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GEM-2: A New Multifrequency Electromagnetic Sensor

L) Weon, Dean A, Eeiswelter, George BLA, Fields, and Lynn C. Sutton

Caophex, Lid,

ABSTRACT

A new broadband electraomagnetic sensor, GEM-2, has been tested at several environmental sites
for subsurface investigation. A hand-held, digital, multi-freguency sensor based on an earlier, sinilar
helicopter-towed sensor, GEM-Z operates in a frequency range of W) Hzto 22 kHz, and can transmit an
arbitrary wiveform containing multiple frequencies. The unit is capable of transmitting and receiving
any digitally-ssnthesized waveform by means of the pulse-width modufation technigue. Owing to the
arbitrary nature of 113 broadeast waveform and high-speed digitization, the senzor can operals sither in

a frequency-domain mode or in a lime=-domain mods

Depih of exploration for a given carth medivn is determined by the operating freguency. There-
fore, measuring the earth response ar rmultiple frequencias iz equivalent to measoring the carth response
from multiple depths. Hence, such data can be vsed 1o image a 3-D distribution of subsurface objecis,
Fesuliz from several enviconmenial sites indicate that the multifrequency data from GEM-2 iz far supe-
rior in charecterizing buried, metallic and non-metallic taraces 1o data from conventional sing le-fre-
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Introduction

Of many geophysical exploration techniques, the clec-
trormagnetic (EMY methad provides significant advantages for
shillow geophysical exploration. During the past several
years, Geophex has developed and feld-1ested a new genera-
lion of EM sensors. The first sensor, Model AEM-1, a heli-
copter-towed unit weighing about 230 pounds, was built for
the LLE, Mavy and successfully flown in 1988 for aifbome
bathvretric survevs over the shallow ocean, The first hand-
held version, GEM-1 completed in 1992, weighed about 12
pounds and was wsed for many environmental zitg character-
Eaton surveyvs W detect landfills, unexploded ordnance, and
buricd drums containing hazardous waste

GEM-2, the most recent pertable version, completed in
carly 19935, is shown in fig. [. The sensar, weighing abow 9
poundds, aperates inoa frequency band betwesn 90 Hz 1o about
22 kHz. Its buili-in operating, software allows a surveveor (o
cover aboul one agcre per hour ai a line spacing of five feet.
Along aservey lineg, the data rate iz about one per Foot, result-
ing in abou L0003 data peints per acre per hour. Such port-
abilicy, survey speed, and high data denzity are important re-
quirarnents for geophysical surveys at environmental sites,

Advantages of & hroadband, multifrequency, EM sen-
sor are obvtous. The idea of using muttiple frequencies stems
from the so=called "skin-deptly,” also known as the depth of
exploration, which is inversely proporiicnal 1o frequency: a
low=Trequency signal travels far throuzh a conductive carth
and, thus, "sees” deep strectures, while a high-frequency sig-
nal can travel only a short distance and thus, “sees™ only shal-
low structeres, Therefore, scanning thrgugh a frequency win-
dona is equivalent to depth sounding.  Figure 2 chows a no-
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megram from which one may determing the penetration depth
for & given frequency (Won, 1980),

Depth sounding by changing the transmitter fregquency
15 cilled “Frequency sounding," which measires the target re-
sponse at many freguencies in arder (o image the subsurface
strectiere, Becavse the method invalves a fixed transmicter-
receiver geometry, the sensor can be buill into 4 single plece
of hirdware, such as GEM-2; s a resull, it produces extremely
precise, sensitive, and thermally stable measurements.  In
eonirast, depth sounding by changing the separation hetween
the transmitter and receiver is called "geometrical sounding,”
which wsually requires multiple operaters tending separate
coils connected by wires and measuring conscles, Maintain-
ing a precise ool separation iz difficult and, therefore, some
measurements (£.2., in-phase components) are ofien aban-
doned, For shallow survey, the frequency sounding method
offcrs high spatial resolution, survey spesd, light logistcs,
and data precision,

GEM-2 Operating Principles

Figare 3 shows the electronic block diagram of CrEM-
2. The sensor contains a transmitter coil and & receiver col
separgted By about 5.5 feer, Such peometry is called "bistatic”
confipuration. 1t also contains a third "bucking codl” that re-
moves (or bucks) the primary Held from the receiver cail. All
coils are molded into a single Board (dubbed "ski"} in a looed
geomery, Tendering a light and porable package, Attached
oy the gk is a removable signal-processing console,

For a frequency-darmain operation, GEM-2 prompts for
a set of desired fransmitter frequencies. Built-in sofiwire con-
verts these frequencies info a digital "hit-stream,” which is
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Figure 1. GEM-2, a multifrequency clectromagnetic sen-
s0F, in Gperation.

uzed to construct the desired fransmitter wavefonm for a par-
vicelar survey, This bit=stream reprasents an isireclion on
howw po conirol a set of digital switches {called H-hridge) con-
nected across the transmiatler coil, and zenerates a comple
witvelorm that contains all frequencics specitied by the op-
erator, This method of constructing an arbitrary wavelonm
Irom a digatal Bis-stream is known as the pulse-widih modo-
letion 1echnigus

The hasc period of the it-stream for GEM-2 s st 1S
3000 of & second Tor areas having a 80-Hz power supply as
does the LS, The peried 15 1725th of a second at 30-Hz ar-
s, a5 i Europe and Japan, For an H-bridge switching rate
ab 72000 He, for instance, the hit-stream containg 2,430 steps
within the base period. Any integral number of the base pe-
ripod may be used for a conseoutive transmission in order 1o
enhance the signal-to-nose ratie. For a typical environmen-
tal survey inwrban arcas, we employ siv base perieds, resuli-
ing i i tranzanizsion period of 0.2 seconds {6 times 130 per
data Iocation, totaling 14,580 switching events 0 constroct
the transmitier wavelorm,

In bz, da, we show an example ransmiter cugrent wave-
form, generated by & bil-stream designed to fransmit sizht
frequencies from 150 Hz to 15,000 Hz. The software that
senerates the bitsirgam for a given sot of operator-specified
lrequencies, takes into account the built-in clectronic param-
elers, such as the resistance and inductance of the fransmitter
coil. The graph shows the current waveform for the bit se-
gquence from 1o 1,213, the first half of the based period.
Figure b depicis the wavelfom details between Bil 30 and
Bt 90, showing the current flow in the fransmitter coil. Each
Bit in thiz case lasts Tor 172900 seconds, Figure 4¢ shows
the amplitude spectrum of the transmitter current waveform
of Tig, 4a, MNote that the ransmitter current decreazes loga-
rithmically with frequency. The maximum current for the
present transmitter is close o 10 amperes, cormesponding to a
dipole moment of about 3 A-m®,

GEM-2 has rwo recording channels: one from the back-

ing coil {called the reference channel} and the other from the
bucked recetver coal {called the signal channel), Both clian-
nels are digitized ar a rate of 36,430 Hz (half the transmifter
rate) and at an 1E-bit resolution. This produces & 7 290-long
time=zerigs per channel during 0.2 seconds. In order 1o ex-
tract the in-phase and quadrature components, wae hien sone
volve (e, multiply and 23d) the time-series with 2 set of sine
serics {for in-phase) and cosine series {for quadratiere) For each
transmitted fequency, Thiz convolution renders an extremely
narrow-band, match-filter-type, sipnal detection echmigue,
An B-frequency operation, sheswn in fig. da, with 2 transmit-
ter duration of 0.2 seconds, trpicidly reguires a total of albou
one seeond o eomplets the entire measorement eyvele per data

legation. Redocing the numiber of frequencies would reducy
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Figure 2. Relationship amang seurce frequency, ground
conduoetivity, and skin depth {Trem Wen, 19807,
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Figure 3 GEM-2I clectronie block diagram.

the measurement to 8 shorler pertod. A single computer in o
DEP chip coordinates all contrals and computations for both
tramsmitler and receiver circuits.

CGiEM-2 alseallows the opeeator to measere and dizplay
the backeround environmental noise spectrum in real-time,
in the bandwidth of 0 to 22 kilz. This is obtained from the
signil-chinnel time-series at a tvpical location within a speci-
fied survey arga, then compuling s antice Fourier speclrim
af an tnterval of the base frequency (20 Hz), Using the envi-
renmental agise specirum, the operator can safely avoid lo-
sally-noisy fregquency bands.

Basic Measurcement Unit

The in-phase and guadrature data derived through the
convolution are converted into a part-per<million, or ppm. wnit
defined as:

o secondary magnetic feld a1 reesiver ool
S L '|r-i:|1"|r-'.' mierzlic fisld & raceiver ooil {] !
b il ey -

These ppm values are the raw data logged by GEM-Z.
It is abvious that the ppro unit defined by Eq. (1] 15 sensor-
specific and has little physical meaning. GEM-2 allows up to
S0.00% data points before down-leading to a PC through an
E5-252 prodocel. Al parameters required for the ppm com-
putation, such as the sensor output in free-space {simulated
by hanging GEM-2 from the top of a tall teee], amplifier char-
acteristics of the two receiving channels, and the coil geom-
eiry, are stored in GEM-2 for real-time wse,

Inanost shallow geophysical survevs, the ppm data aen-
erated by GEM-2, often ploned into a contour map for each
frequency, is sufticient to locate buried objects without going
through elaborate processing or interpretation. One can also
catimate the target depah from the data obtained at muliple
frequencies.

This modus aprerand is he most egmmaon "hump findes™
survey, which is appropriate and productive where thers are
nuwmerous shallow, small, nendeseripd targets and the survey
abjective is i find as many targets as possikle. The goal 15
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Figure da. An example transmitter current waveform
{shown vnly one-half of 2430 points) penerated by an 8-
frequency bit stream. Figure db shows an enlarged por-
tiom,
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Figure 4h. Enlarged section of Figure 4a hetween the bit
sequence M ta Dk,
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Figure 4c. Amplitode spectrum of the Eransmitter current
wavelorm shown in Figore 4a.
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Figure 5. GEM-1 7,290 Hz in-phase data over an 15-inch
dinrmeter stainless steel pipe buried af 30 feet below sur-
face,

mok e determing a detaled geometry Tor sach objest, given
typical time consteaints and the large quantities of objects o
bee detected, Inosuch o survey, the in-phase and guadrature
o data are sufficient to indicate the location, zize, and deph
ol a "bump”™ without converting the data into any other more
physically meaningful quantities,

Figure 5 15 shown as an example; we ook Tor a buried
pipe and our main interest in this case is its location. This
fizure shows the GEM-2 in-phase responzs at 7290 He over
a knovwn stainless-steel pipe of [B-inch diameter, buricd at a
depth of approximately 30 feet. A magnetic survey Galed 1o
deteet the pipe, presumably becawse it is made of stainless
steel, & non-ferrouz metal. In this example, the plol showing
the ppim response is sufficient io locate the pige. The survey
aver this pipe included seven frequencies, and the response
waz highly dependent on frequency. For example, the pipe
wils ned recognizable at around 2 kHz or 12 kHz

Conversien 1o Apparcnl Conduoctivify

Sincg the in-phase and guadrature ppm data contains
all inferrmation on the messurement geametry, it can be the
riw input for any inversion software. Traditionally, however,
Er data iz displayed in "apparent conductivity™ by imagin-
ing that the earth kelow the sensor is represented by a homo-
weneous and Eotropis halfspace. Whils the earth is hatero-
penecus with regard to geologic variations, it can be repre-
sented by an equivalent homogeneous hulf-space that would
resull in the same observed dara,

GEM-2 rcasures the secondary field from the earth (and
burted objects therein) al frequencies specified by the opera-
tor, When the field is normalized against the primary field at
the receiver coil, it is called the mutval coupling ratia (0,
which, foe horizontal coplanas mode (or vertical dipole mode],
can beowriticn as:

Q=—_=]m=r’ J: A ROAM (A (2)

The sensor seometry with respect o the earth 15 shown
in fig. 6. The kemel Tunction I corresponding to a uniform
half=space is:

A= g +2xfuc

R At A =2alur @)
where

H: secondary Tield at recerver cail,

H: primary Deld a1 receiver coil,

r ool separation,

h- sensor height,

I zeroth-order Bessel funclion,

f: transmiter frequency (Ha),

Th magnetic susceptibility, and

o earth condustivity,

Wenota thil the ppm unil defined by Eq. (1 }3is the same
as O multiplicd by one million. GEM-2 can be configured to
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Figure &, GEM-2 in a horizontal coplanar coils configura-
ticen.
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Figure 7. GEM-2 in a vertical coplanar coils configura-
ticm.
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Fipure 8. GEM-2 interpretation chart (in-phase) for con-
verting ppm data to earth conductivity,

avertical coplumar mode (or horizontal dipole mode) by sim-
ply turning it 90 degrees abaut the ski axis (Nig, 7, The mou-
twal cewpling catie for this is:

_H,

(- = l.._rlj:}ll-l[l}J.(l:r}n'mdF ()

where J i the first-order Besse| function.  The integrals in
Egs. (2} and (4], known as the Hankel teanzform imtegrals,
ean b computesd by the linear digital fileer methad with known
filter cocfficients fior a fast digital convolution (Kesulin, 1963,
Frischknecht, 1967} We notice from the above cguations
that conductivity and frequency appear a5 a single product,
For mulifreguency data, therefors, Egs. (2) and (4) provide
the relationship between the ppam wnit and tha conductivity-
frequancy produst.

Figures § and @ illustrate the computed in-phase and
quarranane responses ever hall-space for the GEM-2 horizontal
and vertical coplanar cails. We assume for this example ihe
sensor haizhl al | meter, trpically waist level for a surveyor.
In ezsence, the ahaerved ppm valie Dv-axis) determines the
conductivity=frequency product {x-axis), which is then divided
by the transmiter frequency foabtain the hall-space conduac-
tivily

Asan example, figs. 10a throwgh 10d show the GERM-Z
apparent conductivity data, in units of millisicmen'm (mS/
my, over a G-acre trench complex in the southeastern LLS.
Matertils, incheding radioactive waste, were “svstematically™
baried in many parallz] trenches. For comparison, fig. 10
shows, for the same area, the total-field, magnetic anomaly
map. while lig, 100 shows the total-field, vertical magnetic
gradient. Forthe magnatic data, we emploved & cesium-va-
por magnetomater (Geometrics (-E350G) with two sensing
heads vertically separated by 30 inches, Magnetic anomalies
arc inhcrently dipolar in nature and, thes, a target is com-

monly located at the slope, rather than the peak, of an anomaly.
Thas prablem of target location renders the magnetic anomaly
hard to interpret, particularly for a target made of many indi-
vidual items such a5 drums and cans buried in thess trenches,
[ contrast, it can be shown thearetically by a forward model-
ing that a GEM-2 anomaly 15 almost monopolar centered di-
rectly above the target and, conscquently, is casier to inter-
pret than dipalar magnetic anomalies,

Figurz 10z is from an old facility cngincering drawing
that supposadly shows the trench locations. We do not know
whether this old drawing was intended o show the design
plan before, or the "as-built™ map after, the trench constrac-
tion. Regardless, it is obvious that the trenches implicd by
the GEM-Z data are significantly dissimilar from those ndi-
cated by the old map, Tnthe end, we concluded that the GE-
2 dita best depicts the current trench distribution; therefon:,
the geometrical boundaries determined feom the GEM-2 data
were used to compute the waste volume within the irenches,
Each map, depicting the apparent conductivity derived from
the n-phase and quadrature data at 1,330 He and 7,290 He,
shows a slightly different picture of the trenches,  Presum-
ably, the low-fregquency data indicates the deep trench struc-
tures, while the high-frequency data indicates the shallow
trench structures. For plotting convenience, each conduactiv-
ity map, Figures 10a theough 104, has an average conductiv-
ity value (noted on the top of the celor scale bar) removed in
arder to balance the color distribution. The conduectivity val-
ues may contiin a constant offset resulting from impreciss
calibration of the GEM-2 free-space response; the problen is
being correctaed.

Crher Developments
Lntil now, the GEM-2 multifTfequency data hivve been
usefiel for: (1) scanning a broad EM band 1o insure target de-

fsciabiliby, sinee a targed may be batter detected inoo ceriain
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Figure 9. GEM-2 interpretation chart {quadrature) for
converting ppm data to earth conductivity.
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Figure 1g, “As-built’ trench map from old records for the 8-acre landfill.
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frequency band than elsewhere; and (20 characterizing the 3-
¥ geconeiry of a target from the broadband daa.  In most
covieonmental surveys, the detectabiliny izzue addressed by
the broadband {the main feature of GEM-2) is more impor-
ant than resolving minule details of an individeal targes. A
parallel effort, however, is given to the inversion of mulifre-
quency data o produce the subsawrface image of the arth,
W lake o two-prong approach: the multifrequency data can
be principally wsed for: (1) imaging, preferably in 3-1, iso-
lated targets such s buried drums, unexploded bomhbs, and
wmels; and 2 producing shallow geologic stratizraphic sec-
tiens similar 1o those from reflection seismics. The two ap-
proaches are baing pursued vzing different mathematical
megdels,  In co-operation with several scicntists in the 115,
govemment and universities, we hope 10 advance this ambi-
t1ous theoretical front in the near future,

The design principle of GEM-2 15 now being extended
fo s monestatic {1e., co-located fransmiticr and recciver coils)
configuration, tentatively called GEM-3. All coils for GEM-
3 are contained in a circular disk, a pancake-shaped package.
Crwing to the geometry, the ransmitler dipolse moment can be
much larger than that of GEM-2 for a given sensor dimen-
sion, GEM-3, currently under a protolvping process at
Creaphex, would have improved thermal stalility, a small data
fooiprint, & high fronsmitter moment, and the mathematical
beauty of it circular svmmetry. Another effort is undervay
1o raise the operating frequency lor GEM-2 and GEM-3 to
several hundred kHz, while still allowing the hroadband op-
cration, similar (o an earher swesp-Trequency system by Won
(1983

Crecphex has licensed Geophyzical Survey Svstems, [nc.
(GES0) in Nerth Salem, New Hampshire, to produce & eom-
mergial version of GEM-2. G551, widelv known for i1z com-
mercial ground-penctrating radars, is planning 1o markes
CGEM-2 worldwide in Fate 1996,

Conclusions

OF the many geophvsical sensors, the EM method pro-
vides siznificant advantages for shallow envireamental char-
acterization, Unlike seismis or ground-penstrating cadar
micthads that involve heavy logistics and labor-inensive fiald
work, GEM-2 reguires only a single operator, docs not touch
ihe carth (thus, is less intruzive), and can operate at stand-off
diztance, An imstrument like GEM-2 is ideal for many envi-
ronmenial and geotechnical applications including mapping
underground storage tanks, landfill and trench boundaries,
cortain contaminant plumes, and buried ordnance. o addi-
tion, GEM-2 has applications for fimding shallow archodics
(e the muneral exploration industry.

Despite many compelling advantages, the hroadhand
EM method has not received sutficient attention from the geo-
phvsical community,  With the advent of digial, mulifre-
quency data, we have opencd anew dimension in data quality

and quantity for imaging and charactenzing buried subaur-
face featurcs. GEM-2 is only the beginning of i new generi-
ton ol many bropdband EM sensors,
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