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Abstract

Protectionof water resourcesom contaminatiorand detection afhe contaminantand their treatments are
among the essential issuestire management of water resources. In this wibri time-lapse electrical
resistivity tomography (ERT3urveyswere conducted along 7 longitudinal lines time downstream othe
Latian dam inJajrood(lran), in orderto detect the contamination resulting frahe direct injection ofa
saltwater solution irio the saturated zone in the area.ieestigate theollutantquantitiesaffectingthe
resistivity of this zone the temperatureand electrical conductivityneasuremenivere carried out using
selfrecording device during 20 daybefore and aftethe injection). The results obtained from tlself
recording device measurements and ERT surveys inditlad¢in addition to thesaltconcentratiorchanges
in water, theresistivity changesn the saturated zone wedependent on other factors suchtlaslithology
and absorption otontaminantsdoy the subsurface layers. Furthermore, the expansion of contamination
toward thegeological tend,sedimentationand groundwter flow direction of the area weshown.

Keywords: Saltwater SaturatedZone,Electrical ResistivityTomography(ERT), Jajrood,Iran.

1. Introduction

Demand for healthy water is increasing data on the hydrodynamic properties of

considerably as the industrial necessity grows
simultaneously. However, preserving and
recovery of wateresources ar@retty important
aims for many water authorities all around the
world. In this paperthe potential influences ahe
inorganic substances dissolved in groundwater on
its electrical conductity are discussed. Our
objective wasto roughly evaluate the usefulness
of thetime-lapse electrical resistivity tomography
(ERT) measurements for the detection of
contaminants dissolved in groundwaterhe
surface tramg methods are precious due to the
difficulty in accessing groundwater and high costs
of converional methods like drilling to delineate
a polluted groundwater. The geophysicathods
and as a subcategoryhe geoelectricabnesare
very popular and common to gée best andnost
reliable results. These methods provédealuable

groundwater and contaminant plume to forecast
their probability and preferential gisrsion and
diffusion  pathways. The efficiency of
geoelectrical methad in obtaining precise
information in a short time with a lowost has
causeda daily increaseén theintentionto usethis
method in determination of the contaminated
area in a groundwater[1l]. To determinethe
groundwater flow directions and velocitiethe
geoelectrical measurements in combination with
the salt tracer injectionsave been used for many
years[2-4].To theshallow aquifers, direct current
resistivity measurements at th&urface allow
monitoring a salt tracer spreadiover large areas
[5-8]. The time observationmade for detection of

a contaminated area is limited several days or
several weeksdependingon the dilution process
[9]. Sufficient information orthe changes in the
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electrical conductivity of water for estimatiaof
the rate of salt in wat or the placement of
electrodes woulde useful forthe contamination
monitoring measuremeni$]. In 1983, Daniel W.
Urish [10] investigated the efficiency of the
geoelectrical surface methods in revealing the
contamination of groundwater. Based on his
findings, the results of such studies would have
great nfluence onthe determination of the place
of drilling borehole for sampling and mapping the
contamination. His method is basedpb on
revealing thestatic behavior ofhe contamination
mass It does not record the movement of this
mass butdetermineshe contaminatedarea[10].

In 1992, Kollman and his colleaguefll]
investigated the direction and velocity of
groundwater in an aquifer @ depth of 3 m in
Austria using a geoelectrical method. They
conducted geoelectrical sounding and profiling
after injecton of a saltwater tracer into the
aquifer, and obtained the direction and velocity of
groundwatel{11]. The lackof full compliance of
the designed geoelectrical network with the
general direction of groundwater in their
investigation resulted from theshortage of local
investigations and lack of a conceptual model
from the situation of local aquifer. In this research
work, first, the electrical conductivity changes in
the saturated zom as a result of injection of
saltwaterinto the saturated zerin different time
intervalswereinvestigated and analyzed. In order
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Figure 1. Geographic location ofstudied a

to analyze the reasorf®r these changesthe
temperature and eleatdl conductivity of
groundwater were measuredising a self
recording device at the saturated zone.nTte
contaminaion resulting fromthe direct injection
of saltwater solutioninto the groundwatemwas
conducted bythe ERT method. For this, ERT
surveyswerecarried out bbng 7 longitudinal lines
using adipole-dipole electrode array in 6 different
time intervals. Firstof all, an ERT surveywas
conducted at zero timend it wasconsidered as
the background survey. Tiea saltwater solution
was injected ito the saturated zone athe
contamination plume in theborehole No. 1
(located in the upstream of the groundwalkewy,
and simultaneous)ymeasurement of the changes
in the conductivity valuedor groundwater irthe
borehole No. 2 (Figure 2jvas carried outby
continuous sampling of wateat onehour time
intervals. The ERT surveys wecarried out in 5
other times gimultaneous with the injection of
saltwater solution, and one, two, thremd four
days after the injection). Finally, the results
obtained from the direct observations
(measurementsmade using theself-recording
device) andthose obtained from thendirect
observabns (geophysical measurements) were
compared. The geographic location of the test site
is shown in Figure 1. In Figure 2, the locasai
the drilled boreholes and also 7 longitudinal lines
of theERT surveys in the areaedemonstrated.
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toward northwest).

2. Geological setting

The test sitavas situated 25 Km east of Tehran,
downstream Latiadam upstream Jajrood village
and southwest bank of the dam at the outlet of the
river located beneath the TehtBardis Freeway
Bridge. Knowledge orthe geological trend and
background variations in  the electrical
conductivity is helpful to specify the amount of
salt to be injectedr to place the electrodes for the
monitoring measurements. The geological
information of thestudiedareawas obtained via
the hydrological and geological evaluations and
two boreholes drilled in thestudied area. The
main geological feature of thstudiel area, as
shown inFigure 3, is theHezardareh formation.
The observable specifications dhe alluvial
formationsincluded the followinghigh thickness
of about 1200 m and its homogeneiitg regular
bedding locally contain layers and lenses of clay
and sandstone good and hardened cemgent
average size of rubbles (P& cn); color of light
grey, high slope of layers (till 90 degrees) and
their folding and semicircular rubbles, 90% of
which are fronthe Karaj formation and 10% from
other ro&s or formations. The information
obtained from borehole No.1skown in Figure 4.
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Figuré 3. Hezardareh formation in studied area.

2.1. Temperature and electrical conductivity
(EC) changes of groundwater in studied area

The decomposed ions can move in water as a
result of electrical potential. Thus, by entering an
electric current to the solution, its EC can be
measured. The capacity of a solution to conduct
current is a function of the concentration ions and
the rate of motion of these ions in the solution.
The anount of EC of water is influenced by its
temperature. As the temperature of water
increases, its EC increases as well. Thus EC of
water should be measured simultaneously with the
temperature [12]. The numeric EC values for
different types of water are gin in Table 1.
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Figure 4. Geological information about studiedarea obtained from borehole No. 1 drilled in area

Table 1. Numeric EC values for different types of

water [13].
Type of water EC
clean 50
Very Clean 500
Brine 1000
Very brine 30000

The factorschangingEC of underground water
include the soil moisture, level of groundwater,
temperature and concentration ofthe ions
existing inthe groundwater[1]. The changesin
temperature and EC of water in the saturated zone
were measured bya selfrecording device.
Measuring the temperature of the water well,

is of great importance fothe thermodynamic
computations with regard to the chemistry of the
water. It can give nformation about the other
hydraulic properties of water and its resistivity
properties or can relate to thefi2]. The
temperature of groundwater the two boreholes
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Figure 5a. Temperature changes of groundwater in
two control boreholes.
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No. 1 and 2 during 20 daysasdivided into two
parts before and after injectiofigure 5a). The
sum of water volume was equal to 1000L, and
30Kg of salt was added to it. It should be
mentioned that the water used for preparation of
the solution wastaken from Jajrood River. The
saltwater solution was injected in borehole No. 1
from 8:15 to 8:50 in the morningon Thursday
20/09/2012.

The temperatureariation from14.1°C to 14.3°C

in borehole No.1, shows a smooth temperature
variation before injection. After injectionthe
variation increased from 14.10 16.4°C in the
first day, decreased in axponential formand
reached 14.5 °C. The temperature change in
borehole No. Zariedfrom 14.3to 14.9°C before
injection,andfrom 14.5to 14.7°C after injection
Figure % also indics EC changes of
groundwater inthetwo boreholes Nal and 2.
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Figure 5b. Chart for EC changes of groundwater in

two control boreholes.
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EC of water can result from variation in
temperature based on the following equations
[14]:

s = &f(T) (1)
T, T, Fluid temperature at time t,

S, s, ECof fluid

F(T) Factor of changing fluid temperature
F(T) = 1+a, (T -18) )

1+a, (T, -18)
a; Temperature coefficient, degasing with T
a;[°18 C] °0.025 C* 3)

The equation(1) was developed for temperatures
around 18°C. As groundavater temperatures are
lower, this is just a rough approximation. In
Figure 6, thecalculatedresults obtained were
plotted using théachnovequation. This diagram
shows the relative changesin the electrical
resistivity due to temperature changes.
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11 Approximations:

1| —— Arps, 1953

- Dachnov, 1962
Sen & Goode, 1992
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Figure 6. Chart of relative changein electrical
resistivity of groundwater due to temperature
variation.

As it can be seen in Figure @e variation in
temperaturgwhich was 0.2 °C before injection)
resultedin resistivity changes of approximately
0.8% showing low changes. The temperature
changewhich was 2.3C after injection, resulted
in 7% resistivity. At borehole No. Bheresistivity
changeswere 2% beforeinjection, and 1% after
injection. This result can be justified because of
thedilution of saltvater in groundwater leading to
a relatively homogeneous resistivity medigine.
groundwater) At this borehole, higher changes in
temperature after injection also cadgermation

of amore homogeneous resistivity medium at this
borehole.

As the concentratioof ions increasg the relation
between the concentratiaf ionsand EC of the
solutionbecomes linealThe composition of ions
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dissolved in groundwater depends on the
geological backgnand. The rate of ions can be
different due to various reasons includirthe
change inthe components solved ithe water,
leaching pracesses in the vadose or unsaturated
zone and also the processes of saturated [Adne
The changes in EC of theaturated zoneis
divided into two pad (before and after injection).
By looking at the result®btained from the EC
measurementshe trendsare obvious (Figureld.
The evaluatedelative groundwater conductivity
variation in borehole No.,1displayeda smooth
trend from 0.1 to 0.2 mS/cm before injection. This
trend increased from 0.1 to 10 mS/cm in the first
day, and decreased exponentially 4.3 n&/cm.
The conductivitychangein borehole No. 2 before
injectionwasO to 0.2 mS/cmand after injection

it changed from O to 0.1 mS/cm. The composition
of theions dissolved in groundwater depends on
the geological backgrad. The ions contentan
vary for different reasons, e.g. varying dissolved
components in precipitation water, leaching
processes in the vadose zpard processes in the
saturated zone. These processes depenthen
climatic conditions, intensity of biological
degradation, easidence time of water in the
subsurface and flow conditions in the ground
water[1].

3. Results

By pumping watervithin one hour from borehole
No. 2, it was found that the approximate direction
of the groundwater flowasN315 whichaccords
with the geeral direction of groundwater, surface
water and hydraulic gradient of the area. After
pumping water for one hour from borehole No. 2,
the direction of groundwater entry into the
borehole was observeahd measuretb beabout
N315. As shown in Figure 2,0behole No. was
drilled ata distance of 24 m from borehole Nq. 2
and in thesoutheastlirection of this borehole so
that azimuth from borehole No. 1 to borehole No.
2 was approximately N315 (i.e. in the
groundwater flow direction).The upstream and
downstream of the groundwater flow could easily
be observed in boreholes No. 1 and 2,
respectively, indicating the hydraulic gradient of
the studied area. Also, while measuring EC of
groundwater bythe selfrecording dewie, the
velocity d groundwatemwas also measured tbe

6 m per day. Pouring a dye tracer into the
groundwater in borehole No. 1 and taking it in
borehole No. 2 made it possible to measure the
velocity and direction of groundwater flow in the
area. By taking into accounteghchangesn the
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electricd conductivity and the
followings areexpected
9 Decreasing resistivityof groundwater
exponentially after injection in borehole No. 1,
and its movement toward groundwater flow
direction (borehole No. 2).
fINo evidence bcontamination at the 4th
day after injection
1 Changes inconductivity depending on
other factors such as lithology and
contamination absorption by the subsurface
layers in addition to changés concentration
and temperature of groundwater
These resultsvere confirmed byhe geoelectrical
and geological field observations in tiséudied
area.

temperature,

3.1.Geophysical surveys

To verify the conclusion made in the previous
section, the ERT methoglasperformed at the test
site. By applyingthe 3D ERT method, the
hydrodynamic secifications of the aquifer and
the subsurface geometric distribution dhe
electrical conductivity was obtained. The
inhomogeneity with certain electrical
specificationswas detectedand their distribution
was specified. The ERT field datobtained was
inverted to achieve models of subsurface electrical
specifications, and thenthese models were
compared with the simultaneous results obtained
from thedirect observation ahesalt tracer athe
control device.

3.2.Data acquisition

To ewaluate bothhe lateral and veical resistivity
variations, measurements along a profile and with
exparling electrode configurationthetime-lapse
ERT surveyswere conducted using dipoldipole
array. The databtained wasnalyzed after being
processed. Designing the survey liness carried
out, considering the importance of survey path for
contamination detection, general direction of
groundwater flowand executive state of the plan
of this research. The dipetépole measurements
on each survey line werrst made with 12 m
intervals. For speeding up the survey of lines, the
current electrodeswvere fixed, and the 12 m
distanced potential electrodesre moved further
until the desired nvasobtained. Thenthe current
electrodes werenoved 3 m forward along the
line, and again the potential electrodesvere
moved from n=1 to the desired n and the
movementswere continual until the desired n
(maximum n= 8) wasobtained. After completion
of drilling the boreholeswhose positions are
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shown in Figure 2, and before injection of the
saltwater solution in borehole No. 1, the ERT
survey of longitudinal lines was conducted
(background survey). Thefurther ERT surveys
were made simultaneously with the injection, and
1 day, 2 days, 3 daysand 4 days after the
injection.

4. Results

After acquiring the ERT data, a 2Ilhverse
modeling was made on the apparent resistivity
field data obtained from each survey line at
different times. Then the inverted 2D resistivity
data was combined to constructhe 3D time
resistivity sections for thdepths of 11 and 15 m.
The horizontal axis X on Figures 7a arfdshows
the distance of the dipcltipole array center in
each measurement from the beginning of the
survey lines witha northwes-southeast direction.
The horizontal axis Y also shows the distances of
the survey lines from each other, ahe wertical
axis shows the tim in which each daywas
specified by 10 time units.

4.1.3D resistivity time section in depth of 11 m
The 3D resisvity time section for depth of 11 m

is shown in Figure 7a. As it can be seen, before
the injection ino thesaturated zone, the resistivity
in the 3D sectionwas 220 to 250
Simultaneously,with the injection of saltwater
solution, an ppr o x i mam eeducdh inQ
resistivity wasclearly observed in the section. At
the times of one day (20 units) and 2 days after
the injection (30 units), the contamination as the
resistivity of thestudiedarea decreased

4.2. 3D resistivity time section in depth o5 m
Figure 7b demonstrates the 3D resistivity time
section for depth of 15 m. As it can be seen,
before the injection, the resistivity value was 125
to 150 Qm. Reduction in
be observed simultaneously with the injection of
the séwater solution (10 timeanits on the
vertical axis), one day (20 timaits), 2 days (30
time-units), and 3 days (40 timenits) after the
injection of saltwater solution. On th& day after

the injection of saltwater solution, almost no sign
of contannation was observed on the 3D
resistivity time section, implying a sign of strong
dilution of contamination. The contamination
spread toward southeast, which was the same
direction as the groundwater flow. At the time of
one day (20 units) and 2 days afthe injection

(30 units), we observed contamination as the
resistivity of the studied area decreased.

t
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Figure 7.a. 3D resistivity time section for depth of 11 m obtained from 2D inverse modeling of resistivity data
from ERT surveys along different longitudinal lines

Figure 7.b 3D resistivity time section for depth of 15 m obtained from 2D inverse modeling of resistivity data
from ERT surveys along different longitudinal lines
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5. Conclusiors

The investigations described this paper show
the ability of the ERT method in detection of
contamination. Based on the results difect
observation (measurementhnade by a self
recording device), the groundwatead avelocity

of 6 m per day. Iltwas expected that the
groundwater  resistivity  values decreased
exponentially after the injectiontmborehole No.

1, and its movement toward borehole No. 2. Also
on the 4 day after injection ofthe saltwater
solution, no sign of contaminationas observed

in borehole No. 2. Geophysical measurements
showed thatthe spread of contamination toward
southeastwas more than thattoward other
directions. This indicates the spread of
contamination resulting from geological and
sedimentation trend and the direction of
groundwater flow. By increasing the depth of
penetration the reduction rate of resistivity
decreasedompared to the background resistiyity
due to the salt absorption by layemnd its
dispersal. This is clearly observed in the 3D
resistivty time section for depth of 1% obtained
using the 2Dinverse modetig of the resistivity
data of all longitudinal survey lines (acquired
before and after the injection). The groundwater
flow in the areawasin the same directioasthe
contamination spread (i.e. southeast). In further
works, investigations should be card out
concerning natural timdependent background
variationin ECwith great attention to details.

Acknowledgments

We are grateful to Mahdi rahanjam and
Mohammad Babaee from the Water Research
Institute for helping with the fieldwork at the test
site.

References

[1]. Rein A., Hoffmann, R.and Dietrich, P.(2003.
Influence of natural timelependentvariations of
electrical conductivity on DC resistivity measurement.
Jurnal of Hydrology285: 215-232.

110

[2]. Nesterov, L.l., Bibikov, N.Sand Usmanov, A.S.

(19389. Kurs elektropas vedki. Gos. Tech.
teor.izd.,Lningrad.

[3]. Gorelik, AM. (195)). Electrometriceskie
opredelenija napravienija | skorosti podzemnych.
Trudy Lab.

[4]. Dachnov, V.N.(1953. Elektriceskaja rasvedka
neftjanych igazovych mestorozdenij. §otechnizdat.
Moskau.

[5]. Fried, J.J. (195)). Groundwater pollution,
Developments in water Siea, Vol. 4. Elsevier,
Amsterdam .330 P.

[6]. White, P.A.(1988. Measurement of groundwater
parameters using salt water injection, Surface
resistivity. Groundwater26: 179-186.

[7]. White, P.A.(1994). Electrode arrays for measuring
groundwater flow direction, velocity. Geophysié&®:
192-201.

[8]. Morris, M., Steinar, J. Sand Lile, O.B. (1996.
Geoelectric monitoring of a salt water injection
experiment: modelling, interpretation. Environ. Engng
Geophys. 115-34.

[9]. Patton, S(2001). Optimierung von Salztracertests
in  Kombinationmit geoelektrischen Gleichstrom
Messungen zur  Erkundung hydrogeologischer
FlieBparameter. Diplomarbeit, Geowissens dichft
Fakulta“t der Universita't Tu bingen.

[10]. Urish, D.W.(1983. The Practical Application of
Surface Electrical Resistivity to Detection of Ground
Water Pollution. Ground Wate?1: 144152

[11]. Kollmann, W.F.H., Meyer, J.Wand Supper, R.
(1992. Geoelectric survey in determining the direction
and velocity of groundwater flow, using introduced salt
tracer in: Werner, H. (Ed.), Tracer Hydrology,
Balkema, Rotterdam, pp. 149.3

[12]. Sedaghat, M(2006. Earth and water resources,
Vol. 1, 8" Ed., Payame-Noor University Publications,
pp 7-8 (In Persian).

[13]. Bernard, J(2003. Short note on the principles of
geophysical methods for groundwater investigations.

[14]. Dachnov, V.N.(1962. Interpretazija resultatov
geofiziceskichissledovanijrazrezov skavzin. lzdat.
Gostoptechizdat., 2.Aufl., Moskab47 P.



, . 40whabskd B AYEEC g V QCwpaY CEGYRW éNI v L

ade 0y wRalv ¥ ABABENCY % wib O G puGu Eave ASIxw 3a ¥ Eix wig €
(ERT) C1 €& %ri dv

CucCav %Ay ELH WS AV Aowie pvEAAY “wNé © CAwI

Ov¥eév | oav%AE aWwoEyv: 11 ¢eACaAt A AEAAQ
Ov¥ev | aOvAERAX] [ wecCe £
Ov¥ev CompunviEly vi |1 EACAAt A(LYy ¢aey 1 a°pbu CA°pAU a°iEy

- +% @ 3C%e 90,10 WAy

sadegh136789@yahoo.c&m w{ £wi 0 6 Au &Ll a°pAEEAy %

5a°Ct

BANDILe Cé £ Uéev ¥ )ieEMNQuE) CEz v p COENEGHE VBl wat e wi Wz Uz wi
canABRT) €1 @ e 0 P WA 66nEw A2 0w CH\C o gAe 3 wjO 1 uy 6A6° 0 @ Cé o /U
avnlvej 0~Avwz3ap &d eviAy 12 Ay C & F« wATOE WA AoYCRAGIRDD Wz Ul Ty ta
wué vaiiw® yv | CpCu gae § XCjA vaeierndy MBME I8, WG\ %A %C 8 mE  WaImA v %
wz )O°E CEv!¥%z Ow{Ev (V¢ +BADHYBaGordy OMEELCCPpERABO: CRP
c%noer O6uvAY Uzwf | x| agelo yiEleayu o 1aYaz WEBCROmMYES HEbi vcanwjall Y v O w
EHAPKIECht Adj @%elfEs e woAuianwg Aved & yENALY CABAWOU xWeAlu Aé Op

) Cii ¢y %C~ AéeOpu CxARLLGE TAWDEWE g v

Yvaev IICT EFHewd v aAey ¢cuf &we i odavivakad




