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Abstract This paper presents the results of electrical resistivity methods in the area 
delineation that was potentially contaminated by liquefaction products, which are also 
called putrefactive liquids in Vila Rezende municipal cemetery, Piracicaba, Sa ̃o Paulo, 
Brazil. The results indi- cate a depth of water table between 3.1 and 5.1 m, with two 
groundwater direction flows, one to the SW and another to the SE. Due to the 
contamination plumes, which have the same groundwater direction flow, as well the 
conductive anomalies observed in the geoelectric sections, the con- tamination suspicions 
in the area were confirmed. The probable plume to the SE extends beyond the limits of 
the cemetery. The location of the conductive anomalies and the probable contamination 
plumes showed that the con- tamination is linked with the depth of the water table and the 
burial time. Mapping using the geostatistical method of ordinary kriging applied to the 
work drew structural char- acteristics of the regional phenomenon and spatial behavior of 
the electrical resistivity data, resulting in continued surfaces. Thus, this method has 
proved to be an important tool for mapping contamination plumes in cemeteries.  
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Introduction  

Early cemeteries, managed by the churches, had been located on churchyards. In the early 
1800s, private land- owners began to develop land for burials without laws or other 
regulations ruling it.  

Environmental concern for the placement of cemeteries emerged as the number of private 
cemeteries increased. Laws varied from few regulations to strict ones in most countries of 
the world (Bernard 1966). Soil condition, drainage, closeness to inhabited places, and 
water pollution dangers were considered (Spongberg and Becks 2000).  



The studies on cemetery contamination have concen- trated on organic contaminants. 
There have been historical cases of contamination from cemeteries, such as a higher 
incidence of typhoid fever in people living near cemeteries in Berlin from 1863 to 1867. 
In Paris, water from sources near cemeteries often had a ‘‘sweetish taste and infected 
odor’’, especially during hot weather (Bouwer 1978).  

Schraps (1972) analyzed groundwater from a West German cemetery 0.5 m below grave 
level at various dis- tances downgradient and found high levels of bacteria (60x 
background), chemical oxygen demand (2x background), ammonia and nitrate in its 
surroundings, which decreased quickly in more distant places. The cemeteries should not 
be built in permeable soils or soils so thin that anaerobic conditions prevail. Cemeteries in 
medium-textured soil materials with a water table at a depth of at least 2.5 m, and graves 
at the customary depth of 1.8 m setting an unsatu- rated filter zone of 0.7 m should be 
void of groundwater contamination.  

Pacheco et al. (1991) concluded that groundwater samples from three Brazilian 
cemeteries of different soil types were ‘‘unsatisfactory from a hygienic and sanitary point 
of view’’. Fecal coliform, proteolytic, and lipolytic bacteria were  
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abundant in some water samples. These bacteria dominate during decomposition of 
organic material. Water samples collected had a disagreeable odor as well. However, not 
all of the samples analyzed had high levels of contamination, due to the different 
lithologies and water table levels.  

Dent (1995), at the Botany cemetery in Australia, and Matos (2001) in Vila Nova 
Cachoeirinha cemetery in Sao Paulo city/Brazil, found high concentrations of chloride, 
bicarbonate, calcium, sodium, and electrical conductivity (EC) in areas near recent 
burials. Dent and Knight (1998) found, in three Australian cemeteries of different soil 
types, high concentrations of nitrogen compounds, phosphate, and bacterial contents.  

The World Health Organization (WHO 1998) published a study titled, ‘‘The Impact of 
Cemeteries on the Envi- ronment and Public Health’’. This study aimed to identify more 
information on their environmental and health impact, concluding that cemeteries may 
cause serious impacts on the environment and public health by increasing the 
concentration of organic and inorganic substances into groundwater and the possible 
presence of pathogenic microorganisms.  

Engelbrecht (1998), at the municipal cemetery in the Western Cape/South Africa, set on 
unconsolidated sands, installed 21 monitoring wells in the cemetery grounds and one 
monitoring well 50 m outside the cemetery ground to be used for sampling and 



quantifying the quality of the groundwater. The results of this study showed increased 
bacterial activity (heterotrophic, fecal coliform, Escherichia coli, fecal streptococci and 
Staphylococcus aureus) and high concentrations of potassium, ammonia, nitrate, nitrite, 
dis- solved organic carbon (DOC), EC, phosphate, and pH.  

Spongberg and Becks (2000) studied a large North- American cemetery in northwest 
Ohio, which has been open since the mid 1800s. The authors found high metal 
concentration, such as iron, lead, copper, zinc, cobalt, and arsenic. Iron, lead, copper, and 
zinc are metals commonly used in casket construction. Arsenic was a common 
embalming fluid ingredient in the late 1800s to early 1900s, as well as a present-day wood 
preservative. The source of elevated cobalt concentrations is unknown.  

Cemeteries have been associated in a large scale with the process of human body 
decomposition (Dent 1995, 2002; Knight and Dent 1995; Dent and Knight 1998). The 
environmental contamination by putrefactive liquid resulting from the body 
decomposition occurs particularly during the first year of burial, mainly due to inadequate 
deployment of cemeteries in places that present unfavor- able hydrogeological conditions, 
such as small depth of water table, soils with high permeable rocks with fractures and 
karst areas (Dent et al. 2004).  

The putrefactive liquid is characterized as a viscous liquid denser than water (1.23 g/cm3), 
rich in minerals and  

degradable organic substances, brown-gray, polymerizable, with high biochemical 
oxygen demand (BOD), strong acrid smell, and pathogenicity of varying degrees (Schraps 
1972; Dent and Knight 1998; Matos 2001; Rodrigues and Pacheco 2003). It may contain 
chemical treatment residues such as chemotherapy: formaldehyde, and methanol used in 
embalming, cosmetics, dyes, and stiffeners used in the preparation and makeup of the 
corpse, pathogens associ- ated with death from infectious diseases and metal oxides such 
as titanium, chromium, cadmium, lead, iron, manga- nese, nickel, among others, and 
leaching of the burial urn props (Dent and Knight 1998; Spongberg and Becks 2000).  

The geophysical geoelectrical method application in environmental investigations has 
several advantages, especially by its indirect and non-invasive nature in determining the 
saturated zone depth, identifying the water flow direction in the investigation of 
contaminants in the subsurface (Ward 1990). This fact allows its use, without risking the 
buildings, e.g., graves, tombstones, mausole- ums, etc. Furthermore, they can cover 1–2 
hectares per day, with a lower cost when compared with machine or manual excavation 
(Dalan et al. 2010).  

This paper presents the geoelectrical research results in delineation of areas potentially 
contaminated by putrefac- tive liquid in Vila Rezende cemetery, Piracicaba, Sa ̃o Paulo, 
Brazil, establishing the lateral limits, depth and preferential flow directions of the 
contamination plume, and analysis of the efficiency of the resistivity method in 



characterizing the plume.  

Transformative phenomena of corpses  

Under certain environmental conditions, transformative phenomena may occur as 
destructive autolysis, putrefac- tion, liquefaction and skeletonisation, or conservative phe- 
nomena as saponification. These phenomena occurrence depends on intrinsic and the 
extrinsic factors. The intrinsic factors relate to their own corps, such as age, physical 
constitution, and death causes; the extrinsic are relevant to the environment where the 
corpse was buried, such as temperature, moisture, aeration, mineral composition of soil, 
hydraulic conductivity, among others (Rodriguez and Bass 1985). Mann et al. (1990) 
classified the variables intervening in the decomposition of bodies and found that the 
most important reasons are the temperature, the access to insects, and depth of burial.  

Decomposition begins almost right after death, approx- imately after 4 min (Vass et al. 
2002). Fuelled by the nutrients which are rich in fluids released by autolysis, 
microorganisms (bacteria, fungi and protozoa), which are derived largely from the 
intestinal tract, the soft tissue of the cadaver, begin the process of putrefaction (Bull et al. 
2009). Following the putrefaction, the decomposition  
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process continues through liquefaction and disintegration, leaving skeletonized which 
remains are articulated by lig- aments (Dent et al. 2004).  

Putrefaction is characterized by the bacterially induced breakdown of soft tissue and 
subsequent alteration of their protein, carbohydrate, and fat constituents. Van Haaren 
(1951) shows that the body composition is approximately 64% water, 20% protein, 10% 
fat, 1% carbohydrate, and 5% minerals. After death, the microorganisms present in the 
intestines and respiratory tract invade the body tissues. Aerobic organisms deplete the 
body tissues of oxygen as well as setting up favorable conditions for the anaerobic 
microorganisms that take the remains through the putre- factive stages. These anaerobic 
organisms are usually derived from the intestinal canal, but may also migrate from the 
soil and air into the remains in the later stages of decomposition (Evans 1963).  

The body tissues and organs soften during decomposi- tion and degenerate to a mass of 
unrecognizable tissue that under continued decomposition becomes liquefied. This 
liquefaction is aided by the breakdown of proteins to simpler units thus allowing a greater 



range of microor- ganisms to grow on the substrate and to subsequently be dispersed 
throughout the tissues (Janaway 1997).  

In the case of a body buried directly in the soil, a mucus sheath forms around the corpse 
consisting of liquid body decomposition products and the ‘‘fines’’ soil fraction (Janaway 
1997). Coffin burials, on the other hand, often produce a semi-fluid mass consisting of 
water and putrefied tissue with a powerful ammoniacal odor (Dent et al. 2004).  

Ultimately, liquefaction and disintegration of the soft tissues leave behind skeletonized 
remains. At this stage the skeletonized body will be held together by ligaments and 
surrounded by a putrescent or liquefying mass. Eventually, the liquefaction products will 
be incorporated within per- colating water and enter surrounding soil and groundwater 
systems (Dent et al. 2004).  

The saponification phenomenon is the fat hydrolysis with fatty acid release, which by the 
acidity, occurs 5–6 months after, which inhibits the action of putrefactive bacteria, thus 
delaying the decomposition (Matos 2001). This phenomenon occurs in warm, humid and 
anaerobic clay soils, low hydraulic conductivity, and high cation exchange capacity 
(CEC) (Gemeiner et al. 1998).  

Vulnerability of a cemetery sites  

The subsoil contamination in a specific place occurs if there are conditions of 
vulnerability in the physical envi- ronment, whose susceptibility is due to the geological 
and hydrogeological characteristics.  

The bacteria and viruses effective retention depends on the lithology, aeration, reduction 
of moisture, nutrients, etc. (Rodriguez and Bass 1985), and the filtration mechanism is the 
most important for larger organisms such as bacteria (Matos 2001).  

On the land designated for the cemeteries, the unsaturated zone thickness and the 
geological material type are decisive factors for the putrefactive liquid filtering. The ideal 
clay percentage in the soil to have such filtering condition lies in the range between 20 
and 40%, so that the processes of aerobic decomposition and the putrefactive liquid 
drainage conditions are favored (Rodriguez and Bass 1985).  

Risk of contamination  

The amount of leachates produced from a cemetery is related to its size (Table 1). 
Cemeteries set up in inap- propriate places, where the geological materials provide corpse 
conservative phenomena or materials that provide less retention of the contaminant in 
their superficial layer, together with the hydrogeological conditions and shallow 
groundwater aquifer, could lead to area contamination. The tombs in ruins or with cracks 
can be a source of ground- water contamination, having as the main causes the soil  



Table 1 Example of estimates Year of effluent volume at a small ���(I) and large municipal ���cemetery (II) in 

UK  

Cumulative area of burials (m2)  

Annual effluent production (l)  

  
 

Adapted from Young et al. (1999)  

. 1  125 ��� 

. 2  250 ��� 

. 3  375 ��� 

. 4  500 ��� 

. 5  625 ��� 

. 6  750 ��� 

. 7  875 ��� 

. 8  1,000 ��� 

. 9  1,125 ��� 

. 10  1,250 ��� 

I  

II  

4,375  

8,750 13,125 17,500 21,875 26,250 30,625 35,000 39,375 43,750  

I  

25,000 50,000 75,000  

100,000 125,000 150,000 175,000 200,000 225,000 250,000  

II  

918,750 1,837,500 2,756,250 3,675,000 4,593,750 5,512,500 6,431,250 7,350,000 8,268,750 9,187,500  
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Fig. 1 Risk model to the aquifer contamination  

compaction and tree roots. Figure 1 shows the aquifer contamination risk model.  

This figure presents a model of four burial situations and its respective risks to the aquifer 
contamination, according to the burial place and the relation with the geologic materials, 
groundwater depth, and environmental issues external to the physical environment such as 
cracks on the graves:  

• In A situation occurs slow contaminant conduction due to the average hydraulic 
conductivity of geologic material, high absorption/retention because of the clayey 
material characteristics associated with the favorable groundwater level depth, the 
contaminant is trapped in the unsaturated zone, getting to the classi- fication of a 
medium risk situation to the contamination of groundwater aquifer. ��� 

• In B situation the grave is under the water table, making it possible to be flooded. It is 
considered an extreme risk situation once; in general, the graves are not 
waterproof. ��� 

• In D situation there is a bias in the contaminant conduction to bigger depths, due to its 
high hydraulic conductivity along with low-depth water table. It is considered as 
high risk situation. ��� 

• To avoid this problem, in order to decrease the aquifer contamination risk, the burial 
must be held above the natural terrain level, according to C situation. ���Study area 
description ���The Vila Rezende cemetery is located in the northern area of 



Piracicaba county, Sa ̃o Paulo state, Brazil, with the geographic coordinates of 
47°390 0700 W, 22°410 3700 S (Fig. 2). In an area of 75,324.48 m2 the cemetery has 
been operating since 15 September 1976. On the site, there are ��� 

approximately 18,000 people buried, an average of two burials per day. This cemetery 
was chosen for the study due to the shallow water table level, burials directly in soil, and 
bad condition of the graves.  

The cemetery, which had been divided into 11 blocks, had prevailed until 1988 the burial 
by inhumation, in simple graves whose depths vary from 1.1 to 1.6 m, with simple soil 
covering in the blocks 3, 5, 6, 7, 9, 10, and 11. Since 1993, the burial process has been in 
underground vaults in masonry due to the hydrogeological conditions unfavorable for 
underground burial. Such conditions are related to the low water table depth and in 
respect to the federal and state laws as well. In 1999, burial vaults above the ground have 
begun. The occupation of the cemetery began in blocks 1 and 11 and successively during 
30 years in blocks 7, 6, 10, 9, 5, 2, 3, 4, and 8.  

The geology of the area is represented by the Parana Sedimentary Basin rocks, occurring 
specifically in the area belonging to a clayey siltstone which belongs to Corumbata ́ı 
Formation, with local thickness around 15 m, superimposed on basic intrusive rocks—
dolerites associated with the magmatic event correlated to Serra Geral Formation. The 
soil of the region is classified as ultisol.  

The cemetery area is located on the interface of water- sheds and represents an area of 
shallow aquifer recharge, with altitudes between 535 and 546 m and slopes ranging 
between 6 and 10%, both above average in the county. The hydraulic conductivity 
estimated was 6.5 9 10-7 cm/s, a value considered satisfactory to clay soils.  

Materials and methods  

In applying the resistivity method, the techniques of ver- tical electric sounding (VES) 
and electrical imaging (EI)  
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Fig. 2 Location map  

had been used through Schlumberger and dipole–dipole arrays, respectively.  

In this work the VES technique basically consists of the analysis and interpretation of a 
geoelectrical parameter— electrical resistivity—obtained from measurements taken on 



the ground surface, investigating in a timely manner, and its variation in depth (Telford et 
al. 1990).  

The Schlumberger array of the current electrodes (AB) positioned externally have an 
increasing separation and the potential electrodes (MN) remain fixed internally to the 
array by keeping the relation MN B AB/5 during the test development (Ward 1990). The 
electrical resis- tivity value using this array arrangement is given by Eq. 1.  

123  
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To establish the geoelectrical model and subsequently the preparation of the cemetery 
area potentiometric map, 16 VES were carried out with maximum gap between electrodes 
AB 200 m, on September 2006. The VES had been distributed throughout the study area 
(Fig. 2): seven trials in the inner area of the cemetery (VES-7, 8, 9, 10, 11, 12, and 13) 
more precisely between the blocks, and nine trials in the outer area of the cemetery (VES-
1, 2, 3, 4, 5, 6, 14, 15, and 16). The equipment used was a Bison 2390 resistivimeter 
produced by Bison Instruments.  

The voltage data were imported into the inverse mod- eling software IX1D version 3.36 
(Interpex Ltd. 2007) to visually analyze and perform smooth and layered-earth inverse 
modeling of the apparent resistivity data. Voltages with standard deviation [5% were 
deleted before model- ing, which eliminated data from noisy, late-time gates. The 
apparent resistivity data were then graphed as a function AB/2 on a logarithmic scale 
(Figs. 3, 4). Data points that deviated severely (a judgment decision) from a curve fitted  

to the data were deleted before inverse modeling. A simple layered-earth forward model 
was constructed on the basis of inflections observed in the smooth model. This forward 
model inversion was completed until the model curve fit the data points with a minimal 
Root Mean Square (RMS) error. Inversion of the forward model was done using the ridge 
regression inverse modeling method (Inman 1975), which attempts to best-fit the data 
while minimizing the change in the smooth model. Layered-earth models were 
constructed with two to three layers for each VES. The RMS error was \10% for each 
VES on the site. The RMS error values were used to evaluate the precision of each VES. 
After each VES was inverted in IX1D version 3.36, the layered-earth model was to 
compare with other VES along the cemetery area and a direct sounding (local lithology) 
200 m from the cemetery (Figs. 3, 4). The UTM coordinates and values of the elevation 
of the water table— unconfined aquifer, determined for each VES, allowed the plan of the 
potentiometric map. This map, besides estab- lishing the pattern of the underground flow, 
allows deter- mining the groundwater shed, that is, the fundamental data for the 
environmental studies aiding in the installation of  
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Fig. 3 Typical curve of the inner area and its hydrogeological characterization  

 
Fig. 4 Typical curve of the external area and its hydrogeological characterization  
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the monitoring wells. The potentiometric map was made using the software Surfer v.8 
(Golden Software 2002), with the minimum curvature geostatistical interpolation, being a 
smoothing method. It is the one, which better represents the potentiometric surface. The 
electrical imaging technique is based on the realization of apparent resistivity measure- 
ments along a profile in order to investigate variations in one or more levels in depth 
(Ward 1990).  

The dipole–dipole array is characterized by using equal spacing between electrodes AB 



and MN, with a center displacement of both the dipoles along the line (Telford et al. 
1990). In this study the distance between electrodes AB = MN = 10 m with five levels of 
investigation was used.  

Resistivity using the dipole–dipole is calculated by Eq. 2:  

DV 1 ���q1⁄4
I
2pჼ

1ჼ�2þ1
ჼ� ð2Þ  

n nþ1 nþ2  

The dipole–dipole array was chosen because it is a symmetrical array that provides good 
quality information in both horizontal and vertical directions. This is in accordance with 
Ward (1990), who analyzed the performance of different arrays in terms of lateral and 
vertical resolution.  

Twelve sections of electrical imaging had been made on February 2007, with extension of 
the dipole–dipole sec- tions up to 390 m. The profile distribution prioritized the inner area 
of the cemetery for a mesh of surveys: 10 pro- files distributed at the major access of the 
blocks and two profiles in the outer area, an upstream area (EI-12) serving as the 
reference section (background) and one downstream of the area (EI-11), intercepting the 
flow of the contami- nant (putrefactive liquid; Fig. 2). The equipment used was a 
Terrameter ABEM SAS 4000 resistivimeter produced by ABEM. This equipment is 
configured for measuring resistivity through periodic cycles of alternating low-fre- 
quency electrical current, a procedure that allows noise filtering of the acquired signal. To 
obtain a ‘‘real’’ section, an inversion process must be performed. The inversion 
processes, theoretically, allow researchers to obtain rea- sonable models for the geological 
structures being studied. An automatic 2D (bi-dimensional) inversion process was used in 
this study to establish a model of the probable real- resistivity distribution and to 
eliminate the distortions caused by the electrode array.  

The raw resistivity pseudo section data were processed using the software RES2DINV 
(Geotomo Software 2004) and Surfer v.8 (Golden Software 2002). The first is spe- cific 
for inversion of resistivity data, and the second is generally used to interpolate spatial 
data. The results of  

the inversion process were exported as XYZ data and then interpolated with the aim of 
improving visualization of the data.  

RES2DINV uses a fast and efficient technique for data inversion that was developed by 
Loke and Barker (1996a, b) and de Groot-Hedlin and Constable (1990). It is based on the 
least square and the smoothness- constrained methods. Theoretically, it provides a 2D 
subsurface model free of the distortions presented in the pseudo sections and those due to 
the electrode array used. The 2D modeling system of the software divides the subsurface 
into rectangular blocks, and the values of resistivity for each block are calculated and 



related to the measurement points assumed in the pseudo section. The optimization 
method reduces the difference between the measured and the calculated values and 
adjusts the values for each block. The distribution and size of the blocks are generated 
automatically by the software in such a way that the block number does not exceed the 
number of measured points (except when the user imposes this cri- terion). The final 
depths of the blocks (i.e., the depths of the investigation levels calculated) are 
approximately those proposed by Edwards (1977) for the largest distance of the electrode 
array. It is about half of the depth value proposed by Hallof (1957) for pseudo sections. 
The user may also adjust these depths if direct information is available. The modeled 
sections are the product of an automatic 2D inversion process based on finite element and 
finite difference techniques (Loke and Barker 1996a, b). This process aims at calculating 
the real subsurface resistivity distribution. Eventual distortions in the pseudo sections that 
are inherent in the electrode array are minimized in this process.  

Geostatistics  

The geostatistical techniques can be used to describe and for modeling spatial patterns 
(variography), for predicting non-sampled local values (kriging), to obtain the uncer- 
tainty associated with an estimated value in non-sampled local (kriging variance), and to 
optimize the sampling mesh. What distinguishes the kriging of other techniques is the 
estimation of a spatial covariance matrix that deter- mines the weights assigned to 
different samples, the redundancy treatment, and the neighborhood to be con- sidered in 
the inferential procedure, and the error associ- ated with the estimated value (Matheron 
1963).  

Ordinary kriging involves an interactive investigation of the spatial behavior of the 
phenomenon represented by Z values, before the user selects the best method for esti- 
mating and generating solid surface (Matheron 1963).  
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The estimator of ordinary kriging is described as  

pipes, and surface drainage galleries. The VES curves have standardized on the second 
part upward, interpreted as clayey siltstones in Corumbata ́ı Formation. However, in some 
VES the last geoelectrical level—from 18 m—pre- sented resistivity 15 times greater than 
the superior geo- electrical level being able to be correlated with the diabase. Figure 3 
shows a typical curve of VES held in the inner area with its respective hydrogeological 
correspondence (VES-7). The cemetery sandy soil surface characteristic (landfill) allows 
the high permeability of the liquids from the body. The deepest layers have clayey texture 
and low hydraulic conductivity, establishing reducer physicochem- ical conditions and 
contributing to the corpse saponifica- tion phenomenon. This phenomenon is the fat 
hydrolysis with the release of fatty acids, which by acidity inhibit the bacteria action and 



slow the decomposition of the corpse (Matos 2001).  

The geoelectrical model of the cemetery external area (Table 3) presents various 
geological material types. In the VES on the east of the cemetery, geoelectrical layers 
occur correlating to Corumbata ́ı Formation, and in the VES on the west and north occur 
geoelectrical strata correlated to Corumbata ́ı Formation and to the diabase from 15 m 
depth. Among the blocks B-1 and 4 there is a conductive anomaly in the saturated zone 
that extends off the edge of the cemetery, as seen in VES-3, interpreted as probable con- 
tamination for putrefactive liquid. Figure 4 shows a typical curve of the external area with 
its respective hydrogeology correspondence.  

There are two underground flow directions, one for SW and another for SE, with depth of 
water table varying in the dry season between 3 and 5.5 m. In the blocks B-1, 4, 8, and 9 
depths ranged between 3 and 4 m.  

Electrical mapping of the contamination  

The profiles EI-1, 2, and 3 (Fig. 5) present high apparent resistivity values between 700 
and 2,600 Xm associated  

Zkჼ� 1⁄4 ðx�Þ 1⁄4  

Xn i1⁄41  

kizðxiÞ ð3Þ  

where the weights (ki, i = 1, n) are obtained by solving a linear system of equations, 
kriging system, built in order to not bias the estimate (no bias condition) and the kriging 
variance minimal.  

In the work the resistivity data obtained by inversion had been analyzed separately among 
the 5 depth levels, totaling 274 values in each level. Variogram maps, the spatial vari- 
ability analysis by semivariogram, and the molding had been done with the software 
Variowin 2.21 (Pannatier 1996). The variogram model had been exported to the software 
Surfer v. 8 to perform the interpolation by the ordinary kriging method, resulting in five 
levels of depth maps which had been overlaid allowing a 3D visualization of electrical 
resistivity anoma- lies, indicating probable contamination plumes.  

The investigation level depths had been calculated through the software model 
RES2DINV, which follows the depth model of Edwards (1977).  

For the probable contamination plume delimitation, the Orellana (1972) criterion had 
been followed. Such criterion sets an anomalous value which reduces or overcomes at 
least two or three times the background value.  



Results  

Geoelectrical model  

The geoelectrical model of the inner area of the cemetery (Table2) shows resistivity 
values between 10 and 2,960 Xm, where the levels more conductive were inter- preted as 
probable contamination by putrefactive liquid and the most resistive as sandy clay horizon 
with low humidity, landfill with sandy sediments, limestone gravel, construc- tion waste 
(rubbish) and demolition waste ground recycled,  

Table 2 Geoelectrical model proposed for the inner area of the cemetery  

. a  Telford et al. (1976) ��� 

. b  Telford et al. (1990) ��� 

. c  Vogelsang (1994) ��� 

Zone Unsaturated  

Saturated  

Description of materials  

Clay-sandy soil  

Sandy-clay soil  

Conductive anomaly  

Sandy-clay soil ? sand embankment  

Pipes and concrete construction grounded  

Clay-sandy soil  

Clayeysiltstone(corumbata ́ı formation)  

Diabase (basic intrusive)  

Resistivity measurements (Xm)  

157BqB628 2,070 B q B 2,960 13BqB75 448BqB935  

934BqB1,720 110BqB373  

10BqB455 q[110  

Resistivity, average or range (Xm)  



1–150c 800–5,000c – ���–  

– 1–100b  

1–1.5 9 104 b 10 –107 a  

Environ Earth Sci  

  
 

 
123  

Environ Earth Sci  

 
Table 3 Geoelectrical model proposed for the area outside the cemetery  

a Telford et al. (1976) ���b Telford et al. (1990) ���c Draskovits et al. (1990) d Vogelsang (1994)  

Zone Unsaturated  

Saturated  

Description of materials  

Clay-silty soil  

Clay-sandy soil  

Sandy-clay soil  

Clayey siltstone (corumbata ́ı formation)  

Conductive anomaly  

Clayey siltstone (corumbata ́ı formation)  

Diabase (basic intrusive)  

Resistivity (Xm) 28 B q B 220  

138 B q B 1,093 1,100 B q B 2,960 24 B q B 398  

q\10 ���10 B q B 53  

q[105  

Resistivity, average or range (Xm)  



1–60c ���1–150d 800–5,000d 1–1.5 9 104 b  
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Fig. 5 The profile of EI-1, 2, 3  

with pipes and other concrete constructions for surface drainage grounded in the site. 
Resistivity values between 150 and 700 Xm are correlated with a layer of sandy-clay soil. 
The range of resistivity from 50 to 150 Xm correlates with clayey siltstones in the 
Corumbata ́ı Formation. However, in these geoelectric sections there are also low  

values of apparent resistivity (below 75 Xm) near the surface, above the water table level 
as a conductive anomaly, arising from the leakage of putrefactive liquid in graves 



upstream. These anomalies are clearly evidenced in the profiles EI-1 between 55 and 68 
m downstream of the block B-2 and 110 m downstream from the block B-1.  
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Fig. 6 The profile of EI-5, 11, 12  

At the EI-2 between 70 and 145 m downstream of blocks B-6 and 5 and from 200 m in 
the median and down block B-4, and in the profile EI-3 between 155 and 225 m starting 
at 195 m downstream of the blocks B-9 and 8. In the profile EI-5 (Fig. 6) there are low 
values of apparent resistivity (below 75 ohm m) above the water table level corre- 
sponding to a conductive anomaly (putrefactive liquid) of the graves upstream. These 
anomalies are clearly evi- denced between 22 and 48 m downstream of block B-1 and 83 
m from the side outside the cemetery.  

The profile EI-11 (Fig. 6), which is located in the external area of the cemetery at 
approximately 40 m of block B-1, presents that the bands low resistivities are below 7 m 
depth in the saturated zone, the downstream flow in the cemetery, which can be 



influenced by putre- factive liquid.  

The profile EI-12 (Fig. 6) to the NE and the upstream area of the cemetery shows high 
apparent resistivity values, probably due to the absence of putrefactive liquid, serving as 
background (Figs. 2, 6). The resistivity values between 700 and 2,600 Xm indicate clay-
sandy soil, sandy-clayey, and sandy sediments carried by runoff and deposited in contour 
lines. Resistivity values between 150 and 700 Xm indicate clay-sandy soil saturated. The 
resistivity values  

below 150 Xm are related to clayey siltstones in the Corumbata ́ıFormation.  

Figure 7 shows the electrical resistivity map for the first level of investigation that 
corresponds to an approximate depth of 4.16 m. Two probable contamination plumes with 
resistivity below 200 Xm had been observed in the map, one in SW direction and another 
to the SE, both following the groundwater flow direction.  

The probable plume to SW (dotted area in red), starts in the block B-9 and goes to blocks 
B-5, 6, 3, and 2. The conductive anomalies can also be observed in the initial VES 
geoelectrical levels-7, 8, and12. The low electrical resistivity contour values below 75 
Xm also observed in the first level of geoelectrical VES-12 downstream of block B-5 may 
be due to putrefactive liquid infiltration from B-9 block, due to burial in simple pit. The 
con- ductive anomaly between blocks B-2 and 3 may be due to putrefactive liquid 
infiltration through cracks or even collapse of underground tomb constructions and/or 
above ground level in B-2 block.  

The probable plume to SE starts in block B-8 and goes to blocks B-4, 1, one part of the 
central garden, and outside the cemetery boundaries. The conductive anomaly can be 
observed on the first VES-3 geoelectrical level with  
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Fig. 7 3D electrical resistivity map for the five investigation levels  

electrical resistivity value of 77 Xm in the outside area of the cemetery. Almost the whole 
area of blocks B-1, 4, and 8 had low values of electrical resistivity. However, block B-8 
only occurred at the time of the execution of geo- 
electricaldepositsinitslowerreaches,southoftheblock. Thus, the beginning of the probable 
plume at this location had been bounded. This area, besides its shallow water table, has 
the largest number of burials, so there is a con- stant renewal of the contaminant source.  

On the surface of blocks B-1, 4, and 8 there are graves above the ground with up to four 
drawers, which are familiar graves prepared to host several corpses in the same place 
during the years after the end of exhumation. Thus, the main source of contamination is 
these graves, where  



burials occur continuously and hence cause a renewal of contaminating sources.  

It is observed in Fig. 7 that the maps for the fourth and fifth levels of research have low 
electrical resistivity, as a result of saturated clayey siltstones in Corumbata ́ı Formation.  

After the identification of probable plumes by mapping them, the installation of six 
monitoring wells at the loca- tions designated in Fig. 7 had been recommended. The first 
well (P1) would function as the groundwater control in the amount of uncontaminated 
groundwater flow in the cem- etery area (background); the wells P2 and P3 would be 
located where they were mapped, by the geoelectric research, the probable contamination 
plumes. The wells P4,  
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P5, and P6 would be located in the cemetery outer area, downstream in the direction of 
the groundwater flow and the contamination plumes.  

Conclusions  

It was concluded that resistivity is an important indirect method for assessing 
contamination in cemeteries, espe- cially regarding the investigation and delineation of 
con- tamination plumes, to target the invasive tests as drilling wells for research and 
monitoring for effective detection of possible contaminants.  

The geoelectrical model of Vila Rezende cemetery out- side area consists of a layer of 4 
m of silty clay-material to the SE of the cemetery and material-clay-sandy and sandy clay 
to the NE, NW, and SW. In the inner area there is a thin layer of sandy sediment landfill. 
Below the landfill layer, there is a clay-silt material in the blocks to the east of the 
cemetery and a sandy-clay in the blocks to the west of the cemetery, from clayey 
siltstones of Corumbata ́ı Formation.  

The groundwater flow occurs in the SW and SE direc- tions, with depth of water table in 
the dry season between 3.1 and 5.1 m. Therefore, the cemetery area has a thin unsaturated 
zone due to the shallow groundwater.  

The cemetery shows unfavorable conditions to the putrefactive liquid percolation due to 
the clay predomi- nance. However, there are favorable conditions for the conservative 
phenomenon occurrence of saponification and lateral expansion of the contaminant 
plume.  

The geostatistical method applied in the work took structural characteristics of the 
regional phenomenon and spatial action of electrical resistivity data, resulting in 
continuous surfaces. Thus, this work demonstrated to be an important tool for mapping 
the contamination plumes in cemeteries.  



In the first geoelectrical stratum interpreted, which corresponds with about 4.2 m depth, 
there are two probable contamination plumes, one in the SW direction and the other to the 
SE, both following the direction of ground- water flow.  
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