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Abstract

Effective and efficient mapping of permafrost subsurface composition at
scales relevant to the design and maintenance of horizontal and vertical
infrastructure has been a long-standing challenge. Of utmost utility would
be the development of standoff measurement techniques that could dis-
cern at the meter to submeter spatial scale and up to 10 m into the subsur-
face the presence or absence of ice features. Ground-based geophysical
measurement techniques, including ground penetrating radar, borehole
logging, and electrical resistivity, have been used to interrogate the subsur-
face in permafrost terrains at the meters to kilometers scales. Airborne
measurement techniques have broad applicability at the larger, kilometers
to tens of kilometers scale and could support linear infrastructure develop-
ment and terrain mapping. However, there is a broad need for cost-effec-
tive airborne geophysical techniques to obtain high-resolution measure-
ments of specific areas of interest.

This report explores the potential application of airborne EMI methods for
the investigation and mapping of permafrost and reviews current Engineer
Research and Development Center (ERDC) EMI survey capabilities and
new opportunities, including the development of a new medium-scale au-
tonomous EMI instrument.

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes. Ci-
tation of trade names does not constitute an official endorsement or approval of the use of such commercial products.
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to
be construed as an official Department of the Army position unless so designated by other authorized documents.

DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR.
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1.1

Introduction

Background

Permafrost, a cryotic soil that remains below 0°C for two or more years, is
a predominant physical feature of the Earth’s Arctic and subarctic regions
and is therefore a major consideration for infrastructure site placement
and subsequent engineering design. Permafrost underlies 22.8 mil-

lion km2 (one quarter) of the northern hemisphere’s land area (Zhang et
al. 2005). Permafrost, or perennially frozen ground, is estimated to cover
about 85% of the state of Alaska where both continuous and sporadic dis-
continuous permafrost are present (Abraham 2011). In interior Alaska, al-
most all major infrastructure projects must account for the presence of
discontinuous permafrost underlying a complex mosaic of terrains and
habitats. A road, structure, or pipeline might be constructed over both fro-
zen and unfrozen ground, affecting the types of materials and engineering
approaches that are required to sustain the infrastructure. A classic exam-
ple of this is the Trans-Alaska Pipeline System (TAPS), which crosses both
frozen and unfrozen materials along its 1300 km route from the Arctic
Ocean south to Valdez.

Effective and efficient mapping of the subsurface composition of discon-
tinuous permafrost at scales relevant to both horizontal and vertical infra-
structure has been a long-standing challenge. Mean annual temperatures
in interior Alaska, currently —1°C, have increased 3°C in the past 30 years
and are projected to increase an additional 5°C over the next 80 years
(Chapman and Walsh 2007). This continued warming is expected to initi-
ate widespread permafrost degradation and to alter hydrology, soil chem-
istry, vegetation, and microbial communities (Racine and Walters 1994;
Walker et al. 2006; Wolken et al. 2011). A better understanding of the dy-
namic distribution and physical properties of both continuous and discon-
tinuous permafrost will provide knowledge of how the permafrost environ-
ment may change in the future, and this understanding will subsequently
drive engineering and natural resource design and response strategies.

This report focuses on using electrical conductivity (EC) measurements to
map permafrost regions via surveys of the underlying substrate using elec-
tromagnetic induction (EMI; see Section 2). Section 2.1 includes a basic
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review of EMI physics, and Section 3 presents specific examples of both an
airborne EMI systems and a human-portable system. A discussion of cur-
rent capabilities and future opportunities relevant to the Engineering Re-
search and Development Center (ERDC) is provided in Section 4 and is
followed by a conclusion section that summarizes the Report’s findings.

1.1.1 Electrical conductivity (EC) of permafrost

Several studies have reported EC values of permafrost by using either elec-
trical or EMI methods (see Figure 1 for a summary of resistivity interroga-
tion methods). Unconsolidated deposits (such as silty sand or fluvial
gravel) that are partly or fully saturated with fresh water in their pore ma-
trix have been generally reported to yield EC values above 2 mS/m in un-
frozen states and below 2.9 mS/m in frozen states (Hoekstra et al. 1975;
Hauck and Kneisel 2008; Minsley et al. 2012a). An exception to this oc-
curs with the presence of clays, which can lead to values as high as

100 mS/m when unfrozen (Minsley et al. 2012a) and as high as 20 mS/m
when frozen. The presence of saline water, which strongly increases the EC
of the sediments and lowers its freezing point, can lead to EC values rang-
ing between 50 and 125 mS/m, as observed near Barrow, AK (Yoshikawa
et al. 2004), or even as high as 1000 mS/m (Overduin et al. 2012). When
frozen, saline permafrost regions have led to EC values as high as 50
mS/m (e.g., Overduin et al. 2012). This provides a challenge in using EC
measurements to investigate highly brackish or saline regions along the
coasts. For contiguous regions where permafrost is believed to be present,
changes in the conductivity that are not accountable to other factors (see
Section 2.2) are likely specific to permafrost.

Figure 1. A grouping diagram of methods used to investigate the electrical
conductivity of the subsurface (Allen 2007).

(e Electrical Conductivity N
4 : h'd . )
Electromagnetic Geo-electric
‘Resistivity’
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Towed Terrestrial or i SR ke towed in water or acrass land
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i into the ground
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\_ [Magnelcmetric Resistivity lMagnelo-lellufics Controlled Source Natural source J p,

FDEM = Frequency Domain Electromagnetics
TDEM = Time Domain Electromagnetics
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1.1.2 EC survey methods

Three principal near-surface geophysical methods are available for rapid,
continuous measurement of the apparent EC of soil and permafrost. These
methods are EMI, capacitively coupled resistivity (CCR), and galvanic con-
tact resistivity (GCR). Section 2 will describe EMI in more detail, but be-
low briefly describes CCR and GCR. For a review of other surface survey
methods, see the U.S. Environmental Protection Agency (U.S. EPA 2014a)
and Osterkamp et al. (1980).

CCR uses capacitive coupling (by using coaxial cables) to introduce electric
current into the ground. A large capacitor is formed by the coaxial cable
and the soil surface. The metal shield of the coaxial cable is one of the ca-
pacitor plates, and the soil surface is the other capacitor plate. The outer
insulation of the coaxial cable acts as the dielectric material separating the
two plates. For the transmitter, application of alternating current (AC) to
the coaxial cable side of the capacitor results in an alternating current be-
ing generated in the soil on the other side of the capacitor. With regard to
the receiver, the current starts in the ground and charges the capacitance
of the coaxial cable, where it is measured to determine the voltage gener-
ated by the current flowing in the soil. Two transmitter coaxial cables are
incorporated into the transmitter dipole, and two receiver coaxial cables
are incorporated into the receiver dipole, allowing the CCR method to
mimic the dipole—dipole electrode array of the more traditional GCR
method. This similarity to a GCR dipole—dipole electrode array enables the
CCR method to calculate apparent soil resistivity and its inverse, apparent
soil EC, by using the measured electric current, measured voltage, coaxial
cable dipole lengths, and the spacing distance between the two dipoles.
The spacing between the two dipoles governs the soil investigation depth
when the dipole lengths are kept constant. One common instrument for
CCR measurements is the Geometrics Inc. OhmMapper TR1. For more in-
formation regarding CCR, see Kuras et al. (2006) and Auken et al. (2006).

GCR, or surface electrical resistivity, surveying is based on the principle
that the distribution of electrical potential in the ground around a current-
carrying electrode depends on the electrical resistivities and the distribu-
tion of the surrounding soil and rock material. The usual practice in the
field is to apply an electrical direct current (DC) between two electrodes
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1.2

1.3

implanted in the ground and then measure the difference in potential be-
tween two additional electrodes that do not carry current. Usually, the po-
tential electrodes are in line between the current electrodes; but in princi-
ple, they can be located anywhere along or near the array. The current
used is either DC, commutated direct current (i.e., a square-wave AC), or
AC of low frequency (typically about 20 Hz). All analysis and interpreta-
tion are done on the basis of direct current measurements. The distribu-
tion of potential can be related theoretically to ground resistivity values
and their configuration for some simple cases, notably, the case of a hori-
zontally stratified ground and the case of homogeneous masses separated
by vertical planes (for example, a vertical fault with a large throw or a ver-
tical dike). For other kinds of resistivity distributions, interpretation is
usually done by qualitative comparison of observed response with that of
idealized hypothetical models or on the basis of empirical methods (U.S.
EPA 2014b).

Objectives

The objective of this report is to explore the potential application of air-
borne EMI methods for the investigation and mapping of permafrost and
to review current Engineer Research and Development Center (ERDC)
EMI survey capabilities and new opportunities, including the development
of a new medium-scale autonomous EMI instrument.

Approach

This report combines the authors’ expertise in EMI and arctic permafrost
and looks to understand the current state of the research in medium-scale
EMI surveys. Specifically, the intent is to propose a new medium-scale air-
borne EMI survey system able to at once survey rapidly from the air but be
cost effective compared to helicopter-based methods.
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2 Electromagnetic Induction (EMI)

Electromagnetic induction (EMI) is a technique that can rapidly and effec-
tively estimate the electrical conductivity of subsurface materials to a
depth of 150 m without physically contacting the surface. The electrical
conductivity measurements made by EMI can be used to infer the frozen
or unfrozen state of earth material due to the contrast in conductivity
measurements between frozen and unfrozen media. Various modalities for
acquiring EMI measurements exist depending on the scope and timescale
required for a given survey. These include airborne, vehicle, cart, snowmo-
bile, boat, or handheld platforms. Airborne EMI techniques have the po-
tential to measure terrain conditions at the tens of kilometers scale, in a
single day and during all seasons.

The EMI technique involves producing a primary field at low frequencies,
usually less than 100 kHz. Eddy currents are induced in conducting media
by this primary field, and these eddy currents thereby produce a secondary
field that can be detected by a receiver coil. These primary and secondary
coils can be in a fixed geometry with respect to one another or separate
and carried by different people (i.e. with a Geonics EM-34 [Geonics Lim-
ited 2014]). The following sections present greater background infor-
mation on the fundamentals of EMI.

Advantages of EMI systems include the following:

e Time Domain Electromagnetics (TDEM) systems may be used in many
different configurations.

e A pulsed transmitter waveform allows the receiver to measure the elec-
tromagnetic response during the transmitter off time without the pres-
ence of the primary field.

e No direct electrical contact with the ground is required, so surveys can
be equally effective in frozen environments and over complex terrain
where travel over the ground surface is limited.

¢ The same basic techniques can be used to investigate the top few me-
ters of ground or to depths of over 1000 m.

e EMI measurement campaigns are generally fast and cost effective for
the amount of data generated.
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2.1

e Frequency domain systems can use multiple frequencies at once for
different depth sensitivity.

e They are less sensitive to conductivity conditions at the ground surface.

e There is no problem with coupling to the ground because the EMI sys-
tem is inductive.

e They can be deployed on airplane, helicopter, boat, cart, sled, vehicle,
or handheld platforms.

e EMI instruments can be deployed in all seasons and soil conditions.

Basic physics of EMI

The transmitter coil induces circular eddy-current loops in the soil with
the magnitude of these loops directly proportional to the electrical conduc-
tivity in the vicinity of that loop. Each secondary eddy-current loop gener-
ates a secondary electromagnetic field that is proportional to the value of
the current flowing within the loop. The receiver coil of the instrument in-
tercepts a fraction of the secondary induced electromagnetic field from
each loop, and the sum of these signals is amplified and formed into an
output voltage that is related to a depth-weighted soil EC. The amplitude
and phase of the secondary field will differ from those of the primary field
as a result of the soil’s properties (e.g., clay content, water content, salin-
ity, and frozen state; see Section 2.2); the spacing of the coils; and their
orientation, frequency, and distance from the soil surface (Corwin and
Lesch 2005; Corwin and Plant 2005; Ao 2001; Barrowes 2004; Ward and
Hohmann 1988). Figure 2 illustrates these physical phenomena by show-
ing the secondary fields produced from a discrete target (in this case, un-
exploded ordnance [UXQY]). For a distributed conductivity medium such as
a soil, the secondary fields are produced by the bulk medium; and conduc-
tivity profiles must be extracted from the data (see Section 2.2).

The secondary field can be converted to components in phase and 90°
guadrature with respect to the transmitted field. The quadrature compo-
nent, using certain simplifying assumptions, can be converted to a meas-
ure of apparent ground conductivity. The in-phase component, while gen-
erally not responsive to changes in bulk conductivity, is especially
responsive to discrete, highly conductive bodies, such as metal objects.
The in-phase response also can help extract the susceptibility of the back-
ground medium so that more accurate EC can be extracted from the data.
The apparent conductivity measurement is the average conductivity of one
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or more layers in the ground in the proximity of the instrument to a depth
of investigation dependent on the coil spacing, coil orientation, operating
frequencies of the instrument, and the individual conductivity of each
ground layer.

Figure 2. EMI instrument conceptual operation. The primary fields (read) produce
secondary fields (b/ue) that are detected by the receiver coil.
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EC inversion from EMI data

FDEM data are commonly acquired from airborne and ground-based sys-
tems to provide spatially continuous information about subsurface electri-
cal resistivity variability. To provide quantitative information about sub-
surface resistivity structures, the EM data must be inverted to recover the
true distribution of resistivity values with depth in the subsurface.

Electrical conductivity was traditionally derived from helicopter-borne
EMI data by using the pseudo-layer half-space model of Fraser (Fraser
1978). In fact, the Fugro Resolve system (Fugro Airborne Surveys 2010),
summarized in Section 3.1, still uses this model for its own calculations.
This model yields the apparent conductivity and the apparent sensor—



ERDC/CRREL TR-16-12

source distance directly from a transformation of the in-phase and quadra-
ture components. The EM airborne platform altitude is not used. The
pseudo-layer is merely an artifice to account for differences between the
computed sensor—source distance and the measured bird altitude. Later,
magnetic susceptibility was considered in the half space model, which in-
creased the accuracy of the calculated EC (Huang and Fraser 2000). More
recent models accommodate multiple permeable and conductive layers
(Huang and Fraser 2003; Huang and Won 2003; Minsley et al. 2012a).

Many factors can potentially influence the apparent conductivity of the
subsurface, including

e the frozen or unfrozen state of the ground,
e mineralogy (e.g., clay content),

e moisture content,

e porosity,

e the EC of subsurface water,

e stratigraphy,

e structure,

e temporal changes (e.g., soil moisture, water table, and temperature),
e adding or subtracting soluble constituents/contaminants source
strength variations and directions of ground water flow, and

e the presence of non-aqueous phase liquids (NAPLS).

These factors should be accounted for when considering the inverted ap-
parent EC of a region from a survey. Typically, assumptions about most of
these variables are made during the inversion process. This results in EC
values that depend strongly on the subsurface property under considera-
tion.

The actual depth of investigation for a given frequency is an important is-
sue regarding EC measurement with EMI methods. The skin depth, &, oc-
curs at the level beneath the instrument where the amplitude of the pri-
mary EM field is reduced to 1/e, or 37%, of the value generated at the
transmitting coil (Reynolds 2011; Sharma 1997). The skin depth is some-
times used as an indication of the investigation depth for EMI measure-
ment, and its value (in meters) is expressed as (Allred et al. 2006)
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where

the frequency in radians/s,

o = the conductivity in S/m,
Ho = the magnetic permeability of free space in Henries/m, and
the frequency in Hz.

S
I

—h
I

The depth of exploration for a given earth medium is therefore determined
by the operating frequency. As a consequence, measuring the earth re-
sponse at multiple frequencies is equivalent to measuring the earth re-
sponse from multiple depths. These data can be used to create a three-di-
mensional image of the distribution of the subsurface conductivity
measurements. The inversion procedure used to extract these conductivity
depth profiles relies on a full solution based on Maxwell’s equations di-
rectly as opposed to one based on approximations (Dafflon et al. 2013).

Recently developed approaches estimate EC from EMI data, including a
smooth one-dimensional inversion approach (Dafflon et al. 2013; Far-
guharson 2000; Hendrickx et al. 2002; Huang and Won 2003; Minsley et
al. 2012b), a similar approach that uses lateral constraints along a two-di-
mensional profile (Monteiro Santos 2004; Monteiro Santos et al. 2011),
and smooth two-dimensional inversion approaches (e.g., Mitsuhata et al.
2006). Recent developments have also trended toward exploring multiple
solutions of EC from EMI data instead of using only a single best fitting
model. Examples include a two-layer, one-dimensional inversion method
based on a direct-search approach that couples a global and local optimi-
zation (Mester et al. 2011) and a one-dimensional layered model estima-
tion based on a Markov chain Monte Carlo (MCMC) approach (Minsley
2011; Minsley et al. 2012a). Section 3.1.2 includes an example of the inver-
sion of EC made possible using this last approach (Minsley et al. 2012a).
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3.1

EMI Instruments and Case Studies

Recent improvements in data acquisition techniques, EMI instrumenta-
tion, and inversion methods have led to unprecedented depictions of sub-
surface lithology and permafrost distributions from airborne electromag-
netics (AEM). AEM data play a unique role in efforts to characterize
permafrost over large spatial domains. The applicability in EMI for imag-
ing physical properties at depth cannot be achieved with satellite systems,
and their spatial coverage cannot be matched by ground-based measure-
ments or borehole data. Various modalities exist for acquiring EMI data,
including airborne (see Section 3.1), handheld portable (see Section 3.2
and GISCO [2014]), and cart or snowmobile towed instruments (Thiesson
et al. 2009; Sudduth et al. 2001).

Increasingly, EMI measurements are being made with airborne platforms
that can cover large spatial distances, particularly over remote or inacces-
sible terrain. One notable example where AEM was used to characterize
the subsurface extent of permafrost is the recent Yukon Flats study
(Minsley et al. 2012a) (discussed more in Section 3.1).

Table 3 provides cost breakdowns of AEM and human-portable systems.
Section 4 is a discussion and recommendation for development of an air-
borne EMI capability at ERDC, but Section 3.1 provides more details on an
airborne EMI system (Fugro RESOLVE system) and two human-portable
systems: the Geophex GEM-2 and the Geonics EM-31. Although there are
many other systems in the handheld category, such as the popular Geonics
Ltd. EM-38 (Geonics Limited 2014; Sudduth et al. 2001), this report de-
tails only the GEM-2 and EM-31 as representatives of this category.

Fugro RESOLVE EMI system

AEM measurements have been used to acquire data on the electrical resis-
tivity of materials in the subsurface below the flight path of a helicopter.
The data are analyzed to interpret the subsurface lithology and the loca-
tion and extent of permafrost (Figure 3). For surveys using the Fugro
RESOLVE system, the electrical resistivity can be imaged to depths of ap-
proximately 50—100 m (Figures 4 and 5).
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Figure 3. Airborne Electromagnetics (AEM)
description (Abraham 2011).
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The signal received by the coils changes with the
type of subsurface material and amount of ice present
beneath the system. This information then can be
analyzed to predict the lithology of the subsurface
material and determine the extent of permafrost.

Figure 4. Three-dimensional cutout views of the resistivity model in the vicinity of
(a) Twelvemile Lake and (b) the Yukon River. The gray isosurfaces are interpreted
to indicate the base of permafrost in the subsurface. The upper plane in each
figure is a Landsat view of the region displayed below. A talik is a regjon of
thawed permafrost that provides a potential conduit to subsurface hydrologic
flow. Vertical exaggeration is 12:1 (Minsley et al. 2012a).
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Figure 5. Resistivity cross sections along the three transects of the Fort Yukon
survey. Arrows indicate the location of a sinuous side-channel of the Yukon River that
is also evident as a shallow low-resistivity zone. Interpreted lithologic and permafrost
boundaries are superimposed as dashed lines. Vertical exaggeration is approximately

25:1. (Minsley et al. 2012a).
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Images from these surveys can be qualitatively compared with known per-
mafrost features and can be analyzed to identify new permafrost features.
As mentioned in Section 1, electrical properties of earth materials are af-
fected by lithology, temperature, and the presence (or absence) of ice. Of
particular note is the fact that frozen materials become substantially more
resistive than the same material in an unfrozen state. This allows for the
identification of permafrost from the resistivity images (Abraham et al.
2011).

3.1.1 Fugro RESOLVE system specifications

This section provides a brief description of the specifications and geophys-
ical instruments used to acquire survey data with the Fugro RESOLVE sys-
tem (Figure 6). The RESOLVE system is unique, coupling horizontal co-
planar coils that are capable of measuring the EM response at five
frequencies by using a single coaxial coil. The approximate frequency
range obtainable lies between 400 Hz and 140 kHz with the six opera-
tional frequencies logarithmically spaced (Tables 1 and 2).
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Figure 6. Fugro RESOLVE system in flight (&) and in preparation (b) (Slattery and Andriashek

2012).
@ : ”,
‘7‘::_?

Table 1. Fugro RESOLVE system EMI specifications (Fugro Airborne Surveys 2010).

Nominal Coil Actual Channels Sensitivity
Frequency | coil Orientation Separation Running Frequency (ppm)
(m) (Hz)
390 Hz Horizontal coplanar 7.93 378 1,Q 0.12
3300Hz | Vertical coaxial 9.06 3260 1.Q 0.24
1,800 Hz Horizontal coplanar 90 1843 1,Q 0.12
8,200 Hz Horizontal coplanar ok 8180 1,Q 0.24
40,000 Hz | Horizontal coplanar 7.9 40650 1.Q 0.44
140,000 Hz | Horizontal coplanar L 128510 1.Q 0.44

ppm = parts per million
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Table 2. Fugro RESOLVE electromagnetic system specifications.

Coil orientations, Frequencies, and dipole moments

Dipole Nominal Actual Freq.
Moment Orientation Freq. (Hz) (Hz)
310 coplanar 400 396
175 coplanar 1800 1773
211 coaxial 3300 3247
70 coplanar 8200 8220
35 coplanar 40,000 39,880
18 coplanar 140,000 132,700

Channels recorded

6 in-phase channels
6 quadrature channels
2 monitor channels

Sensitivity

0.12 ppm at 400 Hz coplanar
0.12 ppm at 1800 Hz coplanar
0.12 ppm at 3300 Hz coaxial
0.24 ppm at 8200 Hz coplanar
0.60 ppm at 40,000 Hz coplanar
0.60 ppm at 140,000 Hz coplanar

Sample Rate

10 per second, equivalent to 1 sample every 3.3 m, at
a survey speed of 120 km/h

The multi-coil coaxial/coplanar technique energizes conductors in differ-
ent directions. The coaxial coils are vertical with their axes in the flight di-
rection, and the coplanar coils are horizontal. The secondary fields are
sensed simultaneously by means of receiver coils that are maximally cou-
pled to their respective transmitter coils. The system yields an in-phase
and a quadrature channel from each transmitter—receiver coil pair.

The Fugro RESOLVE system is frequently installed in Airbus Helicopters
(manufactured in Marignane, France), models AS350-B2 or AS350-B3
single-engine helicopters. These aircraft provide a safe and efficient plat-
form for EMI surveys. The system is towed in a symmetric dipole configu-
ration operated at a nominal survey altitude of 30 m. Coil separation is
7.9 m for 400 Hz, 1800 Hz, 8200 Hz, 40,000 Hz, and 140,000 Hz and
9.0 m for the 3300 Hz coil pair (Slattery and Andriashek 2012). During
flight, the helicopter is typically flown at 120 km/h 60 m above the ground
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level while the RESOLVE boom is suspended 30 m above the ground (Cain
2004).

The apparent resistivities in - m are generated from the in-phase and
guadrature EM components for all of the coplanar frequencies by using a
pseudo-layer half-space model. The inputs to the resistivity algorithm are
the in-phase and quadrature amplitudes of the secondary field. The algo-
rithm calculates the apparent resistivity in - m and the apparent height
of the bird above the conductive source. Other more sophisticated models
have also been used (Minsley et al. 2012a) to produce the results described
in Section 3.1.2.

The RESOLVE system carries other instruments to aid in data acquisition
and processing. These instruments include an airborne magnetometer, an
airborne GPS (global positioning system) receiver, a radar altimeter, baro-
metric pressure and temperature sensors, a laser altimeter, a proprietary
digital data-acquisition system, and a flight-path video-recording system.
For more information on these auxiliary instruments and for results of
Fugro RESOLVE surveys, see Cain (2004), Fugro Airborne Surveys
(2010), and Slattery and Andriashek (2012). Figures 7 and 8 illustrate the
data processing flow and the coil arrangement for the FUGRO system.

Figure 7. Fugro RESOLVE electromagnetic data flowchart (Slattery and Andriashek 2012).
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Figure 8. Fugro RESOLVE coil layout.
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3.1.2 Fugro RESOLVE survey at Fort Yukon, AK

The U.S. Geological Survey (USGS) conducted the Fort Yukon survey in
2010 to detect resistivity contrasts in and around the Fort Yukon area and
to evaluate the effectiveness of using frequency domain electromagnetics
to map permafrost.

The Yukon Flats is a lowland area within the Yukon River Basin where the
Yukon River reaches its northernmost point approximately 13 km north of
the Arctic Circle (66.66° N). The Yukon Flats is of particular importance
because it is underlain by discontinuous permafrost that is generally more
unstable and more sensitive to a warming climate when compared to con-
tinuous permafrost. Because discontinuous permafrost is relatively warm
(i.e., —1°C or —2°C), contact with and heat transfer from adjacent unfrozen
ground or surface and subsurface water bodies can result in significant
thawing (Minsley et al. 2012a).

USGS acquired AEM data during one week in June 2010 by using the
Fugro RESOLVE system operating at six frequencies between 0.4 and 129
kHz and flown at an average speed of 30 m/s and a vertical ground clear-
ance of 30 m. The survey consisted of a block of lines spaced 350 m apart,
covering an area approximately 300 km2, and a number of widely spaced
“reconnaissance” lines, totaling nearly 900 km in length, that represented
a broad range of geologic features within the Yukon Flats area (Fugro Air-
borne Surveys 2010). High-resolution mapping in three dimensions was
achieved within the block, and visualization of different hydrogeologic set-
tings and permafrost distributions along the widely spaced lines provided
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new understanding of the Yukon Flats at both small (10s of meters) and
large (kilometers) scales. Inversion of approximately 500,000 AEM
soundings yielded densely sampled models of electrical resistivity along
the survey flight lines to depths of about 100 m (Minsley et al. 2012a).

Results from this study and others (such as work near Alberta, Canada)
(Slattery and Andriashek 2012) highlight the need for detailed and large-
scale conductivity mapping to survey permafrost regions in Alaska. Be-
cause of the prohibitive costs of these AEM surveys ($100K just to mobi-
lize), ERDC and others desire alternatives that can map smaller areas by
using fewer resources and in a more flexible manner (see Section 4).

Geophex GEM-2 system

The GEM-2 is a fixed-geometry EMI instrument designed to be carried by
a single person to make electrical conductivity measurements. It is a hand-
held, digital, multi-frequency sensor. The GEM-2 operates in a frequency
range of about 300 Hz to 96 kHz and can transmit an arbitrary waveform
containing multiple frequencies. The unit is capable of transmitting and
receiving any digitally synthesized waveform by means of the pulse-width
modulation technique. Owing to the arbitrary nature of its broadcast
waveform and high-speed digitization, the sensor can operate either in a
frequency-domain mode or in a time-domain mode.

Figure 9 shows the most recent portable version of GEM-2. The sensor
weighs about 4 kg, and the built-in operating software allows a surveyor to
cover roughly one acre per hour at a line spacing of 1.5 m. Along a survey
line, the data rate is about two every 30 cm, resulting in about 20,000 data
points per acre per hour.

Figure 9. Geophex GEM-2 sensor in various modes of operation (Geophex Ltd. 2014).
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Figure 10 shows the electronic block diagram of GEM-2. The sensor con-
tains a transmitter coil and a receiver coil that are separated by about

1.7 m. Such geometry is called a bistatic configuration. It also contains a
third bucking coil that removes (or bucks) the primary field from the re-
ceiver coil. All coils are molded into a single board (a ski) in a fixed geome-
try, rendering a light and portable package. A removable signal-processing
console is attached to the ski.

Figure 10. Geophex GEM-2 sensor block diagram (Geophex Ltd. 2014).
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Figure 11 shows data from the GEM-2 locating a buried pipe. This figure
shows the GEM-2 in-phase response at 7290 Hz over a known stainless-
steel pipe 45 cm in diameter, buried at a depth of approximately 9 m. A
magnetic survey failed to detect the pipe, presumably because it is made of
stainless steel, a non-ferrous metal. In this example, the plot showing the
ppm response is sufficient to locate the pipe. The survey over this pipe in-
cluded seven frequencies, and the response was highly dependent on fre-
guency. For example, the pipe was not recognizable at around 2 kHz or 12
kHz.

Figure 11. Geophex GEM-2 sensor data over a stainless steel pipe buried at
approximately 9 m (Geophex Ltd. 2014).
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3.3

Geonics EM-31

The EM-31 is a single-frequency EMI instrument made by Geonics that
maps ground conductivity. Surveys can be carried out under most geologi-
cal conditions, including those of high surface resistivity, such as sand,
gravel, and asphalt. The effective depth of exploration is about 6 m, mak-
ing it suitable for shallow permafrost-detection surveys. The EM-31-MK2
is an updated version of the standard EM-31 with the data logger now in-
corporated into the control console. ERDC owns three EM-31 units (see
Figure 12 and Section 4), and Bjella et al. (2010) document their field use.

Figure 12. Upper. Geonics EM-31 EMI sensor owned by ERDC. Lower.
EM-31 conductivity survey of a test area including buried test items at
Fort Wainwright, AK (Bjella et al. 2010).

4060 9070
Site 2: Fort Wainwright, AK 34
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3.4

Comparison of survey methods

Commercial EMI instruments currently are able to measure subsurface
conductivity by using a variety of modalities. Table 3 compares and sum-
marizes various aspects of these system, including a conceptual unmanned
helicopter-based system described in Section 5.

Table 3. A comparison of EMI survey modalities.

System Operational Initial Ongoing Linear ERDC
Name Modality Frequencies |Depth Cost Cost Resolution | Owned?
GEM-2 handheld | 330 Hz-96 kHz | 2 m $20K | 8acres/ 15 cm yes
person /
day
EM-31 handheld 9.8 kHz 6m $15K | 12 acres / 50 cm yes
person /
day
EM-31 towed 9.8 kHz 7m | $15K | 60 acres/ 25m yes
towed person /
day +
equipment
Fugro helicopter | 400 Hz-140 kHz| 100 m | $100K | very high 3.3m no
RESOLVE to
mobilize
ERDC UAV 500 Hz-100 kHz | 25 m R&D | one person 1m concept
UEMI

UAV = unmanned aerial vehicle

R&D = research and development
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4 ERDC EMI Sensing Capabilities

ERDC researchers have been making conductivity measurements in per-
mafrost terrains since the 1970s (Arcone et al. 1979; Osterkamp et al.
1980). For example, the ERDC Geotechnical and Structures Laboratory
(GSL) has been doing this type of work since the 1980s.

Recently, ERDC teams have performed numerous conductivity surveys on
permafrost terrains in the Fairbanks, AK, area with a focus on ground-
state investigations supporting potential military construction sites (Bjella
et al. 2010).

As of the writing of this report, ERDC owns the following ground-based in-
struments capable of measuring the conductivity of soils and permafrost:

e EMI Instruments

Geonics EM38

Geonics EM38B

Geonics EM38-MK2 (3 units)

Geonics EM-31 (3 units)

Geonics EM34XL

Geonics ProTEMA47

Geophex GEM-2

Geophex GEM-2H

e Capacitively Coupled Resistivity
o0 Geometrics OhmMapper (2 units)

e Galvanic Contact Resistivity
0 AGI SuperSting R8 Electrical Resistivity System 112 electrodes
0 AGI SuperSting R8 Electrical Resistivity System 84 electrodes

O O O O 0 0O 0o

Ben Barrowes at the ERDC Cold Regions Research Engineering Labora-
tory (CRREL) and Fridon Shubitidze at Dartmouth College lead a research
group that has constructed several research-grade EMI instruments. These
projects, funded by the Department of Defense’s Strategic Environmental
Research and Development Program (SERDP), include the Man-Portable
Vector instrument (Ferndndez et al. 2011a,2011b; Barrowes et al. 2009;
Barrowes 2012) (SERDP# MR-1443, see Figure 13a), the GEM-3D +
(O’Neill 2005; Fernandez et al. 2009; Barrowes 2011) (SERDP# MR-1537,
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see Figure 13b), and the Pedemis Instrument (Barrowes et al. 2012a,
2012h, 201343, 2013b; Grzegorczyk and Barrowes 2014; Shubitidze et al.
2012) (SERDP# MR-1712, see Figure 13c). These instruments were con-
structed to detect and classify UXO, but they could be used to extract shal-
low EC estimates similar to in Huang and Won (2003).

Figure 13. EMI research instruments developed under
SERDP-funded projects at CRREL and Dartmouth.

(a) Man-Portable Vector instrument, SERDP# MR-1443

f’ N ] T

(c) Pedemis Instrument, SERDP# MR-1712
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5 Discussion and Proposed Development of
a Conceptual EMI EC Instrument

ERDC has both the field and research expertise to acquire EMI measure-
ments and to extract electrical conductivity values from those measure-
ments. ERDC also owns several different types of commercial and re-
search-grade EMI instruments. For smaller areas and depths of
investigation, ERDC can map EC up to 6 m deep at the rate of one acre per
hour by one person using the EM-31. ERDC currently has no in-house ca-
pability using EMI methods to map EC beyond 6 m deep or at acquisition
rates similar to the Fugro RESOLVE system.

ERDC has an opportunity to develop a compromise between these two
ends of the spectrum. This compromise could consist of either using exist-
ing in-house systems or developing a novel system and using the instru-
ment in a new modality. For example, an existing instrument such as the
EM-31 could be used in a new modality by dragging it behind a human-op-
erated snowmobile or an autonomous vehicle. Data from the EM-31 ac-
quired at this nonstandard height would be interpreted in-house by Bar-
rowes’ research group to obtain EC over lines or areas.

Another possibility is to use unmanned helicopters to acquire data over
larger areas. Drone helicopters such as the Yamaha RMax (Yamaha 2013)
(see Figure 14) have maximum payloads of 28 kg, a flying time of 45—60
min, and a maximum speed of 40 km/hr. The stock RMax would need to
be modified to incorporate GPS and other sensors similar to what the
BEAR (Berkley Aerial Robots) project has done (Figure 15) (Berkley Aero-
bot Team 2005).

The RMax could handle a larger instrument than the EM-31. An instru-
ment developed within ERDC using expertise developed under the SERDP
projects listed above could result in a multi-frequency, multi-coil system
similar to the RESOLVE system but at about half the size. This system
would cost only a fraction of what other helicopter-based platforms re-
quire for operation. As a conceptual design, this new instrument could be
roughly 6—7 m long. The boom could be suspended 1 m above the ground
with the RMax 6—11 m above the ground, resulting in a depth of investiga-



ERDC/CRREL TR-16-12

24

tion of about 20—25 m. Assuming a 50% flight duty cycle, in 8 hr, this in-
strument on an unmanned helicopter could potentially survey a 160 km
long line, or approximately 3 km2 per day, assuming a 20 m line spacing.
See Table 2 for a comparison of this conceptual system to other EMI sys-
tems.

Figure 14. Yamaha RMax unmanned helicopter with a maximum payload of 28 kg, a
flying time of 45-60 min, and a maximum speed of 40 km/hr (Yamaha 2013).




Figure 15. Berkeley BEAR Fleet: Ursa Maxima 1 additional instruments (Berkley Aerobot Team 2005).
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Instead of a rigid boom containing coils and instrumentation, some EMI
systems, like the EM34 from Geonics (Monteiro Santos 2004), consist of
separated, physically decoupled coils (Figure 16). Following this concept,
another modality for a new instrument could be a swarm of smaller,

lighter drones not physically connected (see the drone swarm concept in

Figure 17).

Figure 16. Geonics EM34 showing physically decoupled transmitter
and receiver coils (Geonics Limited 2013).

Figure 17. Possible drone swarm concept (MedFlight 2014).

In this configuration, one or more drone would carry transmitters; and
several other drones would carry receivers. This would greatly reduce the
payload of any one drone and, therefore, would dramatically reduce drone
size and cost. Two main problems would arise for a drone swarm:
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e Communication between drones would add to the initial design com-
plexity.

e It would require positioning the transmitter to a level that allows suffi-
cient background subtraction.

Positioning the transmitter drone could potentially be accomplished using
a beacon approach (Lhomme et al. 2011; Fernandez et al. 2009), which
uses the primary field itself to locate the transmitter, or perhaps by real
time video from each receiver drone.

A drone-helicopter- or drone-swarm-based system as described here could
enable many applications, not just EC surveys focusing on permafrost.
Other EC features could also be mapped (see Section 2.2), and applica-
tions such as tunnel detection, dangerous- or denied-area surveys, border
crossing monitoring, etc., could be enabled on the same platform. In fact,
most applications of EMI technologies where remote sites, environmental
hazards, rough terrain, or conflict zones are common could be locales that
could use an airborne EMI sensor. For example, the detection of UXOs on
impact areas where human travel is not possible or for surveys over rough
landscape surfaces where walking, towing, or dragging EMI equipment is
not feasible would benefit from airborne sensors. Further, if the EMI
equipment can be reduced to an even smaller payload and volumetric size,
the equipment could then be deployed to identify buried mines or to
search for underground tunnels or bunkers in conflict locations.
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6 Conclusion

Arctic environments have garnered substantial interest because of their
susceptibility to climate change and increasing availability of resources. Of
particular concern is the design and siting of horizontal and linear infra-
structure on permafrost. Permafrost is ubiquitous in cold regions; but the
details of its distribution, particularly at depth, remain largely unknown.
An added challenge for infrastructure development in permafrost terrains
is that projected climate warming will lead to degradation of subsurface
permafrost bodies. Currently, tools for identifying and mapping perma-
frost structure and geomorphology in the subsurface are limited. Many of
the current tools require vehicle access or can survey only a kilometer or
two in a single day.

The EMI method is advantageous for characterizing shallow, subsurface
systems when compared with other methods because large areas can be
traversed in a minimal amount of time and in a noninvasive manner. Air-
borne platforms have the potential to provide a system that can map per-
mafrost terrains during all seasons and in remote, inaccessible, and denied
areas.

ERDC has an in-house EMI capability that includes both field and re-
search expertise. Potential development opportunities exist to either auto-
mate existing instruments with the use of robots or drones or to develop a
new instrument to be flown on an unmanned helicopter.

The use of robotic and autonomous systems is becoming more widespread
in many fields of research, including in geophysics. Medium-scale systems
composed of instruments that measure the electrical conductivity of the
subsurface have the potential to enable safer and larger-scale EC surveys
for less cost than large-scale or ground-based systems. EC measurements
to determine permafrost state and other parameters of the subsurface will
enable better decisions regarding planning and infrastructure than cur-
rently possible.
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