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ABSTRACT

This paper presents the geotechnical evaluation accomplished on the contamination
caused by pouring of il in a sector of the petroleum field Carrasco, located in the
northeast of the department of Cochabamba, Bolivia. The continuous emission of
contaminants affected an approximate area of 2500 i, which can be estimated from the
observed superficial pollutants storage, identified as Total Petroleum Hydrocarbons. The
most affected zone is found 500 meters away from a waste pipe that pours the residues of
the refinery to the environment, becoming the source of contamination. The work was
directed to estimate the underground path of the pollutant through a mathematical model
generated in the programs SEEP/W and CTRAN/W of Geodope International. In this way,
the study has determined the location of possible affected zones at the moment of the
fieldwork and predicted the advance of contamination in a long-term period. The analysis
consisted of a characterization of the subsoil using borings and sampling of the soil from
different depths, geophysical work with an electrical resistivity equipment to obtain deep
profiles, assessment of the coefficient of hydraulic conductivity from field tests and finally,
the determination of the type of pollutant (Total Petroleum Hydrocarbons) and the
concentration based on analysis from superficial and underground waters. According to
the results, it is estimated that at present, the infiltration of the pollutant reaches a depth of
15 meters, depth that can be easily tripled in the next 5 years. It has also been
demonstrated, in comparative form, the principal differences between the movement of the
pollutants in saturated conditions and the movement of the same compounds in
unsaturated conditions for different periods of evaluation. Finally, the equipotential lines
of concentration were established, in order to estimate the possible affected zones and the
volume of soil contaminated within the next 5 years.

Key Words Soils, Permeability, Hydrocarbons, Contamination, Geotechnical
M odeling, Cochabamba, Bolivia.
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Figure 1. Geographical Location
ANALYSIS

Contamination System

The Contamindion system, in the area of invedtigation, condgts of a wage pipe that pours
the resdues originging a the refinery and depogts them in a naurd channd tha
trangports and assmilaies the toxic compounds which ae findly depodted in 1zozog
River, a naturd water course. Figure 2 presents a generd plan of the path that caries the
pollutant and the relevant feetures.

The naturd channd hes a length of 1100 m between the source of emisson and 1zozog
River. Throughout the entire channd, a moderate environmentd deteriortion can be
obsarved, however, in 2 spedific regions, named resarvoirs 1 and 2 (Figure 2), exhibit
gregter environmental degradation. It is presumed that at these points the concentration of
the pollutant is much higher; therefore resulting in gregter infiltration of compounds in the
ubsol.

Water Analyss

Previous to the present invedtigation, there were 10 tests carried out on shdlow waters, 7
accomplished by the Laboratory of Water Tretment a San Simon Universty (UMSS),
and 3 by the Conaulting Company Dames & Moore In order to complement this
information, the Laboratory of Geotechnics of San Smdn Universty, obtaned 3
underground water samples, which were evauated by the Laboratory of Water Treatment.
Fgure 2 represents the location of the different points of sampling, and Table 1 shows the
results for the mogt important results. The points of sampling have been located in drategic
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areas. in the refinery, pipe tha pours the contaminant into the environment, underground
water around the natural channel and water from the stream of 1zozog river.

Transred e Refin
N PLANVIEW ey
| — | 1 inhm\. H«:-.
oo O

A CONTAMINATION

Laboratory of Water Treatment, UMSS @
Dames & Moore O
Laboratory of Geotechnics, UMSS O

Fgure 2. General location of the zone and the superficid and underground water
samples

The chemicd tests daemined tha the pollutant, identified as Totd Petroleum
Hydrocarbons (TPH), presents concentrations that surpass the tolerdble in Bolivia
Following the results presented in Table 1, it is evident that the concentretion of the
pollutant poured in the source of emisson (292 mg/l) decreases in the current of the 1zozog
River, bdow 3% of the initid concentration. Therefore the soil is identified as an
extenuating dement of this pollutant process.

Table 1. Contaminant concentrations
Concentration of

L ocation of the samples TPH (mg/l) Sour ce*
Refinery (Separator API) 349740 Laboratory of Water Treatment, UMSS
Source of emission (Pipe) 292 Dames & Moore
Underground water next to the Izozog River 145 Laboratory of Geotechnics, UMSS
o ) Laboratory of Water Trestment and
Superficia waters of 1zozog River 23
Dames & Moore
) ) According to Bolivien dandards  of
Tolerable maximum concentration 20

superficid watersin industrial waste

* Average vaues of al tests, except the underground samples
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Geotechnical Characterization

The geotechnicd charecterization was carried out in order to establish the generd profile
of the region, detecting dso the groundwater level and the depth that encompasses the
contamination in the subsoil. This work was accomplished through 7 manud perforations
with an average depth of 2.30 meters below the surface.

In addition, the coefficient of hydraulic conductivity was determined using 6 teds in the
fidd, which gave a red goproximaion of the infiltration conditions in the soil of the areq
sand and clay.

Fndly, 3 dectricd soundings (SEV) meade possble the atanment of the soil profile up to
32 meters. For the dense vegetation in the zone, the probes covered a maximum superficid
length of 80 meters. Figure 3 presents the location of the different tests performed at the
Ste.
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* Figure 3. Location of
the aeotechnical tests

Hydraulic conductivity test

Geotechnical Properties of Soils

From the fidd and laboratory tests, it could be determined that the area is composed of a
draum of lean cday (CL), with an average depth of 3 meters. Additiondly, the presence of
a clayey sand sraum (SC) has been edablished. The thickness could not be defined
visudly, but, by means of the geophyscd tests of dectricd resdivity, it reeched an
goproximate thickness of 15 meters. Figure 4 presents the profile of the cross section AA,
which can be observed in Figures 2 and 3.
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Table 2 presents the magnitude of conductivity found in the different tests and the principd
geotechnica characteridtics of soils.

Table?2. Characterigtics of soils

Coefficient of
Description of the Material Conductivity k (m/s) Observations
Clayey sand, SC 714x10° (%) Materid in al the physicd soundings, 3 m
depth
Lean Clay, CL 6.50x10 " (*) Materia below the clay strata
Poorly graded sand, SP 3.94x105 Material founded next to the |zozog River
Poorly graded gravel with sand GP 1.71x10* Lenses of gravel next to the 1zozog River
Clayey Gravel GC 1.82x10° Lenses of gravel next to the 1zozog River

* Average Vaueof all tests

Geotechnical Modeling of the Problem

For the modding of the problem, gpecidized computer programs (SEEPW and
CTRANW of Geodope Internationd’) have been used, establishing a totd of 764 nodd
points that group 563 differentid dements Additiondly, the geometric and geotechnicd
properties have been established from a topogrgphic survey and the geotechnica study. All
the geometric and geotechnica characteritics of the oil, besdes the physcd and-
chemicd conditions of the pollutant are presented in Table 3. Conddeing tha the
emisson of the wade is continuous during dl year around and, it generates a supeficid
flow on the channd, the andyss of AdvectionDisperson has been adopted as the
prevailing condition of the superficid and underground flow.

The mahemdicd evduation of the problem has been it into 2 parts. In the fird sage
the movement of the pollutant is andyzed in saturated conditions (constant permeghility).
Then, the same andysds is caried out supposng unsaturated conditions, adopting the
functions of water content and hydraulic conductivity in agreement with the coefficent of
pamesbility found in the fidd and specidized bibliography (Ho' 1997). Smultaneoudy to
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the concentration andlyss, the computer programs made the follow-up of 24 tracers
possble in different conditions of saturation of the soil.

Table 3. Geometric, Geotechnica and Pollutant Properties

Geometric Properties Values Justification
Thickness of clay stratum (average) 3m Perforationtests
Thickness of sand stratum (channel input) 107 m Electricd resigtivity soundings, SEV
Thickness of sand stratum (channe! outlet) 15m Electrical resgtivity soundings, SEV
Length of the polluted channd 1113m Topographic survey
Geotechnical Properties Values Judtification
Hydraulic Conductivity of sand (k) 527x10°m/s  Constant-head testsin field
Volumetric content of water in the sand (Q 0.372 Data assumed according to Ho’ (1997)
Hydraulic conductivity of clay (k) 480x10' m/s  Vaiable-head testsin field
Volumetric content of water in the clay (Q 0.393 Data assumed according to Ho' (1997)
Propertiesof the contaminant Values Justification
Type of contaminant Hydrocarbons  Chemica andysisin polluted weters
Input quantity 101/s Pipe(source)
Kinematicsviscosity 0745m%s  According to Kesder-LenZ® (1994)
Relative Density 0.879 According to Kessler-Lenz® (1994)
Concentration of contaminant 192 mgll Chemical andysisin polluted waters
Longitudina dispersion coefficient (a) 122m Geometry of the adopted mode
Transversa dispersion coefficient (ar) 122m Geometry of the adopted mode
RESULTS

Flow Analysis

The behavior of flow tracers in a saturated media is characterized by the great
displacement of the particles in periods of time that can be consdered short compared with
the low sauraion conditions. Figure 5 presents the displacement that accomplishes the
flow tracers (122 meters) in high saturation conditions for an evadudion time of 3 months.
On the other hand, the disdlacement of the particles presented in the Figure 6, shows
clearly the movement of the tracers in unsaturated conditions (15 meters) for a time of 36

months (3 years).

The andyss shows the fact that the particles in unsaturated conditions present a very dow
displacement; however once they reech a saurated regime acquire a grester infiltration

peed.
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Figure 5. Motion of flow particlesin saturated media. Period of evaluation: 3 Months

LONGITUDINAL SECTION OF CONTAMINANT CHANNEL
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Figure 6. Mation o flow particlesin unsaturated porous media. Period of
evaluation: 36 Months (3 vears)

Concentration Analyss

The resllts obtaned in the advection-digperson andyss were deveoped from
concentretion  equipotentia  lines whose minimal vdue was governed by the maximum
quantity of pollutant present in the soil (20 mg/l).

Figures 7 and 8 present the pollutant processes in the subsoil for the saturaed and
unsaturated conditions respectively. In ether case, a contamingion time of 6 months is
conddered. The movement of the pollutant in sauraed conditions progresses
aoproximately 8 times more rapidly than its movement in unsaturated conditions Also, the
tolerable concentration in soil (20mg/l) in low saturation conditions is achieved 120 mees
from the surface where the concentration is 192 mg/l. In the grephics, each line represents
an increment equa to the tolerable concentration in the soil. Each line defines the number
of times that soil surpasses the tolerable maximum concentration. According to the Figure
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7, in approximatdy 6 months the zone would be contaminated up to 122 meters from the
surface.
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Figure 7. Advection-Dispersion analysisin satured porous media. Period of
evaluation: 6 Months

Comparing the results of the andysis with the soundings accomplished on fidd, it can be
concluded that the behavior of the pollutant in totaly saurated conditions is condderably
far from redity.

In the unsturated modd (Figure 8) the displacement of the podlutat is dower, the
materid is infiltrated to depths that according to the fidd conditions, where grester level of
contamingtion is near the reservoir 2.
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Figure 8. Advection-Dispersion analysisin unsatured porous media. Period of
evaluation: 6 Months

The contamination andyds in unsaturated conditions is gpproximated to the conditions
found in the fidd, an evauaion of the possble movement of the compounds for different
time intervals was carried out. Possble affected-soil volumes for periods of 1, 5 and 10
years ae presented in Table 4. In order to cdculae these volumes, it has been considered
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that the width of contamination is the same as the naturd channd and the plume moves in
the same path.

Table 4. Quartities of Soil Affected by TPH (Until 20 mg/l)

Period of Length of the Deep of Broad defined by Volume of
contamination contaminate zone contaminations the transverse contaminated soil
(m) (m) channel section (m) (m’)
lyear 350 15 7 36750
Syears 350 30 8 84000
10 years 450 40 9 162000

Fgure 9 shows the andyss of Advection-Disperson accomplished for a period of 10
years, 5 years snce the fiddwork. The most damaged zone is near resarvoir 2, with a depth
of penetration of 40 m and alength of 450 m.
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Figure 9. Possible affected area for a 10 years of contamination

CONCLUSIONS

A geotechnicd study has been caried out in a sector of the petroleum fidd Carrasco,
Cochabamba, Bodlivia, in order to determine the pollutant effect due to ol spills The
pollutants have been identified as Totd Petroleum Hydrocarbons (TPH). The concentration
of the solution, obtained from chemicd andyss poured by a pipe as the source of
contamination, exceeds the tolerable by Balivian laws.

It has been established, in comparative form, that the soil is the dement that assmilates dl
the contamination as a naurd filter, it reduces the concentration of the pollutant in a length
of 1100 meters from the source of emission.

The zone of invedtigation is condituted by a leen day (CL) with a thickness of 3 m, ad a
coefficient of permesbility of 48 x 107 m/s The day sraum underlies a dayey sand (SC)
whose thickness is greater than 15 m, with a coefficient of permesbility of 527 x 10 nvs
According to what was observed in the mahematicd tracers andyds of flow in an
unssturated and sauraied media (Figures 5 and 6), the movement in low conditions of
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suraion is gpproximady 50 times dower then a sauraed flow movement. This
movement condition of the underground flow is gpplicable to any compound that is found
dissolved in the water or this present in liquid form into the subsoil.

The andyss has taken the unsaturated conditions as representative of the observed in the
fidd and the predicion of movement of contaminant is presented in Figure 9. The
edimation of the functions of hydraulic conductivity and content of waer volume
(unsaturated flow) in the modding process can reduce the rdiability of the results
However, this condderation, made it posshle to dgmulae the flow according to fidd
obsarvetions.

It is important to accomplish a more detailled work in the zone then verify the results found
through the modd. It is suggested that specific characterization projects be performed
condituted by pefortions and chemidry tesds in soils and underground waters
Additiondly, it is necessary to accomplish a more detalled topogrgphic survey, detaling
with greater precison the characteristics of the channel and cross sections.
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