Fault (N10W) in the Zaachila Valley
(Nieto-Samaniego et al., 1995; Campos-Enriquez
et al., 2010).

Zaachila

LANDFILL

*
CHANNELOF
LEACHATE
To Puerto LAGOON
Escondido

96" S0W H L bl s 06°26' W

Figure 1. Location of Oaxaca City landfill and the leachate lagoon in the Oaxaca State, southern Mexico.
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Seismic refraction survey

The seismic refraction survey at the leachate la-
goon was designed to study the contrast between
the unsaturated zone and the rockbed. Six seis-
mic refraction lines with lengths of 108 m were
obtained at several places around the site (Figure
2). A geophone spacing of 6 m and a hammer of
6 kg was used as the seismic source. Data was
collected using a 24-channel seismograph (McSeis
170 OYO) and were interpreted using Geogiga
software (2009).

16° 56' 14" N

16° 54'5" N

Q6" 42 19"W
Scale (m)

Electromagnetic survey

Electromagnetic profiling along three 500 m long
profiles with stations every 5 m were obtained us-
ing the Geonics EM34 conductivity meter operat-
ing at frequencies of 400, 1,600 and 6,400 Hz with
a coil separation of 40, 20 and 10 m respectively.
Further explanation of the theory used in EM34
can be reviewed in McNeill (1980). For each coil
separation the data were acquired with the coils
oriented both horizontally and vertically in rela-
tion to the surface. The data interpretation was

SIMBOLOGY
Leachate lagoon
Leachate channel

Electromagnetic profile
(EM 34)

Electric resistivity profile
(dipole-dipole)

Seismic profile

Vertical electrical sounding

967 42 "W

Figure 2. Location of seismic, electromagnetic, and dipole-dipole resistivity profiles, as well as of the vertical elec-
trical soundings.

performed using the CICEM35 software developed
at CICESE (Centro de Investigacién Cientifica y de
Educacion Superior de Ensenada, Mexico), based
in the modification of Gomez-Trevifio’s theory
(1987) adapted by Pérez-Flores et al. (2001) for
shallow EM.

D. C. Electric resistivity survey
a) Profling
Two D.C. electric resistivity profiles using the

dipole-dipole array were performed in the study
area. DIP1 was conducted in the NW border of the

leachate lagoon with a 100 m length, 7 levels of
investigation and an inter-electrodic distance, a, of
2 m. DIP2 was located in the southwestern border
with a 250 m length, an interelectrodic distance of
5 m, and 7 levels of investigation. The data were
interpreted using the CICRES35 software from
CICESE (Pérez-Flores et al., 2001).

Misfit were 6.3 and 7.2% for DIP1 and DIP2
respectively. The 2D models were obtained in a
single iteration under the approximation of low-
resistivity contrast as explained in Pérez-Flores
et al. (2001).
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b) Sounding

In the dry season of 2008 (May) five vertical elec-
trical soundings (VES) using the Schlumberger
configuration were obtained in the study site (Fi-
gure 2). SEV1, SEV2 and SEV3 were made inside
the lagoon, while SEV4 and SEV5 were located at
the western and eastern borders respectively. A
maximum current electrode spacing (AB/2) of 100
m was used for all the soundings. The processing
and interpretation of the respective geoelectrical
data was performed using the DCINV software
(Pirttijarvi, 2005). During this survey particular
attention was given to the electrode length since
the soil texture did not allow the penetration of
the electric current and it became necessary to
use 60-cm long electrodes.

Hydrologeological control parameters

A piezometric map of the leachate lagoon was
made by monitoring 8 wells drilled by the inhab-
itants as their source of potable water (Figure
3). Such monitoring wells were geo-referenced
using an Astech ProMark2 GPS System and were
also used to establish electric conductivity, total
dissolved solids (TDS) and pH of water using a
Hanna HI 98129 tester. The underground flow
pattern was determined during the dry season

N p3®
16° 55 14" N 'W-##l".
5
P2
)
D2
P1 u

of 2007(November) and during the wet season
(July, 2008). The hydraulic conductivity was es-
tablished with two tests (D1 and D2) carried out
in July of 2008 (Figure 3) using a variable charge
infiltrometer. The dataset obtained was analyzed
using the Darcy’s method (Sumner, 2000).

L +L
I(S=—1nh1
t h+L

Where

h,+L is the hydraulic head in the upper part of
the infiltrometer.

h,+L is the hydraulic head in the lower part of
the infiltrometer.

Once the hydraulic conductivity was estab-
lished, the transmisivity was estimated using
stratum thicknesses obtained by means of the
seismic study. Porosity was established through
the Kozeny-Carman equation (Batu, 1998) modi-
fied for the conditions of the study area.

K
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Monitoring well

21 Hydraulic conductivity test

Figure 3. Localization of monitoring wells
and sites of hydraulic testing.
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Where

K is the hydraulic conductivity.
n is the porosity.

Metal content and some chemical parameters
(DOQ, carbonates, pH, electrical conductivity)
were analyzed in samples of leachate and water
from the closest well to the lagoon, P4 (Figure 3).
Results
Geophysical Surveys

a) Refraction seismic
Figure 4 shows the travel-time curves (hodooch-

rones) corresponding to the SIS1 and SiS2 seismic
profiles.

According to the seismic refraction data (Figure
5) to the west of the lagoon, along profiles SIS2,
SIS1 and SIS3, there is a shallow layer with a
velocity of 390 m/s associated to alluvium, overly-
ing a shale bed with a velocity of 2,800 m/s. On
the other side of the lagoon, along SIS5, SIS4
and SIS6 profiles (Figure 6), it was possible to
delineate three layers. Below SIS5 and SIS6,
the shallower bed presents a velocity of 390 m/s
associated also to alluvium, while below SIS4 it
presents a velocity of 280 m/s related to polluted
alluvium close to the leachate lagoon. This first
layer reaches its maximum depth of 7 m in SIS4
and SIS6. Along profiles SIS5 and SIS6, below
the alluvium bed, there is a layer with a velocity
of 1,300 m/s that has been interpreted as frac-
tured shale. Contrastingly, in profile SIS6, the
shale is not fractured and has a velocity of 2,800
m/s. Finally at the base of these three profiles a

Figure 4. Dromocrones of seismic profiles ob-
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tained SiS2 and SIS1, leachate lagoon.
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siIs2 sIs3
£ sSw NE
T -5{ Alluvium 390 m/s _ Alluvium 390 m/s Alluvium 390 m/s
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Figure 5. Seismic structure along the western border of the leachate lagoon.
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Figure 6. Dromocrones of the seismic profiles obtained in SiS2 and SIS1, of the leachate lagoon.

stratum with velocity of 3,700 m/s was mapped,
which is been interpreted as the upper portion
of an anticlinal structure of sandstone probably
related to the Oaxaca Fault System.

b) Electromagnetics

Electromagnetic sections (Figure 7) indicate three
resistivity domains. The shallowest one has a

resistivity ranging from 10 to 30 Ohm-m associ-
ated with alluvium and clay. The second domain
is related to resistivites higher than 70 Ohm-m
representing shale and fractured shale according
to the seismic models (Figures 5 and 6). The last
domain corresponds to a very conductive anomaly
with values less than 10 Ohm-m associated with
the leachate. In the EM1 profile, the conductive
anomaly is seen at the surface from the positions

EM1 Leachate Channel
E
E
& Ohm-m
o -200 -150 -100 -50 0O 50 100 150 200 250m 300
280
Leachate Channel
EM2 200
DIP1 240
— sSwW SI52 Sis1 SI1S3 NE 220
E | 1 I 1 1 ¥
= E 0 200
T
= 180
w -40 4 - 160
O 250-200-150-100 -50 0 50 100 150 200 250m 140
—
Leachate Lagoon 120
EM3 Leachate Channel ;gﬂ
DIP2 / - 60
sis5 sis4,/ SIS6 L 40
E W NE i i
E -20 0
w -40 Figure 7. Electromagnectic models
= -350 -300 -250 -200-150 -100 -50 © 50 100 m showing the correspondence with

314 ‘ Vorume 51 Numeer 4

D.C resistivity and seismic profiles.
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-200 to -100 m. Although the resistivity would
suggest the presence of polluted soil, the true cor-
respondence with the contaminants is found from
0 to 100 m due to the presence of the leachate
channel. However, anomalies at depths of more
than 20 m centred at positions -100, 0 and 150
m could suggest a toxic plume in the subsoil. The
EM2 profile indicates the presence of a 2-D electric
resistivity distribution mainly from -50 to 50 m co-
inciding with the lagoon. The DIP1 and SIS1 pro-
files also cover this area and indicate a conductive
anomaly and a stratum of alluvium, respectively.
Other important sections with low resistivity (less
than 5 Ohm-m) are shown at positions -150 and
250 m, assumed as the signature of a contami-
nant plume percolating into the subsurface from
the SW border of the lagoon and the area around
the channel. From -100 to 100 m the EM3 model
has a conductive anomaly (10 Ohm-m) associated
with an area of leachate inundation during the
rainy season, and the anomaly is represented in
the DIP2 model (Figure 8). From -250 to -200 m,
underlying a section with a resistivity higher than
100 Ohm-m, the model presents a value less than
5 Ohm-m interpreted as a leachate infiltration at
a 30 m depth. According to the 2-D distribution
of the EM models, changes going from the surface
to the bottom of the sections, are interpreted as
due to vertical fractures.

c) D.C. Electric resistivity

The dipolar profiles (Figure 8) DIP1 located at the
western limit of the lagoon corresponds to the
SIS1 seismic profile and to the central portion of
the EM2 electromagnetic profile (Figure 7). DIP1
is featured by low resistivity values between 5 to
30 Ohm-m coinciding to the very conductive area
(<10 Ohm-m) related to the subsoil around the

leachate channel as depicted by the EM2 electro-
magnetic image between positions -50 and 50 m.
The opposite profile, DIP2, covers SIS4 and SIS5
profiles and the right side of the EM3 profile from
-150 to 100. DIP2 shows a very conductive section
with values less than 20 Ohm-m in correspon-
dence to a zone of leachate inundation that can
also be observed in the EM3 electromagnetic im-
age between distances -100 and 50 m (Figure 7).
In both DIP1 and DIP2 models resistive anomalies
of 100 Ohm-m are associated with fractured shale.

Figure 9 shows, for comparison purposes, VES
curves obtained from soundings inside the leach-
ate lagoon and outside it respectively.

Hydrologeological control parameters

The SW-D1 test (Figure 3) gave a hydraulic
conductivity (K) of 64 m/day. The correspon-ding
transmisivity (T) has a value of 282m?/day and a
porosity of 35%. At the NW-D2 test, the hydraulic
conductivity (K) was of 157 m/day, a transmisivity
(T) of 1,413m?/day, and a porosity of 39%.
Figure 10 shows the preferential underground
flow pattern in the wet (November/2007) and dry
seasons (July, 2008) when there was a depression
due to water extraction. Electric conductivity of
water (Figure 11a) ranged from 543 to 752uS/cm,
except in the P1 well, with an electric conductivity
of 2,148uS/cm. We infer that this last value shows
the effects influence of polluted plume at P3 and P4
wells. The water table is located in the shale layer;
it decreased 3 m during the dry season (July/2008)
with respect to the wet season. In contrast, the
water table in the P1 well was constant in both
seasons; this constancy together with the low
transmisivity (282m?/day) of the zone favours
the existence of the polluted plume. In addition,

DIP1 _
E sw NE
=2 -
di -5 r "
-40-20 0 20 40 m
DiP2 Leachate Channel
E SW } NE
 In g
%-10 - =
-100 -50 0 50 100 m
Figure 8. Geoelectric models using the dipole- Ohm-m I e
dipole array. D 10 20 30 40 S0 60 TO 80 B0 100
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the analysis of the water from P4 well indicates
an important presence of chlorides (26.42 mg/I
as CI) and nitrates (0.5 mg/L as N-NO3). Figure
11b indicates the water pH in the study zone. The
image shows that groundwater is almost neutral
(7.12), but the monitoring of the wells close to the
leachate lagoon shows that the water pH is slightly
more basic (7.38). Physicochemical analysis of
leachate sample indicated a pH of 8.4, which is
related to an old fluid; the leachate COD (Chemical
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Oxygen Demand) was established in 27,887.8 mg
COD/I and its electric conductivity was 46,000uS/
cm. Metal content in water, soil and leachates is
summarized in Table 1. Here is observed that there
are some elements in the leachate and soil that do
not exist in water. Two explanations are possible.
Either this circumstance indicates the infiltration
to the rockbed through the fractures of the study
area or the alluvium in the fractures allows the
retention of some pollutants.
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Figure 9. Vertical electrical soundings (VES). VES3,

VES1 and VES2 were carried out inside the leachate

lagoon, and VES4 and VES5 were conducted in the
leachate lagoon.
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Figure 10. Variation of [ -k
underground water flow
pattern. a) Wet season 2

(November, 2007). b) Dry 16°35 N+

season (July, 2008).

16°55 N

16°54N - S Palg
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16°54N+
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Figure 11. a) Map of

hydraulic conductivity 16°54N- - 16°54N+
(US/cm). b) pH of the ; Y o o
water of the area of 96°54W 9642w 96°54W 96°42W
influence of the leach- . g

ate lagoon. a) Hydraulic Conductivity b) pH
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The hydrogeological model

The hydrogeological model of the leachate lagoon
integrates the geophysical based information and
the geohydrological control parameters (Figure
12). This model presents a very contaminated
and conductive soil (1.5 to 2.5 Ohm-m) with a
low velocity of 280 m/s immediately underlying
the leachate lagoon and the leachate channel.
This soil is associated to alluvium that is featured
by resistivity values from 25 to 27 Ohm-m and
a velocity of 390 m/s. The alluvium is relatively
shallow with a maximum depth of 10 m at the
NE border of the lagoon. The lower layer is highly
fractured shale, probably related to the Oaxaca
Fault, with a resistivity value of 40 to 60 Ohm-

150 200 m
Highly fractured Figure 12. Hydrogeological
shales model of leachate lagoon

produced by Oaxaca City's
landfill.

m and a velocity of 1,300 m/s through which
leachates could be infiltrating to the bedrock. In
contrast, outcropping of shale presents the same
resistivity range but a velocity of 2,700 m/s. Be-
tween alluvium and shale layers the water table
fluctuates depending on the season (Figure 13).
Small fractures could allow diffusion of pollutants
in the aquifer but probably the characteristics of
the soil have delayed them reaching the water
(see Table 1). Finally the bedrock is represented
by a shale-sandstone sequence with a velocity
of 3,700 m/s. Here the polluted soil is related
to a very conductive anomaly (<10 Ohm-m) at
a depth of 30 m coinciding with the lagoon and
leachate channel.

WATER TABLE VARIATION
1542 1541.4
Nov, 2007
1538 L - TR T 1537.5
1534 July, 2008~ S =D
uly, 15326
1530
1526 T T ' T = nt e Figure 13. Water table variation in the
P1 P3 P4 P7 P8 ey O study area.
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Table 1. Chemical elements detected in samples of leachate, soil, and groundwater, for the period July,
2008, in parts per million (ppm).

METAL SOIL LEACHATE WATER METAL SOIL LEACHATE WATER
Al 7.67 5 Fe 3.55 26 0
Sb 0 0.1 P 675 15 0
As 17 0 Mg 0.79 44.8 9.6
Ba 472 0.8 0.2 Mn 377 0 0
Ca 5.54 108 66 Mo 0 0.1 0
Co 17 0.1 0 Ni 26 0.3 0
Cu 60 0.3 0 Pb 0 0.2 0
Cr 66 1.4 0 K 2.32 1809.4 15.4
Sc 15 0.002 0 Na 1.07 1635 23
Sn 0 1.2 0.03 Zn 157 1 0.004
Sr 185 0.7 0.3 Ti 0.19 1.2 0

Conclusions

The geophysical information of the structure of the
subsurface and geohydrological parameters allows
more robust characterization of contaminated
sites. This methodology is useful to establish a
representative robust hydrogeological model of
a study area and could be applied in detection
and remediation of leachate contaminated sites.
In the current case, the results indicate a very
contaminated area underlying the lagoon and an
important conductive area enclosed in the rock
bed at a depth of 30 m. Both anomalies indicate
leachates in the subsoil. Moreover a displacement
of a polluted plume to the SW of the lagoon was
detected. With respect to water quality, the results
do not show the presence of toxic substances,
although urbanization of the study site disturbs
soil dynamics, and water extraction and house
building are increasing the vulnerability of the
Zaachila aquifer to the pollution.
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