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ABSTRACT

Field-scale induced polarization (IP) data remain underutilized due to the challenges of
data acquisition and interpretation of the resulting observations for near surface environmental
applications. We use measurements at a test site and the principle of IP reciprocity to
demonstrate that the primary factor controlling the quality of IP data acquired using standard
resistivity/IP imaging systems is the signal to noise ratio (SNR), i.e., the recorded signal strength.
This factor favors the use of nested arrays, where one or two of the potential electrodes fall
between the current electrode pair, that guarantee a high primary voltage (Vp) versus Dipole-
Dipole type arrays where voltage differences rapidly decay away from the current injection pair.
Comparison of data acquired using stainless steel, Cu-CuSO4 porous pot and graphite electrodes
demonstrates that electrode material is a significant second order factor but only for
measurements where the SNR is relatively low (for the instrument used in this study when Vp

, 30 mV). We also propose a simple framework for interpretation of environmental IP datasets
whereby the acquisition of IP data is used to remove the inherent ambiguity in the interpretation
of standalone resistivity data such that the subsurface distribution of the surface conductivity and
electrolytic conductivity contributions to the total conductivity can be resolved. We demonstrate
this approach on a field site within a first order catchment where a high surface area formation
likely limits vertical transport and promotes interflow. Sharp contrasts in electrical structure
between the two slopes of the catchment are observed.

Introduction

Induced polarization (IP) is a mature geophysical

method that was originally developed for mineral

exploration (Seigel et al., 2007). Environmental applica-

tions of the method were first recognized in the late 1950s

(Marshall and Madden, 1959; Vacquier et al., 1957; Wait,

1959). Interest in the environmental applications of the

method has grown in the last twenty years as a result of

laboratory measurements that have confirmed that

additional information on subsurface properties and

processes can be obtained relative to electrical resistivity

measurements alone. Induced polarization effectively

extends the conventional field-scale resistivity measure-

ment by providing some information on the low

frequency polarization of the porous medium in addition

to the conductivity of the medium provided by a standard

electrical resistivity measurement. Field measurements

are most commonly acquired in the time domain (TDIP)

where the decay of a transient voltage is recorded shortly

following current shut off. However, field measurements

can also be acquired in the frequency domain, where the

phase lag is recorded between the induced voltage and

applied current for a sinusoidal waveform.

Multi-channel electrical resistivity acquisition sys-

tems now permit large numbers of data to be acquired

using multiple electrode arrays. Most of these systems

offer the opportunity to simultaneously acquire TDIP

data. Whereas reliable resistivity data are relatively

straightforward to acquire, the acquisition of reliable IP

data is not requiring careful consideration of data

acquisition parameters selected by the operator. Without

such attention to detail, IP data are routinely noisy and/or

inconsistent with the physics of the underlying IP

mechanisms. There are numerous factors that contribute

to this problem, but the primary factor is the much smaller

signal to noise ratio (SNR) associated with the IP

measurement relative to the resistivity measurement in

environmental applications. The SNR is often 100–1,000

times smaller for IP relative to resistivity measurements
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for environmental applications. Consequently, IP data are

often acquired but subsequently discarded based on poor

data quality. Far worse, interpretation (e.g., from

inversion and imaging) of poor quality IP data will result

in misinterpretation of subsurface structures and process-

es. This problem is confounded by the fact that

environmental applications of the IP method often rely

on the detection of small changes in polarization of the

subsurface relative to what is recorded in mineral

exploration (Slater and Lesmes, 2002).

The interpretation of field-scale IP data also

presents challenges. Unlike the electrical resistivity

measurement, the link between the IP measurement

acquired with field instruments and the subsurface

physical properties is not straightforward (Lesmes and

Frye, 2001). Furthermore, laboratory experiments have

highlighted a large array of possible factors that can

change the polarization of the subsurface, giving the

impression of substantial ambiguity in the interpretation

of images of IP structures.

In this paper, we present recommendations for

acquisition of field-scale IP data using standard electrical

imaging systems. We focus on the acquisition of a single

measurement of the strength of the subsurface polarization

(average chargeability) as this is the primary piece of

information obtained with such instrumentation and this

alone presents substantial challenges in acquisition. The

considerations presented here will also apply to recent

developments of the method that attempt to extract more

subsurface information, e.g., from the collection of full

waveform IP data (Fiandaca et al., 2013, 2012), or the

acquisition of spectral IP data by making measurements

over a range of frequencies (Kemna et al., 2014). We use a

well characterized test site to demonstrate key consider-

ations for data acquisition: electrode configurations,

electrode type and injection parameters. We also discuss

the value of field-scale IP data in resolving the inherent

ambiguity in the interpretation of resistivity data alone

where the competing effects of electrolytic conduction

through the interconnected pore space and surface

conduction in the electrical double layer cannot be

resolved. We demonstrate our methodology using results

from a Critical Zone Observatory (CZO) where the IP data

acquired help to determine contrasting geological controls

on catchment hydrogeology and provide evidence for a

geological unit that impedes vertical flow and transport.

The IP Measurement

The IP measurement is made using a standard four

electrode array where current is injected across a dipole

and the resulting voltage difference is recorded across a

second dipole (Fig. 1). The IP effect manifests itself as a

residual voltage following termination of an applied

current (time domain measurement), as a frequency

dependent resistivity (percent frequency effect, PFE) or

as a phase lag (u) between the voltage waveform and the

current waveform. These measurements are equivalent

in that they can be shown to describe the ratio of the

polarizability to the conductivity of the subsurface (e.g.,

Slater and Lesmes, 2002).

The most common measurement of the magnitude

of the IP effect in the time domain is the chargeability M

(e.g., Telford et al., 1990),

M ¼

Z tf

ts

Vsdt

Vp

1

Dt
; ð1Þ

where Vs is a residual voltage integrated over a time

window defined between times ts and tf after termination

of an applied current, Vp is the measured voltage at some

time during application of the current and Dt equals the
length of the integrated time window (Fig. 1). Units of

chargeability are typically quoted as millivolts per volt

(mV/V) recognizing that the IP measurement is often

100–1,000 times smaller than the resistivity measure-

ment determined using Vp alone. Given that this is the

most commonly measured field parameter, we focus our

analysis on measurements of M, although the same

considerations would apply when measuring PFE or u in

the field.

Interpretation of the IP Measurement

Understanding the significance of IP measurements

requires a basic understanding of charge transport

mechanisms in porous media and the physical properties

that control the ability of a material to transport electric

charge via these mechanisms. Charge transport phenom-

ena can be represented as a measured resistivity,

conductivity or dielectric permittivity. Over the last

twenty years, electrical conductivity terminology has

been selected to establish the required link between

physical property and measurement within the IP

community (Kemna et al., 2012). The extension of the

measured electrical conductivity to also represent

measured polarization needed to interpret IP data is

done via a measured complex electrical conductivity

(r*), where the real (r0) and imaginary (r 00) components

of r* represent respectively conduction (electromigra-

tion of charges under the influence of an electric field)

and polarization (reversible storage of charges under the
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influence of an electric field) mechanisms. In the

standard resistivity measurement only the magnitude of

the complex electrical conductivity (jr*j) is recorded.

Given that polarization is typically 100–1,000 times less

than conduction,

jr*j @ r0 ð2Þ

Models for the low frequency (e.g., less than 100

Hz) complex conductivity of a porous medium are based

on assuming charge transfer occurs via two parallel

mechanisms: (i) electrolytic conduction, without any

polarization, through the interconnected pore space

represented by the electrolytic conductivity rel, and

(ii) charge transfer including both conduction and

polarization associated with charges in the electrical

double layer (EDL) at the interfaces of the intercon-

nected pore surface via the surface conductivity (rsurf
*)

(e.g., Vinegar and Waxman, 1984),

r* ¼ rel þ rsurf
* ð3Þ

As the electrolyte is essentially unpolarizable at low

frequencies, electrolytic conduction is a purely real term

so the imaginary component of the measured complex

conductivity is solely related to the surface polarization,

r 00 ¼ rsurf
00 ð4Þ

whereas the measured real part of the complex

conductivity depends on both the electrolytic and the

surface conduction,

r0 ¼ rel þ r 0
surf ð5Þ

The electrolytic conductivity can be related to the

properties of the saturated interconnected pore space

and the pore filling fluid conductivity (rw) via Archie’s

Law (Archie, 1942),

rel ¼ rw:u int
m ð6Þ

where uint is the interconnected porosity and m is a

cementation factor related to the tortuosity. Returning

back to the IP measurements, we recount that (i) M @ u
(Slater and Lesmes, 2002), and (ii) polarization is

typically much smaller than conduction such that,

Figure 1. (a) Dipole-Dipole and Wenner a electrode configurations; (b) classical current transmission
waveform and resulting voltage recorded in the presence of an IP effect showing the primary Vp and secondary
Vs voltage; (c) typical sampling of the decay curve showing integrals used to compute the chargeability and the
delay time (td).
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M @ u ¼ tan�1 r 00

r0

� �
@

r 00

r0
¼ rsurf 00

rel þ r 0
surf

ð7Þ

ðu , 100mrad for enviromental applicationsÞ

Consequently, it is clear that the measured IP effect M

represents the polarization strength relative to the

conduction strength in a porous material.

One common misinterpretation of field IP datasets

is to assume that M represents a direct measurement of

the polarization strength. As shown by Eq. 7,M will vary

with both the polarization and the conduction occurring

in the sample. Emphasizing again that polarization is

typically 100–1,000 times smaller than conduction (Eq.

2), a direct measurement of the polarization known as

the normalized chargeability (Mn) can be directly

computed from the field measurements,

Mn ¼ M � jrj @ u :r0 @ r 00 ¼ r 00
surf ð8Þ

The traditional ambiguity of resistivity interpretation is

highlighted by Eq. 5, which shows that the acquired

single measurement (jr*j @ r0) is the sum of electrolytic

(rel) and real surface (rsurf0) conductivity. Equation 8

highlights that the additional measurement of IP

provides a direct estimation of the surface polarization

(rsurf 00). A direct linear relationship between rsurf 00 and
rsurf0 was first proposed by (Börner et al., 1996) and

experimentally verified with a large database by Weller

et al. (2013), as shown in Fig. 2:

r 00 ¼ r 00
surf @ 0:042*r 0

surf ð9Þ

Consequently, the acquisition of IP data has the potential

to remove the ambiguity in the interpretation of

traditional resistivity data by directly resolving the

surface conductivity.

From the complex conductivity r* measured in the

field, using Eqs. 4, 5 and 9, we can separate the effects of

the electrolytic conductivity and the real surface

conductivity through:

Figure 2. The dependence of imaginary conductivity (r 00 ¼ rsurf
00) on surface conductivity (rsurf

0) at 1 Hz
reproduced from Weller et al. (2013). The best-fit line shows the single linear fit to the entire data set where l¼
0.042 with R2 ¼ 0.911.
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rel ¼ r0 � r 0
surf @ r0 � r 00=0:042 ð10Þ

The interest in IP has been stimulated by the fact

that surface conduction and polarization are sensitive to

geometrical and geochemical properties of the mineral-

fluid interface. The strong dependence of r 00 on the total

pore-normalized internal surface area (Spor) is well

recognized (e.g., Börner, 1992; Weller et al., 2013). In

contrast, the dependence of r 00 on rw is relatively weak

(Weller and Slater, 2012) such that r 00 is generally

considered an excellent indicator of lithologic variabil-

ity. Given that Spor is a proxy measure of the inverse

hydraulic radius, substantial work has focused on the

estimation of permeability (k) from IP measurements

(e.g., Binley et al., 2005; Kruschwitz et al., 2010; Revil

and Florsch, 2010; Slater and Lesmes, 2002; Titov et al.,

2010; Koch et al., 2011; Revil et al., 2015, 2014). Much

laboratory research has recently focused on the sensi-

tivity of IP measurements to changes in the geometrical

and geochemical properties of the mineral-fluid interface

driven by a variety of geochemical and biogeochemical

processes (e.g., Atekwana and Slater, 2009; Atekwana

and Atekwana, 2010; Heenan et al., 2015; Ntarlagiannis

et al., 2016; Revil et al., 2010). Although intriguing, and

suggesting potential future applications of IP in

subsurface monitoring, these signals are mostly small

and challenging to reliably record with field-scale time

domain IP instruments. Perhaps then, the most powerful

utilization of field-scale IP datasets is foremost to

improve resistivity imaging interpretation by resolving

the electrolytic and surface conductivity, which cannot

be done with resistivity data alone. We focus on this

application here.

Data Acquisition Considerations

Common considerations when conducting IP

surveys include the choice of electrode array and the

choice of electrode material. Historically, the mining IP

community developed the IP method favoring the use of

the classic Dipole-Dipole configuration and the applica-

tion of non-polarizing porous pot (e.g., Cu-CuSO4)

electrodes for recording data on the potential electrode

pairs (dipole) (e.g., Bleil, 1953; Polyakov, 1951; Sumi,

1959). These choices were made to limit polarization of

the potential recording electrodes that was a source of

significant noise in the data. Porous pots maintain an

equal potential difference between the metal of the

electrode and the ionic solution in the pot for both

electrodes.

Dipole-Dipole arrays are arranged so that a 2D

survey line is acquired without needing to occupy an

electrode previously used for current injection (charging

up that electrode) as a potential recording electrode.

Such considerations were necessary given the state of

development of IP instrumentation prior to the advent of

modern electrical imaging systems that perform auto-

matic processing of the data to calculate the residual

voltage due to electrode polarization across the potential

pair. Today’s resistivity/induced polarization systems

adequately compensate for the residual polarization of

the potential electrodes such that non-polarizing elec-

trodes are not a requirement as demonstrated by Dahlin

et al. (2002) for a systematic study of the comparison of

IP data quality for porous pots versus conventional

stainless steel electrodes.

One additional consideration when collecting IP

data is that, when using time domain instrumentation,

the time required to collect each resistivity and IP data

point is greater than when collecting resistivity data

alone. This additional time will partly depend upon the

nature of the subsurface. For example, coarse-grained

materials are characterized by slower decays that may

require longer time windows to adequately record. The

time period used to inject current (Fig. 1(b)) may need to

be reevaluated after initial assessment of measured

decay curves.

A primary factor controlling IP data quality with

modern imaging systems is the signal to noise ratio

(Gazoty et al., 2013). Whereas resistivity measurements

are calculated from the primary voltage (Vp), a reliable

IP measurement requires an accurate recording ofR tf
ts
Vs dt, where Vs is typically 100–1,000 times less

than Vp. Consequently, primary factors for the acquisi-

tion of reliable IP data include the contact resistance at

the current electrodes limiting current injection and the

use of array configurations that result in a high SNR. The

use of Dipole-Dipole arrays as historically done is

inconsistent with the latter requirement as the primary

voltages on the potential electrode pairs rapidly decrease

with distance from the current injection pair. Instead,

nested arrays, where one or two of the potential

electrodes fall between the current electrode pair,

increase the SNR and will improve IP data quality. We

demonstrate such concepts below, using reciprocal

measurements (where the current and potential electrode

pairs are swapped) as a robust measure of IP data quality

in the same way as they are used to evaluate resistivity

data quality (Slater et al., 2000). Gazoty et al. (2013)

previously demonstrated the overarching importance of

SNR to IP measurements based on repeatability tests, but

at the same time acknowledged that repeatability is not a

robust measure of data quality in field-scale measure-

ments. Our tests based on reciprocity also highlight the
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second order effects on IP data quality associated with

electrode material.

Methods

Test Site

We made use of a test site local to Rutgers

University Newark (New Jersey, USA) to demonstrate

key considerations when acquiring IP data. The site is a

small park where about 11 m of unconsolidated glacial

deposits overly the bedrock. The site is flat, grass

covered and completely devoid of any infrastructure. A

2D survey composed of 24 electrodes with a 1 m

separation was laid out on the site. Measurements were

acquired using three types of electrodes: (1) stainless

steel rods; (2) Cu-CuSO4 porous pots; (3) graphite (Fig.

3). The latter was included as our laboratory spectral

induced polarization measurements have indicated that

graphite may be a lower noise (i.e., less polarizable)

electrode than stainless steel. Good performance of

graphite electrodes has been previously reported for

standard resistivity measurements (Van Dam et al.,

2009). Measurements were acquired with a Dipole-

Dipole array and a Wenner a array, the most common

nested array configuration. Contact resistances were

recorded on all electrodes prior to the start of each

sequence of measurements. All data were acquired with

an Iris Syscal Pro resistivity/induced polarization meter

with a common set of transmitter parameters: 2 second

on-off waveform; 400 V transmitter voltage; 2 stacks for

each measurement; 20 IP windows each of length 80 ms

and a 240 ms delay. Full reciprocal measurements were

acquired in order to characterize the noise levels in each

measurement.

Garner Run

Resistivity and induced polarization measurements

were acquired at Garner Run, a first-order catchment

within the Shavers Creek watershed in central Pennsyl-

vania. Garner Run is characterized as a synclinal valley

underlain by the Silurian Tuscarora Formation between

NW–SE trending ridges of Tussey Mountain and

Leading Ridge (Brantley et al., 2016). The catchment

experienced periglacial conditions in the Last Glacial

Maximum and shallow coring showed that the valley is

largely filled by quartz sand. The Tuscarora formation

mostly consists of pure quartz sandstone with minor

interbedded shales, and is considered the ridge-forming

unit that caps the highest topography in Shavers Creek

watershed.

It is often difficult to understand hydrologic

processes in such upland catchments where the subsur-

face architecture is largely unknown. Geochemical data

acquired from a nest of wells in the stream bed suggest

that both shallow interflow and deeper groundwater

contribute to stream flow. The objective of the survey

was to assist in the interpretation of the subsurface

hydrogeological framework of the catchment, with a

specific focus on identifying evidence for low perme-

ability confining layers that might limit vertical transport

and promote shallow interflow towards the stream.

The initial survey consisted of a 480 m 2D

resistivity imaging line with stainless steel electrodes

spaced 2 m apart. Resistivity data were acquired with a

Figure 3. (a) close up of the three electrodes (stainless-steel, graphite and Cu-CuSO4 porous pot) at all 24
electrode locations; (b) 24 electrode array at test site.
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mixed array data acquisition sequence that consists of a

combination of array types including short-offset

Dipole-Dipole (using multiple electrode spacings), and

Wenner a configurations, both providing a high SNR. A

total of 3,518 measurements were acquired with 1,614

additional reciprocal measurements used to quantify

error levels at the site and to develop an error model for

inversion of the dataset. IP data were not acquired on this

large-scale survey due to time constraints. However,

interpretation of this survey line revealed a striking

difference in the electrical structure between two sides of

the catchment, and follow up IP surveys were subse-

quently conducted on two sections of the initial line in

order to constrain interpretation of the imaged structures.

These IP surveys were performed on two lines situated at

locations that emphasized the differences in the

electrical resistivity structure on either side of the

catchment. Each line consisted of 48 electrodes spaced

2 m apart. A total of 895 IP measurements (727 normals

plus 168 reciprocals for error analysis) were acquired on

each line using a mixed array data acquisition sequence

(combination of array types including short-offset

Dipole-Dipole, Wenner a, and ‘‘skip-two’’ (a dipole

length of three electrodes) Dipole-Dipole configura-

tions). This sequence, previously developed for IP data

acquisition (Mwakanyamale et al., 2012), consistently

results in an adequate SNR ratio needed to ensure

reliable IP measurements and also provides a sensitivity

pattern that compares favorably against other standard

configurations (Mansoor and Slater, 2007). Both lines

were acquired with an Iris Syscal Pro resistivity/induced

polarization meter with a common set of transmitter

parameters: 2 second on-off waveform; 400 V transmit-

ter voltage; 2 stacks for each measurement; 20 IP

windows each of length 80 ms and a 240 ms delay.

Results

Test Site Results

Results from the test site highlight the dependence

of IP data on SNR and electrode material. Considering

first the issue of electrode material, Fig. 4 shows contact

resistances measured between two consecutive elec-

trodes for the three tested electrode types. The

measurements show that contact resistances do vary as

a function of electrode type. The stainless steel and

graphite electrodes have near identical contact resistanc-

es whereas the Cu-CuSO4 porous pots are characterized

by some higher contact resistances (up to twice that of

the stainless steel and graphite electrodes at some

locations along the line). Although the surface of the

electrode in contact with the ground is higher than for

the stainless steel and the graphite electrodes, the

metallic part of the electrode is not directly in contact

with the ground, but indirectly through a super-saturated

Cu-CuSO4 solution and a porous wood end-cap.

Figure 5 shows the distribution of the chargeability

reciprocal errors as a function of the primary receiver

voltage (Vp in Fig. 1) for both the Dipole-Dipole (Figs.

5(a)–(c)) and Wenner a (Figs. 5(d)–(f)) arrays. Unlike

resistivity data where errors are typically quantified as a

percentage deviation, IP errors are better quantified as an

absolute deviation, where reciprocity within 1 mV/V is

considered a high quality measurement (Flores Orozco et

al., 2012; Slater and Binley, 2006). Figure 5 illustrates

that the majority of IP reciprocal errors are less than the

1 mV/V threshold in all cases. Figure 5 also highlights

the difference in Vp, and thus Vs, between the Dipole-

Dipole and Wenner a array configurations. Whereas all

the primary voltages measured with the Wenner a array

are above 100 mV/V, Vp varies from a few mV to 5,000

mV for the Dipole-Dipole array. The errors for the

Dipole-Dipole array show a characteristic structure

where they increase significantly below some minimum

voltage, shown here for this specific instrument to be

around Vp¼ 30 mV. This highlights a frequent limitation

of the Dipole-Dipole array (Gazoty et al., 2013),

especially at sites where (1) the electrical conductivity

is high such that primary voltages are low, and (2) noise

levels are more significant, e.g., closer to any infrastruc-

ture. At our relatively resistive application site that is

devoid of effects of any infrastructure, the Dipole-Dipole

array performs quite well but is a function of electrode

material as discussed below.

To examine the effects of the electrode, histograms

of both resistivity and chargeability reciprocal errors for

the three different electrode materials with all other

acquisition parameters (survey type, transmitter and

Figure 4. Contact resistances measured for the
three electrode materials used: stainless steel, graph-
ite and porous pot filled with CuSO4.

401

Zarif et al.: Field-Scale Induced Polarization



Figure 5. Distribution of IP reciprocal errors as a function of electrode array, electrode material and primary
voltage (Vp): (a–c) Dipole-Dipole configuration for stainless steel, Cu-CuSO4 porous pot and graphite electrodes
respectively; (d–f) Wenner a configuration for stainless steel, porous pot and graphite electrodes, respectively.
Dashed line denotes the 1 mV/V threshold above which IP measurements are discarded from the inversion. For
the Dipole-Dipole array, 93%, 60% and 84% of the measurements are below the threshold for the stainless steel,
Cu-CuSO4 porous pot and graphite electrodes respectively. For the Wenner a array, 74%, 79% and 44% of the
measurements are below the threshold for the stainless steel, Cu-CuSO4 porous pot and graphite electrodes
respectively.
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receiver settings) equal are shown for the Dipole-Dipole

and Wenner a electrode configurations in Fig. 6 and Fig.

7, respectively. Considering the Dipole-Dipole configu-

ration, Fig. 6 further highlights the effect of electrode

material on data quality for the Dipole-Dipole configu-

ration. For both resistivity and chargeability reciprocity,

stainless steel electrodes perform better (based on

number of data filtered out) than both the graphite and

Cu-CuSO4 arrays. This finding is also apparent in Figs. 5

(a)–(c). The Cu-CuSO4 porous pots show the poorest

Figure 6. Histograms of reciprocal errors acquired using the Dipole-Dipole array: (a–c) percentage resistance
errors for stainless steel, Cu-CuSO4 porous pot and graphite electrodes respectively; (d–f) absolute chargeability
errors for stainless steel, Cu-CuSO4 porous pot and graphite electrodes respectively. Dashed lines represent fitted
normal distributions with mean and standard deviation (std. dev.) shown in each case.
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data quality, with only 60% of the data passing the 1

mV/V reciprocity threshold. The poorer results with the

Cu-CuSO4 electrodes are likely in part a result of the

higher contact resistances relative to the stainless steel

and graphite electrodes (Fig. 4). In contrast, 93% and

84% of the data pass the 1 mV/V reciprocity threshold

for the stainless steel and graphite electrodes respective-

ly. Figure 7 shows that the differences in reciprocity

between electrode materials disappear in the case of the

Wenner a array, with near identical resistivity and

chargeability error distributions (Figs. 7(d)–(f)) and

percentages of measurements meeting the 1 mV/V

threshold. This suggests that the effect of electrode

material may only be important for the measurements

Figure 7. Histograms of reciprocal errors acquired using the Wenner a array: (a–c) percentage resistance
errors for stainless steel, Cu-CuSO4 porous pot and graphite electrodes respectively; (d–f) absolute chargeability
errors for stainless steel, Cu-CuSO4 porous pot and graphite electrodes respectively. Dashed lines represent fitted
normal distributions with mean and standard deviation (std. dev.) shown in each case.
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with a smaller primary voltage Vp. This observation is

also clearly illustrated in Fig. 5.

Garner Run Results

Figure 8 shows the 2D resistivity image for the

inversion of the initial resistivity survey across the valley

that motivated the follow up IP survey. The resistivity

inversion highlights a strong contrast in electrical

structure between the NW shallow slope and the SE

leading ridge. The NW shallow slope shows evidence of

a high conductivity unit overlain by a layer of moderate

resistivity. The leading ridge is characterized by much

lower conductivity with no evidence of an underlying

high conductivity unit. This image was interpreted to

indicate the possible presence of a prominent lithological

contact between coarser sediments and an underlying

fine-grained unit on the NW slope: this contact was

interpreted to be an important hydrogeological interface

limiting vertical transport and driving interflow towards

the stream.

Figure 9 shows the analysis of the reciprocal errors

acquired at Garner Run on IP lines TDIP1 and TDIP2 for

168 of 895 total measurements. Resistivity and IP data

quality are high using the mixed array, with 95% of the

IP reciprocals acquired passing the 1 mV/V filter

threshold. Accurate quantification of data errors is a

critical requirement to minimize artifacts and generate

meaningful subsurface structures from resistivity data

(LaBrecque et al., 1996; Slater et al., 2000). Error

models for the inversion, which were computed using a

binning procedure first proposed by Koestel et al. (2008)

for resistivity data alone and subsequently applied to IP

data (Mwakanyamale et al., 2012), are shown in Figs.

9(c)–(d). The IP error model is shown as an equivalent

phase computed from the chargeabilities based on a

laboratory calibration of the linear relationship between

the chargeability from the Iris Syscal Pro (with settings

as per this study) and the phase directly recorded using a

laboratory spectral induced polarization instrument

(PSIP by Ontash and Ermac, New Jersey, USA). The

error models described by the fitting equations provide

error estimates for all of the 895 measurements on the

assumption that reciprocal errors computed for the 168

measurements are representative of the entire dataset.

Figure 10 summarizes the results of the IP surveys

on lines TDIP1 and TDIP2. Rather than showing images

of the phase, real and imaginary conductivity, we take

advantage of Eqs. 9 and 10 to plot images of the

variations in the surface conductivity and electrolytic

conductivity between the two sides of the slope. The

surface conductivity images directly determined from

the IP measurements confirm that the differences in

resistivity structure imaged on the large scale survey

(Fig. 8) between the two slopes is indeed related to a

strong lithological contact with a high surface conduc-

tivity (due to high surface area/fine grain size)

underlying the NW shallow slope that is absent on the

SE leading ridge. In this case, the electrolytic conduc-

tivity structure largely mimics the surface conductivity

structure, an indication that the fine-grained unit on the

NW slope also has a strong difference in porosity and/or

pore fluid conductivity relative to the overlying layer and

the SW slope. This is reasonable as fine grained

sediments (particularly clays) are often characterized

by high porosity and elevated dissolved ionic concen-

trations in the pore fluid due to strong ion exchange from

the mineral surface.

Figure 8. Image of conductivity distribution resulting from a 480 m roll-along survey across Garner Run (PA)
showing contrasting conductivity structure between the shallow slope to the NW and the leading ridge to the SE.
The two boxes represent the portions of the cross-section imaged with TDIP. The Depth of Investigation (DOI)
calculated based on Deceuster et al. (2014) is shown as a limit on reliable structure in the image (the semi-
transparent structure below the DOI is considered poorly constrained by the data).
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Discussion

The acquisition of reliable field-scale IP data using

standard time domain systems requires a strong primary

voltage (Vp) and low contact resistances at current

injection electrodes. Although this critical issue was

previously demonstrated by Gazoty et al. (2013) using

repeatability measurements, we have demonstrated this

using reciprocal measurements that are a much more

robust measure of field data quality that take into

Figure 9. Assessment of errors acquired on TDIP line 1 (see Fig. 8 for location): (a) histogram of percentage
resistance reciprocal error variation based on 168 reciprocal measurements; (b) histogram of absolute
chargeability reciprocal error based on 168 reciprocal measurements; (c–d) Resistance and chargeability error
model applied to invert all 895 measurements, respectively.
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account systematic errors. Data acquisition sequences
that use potential electrodes separated by a small
distance with the dipole pair far from the current
injection electrodes (e.g., the Dipole-Dipole array for
large separations) will result in a low SNR in the IP
measurement. The dependence of IP reciprocal error
quality on Vp is clearly demonstrated for the Dipole-
Dipole array in Figs. 5 (a)–(c). At our test site, reciprocal
errors mostly remain below an arbitrary rejection
threshold of 1 mV/V for the low Vp measurements. This
is not our experience at electrically conductive sites
where a larger portion of the data will have low Vp

measurements (often less than 10 mV), and especially at
less pristine sites where noise from infrastructure is
prevalent. Nested arrays and short offset dipole pairs (n
¼ 1 and n¼ 2) provide a strong SNR that is much more
critical for IP data acquisition than resistivity data
acquisition. At our test site, the IP data acquired with the
Wenner a array are not all below our 1 mV/V rejection
threshold, an unexpected result given our experiences
elsewhere (e.g., at Garner Run). One possible reason for
this observation is greater coupling between the wiring
connecting the current and potential dipoles in the
multicore cable used to acquire data for nested arrays

relative to Dipole-Dipole arrays. The use of separate

multicore cables for current dipoles and potential dipoles

might help reduce such errors (Dahlin and Leroux,

2012), but this is beyond the scope of this study. Such

secondary factors illustrate the potential complexity of

IP data acquisition relative to resistivity data alone and

emphasize the importance of collecting reciprocal data

for error analysis whenever possible.

Our results from the test site illustrate that reliable

IP data are readily acquired using conventional stainless

steel electrodes. We find that the type of electrode has no

significant effect on the IP data quality when nested

arrays with high SNR are employed (Figs. 5(d)–(f)) and

Fig. 7). In contrast, the effect of electrode does become

significant as the SNR decreases, clearly demonstrated

by the data acquired with the Dipole-Dipole array (Figs.

5(a)–(c)). Consistent with our observations for the

Wenner a array, Figs. 5(a)–(c) shows that there is no

significant difference in data quality with electrode type

for the Dipole-Dipole measurements with high Vp i.e.,

short dipole offsets. The dependence on electrode

material becomes clear for those measurements with a

low SNR, i.e., those with Vp , 30 mV (Figs. 5(a)–(c)).

Figure 10. Images of surface conductivity and electrolytic conductivity distributions determined from the IP

data shown for TDIP line 1 and TDIP line 2 (see Fig. 8 for line locations). The semi-transparent section of the

image at depth represents the structure that is below the DOI and hence inherently uncertain.
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Furthermore, the often utilized stainless steel electrode

outperforms the Cu-CuSO4 and graphite electrodes.

Superior performance of stainless steel electrodes relative

to Cu-CuSO4 pots contrary to traditional expectations

was first demonstrated by Dahlin et al. (2002).

Application of IP surveys to the Garner Run

catchment highlights the value of these measurements in

constraining the interpretation of the electrical structure

of the subsurface relative to using resistivity measure-

ments alone. We demonstrate a presentation of the

resistivity/IP data in terms of separate distributions of

surface conductivity and electrolytic conductivity that

exploits a recently proven linear dependence of the

imaginary conductivity determined from IP on the real

part of the surface conductivity (Weller et al., 2013).

This demonstrates how the addition of IP measurements

to a resistivity survey can remove the ambiguity between

surface conduction and conduction occurring through the

interconnected pore space. Within the constraints of

inversion artifacts associated with the inversion process,

the subsurface distribution of the surface conductivity

and electrolytic conductivity is resolved. At this site,

surface conduction variations are very significant as

demonstrated by the fact that the variability in the

surface conductivity is on a similar order of magnitude

to the variation in the electrolytic conductivity.

The additional time needed to acquire IP datasets

relative to resistivity datasets may deter use of the IP

method, particularly when reciprocal measurements are

needed to assess data quality and develop error models

for the inversion. In the study presented here, only

resistivity data were acquired across the large scale roll-

along survey across Garner Run. Follow up IP surveys

were performed on shorter lines at selected locations

identified to confirm the conduction mechanisms asso-

ciated with the major structural variations identified in

the large-scale resistivity survey. Such an approach of

focused IP data acquisition to selected targets may

present a time efficient use of IP data on constrain

resistivity interpretation over larger areas.

Reciprocal errors provide a robust assessment of IP

data quality that takes into account the need to switch

between electrode pairs on multiple electrode cables

such that recorded potentials will inevitably be on

electrodes previously used for current injection unless

the effort to separate current and voltage recording

cables is made (Dahlin and Leroux, 2012). This

consideration, plus the additional time considerations

in acquiring IP reciprocals, has encouraged some to use

repeatability tests to assess IP errors (Gazoty et al.,

2013). Our philosophy is that IP reciprocal errors are

critical to acquire in order to develop appropriate error

models for reliable inversion of these challenging

measurements where noisy data can quickly lead to

unreasonable image structures. We have demonstrated

that IP reciprocity should be expected with modern

multi-electrode resistivity imaging systems, as previous-

ly demonstrated in other field studies where careful IP

data were acquired with complete analysis of reciprocals

(Flores Orozco et al., 2012; Mwakanyamale et al., 2012;

Slater and Binley, 2006). In the event that it is

impractical to acquire a complete set of reciprocals,

acquisition of reciprocal data on a representative subset

of the entire dataset may be sufficient to quantify the

appropriate error model for the site as demonstrated

here. The definition of an optimal error model for IP

inversion from reciprocal errors is discussed in Flores

Orozco et al. (2012).

We have limited our discussion to the acquisition

of the simplest piece of information from an IP survey,

i.e., a single measure of the chargeability determined

from some integral of the decay curve. Recent advances

in the IP method include progress towards acquisition

and interpretation of full waveform IP data (e.g.,

Fiandaca et al., 2013, 2012), where the digitized full

time domain waveform can be Fourier transformed into

the frequency domain, showing the distribution of the IP

parameters (typically conductivity magnitude and phase

shift) with frequency, or directly inverted for character-

istic phenomenological models describing the frequency

dependent IP response, e.g., the Cole-Cole model

(Fiandaca et al., 2012). The data acquisition and data

interpretation considerations presented here would

equally apply to such efforts to perform a more

sophisticated treatment of the IP characteristics of the

subsurface.

Conclusions

Signal to noise ratio (SNR) is a primary factor to

consider when acquiring IP data with modern multi-

electrode imaging systems as demonstrated through

robust error analysis based on reciprocity. It outweighs

other factors of concern historically considered when

acquiring IP data, including for example, the choice of

electrode or the need to avoid measuring potentials on

electrodes previously used for current injection. These

second order factors do become important as the SNR

decreases, demonstrated here by a significant depen-

dence of data quality on electrode type for Dipole-

Dipole measurements with low primary voltages (less

than about 30 mV in this study). Reciprocity is a robust

method for characterization of noise in IP datasets

408

Journal of Environmental and Engineering Geophysics



acquired with multi-electrode imaging systems, and

important for definition of error models needed to

classify errors for the inversion. IP data acquisition

comes at considerable additional time expense relative to

resistivity data acquisition alone. It may be sufficient to

acquired IP reciprocal measurements on a limited subset

of the entire dataset to generate robust error models

needed for reliable inversion.

An insightful method for interpreting IP data takes

advantage of the proven linear relationship between the

imaginary conductivity determined from IP measure-

ments and the surface conductivity that contributes to the

total conductivity measured with a resistivity survey

alone. This utilization of the IP data permits images of

the surface conductivity and electrolytic conductivity to

be separated. The approach has the potential to

significantly improve the geo-electrical interpretation

of the subsurface, as demonstrated for a catchment

where a contact with an underlying high surface area

unit likely restricts vertical transport and promotes

quickflow to the stream. Such examples highlight the

value of the IP measurement when acquired carefully,

and promote the continued development of the technique

for environmental investigations.
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