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MAT: Presenta informe de campafia geofisica.

ANT.: Accidn 16, de la Nueva Version del Programa
de Cumplimiento Refundido, Coordinado vy
Sistematizado, presentada con fecha 29 de
noviembre de 2018.

EXP.: Expediente Sancionatorio N° D-095-2017.

ADJ.: Informe Final del Estudio de Tomografia de
Resistividad Eléctrica (ERT) en Sector Pilas de
Lixiviacion. Compafiia Minera Doifia Inés de
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“Informe”

Santiago, 31 de enero de 2019

Sr.

Antonio Razeto Caceres

Fiscal Instructor de la Division de Sancion y Cumplimiento
Superintendencia del Medio Ambiente DSEL{_PA‘%E'D'\:SEANMDBENCIA
Teatinos N° 280 piso 8, Santiago YERIE

PRESENTE 01 FEB 2019

OFICINA DE PARTE
RECIBID (Sj

Maria Soledad Martinez Tagle, en representacion de Compaiiia Minera Dofia Inés de Collahuasi
SCM (en adelante, “CMDIC”), ambos domiciliados para estos efectos en Av. Andrés Bello 2687, piso
11, comuna de Las Condes, Region Metropolitana, en procedimiento sancionatorio D-095-2017,
vengo en sefalar a Ud., lo siguiente:

El Plan de Acciones y Metas contenido en la Nueva Version del Programa de Cumplimiento
Refundido, Coordinado y Sistematizado, en adelante el “PdC”, presentado a vuestra
Superintendencia del Medio Ambiente por CMDIC, con fecha 29 de noviembre de 2018, y
actualmente en proceso de revision, incluyd, entre otras actividades, una accidon cuya finalidad
consiste en permitir la evaluacidn de la efectividad de las demds medidas de control comprometidas
en el PdC para hacer frente a los efectos negativos descritos para el Cargo N° 5. Dicha Accidn consiste
en “Realizar campafias geofisicas (tomografia eléctrica) en el area de las pilas de lixiviacion” desde
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noviembre del afio 2018 y con una frecuencia semestral durante todo el periodo de ejecucién del
PdC (Accion 16).

A la version del PdC, se acompaiiaron los resultados preliminares de la primera campafia geofisica,
realizada durante los meses de noviembre y diciembre de 2018, comprometiéndose en la “Forma
de Implementacién” de la Accién 16, la presentacién del informe final de esta campafa geofisica
durante el mes de enero del afio 2019.

Dando cumplimiento al compromiso asumido por CMDIC en el PdC, , mediante esta presentacion se
acompaiia el Informe , elaborado por Golder, en enero de 2019, el que contiene los resultados de
la campafia geofisica realizada en el sector de las pilas de lixiviacion de la faena minera Collahuasi
durante los meses de noviembre y diciembre de 2018, las cuales consideraron el levantamiento de
19 perfiles de resistividad eléctrica, distribuidos alrededor de las pilas y piscinas del sector, con una
longitud de estudios de 15.975 metros lineales aproximadamente, y permitiendo contar con un
mapeo geoeléctrico del subsuelo del sector, hasta una profundidad de 55 metros (con una
resolucién vertical de 5 metros).

Se hace presente que CMDIC, recogiendo las recomendaciones del Informe, realizard estudios
complementarios de las zonas en que se aprecia baja resistividad eléctrica, con el fin de completar
el analisis del subsuelo, y permitir una evaluacién atiin mas precisa de la eficacia de las acciones
propuestas para abordar los efectos asociados al Cargo N° 5.

Atendido lo anterior, se solicita a vuestra SMA, tener el referido informe de resultado de campania
geofisica como parte integrante del presente procedimiento sancionatorio, y considerarlo para
efectos de evaluar la integridad, eficacia y verificabilidad de la versién del PdC, y particularmente
respecto de las acciones propuestas para abordar el Cargo N° 5 del referido procedimiento
sancionatorio.

Sin otro particular, y manifestando la total disposicién de CMDIC para aclarar y complementar la
informacidn entregada,
le Saluda Atentamente.

) ’ 74
Maria Soledad Martinez Fagle. _

p.p. Compaiiia Minera Doiia Inés de Collahuasi SCM
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1.0 INTRODUCCION

A solicitud de Geoblast y en el marco del proyecto S| Gestion Ambiental 2018 de Collahuasi,
Golder Associates S.A. (Golder) llevé a cabo estudios geofisicos de Tomografia de Resistividad Eléctrica (ERT) en
el sector de Pilas de Lixiviacién de la faena minera Collahuasi, ubicada en | Regién, norte de Chile, propiedad de
Compaiiia Minera Doria Inés de Collahuasi (CMDIC).

2.0 OBJETIVOY ALCANCE

El presente estudio se ha preparado en el marco de la Declaracién de Impacto Ambiental del proyecto denominado
“Aumento Capacidad Pad 1”.

Este trabajo tiene como objetivo detectar las zonas de baja resistividad en el sector de Pilas de Lixiviacién a partir
de mediciones de Tomografia de Resistividad Eléctrica (ERT).

El alcance final del servicio comprende el procesamiento y la interpretacion de la informacién obtenida a partir de
la adquisicién de datos de 19 perfiles de resistividad eléctrica, con una longitud total de 15.975 m lineales. El
presente informe corresponde al informe final de la campana efectuada en el segundo semestre del ario 2018.

3.0 ESTUDIO DE TOMOGRAFiA DE RESISTIVIDAD ELECTRICA
3.1 Metodologia

La Tomografia de Resistividad Eléctrica o ERT (Electrical Resistivity Tomography) es un método de resistividad
multi-eléctrodo (Figura 1), basado en el modelado bidimensional de valores de resistividad del subsuelo mediante
el empleo de técnicas numéricas (elementos finitos o diferencias finitas), que tiene como finalidad el registro de la
resistividad eléctrica del sub-suelo.

Fuente de energia

i f_ resistivimetro

(e cable | lectrod

L.‘__M—J : ‘ v electrodos
N

multielectrodo I
Superficie del terreno ', L J __.}Ar——l—-'—
: < -

Jl Iy, 1 o 20

{Lineas de|
|potencial |

flujo de
corriente

Figura 1: Esquema de metodologia ERT

Las mediciones de resistividad del subsuelo se realizan por corriente continua (DC), donde la resistividad aparente
del subsuelo se calcula por el incremento de la separacion de electrodos (r1, r2, r3, r4), mediante la aplicacion de
una corriente al terreno (1), midiendo la diferencia de potencial (voltaje, V) entre dos electrodos diferentes (P1y P2)
(Figura 2).

> GOLDER 1
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Figura 2: Método de corriente continua. Dos electrodos, C1 y C2, inyectan corriente al medio. La respuesta del medio
se mide como la diferencia de potencial entre los electrodos P1 y P2. Modificado de Telford et al. 1990.

La resistividad aparente del subsuelo (pa) se calcula tomando en cuenta la intensidad de corriente inyectada, la
diferencia de potencial medida (V) y un factor geométrico (k) que depende de la configuracion electrodica utilizada.
Para distintos arreglos electrédicos (Wenner, Schlumberger, polo-dipolo, dipolo-dipolo, polo-polo), existe un factor
geomeétrico determinado.

La profundidad de investigacion posible o skin depth es una funcion de la separacion de los electrodos y también
de la distribucion de resistividades del medio. Asi, con separaciones de electrodos mas grandes, se obtiene
informacioén a profundidades mayores, pero a costa de una disminucién de la resolucion.

El método ERT difiere del método tradicional de corriente continua en el sentido que el tendido de los electrodos
(tipicamente 56, 72 o0 mas) estan ubicados a lo largo de un perfil lineal y conectado a un medidor de resistividad
por un cable provisto de multiples conectores, de tal forma de determinar la distribucién de resistividades aparentes,
producto de las heterogeneidades en la resistividad del subsuelo, al largo del perfil sobre el cual se ubican los
electrodos. El medidor de resistividad es un dispositivo controlado por ordenador que consta de una fuente de
corriente capaz de producir corriente conmutada + / - constante y un voltimetro de alta impedancia.

El método ERT puede utilizarse para mapear variaciones geoldgicas incluyendo: litologia del suelo (por ejemplo,
arcilla versus grava), presencia de agua subterranea, zonas de fractura, variaciones en la saturacion del suelo,
areas de mayor salinidad, contaminacion del agua subterranea o efectos combinados.

La adquisicion de informacién se realiza de acuerdo con los estandares aceptados por la comunidad cientifica,
basados en la Norma ASTM D-6431-99 “Standard Guide for Using the Direct Current Resistivity Method for
Subsurface Investigation” (ANEXO A).

o GOLDER 2
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3.2 Instrumentacion y Adquisicion de datos

La tomografia eléctrica se realizé6 con equipos especializados para este tipo de estudios de marca IRIS.
Especificamente se utilizé el SYSCAL R1+ Switch72, que puede trabajar simultaneamente hasta con 72 electrodos,
de acuerdo con el arreglo seleccionado de configuracién.

Para este estudio, los perfiles se realizaron bajo una configuracion de registro que se detalla a continuacion:

m  Electrodos cada 5 m en configuracion Wenner, para alcanzar una profundidad de investigacion hasta 55 m
con una resolucion horizontal de 2,5 m y una resolucién vertical de 5 m.

Los trabajos ejecutados en terreno se llevaron a cabo entre el 25 de octubre y el 10 de diciembre de 2018 por
personal de Golder. En la Figura 3 se muestran imagenes con la instrumentacién utilizada durante el trabajo en
terreno.

Figura 3: SYSCAL y cables de electrodos en linea 1 cerca de las pilas (a la izquierda) y en la linea 14 (a la derecha).

bGOLDER 3
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En la Figura 4 se muestra la ubicacion espacial de los perfiles medidos mediante el método de tomografia de
resistividad eléctrica en el sector de las pilas de lixiviacién, en coordenadas generales UTM 19 Sur, datum
WGS84.

7681500

e —— e »
540000 541000 541500 542000 542500 543000

Figura 4: Imagen satelital del sector de pilas de lixiviacion con las 19 lineas ERT de la campafa total.

»GOLDER 4
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La Tabla 1 muestra en detalle la ubicacién de cada perfil, en coordenadas generales UTM 19S datum WGS84.

Tabla 1: Informacion general de los perfiles en coordenadas generales UTM19S/WGS84.

Coordenadas UTM 19S (WGS84) Longitud (m) | Profundidad
Alcance

Inicio Fin (m)

Norte Este Norte Este

ERT-L1 7.680.600 | 540.250 | 7.680.599 | 542.615 2.390 55
ERT-L2 7.680.680 | 540.250 | 7.680.678 | 541.765 1.520 55
ERT-L3 7.680.760 | 540.250 | 7.680.759 | 541.759 1.525 55
ERT-L4 7.680.840 | 540.650 | 7.680.840 | 541.719 1.075 55
ERT-LS 7.680.920 | 540.650 | 7.680.919 | 541.630 985 55
ERT-L6 7.680.921 | 542.085 | 7.680.921 | 542.616 535 55
ERT-L7 7.681.000 | 542.050 | 7.680.997 | 542.581 535 55
ERT-L8 7.681.080 | 542.033 | 7.681.158 | 542.562 535 55
ERT-L9 7.681.160 | 541.960 | 7.681.157 | 542.582 625 55
ERT-L10 | 7-681.190 | 541.970 | 7.680.456 | 542.289 805 55
ERT-L11 | 7:680.660 | 541.900 | 7.679.957 | 541.901 715 55
ERT-L12 | 7:680.637 | 542.014 | 7.679.925 | 542.012 i 55
ERT-L13 7681000 | 541640 | 7.680.594 | 541.810 445 55
ERT-L14 | 7:681.151 | 542.500 | 7.680.613 | 542.496 535 55
ERT-L15 | 7:679.923 | 540.751 | 7.679.919 | 541.554 805 55
ERT-L16 | 7:680.040 | 541.900 | 7.679.510 | 541.310 805 55
ERT-L17 | 7:679.509 | 540.766 | 7.679.499 | 541.293 535 55
ERT-L18 | 7:681.000 | 542.550 | 7.680.464 | 542.549 535 55
ERT-L19 | 7:680.757 | 542.239 | 7.680.406 | 542.257 355 55
Total 15.975

o GOLDER 5
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3.3 Procesamiento

Los datos fueron enviados de manera diaria a la oficina de Santiago, junto a un Informe Diario de Terreno.

Los datos de resistividad eléctrica fueron procesados por un Geofisico Especialista con los softwares PROSYS y
RES2DINV, disponibles comercialmente en IRIS Instruments y GeoTomo Software Ltd., respectivamente.

El software PROSYS es utilizado para eliminar los datos de mala calidad, confirmar la posicién del electrodo y la
geometria del levantamiento, combinar conjuntos multiples de datos recopilados a lo largo de una linea comun de
levantamiento, y exportarlos a un archivo de datos compatible con el software de inversion de Resistividad Eléctrica
RES2DINV. El procesamiento basico de los datos se realiza de la siguiente manera:

m  Verificar la matriz de electrodos y las distancias entre las mediciones;
= Ingresar datos topograficos para cada perfil;

m  Filtrar los datos con alto error;

=  Eliminar los datos inconsistentes;

m  Exportar los datos a formato RES2DINV;

= Invertir modelo suave de resistividad mediante elementos finitos;

= Optimizar factores de amortiguamiento, y

m  Generar una seccion de resistividad eléctrica v/s elevacion para cada uno de los perfiles medidos mediante
el software Oasis Montaj de Geosoft.

La Tabla 2 resume la cantidad de cuadripolos (sets de electrodos de corriente y voltaje) medidos y utilizados,
numero de blogues generados en la malla de elemento finito para el proceso de inversion y los errores asociados.

Tabla 2: Puntos de datos adquiridos e invertidos para cada perfil ERT. Se incluyen parametros de control de calidad
del modelo de inversion resultante.

Perfil Longitud N° N° cuadripolos % cuadripolos N° iteracion RMS
(m) cuadripolo  utilizados utilizados convergente modelo
s medidos

ERT-L1 2.390 5.130 4634 90 7 1.9
ERT-L2 1.520 4.503 4.038 90 6 1.4
ERT-L3 1.525 4.503 4.012 89 5 1.2
ERT-L4 1.075 3.078 2.743 89 7 14
ERT-L5 985 2.793 2.536 91 7 bl
ERT-L6 535 1.368 1.254 92 5 0.9
ERT-L7 535 1.368 1.183 86 5 0.9
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Perfil Longitud N° N° cuadripolos =% cuadripolos  N°iteracion RMS
(m) cuadripolo  utilizados utilizados convergente modelo
s medidos

ERT-L8 535 1.368 1.267 93 6 154
ERT-L9 625 1.653 1.535 93 5 1l
ERT-L10 805 2.223 1.873 84 7/ 29
ERT-L11 715 1.938 1.786 92 5 2,2
ERT-L12 715 1.938 1.711 88 7 2,1
ERT-L13 535 1.083 966 89 6 2,9
ERT-L14 445 1.368 1.343 98 6 0,8
ERT-L15 805 2.223 1.996 90 6 2,6
ERT-L16 805 2.223 1.994 90 6 2,4
ERT-L17 535 1.368 1.334 98 6 1,6
ERT-L18 535 1.368 1.214 89 6 0.8
ERT-L19 355 798 749 94 6 1,8

Los datos tomados en terreno son de muy buena calidad ya que la inversién cuenta con 91% de los datos tomados
en promedio. El modelo obtenido es robusto ya que el error RMS generado en promedio es inferior a 3.

3.4 Secciones 2D de resistividad eléctrica

Para describir los resultados de resistividad eléctrica, se usara la siguiente escala:
= Resistividad extremadamente baja: 1 — 10 Q-m;

=  Resistividad muy baja: 10 — 35 Q-m;

= Resistividad baja: 35 - 50 Q-m;

m  Resistividad medianamente baja: 50 — 100 Q-m;

= La resistividad del medio se atribuye a 75 - 125 Q-m alrededor de 100 Q-m correspondiendo a depositos
sedimentarios con escasa presencia de agua;

» Resistividad medianamente alta: 125 - 250 Q-m;
= Resistividad alta: 250 — 500 Q-m, y

= Resistividad muy alta: > 500 Q-m.

@GOLDER 7
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Los valores de resistividad se deben a muiltiples factores los cuales se discriminan con otros tipos de datos
obtenidos a partir de métodos directos de investigacién. Se pueden explicar por la litologia, el contenido de
humedad o el contenido en elementos conductores de la corriente eléctrica naturales o antrépicos, dependiendo
del contexto.
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Figura 5: Valores de resistividad en funcion del tipo de roca, sedimentos, aguas, minerales.
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3.5

Mapas 3D de resistividad eléctrica

En la Figura 25 y Figura 26, se muestra una vista 3D de los resultados de ERT donde se localizan las zonas de
baja resistividad descritas anteriormente. Se destacan particularmente:

=

|

Las zonas superficiales (entre 0 y 10 m de profundidad) de muy baja a medianamente baja resistividad (10 —
100 Q-m, extensas, identificadas en las lineas largas ERT-L1, ERT-L2, ERT-L3 al norte de las Pilas de
Lixiviacion, asi como alrededor de la Piscina de aguas lluvias ERT-L13, ERT-L10, ERT-L6 y ERT-L19 0 como
también entre las 2 Pilas ERT-L15;

Las zonas superficiales (entre 0 y 10 m de profundidad) de muy baja a medianamente baja resistividad (10 —
100 Q-m, muy acotadas en longitud, identificadas en las lineas largas ERT-L5 y ERT-L16.

Las zonas profundas (entre 5 y 55 m de profundidad) de extremadamente baja a medianamente baja
resistividad (1 — 100 Q-m) identificadas en las lineas ERT-L1, ERT-L12, ERT-L11, ERT-L10 y ERT-L19 en
forma de conos hacia abajo, y

La zona de baja a medianamente baja resistividad identificada en el extremo este del sector de estudio
(Linea ERT-L14 y ERT-L18) debajo de 20 m de profundidad.

Las zonas donde no se encuentra zonas de muy baja resistividad ERT-L4 al norte de la Pilas, o al este de la
Piscina Aguas Lluvias ERT-L7, ERT-L8, ERT-L9 asi como al sur de las Pilas ERT-L17.
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Figura 25: Vista NE 3D de las 19 lineas de ERT en el sector de las pilas.
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Figura 26: Vista SO 3D de las 19 lineas de ERT en el sector de las pilas.
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4.0

CONCLUSIONES

Golder realizé una campana geofisica en el marco del proyecto interno de Golder No. 1892154207 (Contrato No.
VPD 1503) en el sector de las Pilas de Lixiviaciéon de faena minera Collahuasi. En dicha campana se levantaron
19 perfiles de resistividad eléctrica distribuidos alrededor de las pilas y piscinas del sector con una longitud total
del estudio de 15.975 metros lineales aproximadamente. Las principales conclusiones obtenidas del presente
estudio son las siguientes:

El estudio de ERT permitié realizar un mapeo geoeléctrico del subsuelo en el sector de las Pilas de Lixiviacién
hasta 55 m de profundidad con una resolucion vertical de 5 m. La tomografia eléctrica se valida como una
metodologia adecuada para el reconocimiento de zonas de baja resistividad eléctrica.

Se observaron las zonas de baja resistividad siguientes:

Zonas superficiales (entre 0 y 10 m de profundidad) de muy baja a medianamente baja resistividad (10 —
100 Q-m), extensas, identificadas en las lineas largas al norte de las Pilas de Lixiviacion (ERT-L1, ERT-
L2, ERT-L3), asi como alrededor de la Piscina de aguas lluvias (ERT-L13, ERT-L10, ERT-L6 y ERT-L19)
o como también entre las 2 Pilas (ERT-L15);

Zonas superficiales (entre 0 y 10 m de profundidad) de muy baja a medianamente baja resistividad (10 —
100 Q-m), muy acotadas en longitud, identificadas en las lineas largas al norte de las Pilas de Lixiviacion
(ERT-L5 y al sur-este de las Pilas de Lixiviacién (ERT-L16).

Zonas profundas (debajo de 20 m de profundidad) de baja a medianamente baja resistividad identificadas
en el extremo este del sector de estudio (Linea ERT-L14 y ERT-L18).

Zonas profundas (entre 5 y 55 m de profundidad) de extremadamente baja a medianamente baja
resistividad (1 — 100 Q-m) identificadas al este de las Pilas de Lixiviacién y al sur de la Piscina de aguas
lluvias (en las lineas ERT-L1, ERT-L12, ERT-L11, ERT-L10 y ERT-L19) en forma de conos hacia abajo,

y
Se evidencian sectores donde no se encuentran zonas de muy baja resistividad: al norte de la Pilas de

Lixiviacion en el perfil ERT-L4, al este de la Piscina de aguas lluvias en los perfiles ERT-L7, ERT-L8, ERT-
L9, asi como al sur de las Pilas en el perfil ERT-L17.

Se recomienda un mapeo geoeléctrico del subsuelo de caracter profundo (ERT con GDD) para acotar las
zonas de extremadamente baja a baja resistividad en forma de cono en profundidad que no se muestran
acotadas espacialmente al este de las Pilas de Lixiviacion y al sur de la Piscina de aguas lluvias,

Se recomienda un estudio correlativo con datos de agua para definir a que corresponden las zonas de
extremadamente baja a baja resistividad asi como el monitoreo peridédico de estas zonas.
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[llb’) Designation: D 6431 — 99 (Reapproved 2005)

INTERNATIONAL
Standard Guide for
Using the Direct Current Resistivity Method for Subsurface

At

Investigation
This standard is issucd under the fixed designation D 6431: the number immediately following the designation indicates the year of
original adoption or. in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilon (e) indicates an editorial change since the last revision or reapproval.

1. Scope

1.1 Purpose and Application:

1.1.1 This guide summarizes the equipment, field proce-
durcs, and interpretation methods for the assessment of the
electrical properties of subsurface materials and their pore
fluids, using the direct current (DC) resistivity method. Mea-
surements of the electrical properties of subsurface materials
are made from the land surface and yield an apparent resistiv-
ity. These data can then be interpreted to yield an estimate of
the depth, thickness, and resistivity of subsurface layer(s).

1.1.2 Resistivily measurements as described in this guide
arc applicd in gcological, geotcchnical, environmental, and
hydrologic investigations. The resistivity method is used to
map geologic features such as lithology, structure, fractures,
and stratigraphy; hydrologic features such as depth to water
table, depth to aquitard, and ground water salinity; and to
delineate ground water contaminants. General references are,
Keller and Frischknecht (1),> Zohdy et al (2), Koefoed (3),
EPA (4), Ward (5), Grifliths and King (6), and Telford et al (7).

1.2 Limitations:

1.2.1 This guide provides an overview of the Direct Current
Resistivity Method. It does not address in detail the theory,
field procedures, or interpretation of the data. Numerous
references are included for that purpose and are considered an
essential part of this guide. It is recommended that the user of
the resistivity method be familiar with the references cited in

! This guide is under the jurisdiction of ASTM Committee D18 on Soil and Rock
and is the direct responsibility of Subcommittee D18.01 on Surface and Subsurface
Characterization.

Current edition approved May 1, 2005. Published September 2005. Originally
approved in 1999. Last previous edition approved in 1999 as D 6431-99.

* The boldface numbers in parentheses refer to the list of references at the end of
this standard.

the text and with the Guide D 420, Practice D 5088, Praclice
D 5608, Guide D 5730, Test Mecthod G 57, D 6429, and
D 6235.

1.2.2 This guide is limited to the commonly used approach
for resistivity measurements using sounding and profiling
techniques with the Schlumberger, Wenner, or dipole-dipole
arrays and modifications to those arrays. It does not cover the
use of a wide range of specialized arrays. It also does not
include the use of spontaneous potential (SP) measurements,
induced polarization (IP) measurcments, or complex resistivity
methods.

1.2.3 The resistivity method has been adapted for a number
of special uses, on land, within a borehole, or on water.
Discussions of these adaptations of resistivity measurements
are not included in this guide.

1.2.4 The approaches suggested in this guide for the resis-
tivity method are the most commonly used, widely accepted
and proven; however, other approaches or modifications to the
resistivity method that are technically sound may be substituted
if technically justified and documented.

1.2.5 This guide offers an organized collection of informa-
tion or a series of options and does not recommend a specific
course of action. This document cannot replace education or
experience and should be used in conjunction with professional
Judgements. Not all aspects of this guide may be applicable in
all circumstances. This ASTM standard is not intended to
represent or replace the standard of care by which the
adequacy of a given professional service must be judged, nor
should this document be applied without consideration of a
project’'s many unique aspects. The word “Standard” in the
title of this document means only that the document has been
approved through the ASTM consensus process.

1.3 Precautions:

Copyright © ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959, United States.
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1.3.1 It is the responsibility of the user of this guide 1o
follow any precautions in the equipment manufacturer’s rec-
ommendations and to consider the safety implications when
high voltages and currents are used.

1.3.2 If this guide is used at sites with hazardous materials,
operations, or equipment, it is the responsibility of the user of
this guide to establish appropriate safety and health practices
and to determine the applicability of regulations prior to use.

1.4 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety and health practices and determine the applica-
bility of regulatory limitations prior to use.

2. Referenced Documents

2.1 ASTM Standards: *

D 420 Guide to Site Characterization for Engineering, De-
sign, and Construction Purposcs

D 653 Terminology Relating to Soil, Rock, and Contained
Fluids

D 5088 Practice for Decontamination of Field Equipment
Used at Nonradioactive Waste Sites

D 5608 Practice for Decontamination of Field Equipment
Used at Low Level Radioactive Waste Sites

D 5730 Guide for Site Characterization [or Environmental
Purposcs With Emphasis on Soil, Rock, the Vadose Zone
and Ground Water

D 5753 Guide for Planning and Conducting Borehole Geo-
physical Logging

D 6235 Guide for Expedited Site Characterization of Va-
dose Zone and Ground Water Contamination at Hazardous
Waste Contaminated Sites

D 6429 Guide for Selecting Surface Geophysical Methods

G 57 Test Method for Field Measurement of Soil Resistivity
Using the Wenner Four-Electrode Method

3. Terminology

3.1 Definitions:

3.1.1 Definitions shall be in accordance with the terms and
symbols given in Terminology D 653.

3.1.2 —The majority of the technical terms used in this
document are defined in Sheriff (1991).

3.1.3 Additional Definitions:

3.1.3.1 apparent resistivity—the resistivity of homoge-
ncous, isotropic ground that would give the same voltage-
current relationship as measured.

3.1.3.2 conductivity—The ability of a material to conduct an
electrical current. In isotropic material, it is the reciprocal of
resistivity. The units of conductivity are siemens per metre.

3.1.3.3 resistance—opposition to the flow of direct current.
The unit of resistance is ohms.

3.1.3.4 resistivity—the property of a material that resists the
flow of electrical current. The units of resistivily are ohmme-
tres or ohm-feet (1 Qm = 3.28 Q-ft).

3 For referenced ASTM standards, visit the ASTM website, www.astm.org, or
contact ASTM Customer Service at service @astm.org. For Annual Book of ASTM
Standards volume information, refer to the standard’s Document Summary page on
the ASTM website.

Copyright by ASTM Int'l (all rights reserved); Fri Apr 27 14:11:58 EDT 2007
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4. Summary of Guide

4.1 Summary—The measurement of electrical resistivity
requires that four electrodes be placed in contact with the
surface materials (Fig. 1). The gcometry and scparation of the
electrode array are selected on the basis of the application and
required depth of investigation.

4.1.1 In an clectrical resistivity survey, a direct current or a
very low frequency alternating current is passed into the
ground through a pair of current electrodes, and the resulting
potential drop is measured across a pair of potential electrodes
(Fig. 1). The resistance is then derived as the ratio of the
voltage measured across the potential electrodes and the
current electrodes. The apparent resistivity of subsurface ma-
terials is derived as the resistance multiplied by a geometric
factor that is determined by the geometry and spacing of the
clectrode array.

4.1.2 The calculated apparent resistivity measurement rep-
resents a bulk average resistivity of the volume of earth
determined by the geometry of the array and the resistivity of
the subsurface material. This apparent resistivity is different
from true resistivity unless the subsurface materials are elec-
trically uniform. Representative resistivity values of layers are
interpreted from apparent resistivity values obtained from a
series of measurements made with variable electrode spacing.
Increasing electrode spacing may permit distinction among
layers thal vary in electrical properties with depth.

4.1.3 Most resistivity surveys for geologic, engineering,
hydrologic, and environmental applications are carried out to
determine depths of specific layers or lateral changes in
gcologic conditions at depths of less than a hundred mctres.
However, with sufficient power and instrument sensitivity,
resistivity measurements are made to depths of several hundred
metres.

4.2 Complementary Data—Other complementary surface
geophysical methods (D 6429) or borehole geophysical meth-
ods (Guide D 5753) and non-geophysical methods may be
necessary to properly interpret subsurface conditions.

5. Significance and Use

5.1 Concepts—The resistivity technique is used to measure
the resistivity of subsurface materials. Although the resistivity
of materials can be a good indicator of the type of subsurface
material present, it is not a unique indicator. While the
resistivity method is used to measure the resistivity of earth
materials, it is the interpreter who, based on knowledge of local
geologic conditions and other data, must interpret resistivity
data and arrive at a reasonable geologic and hydrologic
interpretation.

5.2 Parameter Being Measured and Representative Values:

5.2.1 Table 1 shows some general trends for resistivity
values. Fig. 2 shows ranges in resistivity values [or subsurface
matcrials.

5.2.2 Materials with either a low effective porosity or that
lack conductive pore fluids have a relatively high resistivity
(>1000 Qm). These materials include massive limestones,
most unfractured igneous rocks, unsaturated unconsolidated
materials, and ice.

Robert K Davis (Golder Associates Inc) pursuant to License Agreement. No further reproductions authorized.
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FIG. 1 Diagram Showing Basic Concept of Resistivity Measurement (from Benson et al, (15))

TABLE 1 Representative Resistivity Values for Soil, Water, and
Rock (Mooney (4))

measure the current, a high impedance voltmeter, electrodes to
make contact with the ground, and the necessary cables to
connect the electrodes Lo the power sources and the volt meter

5.3.1 While resistivity measurements can be made using
common electronic instruments, it is recommended that com-
mercial resistivity instruments specifically designed for the
purpose be used for resistivity measurements in the field.

5.3.2 Commonly used equipment includes the following

5.3.2.1 A source of current consisting of batteries or a

Regional Soil Resistivity om
- wet regions 50-200 (Fig. 1).
- dry regions 100-500
- arid regions 200-1000 (sometimes as low as 50 if the soil
is saline)
Waters om
- soil water 1to 100
- rain water 30 to 1000
- sea water order of 0.2 clements:
-ice 105 to 108
Rock Types om

- igneous and metamorphic
- consolidated sediments
- unconsolidated sediments

100 to 10,000
10 to 100
1to 100

5.2.3 Materials that have high porosity with conductive porc
fluids or that consist of or contain clays usually have low
resistivity. These include clay soil and weathered rock.

5.2.4 Materials whose pore water has low salinity have
moderately high resistivity.

5.2.5 The dependence of resistivity on water saturation is
not linear. Resistivity increases relatively little as saturation
decreases [rom 100 % to 40-60 % and then increases much
morc as saturation continucs to dccrcasc. An cmpirical rela-
tionship known as Archie’s Law describes the relationship
between pore fluid resistivity, porosity, and bulk resistivity
(McNeill (8)).

5.3 Equipment—Geophysical apparatus used for surface
resistivity measurement includes a source of power, a means to

(0%}

generator,

5.3.2.2 A high-impedance voltmeter or resistivity unit,

5.3.2.3 Metal stakes for the current and potential electrodes,
and

5.3.2.4 Insulated wire to connect together all of the preced-
ing components.

5.3.3 Care must be taken to ensure good electrical contact of
the electrodes with the ground. Electrodes should be driven
into the ground until they are in firm contact. If connections
between clectrodes and the insulated wire are not waterproof,
care must be taken to ensure that they will not be shorted out
by moisture. Special waterproof cables and connectors are
required for wet areas.

5.3.4 A large variety of resistivity systems are available
from different manufacturers. Relatively inexpensive battery-
powered units are available for shallow surveys. The current
source (transmitter) and the potential measurement instrument
(receiver) are often assembled into a single, portable unit. In
somc cascs, the transmitter and receiver units arc scparatc.

Copyright by ASTM Int'l (all rights reserved); Fri Apr 27 14:11:58 EDT 2007
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FIG. 2 Typical Ranges of Resistivities of Earth Materials (from Sheriff, (16))

High power units capable of deep survey work are powered by
generators. The current used in dc resistivity surveys varies
from a few milliamps to several amps, depending on the depth
of the investigation.

5.3.5 Signal Enhancement—Signal enhancement capability
is available in many resistivity systems. It is a significant aid
when working in noisy arcas or with low power sourccs.
Enhancement is accomplished by adding the results from a
number of measurements at the same station. This process
increases the signal-to-noise ratio.

5.4 Limitations and Interferences:

5.4.1 Limitations Inherent to Geophysical Methods:

5.4.1.1 A fundamental limitation of all geophysical methods
lics in the fact that a given sct of data cannot be associated with
a unique set of subsurface conditions. In most situations,
surface geophysical measurements alone cannot resolve all
ambiguities, and some additional information, such as borehole
data, is required. Because of this inherent limitation in geo-
physical methods, a resistivity survey alone is never considered
a complete assessment of subsurface conditions. Properly
integrated with other information, resistivily surveying is an
cffective method of obtaining subsurface information.

5.4.1.2 All surface geophysical methods are inherently lim-
ited by decreasing resolution with depth.

5.4.2 Limitations Specific to the Resistivity Method:

5.4.2.1 Interpretation methods assume horizontal (or paral-
lel) layered conditions where each layer has a uniform electri-
cal resistivity. If subsurface conditions cannot be rcasonably
approximated by this assumption, then results will be in error.

5.4.2.2 Thin layers or multiple layers with similar resistivi-
tics may not be detected.

5.4.2.3 Ambiguities in interpretation arising (rom equiva-
lence (where two resistive layers carry nearly the same clectric
current if the products of their resistivity and thickness equal).

5.4.2.4 Ambiguitics in intcrpretation arising from suppres-
sion (where resistant layers are sandwiched between more
conductive layers).

Copyright by ASTM Int'l (all rights reserved); Fri Apr 27 14:11:58 EDT 2007
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5.4.2.5 Extremely resistive materials will prevent current
injection into the ground.

5.4.3 Interferences Caused by Ambient and Geologic Con-
ditions:

5.4.3.1 The resistivity method is sensitive to electrical
interference from a variety of sources. It is inherently sensitive
to electrical interference. Spatial variables caused by geologic
factors and cultural factors may also produce noise.

5.4.3.2 Ambient Sources of Noise—Natural (ambient)
sources of noise include lightning or natural earth currents,
which may induce a voltage in resistivity cables.

5.4.3.3 Geologic Sources of Noise—Geologic sources of
noise include local inhomogeneities near electrodes that may
result in measurement error and variations in the subsurface
that arc not the object of the survey.

5.4.3.4 Cultural Sources of Noise—Resistivity measure-
ments may be influenced by nearby cultural features (such as
power lines, radio stations, cathodic pipeline protection, and
other geophysical cquipment) that gencrate electrical or clec-
tromagnetic fields. Pipelines, fences, and metal buildings may
also affect them.

5.4.3.5 Leakage—A resislivity measurement may also be
affected by Icakage from the insulated wire used to connect the
instrument to the electrodes. Tests for leakage can be made at
the time of the measurement.

5.4.4 Summary—During the course of designing survey
locations, potential cultural interferences should be considered.
During the survey, the occurrence of electrical interferences
should be noted.

5.5 Alternate Methods—The limitations previously dis-
cussed may prohibit the cffective usc of the resistivity method,
and other methods may be required to resolve the problem. An
alternative to the resistivity method is the EM method, which
is preferred in high-resistivity (low-conductivity) materials,
and may require less space to conduct the survey.

5.6 Electrode Array Geometry—Usually the electrodes are
arranged in a collinear array in one of several fixed geometries.

Robert K Davis (Golder Associates Inc) pursuant to License Agreement. No further reproductions authorized.
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Several standard electrode geometries have been developed for
various applications (Fig. 3). For engineering, environmental,
and ground-water studies, the Wenner, Schlumberger, and
dipole-dipole arrays are the most commonly used.

5.6.1 Wenner Array—The Wenner array consists of equally
spaced, in-line electrodes (Fig. 3). The formula for calculating
apparent resistivity from a Wenner measurement is:

R = 2ma(V/I) (1)

where:
a
\%
I

electrode spacing,
measured voltage, and
current.

Inun

5.6.2 Schlumberger Array—The Schlumberger array con-
sists of unequally spaced in-line electrodes (Fig. 3), where AB
> 5 MN. The formula for calculating apparent resistivity from
a Schlumberger measurement is:

(ABI2)*> = (MNI2)*> V

MN @

=

where:
AB = distance between current electrodes, and
MN = distance between potential electrodes.

5.6.3 Dipole-Dipole Array—The dipole-dipole array con-
sists of a pair of closely spaced current electrodes and a pair of
closely spaced potential electrodes (Fig. 3). The formula for
calculating apparent resistivity from a dipole-dipole mecasure-
ment is:

R=mna(n+ 1) (@ + 2) (V) 3)

where:
n = distance between innermost electrodes, and
a = distance between the current electrodes and also the
potential electrodes.
5.6.4 Comparison of the Arrays:
5.6.4.1 The advantages of Schlumberger arrays:

(1) Schlumberger arrays are less susceptible to contact
problems and the influence of nearby geologic conditions that
may affect readings. The method provides a means to recognize
the effects of lateral variations and to partially correct for them.

Wenner Electrode Arrangement

AB

& P
!

l

v

P (&

! L

A M | N B
Schlumberger Electrode Arrangement

na

i

Dipole-Dipole Electrode Arrangement

FIG. 3 Standard Electrode Geometries
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(2) Schlumberger arrays are slightly faster in field opera-
tions since only the current electrodes must be moved between
readings.

5.6.4.2 Advantages of Wenner Arrays:

(1) The Wenner array provides a higher signal (o noise ratio
than other arrays because its potential electrodes are always
farther apart and located between the current clectrodes. As a
result, the Wenner array measures a larger voltage for a given
current than is measured with other arrays.

(2) This array is good in high-noise environments such as
urban areas.

(3) This array requires less current for a given depth
capability. This translates into less severe instrumentation
requirements for a given depth capability.

5.6.4.3 Advantages of Dipole-Dipole Arrays:

(1) Relatively short cable lengths arc required to explore
large depths.

(2) Short cable lengths reduce current leakage.

(3) More detailed information on the direction of dip of
electrical horizons is obtainable.

5.6.5 Other Arrays—There are several other arrays: Lee-
partitioning array (Zohdy et al (2)), square array (Lane et al
(9)), gradient array (Ward (2)) and pole-dipole (Ward (5)) and
automated data acquisition and imaging systems that are not
discussed in this guideline.

5.7 Sounding (Depth) Measurements—Sounding measure-
ments are one of the most widespread uses for the resistivity
technique. Soundings provide a means of measuring changes
of electrical resistivity with depth at a single location. Several
measurements are made with increasing electrode spacings. As
the spacing of the electrodes is increased, there is an increase
in the depth and volume of material measured (Fig. 4). The
center point of the array remains fixed as the electrical spacing
is increased.

5.7.1 This method can be used to determine changes in
lithology, stratigraphy, and depth to water table. These depths
are interpreted from measurements of apparent resistivity.

5.7.2 Sounding measurements result in a series of apparent
electrical resistivity values at various electrode spacings. These
apparent resistivity values arc plotted against clectrode spacing
using a log-log scale (Fig. 5) and are interpreted using
inversion techniques to derive true resistivity and thickness of
subsurface layers.

5.7.3 Successive electrode spacings should be (approxi-
mately) equally spaced on a logarithmic scale. Normally, 3 to
6 data points per decade should be measured. A resistivity

Small Electrode Spacing

{

sounding curve obtained from measurements of a uniform
layered medium should follow a smooth curve, (Fig. 5). By
using six points per decade, noise is generally less significant
and a smooth sounding curve may be obtained. Data should be
plotted in the field to ensure that an adequate number of
noise-[ree measurements are made.

5.7.4 The depth of penetration for an inhomogencous strati-
fied earth depends upon the electrode separation and the
resistivities of the earth’s layers. In general, the overall array
length could be many times the exploration depth.

5.8 Profiling Measurements—A series of profile measure-
ments along a line is used to assess lateral changes in
subsurface conditions at a given depth (Fig. 6). Electrical
resistivity profiling is accomplished by making measurements
with fixed electrode spacing and array geomeltry at several
stations along a profile line (Fig. 7). A singlc profile measure-
ment results in an apparent electrical resistivity value at a
station. Several profiles over an area can be used to produce a
contour map of changes in subsurface conditions (Fig. §).
These apparent resistivity profiles or maps can not be inter-
preted in terms of layer resistivity values without sounding data
or other additional information.

5.8.1 Vertical soundings are used to determine the appropri-
ate clectrode spacing for profiling. Small clectrode spacings
can be used to emphasize shallow variations in resistivity that
may affect the interpretation of deeper data. Spacing between
measurements controls the lateral resolution that can be ob-
tained from a series of profile measurements.

6. Procedure

6.1 Qualification of Personnel—The success ol a resistivity
survey, as with most gecophysical techniques. is dependent
upon many factors. One of the most important is the compe-
tence of the persons responsible for planning, carrying out the
survey, and interpreting the data. An understanding of the
theory, field procedures, and methods for interpretation of the
resistivity data along with an understanding of the site geology
is necessary. Personnel not having specialized training or
experience should be cautious about using this technique and
solicit assistance from qualificd practitioncrs.

6.2 Planning the Survey—Successful use of the resistivity
method depends to a great extent on careful and detailed
planning.

6.2.1 Objectives of the Resistivity Survey:

6.2.1.1 Planning and design of a resistivity survey should be
done with due consideration to the objectives of the survey and
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FIG. 4 Increased Electrode Spacing Samples Greater Depth and Volume of Earth (from Benson et al, (15))
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FIG. 6 Profiling to Assess Lateral Changes (from Zohdy et al, (12))

the characteristics of the site. These factors will determine the
survey design, the equipment used, the level of effort, the
interpretation method selected, and the budget necessary to
achieve the desired results. Important considerations include
site geology, depth of investigation, topography, and access.
The presence of noise-generating activities (on-site utilities,
man-made structures) and operational constraints (impervious
surfaces) must also be considered. It is good practice to obtain
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as much relevant information as possible about the site prior to
designing a survey and mobilizing to the ficld.

6.2.1.2 A simple conceptual model of hydrogeologic condi-
tions at the site should be developed early in the design phase
and should include thickness and type of soil cover, depth and
type of rock, depth to water table, and stratigraphy.

6.2.1.3 The intent of the survey may be for reconnaissance
of subsurface conditions or to provide detailed subsurface
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information. In reconnaissance surveys, station spacing is large
and topographic maps arc usually sufficient for location. Under
these conditions, the effort to obtain resistivity data is relatively
low, but the resulting subsurface data are not detailed. In a
detailed survey, station spacing is small and locations of
measurements are more accurately determined using surveying
methods or GPS techniques. Under these conditions, the effort
to obtain resistivity data is greater but the data are more
detailed.

6.2.2 Assess Resistivity Contrast:

6.2.2.1 Onc of the most critical clements in planning a
resistivity survey is the determination of whether or not there
is an adequate resistivity contrast between the two geologic or
hydrologic units of interest.

6.2.2.2 In situations where no previous resistivity surveys
have been made in the area, knowledge of the geology,
published references containing the resistivity values of earth
malerials, and published reports of resistivity studies done in
similar hydrogcologic scttings arc rcquirced. When there is
doubt as to whether there is sufficient resistivity contrast,
preliminary field work should be considered near a control
point, such as a borehole or well, where the stratigraphy is
known so that the resistivity values of sediments and rocks in
the area can be determined and the feasibility of using the
resistivity method assessed. A resistivity or induction (conduc-
tivity) log may be run in boreholes on or near the site to
provide resistivity (conductivity) valucs with depth and aid in
assessing the potential success of the surface resistivity
method.

6.2.2.3 A forward model can be used to plot the apparent
resistivity versus electrode spacing for an assumed thickness
and resistivity of subsurface layers. These results are used to
predict the success of the resistivity method in resolving the
desired layer or layers and to help determine the geometry of
the ficld-survey. However, all too often, sufficient information
about layer thickness and resistivity will not be available to
accurately model a site before fieldwork is carried out. There-
fore, initial field measurements should be undertaken to ad-
dress whether or not an adequate resistivity contrast exists
between the subsurface layers of interest.

6.2.3 Selection of the Approach:

6.2.3.1 The desired level of detail and complexity of the site
will determince the ficld procedures to be uscd.

6.2.3.2 The following should be considered:

(1) Whether sounding or profiling will be used,
(2) The type of array, and
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(3) The type of equipment, selected based upon desired

depth of investigation and type of array used.

6.2.4 Planning the Survey Grid:

6.2.4.1 Location of Survey Lines—Preliminary location of
survey lines is usually done with the aid of topographic maps
and acrial photos if an on-sitc visit is not possible. Consider-
ation should be given to the following:

(1) The need for data at a given location,

(2) The accessibility of the arca,

(3) The proximity of wells or test holes for control data,

(4) The extent, location, and impact of any surface features
such as asphalt or concrete; buried structures and utilities; and
other sources of cultural noise that can prevent measurements
from being made or introduce noise into the data, and

(5) Adequate space for the resistivity line.

6.2.4.2 Errors in measurements and subsequent calculations
can be minimized by the following considerations for the
resistivity array and survey line layout:

(1) The array should lie along as straight a line as possible;
deviations from a straight path may result in inaccuracies
unless they are carcfully surveyed and appropriate corrections
are applied to the data.

(2) Often the location of the line is determined by topog-
raphy. Line locations should be selected so that the ground
surface along each array is as flat as possible unless the
locations are carefully surveyed and appropriate corrections are
applicd to the data.

6.2.4.3 Coverage—Consideration should also be given to
the lateral extent of the survey coverage, the orientation of the
survey lines, and the detail required in mapping the features of
interest. The area of the survey should usually be larger than
the area of interest so that measurements are taken in both
“background” conditions and over any anomalous conditions.
Consideration should be given to the orientation of lines with
respect to geologic features of interest, such as buried channels,
faults, or fractures.

6.2.4.4 Spacing—Generally, the spacing between adjacent
sounding or profile measurements is determined by the desired
degree of lateral resolution. For reconnaissance measurements
that do not requirc extensive dctailed mapping of the layer(s) of
interest, widely spaced measurements are used. For detailed
surveys, more closely spaced measurements are required.

6.2.5 Data Acquisition Format—There is presently no rec-
ommended standard for resistivity data files.

6.3 Implementation of Survey:
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6.3.1 On-Site Check of Plan—A systematic visual inspec-
tion of the site should be made upon arrival to determine if the
initial survey plan is feasible. At this point, modifications to the
survey plan may be required.

6.3.2 Feasibility Test—If a feasibility test has not been
previously done, the results of initial measurements can be
used to confirm the existence of an adequate resistivity contrast
and can also be used to assess signal-to-noise ratio at the site.
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FIG. 8 Apparent Resistivity Contour Map (from Zohdy et al, (12))

Results of the initial on-site tests may require that changes be
made to the original survey plan.

6.3.3 Survey Lines Layout:

6.3.3.1 Locate the position for the resistivity lines based on
the survey requirements.

6.3.3.2 Lay out the arrangement of wires and electrodes for
the chosen array geometry in the field.
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6.3.3.3 Drive the electrodes into the ground at correct
intervals.

6.3.3.4 The electrodes must be in good electrical contact
with the soil or rock. Improper placement of electrodes is a
common problem resulting in low or erratic current measure-
ment and noise.

6.3.4 Check for Leakage—A check for excessive current
leakage should be made prior to making mcasurcments:

6.3.4.1 Make a resistivity measurement with one current
electrode disconnected and its wire insulated from the system.

6.3.4.2 Make a resistivity measurement with the first current
electrode reconnected and the second current electrode discon-
nected.

6.3.4.3 Make a resistivity measurement with the apparatus
connected normally

6.3.4.4 1 either resistivity measurement with one current
electrode disconnected is not at Icast onc order-of-magnitude
higher than with both current electrodes connected, then
excessive current leakage exists and must be corrected before
proceeding. Possible sources of current leakage include a
ground in the instrument, split or cracked wire, or wet wire and
equipment. Such current loss leads to errors in the measure-
ments. To prevent current leakage, equipment and cables
should be electrically insulated from highly resistive dry soil or
moist soil.

6.3.5 Ensure Good Electrode Contact—Where the clec-
trodes touch the ground, there is a contact resistance. If this
contact resistance is high (particularly in dry or frozen soil),
there will be a problem injecting current into the ground
through the current electrodes and there may be contact
polarization problems at the potential electrodes. To minimize
these problems, the contact resistance can be lowered by
welting the soil around the electrodes with salt water or by
placing multiplc clectrodes in the ground. However, placement
and movement of the water near the electrodes can sometimes
create polarization problems. It may be necessary to wet the
ground near the electrodes and then wait a period of time until
the electrodes stabilize with their wetted soil environment.

6.3.6 Safety Precautions for the Survey:

6.3.6.1 Shock Hazard—Electrical resistivity measurements
use current sources and voltages that may result in shock
hazard and possible electrocution to the operator, field person-
nel, and other persons. Adequate safety precautions should be
taken to eliminate contact of personnel with measurement
equipment, and wire and electrodes when the electrical current
is flowing. At times when active measurements of clectrical
resistivity are not being made, the electrical current source
should be physically disconnected from the wires going to the
remainder of the equipment. All persons near the measurement
should be made aware of when the current is flowing and when
it is not. If there is danger of passersby accidentally encoun-
tering the electrodes, signs should be posted as a warning.
Sulficient personnel should be on site to observe the entire
clectrode array and prevent contact by passersby.
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6.3.6.2 Electrical Storms—Electrode arrays are well
grounded to the earth and frequently are of a size to be likely
targets for lightning. To protect the personnel and equipment,
measurements should never be attempted during electrical
storms.

6.4 Interpretation of Resistivity Data:

6.4.1 General—Both sounding and profiling data can be
used in a qualitative, semi-quantitative, and quantitative man-
ner.

6.4.1.1 In some limited cases, quantitative interpretation of
the data is not required to provide the necessary results and a
simple qualitative interpretation is sufficient. Examples of
qualilative interpretation of profiling data are mapping the areal
extent of a buricd channel or a contaminant plume. A quanti-
tative interpretation requires sounding data.

6.4.1.2 The level of effort involved in the interpretation
depends upon the detail and accuracy desired which in turn
determines the approach to interpretation. This guide does not
attempt to review or summarize the available interpretation
schemes, but provides references for them. A flow diagram for
the interpretation process is shown in Fig. 9.

6.4.2 Sounding Interpretation—TIt is conventional practice
lo interpret sounding data quantitatively. An interpreted geo-
clectric section showing layer thickness, depths, and resistivity
is constructed. In this process, apparent resistivity is converted
to layer resistivity. For resistivity interpretation, the earth is
assumed to consist of uniform horizontal layers. Curve match-
ing and computer programs are available for interpretation.
Interpretation by curve matching can be labor intensive.
Computer-based interpretation (Zohdy and Bisdorf (11), and
Zohdy (12,13)) offers many advantages, since it is often
desirablc to iterate through a number of interpretations in the
process of converging upon the best solution. Hand-held
programmable calculator programs are also available for solv-
ing the various resistivity formulas (Ballantyne et al (14)).
Other programs are usually available from equipment manu-
facturers and software suppliers. Fig. 10 shows the results of
resistivity sounding interpreted by a computer model.

6.4.2.1 Both forward and inverse models are available:

(1) A forward model predicts the sounding curve (apparent
resistivity versus electrode spacing) for a given number of
layers, their thickness, and resistivitics.

(2) Inverse models use the field data (apparent resistivity
versus electrode spacing) to generate a geoelectric section
consisting of layer thicknesses and interpreted resistivities.

6.4.3 Profile Interpretation—Profiling data are bulk appar-
cnt resistivitics, which arc usually not converted to truc
resistivity values. Electrode spacing is selected to measure the
resistivity at the depth of interest. Profiling data are often
presented as a profile line (Fig. 6) or as a contour map (Fig. 8).

6.4.4 Verification of Resistivity Interpretation—Verification
of resistivity interpretation should include correlation with
available data. I supporting data are not available, this fact
should bec mentioned in the report.
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6.4.4.1 A problem inherent in all geophysical studies is the through the use of sufficient ground-truth information along
nonunique correlation between possible geologic models and a with geologic and geophysical information and experience of
single set of field data. This ambiguity can be resolved only the interpreter.
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6.4.4.2 Preliminary interpretation should be labelled as draft
and treated with caution because it is easy to make errors in an
initial field interpretation and a preliminary analysis is never a
complete and thorough interpretation. Analysis in the field is
done mostly as a means of quality control.

6.5 Quality Control (QC)—Quality control can be appropri-
ately applied to resistivity mcasurements and is applicable to
the field procedures, processing, and interpretation phases of
the work. Good quality-control procedures require that stan-
dard procedures are followed and appropriate documentation is
made.

6.5.1 The following items can be used to provide QC of
field operations:

6.5.1.1 Documentation of the field procedures and interpre-
lation methods that are planned to be used in the study.

6.5.1.2 A ficld log that records the ficld operational proce-
dures used for the project.

6.5.1.3 Changes to the planned field procedures should be
documented.

6.5.1.4 Conditions that could impact survey results should
be documented (weather conditions and natural and cultural
noise)

6.5.1.5 During or immediately after sounding dala acquisi-
tion, a plot of apparent resistivity versus clectrode spacing (Fig.
5) should be made to ensure that the data are of adequate
quality and quantity (that is, a sufficient number of noise-free
data points have been obtained to define the layers of interest).

6.5.1.6 During or immediately after profile data acquisition,
a plot of apparent resistivity versus station location (Fig. 7)
should be made to ensure that the data are of adequate quality
and quantity (that is, a sufficient number of noise-free data
points to definc any lateral changes of interest in subsurface
conditions).

6.5.1.7 If data are being recorded (by a computer or digital-
acquisition system) with no visible means of observing the
data, it is recommended that the data be reviewed as soon as
possible to verify data quality.

6.5.1.8 If possible, a qualitative, on-site interpretation
should be performed.

6.5.2 Calibration and Standardization—In general, the
manufacturer’s recommendations is followed for calibration
and standardization. If no such recommendations are provided,
a routine check of equipment should be made on a periodic
basis and after each problem and repair. An operational check
of equipment should be carried out before each project and
before starting fieldwork each day.

6.5.2.1 The resistivity instrument(s) can be checked against
a range of reference resistors that cover the resistance range of
measurements made by the instrument.

7. Report

7.1 The following is a list of the key items that should be
contained within most formal reports. In some cases, there is
no need for an extensive formal report.

7.2 Report the following information:

7.2.1 Purpose and scope of the resistivity survey.

7.2.2 Geologic setting.

7.2.3 Limitations of the resistivity survey.

7.2.4 Assumptions made.

Copyright by ASTM Int'l (all rights reserved); Fri Apr 27 14:11:58 EDT 2007
Downloaded/printed by

12

7.2.5 Field approach, including a description of the equip-
ment and the data acquisition parameters used.

7.2.6 Location and orientation of the resistivity survey
plotted on a site map.

7.2.7 Type of array (geometry) and number of electrodes
used.

7.2.8 Location of center of the spread.

7.2.9 Orientation of the profile line.

7.2.10 Electrode spacing.

7.2.11 Any corrections applied to field data.

7.2.12 Results of field measurements:

7.2.12.1 Copies of raw data (optional), and

7.2.12.2 Plots of apparent resistivity versus electrical spac-
ing (sounding) or apparent resistivity versus station location
(profiling).

7.2.13 Mecthod of interpretation used and specifically what
analytical method(s) or software program(s) were used.

7.2.14 Interpreted results and any qualifications and alter-
nate interpretations.

7.2.15 Format of recording data.

7.2.16 References for any supporting data used in the
interpretation.

7.2.17 Persons responsible for the resistivity surveys and
the data interpretation.

7.3 Presentation of Data and Interpretation:

7.3.1 Sounding data are often presented as single geoelec-
tric section as shown in Fig. 11. If many soundings are made,
the combined results may be presented as a geoelectric cross or
as a contour map (that is, depth to water table, depth to rock,
or depth to clay).

7.3.2 The results of a series ol profile measurements can be
shown as a profile or contour map. In ecither case, the valucs
shown are apparent resistivity and should only be interpreted to
indicate a change in subsurface conditions. If profile measure-
ments are made at more than one electrode spacing, they may
be presented as multiple profile lines or as multiple contour
maps. Multiple profile lines can also be presented as a
resistivity contour map.

7.3.3 The final resistivity interpretation generally leads to a
conceptual model of site conditions (geologic, hydrologic, or
cultural). A conceptual model is a simplified characterization of
a site that incorporates all the essential features of the physical
system under study. The conceptual model is usually shown as
a cross section or contour map, or other drawings that illustrate
the general geologic and hydrogeologic conditions along with
any anomalous conditions.

8. Precision and Bias

8.1 Bias—For the purposes of this guide, bias is a measure
of the closeness to the truth.

8.1.1 The bias with which the depth of a layer can be
determined by the resistivity method depends on many factors.
Some of these factors are:

8.1.1.1 Errors in field procedures, record keeping, process-
ing, and interpretation,

8.1.1.2 Instrument errors in measuring and recording,

8.1.1.3 Field system geometry limitations, relating to elec-
trode spacing and line location,

8.1.1.4 Topography,
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FIG. 11 Interpreted Geoelectric Section from Data in Fig. 10 (from Haeni, (10))

8.1.1.5 Noise,

8.1.1.6 Variation of the earth from simplifying assumptions
used in the resistivity sounding interpretation procedure,

8.1.1.7 Site-specific geologic limitations, such as high-
resistivity soils and variable surface soil conditions, and

8.1.1.8 Ability and experience of the field crew and inter-
preter.

8.1.2 Published references indicate that the depth to a layer
can reasonably be determined to within 30 % of the layer depth
using the resistivity method. Large errors are usually due to
improper interpretation, difficult field situations, inherent limi-
tations of the method, or to the differences between depth to
rock measurements from resistivity and drilling methods.

8.1.3 Lateral Geologic Variability—Agreement between re-
sistivity sounding and borcholec mcasurcments may vary con-
siderably along the survey line depending upon lateral geologic
changes, such as, structure or the degree of weathering and
fracturing in the rock. It is not always possible to have exact
agreement between resistivity and borehole data along a survey
line.

8.1.4 The bias of a resistivity profile is its ability to delineate
a feature and is dependent upon measurement station spacing.

8.2 Precision—Prccision is dcfined as a mcasurc of the
repeatability between measurements. Precision of a resistivity
measurement will be affected by the contact resistance of the

13
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electrodes, location of the electrodes, soil moisture, and the
level and variations of the temporal noise affecting the mea-
surements. If a resistivity survey is repeated under identical
conditions, the results would be expected to have a high level
of precision.

8.3 Resolution—Resistivity measurements are inherently a
bulk measurcment and integrate a large volume of subsurface
materials that increases for successively larger electrode spac-
ings (deeper measurements).

8.3.1 Lateral Resolution—Lateral resolution of a resistivity
survey is determined by the electrode spacing and by the
distance between soundings or profile measurements. Closely
spaced measurements will provide higher lateral resolution.

8.3.2 Verrical Resolution—Vertical resolution is how small
a change in depth and how thin a layer can be detected by the
resistivity method. The degree of vertical resolution that can be
achieved is a complex function of the depth and thickness of
the layers of interest and their resistivity contrasts. Some
estimates of resolution can be made by the use of forward
models. The resistivity method can typically resolve three
layers and sometimes more.

9. Keywords
9.1 electrical method; geophysics; resistivity; subsurface
investigation; surface geophysics
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